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Plan of the Lectures

Part I: Active-Sterile Neutrino Oscillations

Part II: Light Active and Sterile Neutrinos in Cosmology

Part III: Theory of Dirac and Majorana Neutrino Masses and Mixing

Plan of the Tutorials
Stefano Gariazzo

Tutorial 1: Short-Baseline Reactor Neutrino Oscillations

Tutorial 2: Sterile Neutrinos in Cosmology
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Why Neutrino Physics
I Neutrinos are special among the known particles (fermions):

I Neutrinos are the only neutral fermions.
I Neutrinos interact very weakly, only with left-handed weak interactions (and

of course gravitational interactions).
I Their mass is extremely small.

I In the Standard Model neutrinos are special: they are assumed to be
left-handed and massless.

I The observation of neutrino oscillations implies that neutrinos are
massive.

I Neutrino masses are so far the only certain phenomenon Beyond the
Standard Model (BSM).

I Neutrino masses, possible non-standard sterile neutrino states,
non-standard neutrino properties, and non-standard neutrino interactions
are windows on the physics Beyond the Standard Model.

I Neutrinos are powerful astrophysical messengers (from Sun, supernovae,
AGNs, …) thanks to their extremely weak interactions and neutrality.
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Why Sterile Neutrinos

I Sterile neutrinos are neutral BSM fermions that do not have weak
interactions. [Pontecorvo, Sov. Phys. JETP 26 (1968) 984]

I A very plausible way to generate neutrino masses requires the
introduction of right-handed neutrinos that are sterile. (Part III)

I Very heavy right-handed sterile neutrinos can explain the smallness of
the neutrino masses, but are decoupled from low-energy phenomenology
(small non-unitarity of the effective mixing matrix). (Part III)

I New BSM physics can include sterile neutrinos at all mass scales.
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I Heavy Sterile neutrinos at the TeV mass scale may be connected with
low-energy seesaw and may be detected at LHC or future high-energy
colliders. (Not treated in these lectures)

I Medium-heavy Sterile neutrinos at the keV mass scale may be dark
matter. (Not treated in these lectures)

I Light Sterile neutrinos at the eV mass scale can generate short-baseline
neutrino oscillations and explain some experimental anomalies. (Part I)

They can also have cosmological effects (Part II)

I Very light Sterile neutrinos below the eV mass scale may generate small
deviations from the standard three-neutrino oscillation framework of
solar, atmospheric and long-baseline neutrino experiments.

(Not treated in these lectures)
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Standard Three-Neutrino Mixing

Left-handed Flavor Neutrinos produced in Weak Interactions

|νe ,−〉 |νµ,−〉 |ντ ,−〉

HCC =
g√
2

Wρ (νeLγ
ρeL + νµLγ

ρµL + ντLγ
ρτL) + H.c.

Fields ναL =
∑

k
UαkνkL =⇒ |να,−〉 =

∑
k

U∗
αk |νk ,−〉 States

|ν1,−〉 |ν2,−〉 |ν3,−〉

Left-handed Massive Neutrinos propagate from Source to Detector

3× 3 Unitary Mixing Matrix: U =

Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3


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Ultrarelativistic Approximation
Only neutrinos with energy & 0.1 MeV are detectable!

Charged-Current Processes: Threshold

ν + A → B + C
⇓

s = 2EmA + m2
A ≥ (mB + mC)

2

⇓

Eth =
(mB + mC)

2

2mA
− mA

2

νe +
71Ga → 71Ge + e− Eth = 0.233 MeV

νe +
37Cl → 37Ar + e− Eth = 0.81 MeV

ν̄e + p → n + e+ Eth = 1.8 MeV
νµ + n → p + µ− Eth = 110 MeV
νµ + e− → νe + µ− Eth ' m2

µ

2me
= 10.9 GeV

Elastic Scattering Processes: Cross Section ∝ Energy

ν + e− → ν + e− σ(E) ∼ σ0 E/me σ0 ∼ 10−44 cm2

Background =⇒ Eth ' 5 MeV (SK, SNO) , 0.25 MeV (Borexino)

Laboratory and Astrophysical Limits =⇒ m1,m2,m3 . 1 eV

For oscillations we consider light sterile neutrinos =⇒ mk>3 . 10 eV
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Neutrino Oscillations in Vacuum
|ν(t = 0)〉=|να〉 = U∗

α1 |ν1〉+ U∗
α2 |ν2〉+ U∗

α3 |ν3〉

να

ν3

ν2

ν1

source L

νβ

detector

|ν(t > 0)〉 = U∗
α1 e−iE1t |ν1〉+ U∗

α2 e−iE2t |ν2〉+ U∗
α3 e−iE3t |ν3〉 6= |να〉

E2
k = p2 + m2

k t = L

|ν(L)〉 = e−ipL
3∑

k=1
U∗
αk e−i(Ek−p)L |νk〉

Ek ' p +
m2

k
2p =⇒ Ek − p '

m2
k

2p ≡
m2

k
2E
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|ν(L)〉 = e−iEL
∑

k
U∗
αk exp

(
−i

m2
kL

2E

)
|νk〉

Pνα→νβ (L) =|〈νβ|ν(L)〉|2

=

∣∣∣∣∣���HHHe−iEL 〈νβ|
∑

k
U∗
αk exp

(
−i

m2
kL

2E

)
|νk〉

∣∣∣∣∣
2

|νβ〉 =
∑

k
U∗
βk |νk〉

Pνα→νβ (L) =
∑
k,j

UβkU∗
αkU∗

βjUαj exp

(
−i

∆m2
kjL

2E

)

The oscillation probabilities depend on U and ∆m2
kj ≡ m2

k −m2
j

C. Giunti − Sterile Neutrinos in Physics, Astrophysics, Cosmology, Part I − GGI − 22-26 March 2021 − 9/106



Effective Two-Neutrino Mixing Approximation

|να〉 = cosϑ |νk〉+ sinϑ |νj〉
|νβ〉 = − sinϑ |νk〉+ cosϑ |νj〉

νk

να

νj
νβ

ϑ

U =

(
cosϑ sinϑ
− sinϑ cosϑ

)

∆m2 ≡ ∆m2
kj ≡ m2

k −m2
j

Transition Probability: Pνα→νβ = Pνβ→να = sin2 2ϑ sin2
(
∆m2L

4E

)
Survival Probabilities: Pνα→να = Pνβ→νβ = 1− Pνα→νβ
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2ν-mixing: Pνα→νβ = sin2 2ϑ sin2
(
∆m2L

4E

)
=⇒ Losc =

4πE
∆m2

L

P
ν
α
→
ν
β sin

2
2ϑ

L
osc

1

0.8

0.6

0.4

0.2

0

I The effect of a tiny ∆m2 can be amplified by a large distance L.

I A tiny ∆m2 generates oscillations observable at macroscopic distances!

I Neutrino oscillations are the optimal tool to reveal tiny neutrino masses!
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2ν-mixing: Pνα→νβ = sin2 2ϑ sin2
(

1.27 ∆m2[eV2] L[km]

E [GeV]

)

L

P
ν
α
→
ν
β sin

2
2ϑ

L
osc

1

0.8

0.6

0.4

0.2

0

L
E .


10 m

MeV
( km

GeV
)

short-baseline experiments ∆m2 & 10−1 eV2

103 m
MeV

( km
GeV
)

long-baseline experiments ∆m2 & 10−3 eV2

104 km
GeV atmospheric neutrino experiments ∆m2 & 10−4 eV2

1011 m
MeV solar neutrino experiments ∆m2 & 10−11 eV2
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Neutrinos and Antineutrinos

Right-handed antineutrinos are described by CP-conjugated fields:

νCP
αL = γ0 C ναL

T

C =⇒ Particle � Antiparticle
P =⇒ Left-Handed � Right-Handed

CP mirror

~v ~v

~S ~S

left-handed neutrino right-handed antineutrino

ν ν̄
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Fields: ναL =
∑

k
UαkνkL

CP−−→ νCP
αL =

∑
k

U∗
αkν

CP
kL

States: |να〉 =
∑

k
U∗
αk |νk〉

CP−−→ |ν̄α〉 =
∑

k
Uαk |ν̄k〉

NEUTRINOS U � U∗ ANTINEUTRINOS

Pνα→νβ (L,E) =
∑
k,j

U∗
αkUβkUαjU∗

βj exp

(
−i

∆m2
kjL

2E

)

Pν̄α→ν̄β (L,E) =
∑
k,j

UαkU∗
βkU∗

αjUβj exp

(
−i

∆m2
kjL

2E

)
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Average over Energy Resolution of the Detector

Pνα→νβ (L,E) = sin2 2ϑ sin2
(
∆m2L

4E

)
=

1
2 sin2 2ϑ

[
1− cos

(
∆m2L

2E

)]
⇓

〈Pνα→νβ (L,E)〉 = 1
2 sin2 2ϑ

[
1−

∫
cos

(
∆m2L

2E

)
φ(E) dE

]
(α 6= β)

L [km]

P
ν
α
→
ν
β

∆m
2 = 10−3 eV sin

2
2ϑ = 0.8 〈E〉 = 1GeV σE = 0.1GeV

14000120001000080006000400020000

1

0.8

0.6

0.4

0.2

0
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0
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P
ν
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→

ν
β
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1
.0

∆m2 = 10−3 eV sin2 2ϑ = 0.8 L = 104 km σE = 0.01 GeV

〈Pνα→νβ (L,E)〉 = 1
2 sin2 2ϑ

[
1−

∫
cos

(
∆m2L

2E

)
φ(E) dE

]
(α 6= β)
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Three-Neutrino Mixing Matrix

Standard Parameterization of Mixing Matrix (as CKM)

U =


1 0 0
0 c23 s23

0 −s23 c23




c13 0 s13e−iδ13

0 1 0
−s13eiδ13 0 c13




c12 s12 0
−s12 c12 0

0 0 1




1 0 0
0 eiλ21 0
0 0 eiλ31



=


c12c13 s12c13 s13e−iδ13

−s12c23−c12s23s13eiδ13 c12c23−s12s23s13eiδ13 s23c13

s12s23−c12c23s13eiδ13 −c12s23−s12c23s13eiδ13 c23c13




1 0 0
0 eiλ21 0
0 0 eiλ31


cab ≡ cosϑab sab ≡ sinϑab 0 ≤ ϑab ≤

π

2 0 ≤ δ13, λ21, λ31 < 2π

OSCILLATION
PARAMETERS


3 Mixing Angles: ϑ12, ϑ23, ϑ13
1 CPV Dirac Phase: δ13
2 independent ∆m2

kj ≡ m2
k −m2

j : ∆m2
21, ∆m2

31

2 CPV Majorana Phases: λ21, λ31 ⇐⇒ |∆L| = 2 processes

C. Giunti − Sterile Neutrinos in Physics, Astrophysics, Cosmology, Part I − GGI − 22-26 March 2021 − 17/106



Three-Neutrino Mixing Parameters

U =


1 0 0
0 c23 s23

0 −s23 c23




c13 0 s13e−iδ13

0 1 0
−s13eiδ13 0 c13




c12 s12 0
−s12 c12 0

0 0 1




1 0 0
0 eiλ21 0
0 0 eiλ31



Solar
νe → νµ, ντ


SNO, Borexino

Super-Kamiokande

GALLEX/GNO, SAGE

Homestake, Kamiokande


VLBL Reactor

ν̄e disappearance (KamLAND)


→



∆m2
S = ∆m2

21
= (7.36 ± 0.155)× 10−5 eV2

(∼ 2.3% accuracy)

sin2 ϑS = sin2 ϑ12
= 0.303 ± 0.013

(∼ 4.5% accuracy)

[A. Marrone, talk at NeuTel 2021]
[Capozzi, Di Valentino, Lisi, Marrone, Melchiorri, Palazzo, arXiv:2003.08511]

[de Salas, Forero, Gariazzo, Martinez-Mirave, Mena, Ternes, Tortola, Valle, arXiv:2006.11237]
[Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, arXiv:2007.14792]
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Three-Neutrino Mixing Parameters

U =


1 0 0
0 c23 s23

0 −s23 c23




c13 0 s13e−iδ13

0 1 0
−s13eiδ13 0 c13




c12 s12 0
−s12 c12 0

0 0 1




1 0 0
0 eiλ21 0
0 0 eiλ31



Atmospheric
νµ → ντ

 Super-Kamiokande

Kamiokande, IMB

MACRO, Soudan-2


LBL Accelerator
νµ disappearance

(
K2K, MINOS

T2K, NOνA

)

LBL Accelerator
νµ → ντ

(OPERA)



→



∆m2
A = |∆m2

31 +∆m2
32|/2

= (2.475 ± 0.028)× 10−3 eV2

(∼ 1.1% accuracy) (NO)
= (2.455 ± 0.028)× 10−3 eV2

(∼ 1.2% accuracy) (IO)

sin2 ϑA = sin2 ϑ23
= 0.569 ± 0.017

(∼ 5.4% accuracy)

[A. Marrone, talk at NeuTel 2021]
[Capozzi, Di Valentino, Lisi, Marrone, Melchiorri, Palazzo, arXiv:2003.08511]

[de Salas, Forero, Gariazzo, Martinez-Mirave, Mena, Ternes, Tortola, Valle, arXiv:2006.11237]
[Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, arXiv:2007.14792]
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Three-Neutrino Mixing Parameters

U =


1 0 0
0 c23 s23

0 −s23 c23




c13 0 s13e−iδ13

0 1 0
−s13eiδ13 0 c13




c12 s12 0
−s12 c12 0

0 0 1




1 0 0
0 eiλ21 0
0 0 eiλ31



LBL Accelerator
νµ → νe

(T2K, MINOS, NOνA)

LBL Reactor
ν̄e disappearance

(
Daya Bay, RENO

Double Chooz

)


→


∆m2

A = |∆m2
31 +∆m2

32|/2

sin2 ϑA = sin2 ϑ13
= 0.0223 ± 0.0006

(∼ 2.9% accuracy)

[A. Marrone, talk at NeuTel 2021]
[Capozzi, Di Valentino, Lisi, Marrone, Melchiorri, Palazzo, arXiv:2003.08511]

[de Salas, Forero, Gariazzo, Martinez-Mirave, Mena, Ternes, Tortola, Valle, arXiv:2006.11237]
[Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, arXiv:2007.14792]
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CP Violation

Pνα→νβ (L,E) = δαβ − 4
∑
k>j

Re
[
U∗
αk Uβk Uαj U∗

βj
]
sin2

(
∆m2

kjL
4E

)
︸ ︷︷ ︸

CP conserving

+ 2
∑
k>j

Im
[
U∗
αk Uβk Uαj U∗

βj
]
sin

(
∆m2

kjL
2E

)
︸ ︷︷ ︸

CP violating

I The oscillation probabilities depend on the quartic rephasing invariants

U∗
αk Uβk Uαj U∗

βj
I CP violation depends on the Jarlskog invariants

Im
[
U∗
αk Uβk Uαj U∗

βj
]

I In three-neutrino mixing there is only one Jarlskog invariant,
corresponding to the Dirac CP-violating phase:

JCP = ± Im
[
U∗
αk Uβk Uαj U∗

βj
]
= c12s12c23s23c2

13s13 sin δ13
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Neutrino Mass Ordering

νe νµ ντ

∆m
2

ATM

∆m
2

SOL

ν2

ν1

ν3

m
2

Normal Ordering

∆m2
31 > ∆m2

32 > 0

m
2

∆m
2

SOL

ν2

ν1

∆m
2

ATM

ν3

Inverted Ordering

∆m2
32 < ∆m2

31 < 0

absolute scale is not determined by neutrino oscillation data
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I In the standard framework of three-neutrino mixing there are two
independent ∆m2’s:

I ∆m2
SOL = ∆m2

21 ' 7.4× 10−5 eV2

I ∆m2
ATM ' |∆m2

31| ' 2.5× 10−3 eV2

I Atmospheric and solar neutrino oscillations are detectable at the
distances

I Losc
ATM &

Eν

∆m2
ATM

≈ 1 km Eν

MeV

I Losc
SOL &

Eν

∆m2
SOL
≈ 50 km Eν

MeV

I The atmospheric and solar neutrino oscillations cannot explain flavor
neutrino transitions at shorter distances.
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Number of Flavor and Massive Neutrinos?
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b
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   by factor 10
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[LEP, Phys. Rept. 427 (2006) 257, arXiv:hep-ex/0509008]

ΓZ =
∑

`=e,µ,τ
ΓZ→`¯̀+

∑
q 6=t

ΓZ→qq̄ + Γinv Γinv = Nν ΓZ→νν̄

Nν = 2.9840± 0.0082

Improved cross section: Nν = 2.9975± 0.0074 [Janot, Jadach, arXiv:1912.02067]
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e+e− → Z invisible−−−−→
∑

a=active
νaν̄a =⇒ νe νµ ντ

3 light active flavor neutrinos

mixing ⇒ ναL =
N∑

k=1
UαkνkL α = e, µ, τ N ≥ 3

no upper limit!

Mass Basis: ν1 ν2 ν3 ν4 ν5 · · ·
Flavor Basis: νe νµ ντ νs1 νs2 · · ·

ACTIVE STERILE

ναL =
N∑

k=1
UαkνkL α = e, µ, τ, s1, s2, . . .
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Beyond Three-Neutrino Mixing: Sterile Neutrinos

νe νµ ντ

∆m
2

SOL

∆m
2

ATM

...
νs2

νs1

∆m
2

SBL

ν4

ν3

ν2

ν1

...
ν5

m

& 1 eV
2

≃ 2.5× 10−3 eV
2

≃ 7.4× 10−5 eV
2

Losc =
4πE
∆m2

Terminology: a eV-scale sterile neutrino
means: a eV-scale massive neutrino which is mainly sterile
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Short-Baseline Neutrino Oscillations?
Three-Neutrino Mixing

|νsource〉 = |να〉 = U∗
α1 |ν1〉+ U∗

α2 |ν2〉+ U∗
α3 |ν3〉

να

ν1

source L

νβ

detector

ν2

ν3

|νdetector〉 ' U∗
α1 e−iEL |ν1〉+ U∗

α2 e−iEL |ν2〉+ U∗
α3 e−iEL |ν3〉

= e−iEL (U∗
α1 |ν1〉+ U∗

α2 |ν2〉+ U∗
α3 |ν3〉) = e−iEL|να〉

Pνα→νβ (L) = |〈νβ|νdetector〉|2 ' |e−iEL〈νβ|να〉|2 = δαβ

No Short-Baseline Neutrino Oscillations!
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Short-Baseline Neutrino Oscillations?
3+1 Neutrino Mixing

|νsource〉 = |να〉 = U∗
α1 |ν1〉+ U∗

α2 |ν2〉+ U∗
α3 |ν3〉+ U∗

α4 |ν4〉

ν2

source L detector

ν3

ν1

να νβ

ν4

|νdetector〉 ' e−iEL (U∗
α1 |ν1〉+ U∗

α2 |ν2〉+ U∗
α3 |ν3〉

)
+ U∗

α4 e−iE4L |ν3〉 6∝ |να〉

Pνα→νβ (L) = |〈νβ|νdetector〉|2 6= δαβ

Short-Baseline Neutrino Oscillations!

The oscillation probabilities depend on U and
∆m2

SBL = ∆m2
41 ' ∆m2

42 ' ∆m2
43
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I Some authors that probably did not think about the quantum mechanics
of neutrino oscillations present νµ → νe short-baseline transitions due to
sterile neutrinos as

νµ → νs → νe

I This is wrong!

THERE IS NO INTERMEDIATE νs !
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Two possible interpretations of νµ → νs → νe :

1. There is a transition from νµ to νs , and then to νe : wrong!
Because the intermediate determination of the neutrino flavor interrupts the
quantum evolution.
Moreover, νs is not detectable!

2. There is an intermediate linear combination of massive neutrinos that
corresponds to |νs〉: wrong!
This is possible only with the mixing (|a|2 + |b|2 + |c|2 = 1)

|νe〉
|νµ〉
|ντ 〉
|νs〉

 =
1√
2


· · · · · · · · · 0
a b c 1
· · · · · · · · · 0
−a −b −c 1



|ν1〉
|ν2〉
|ν3〉
|ν4〉


|ν(L)〉 = e−iEL

√
2

[
a |ν1〉+ b |ν2〉+ c |ν3〉+ e−i(E4−E)L |ν4〉

]
|ν(L)〉 = |νµ〉 for L = 0 and |ν(L)〉 ∝ |νs〉 for e−i(E4−E)L = −1

but in this case there are no SBL νµ → νe transitions!
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Four-Neutrino Schemes: 2+2, 3+1 and 1+3

ν1

ν2

∆m
2

SOL

∆m
2

SBL

ν4

ν3

∆m
2

ATM

m

∆m
2

SBL

∆m
2

SOL

ν1

ν2

ν4

ν3

∆m
2

ATM

m

ν1

ν2

ν3

ν4

∆m
2

ATM

∆m
2

SOL

∆m
2

SBL

m

ν3

ν2

ν4

∆m
2

ATM

∆m
2

SBL

∆m
2

SOL

ν1

m

∆m
2

SBL

∆m
2

ATM

ν1

ν2

ν3

ν4

∆m
2

SOL

m

∆m
2

SBL

ν4

∆m
2

SOL

ν1

ν2

ν3

∆m
2

ATM

m

2+2 3+1 1+3
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2+2 Four-Neutrino Schemes

ν1

ν2

∆m
2

SOL

∆m
2

SBL

ν4

ν3

∆m
2

ATM

m

∆m
2

SBL

∆m
2

SOL

ν1

ν2

ν4

ν3

∆m
2

ATM

m

I After LSND (1995) 2+2 was preferred to 3+1, because of the 3+1
appearance-disappearance tension

[Okada, Yasuda, IJMPA 12 (1997) 3669; Bilenky, CG, Grimus, EPJC 1 (1998) 247]

I This is not a perturbation of 3-ν Mixing =⇒ Large active–sterile
oscillations for solar or atmospheric neutrinos!
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2+2 Schemes are Strongly Disfavored
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global
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+
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D
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d
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a
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c 

+
 K

2
K

99% CL (1 dof)

Solar: Matter Effects + SNO NC Atmospheric: Matter Effects

ηs = |Us1|2 + |Us2|2 = 1− |Us3|2 + |Us4|2

99% CL:
{

ηs < 0.25 (Solar + KamLAND)
ηs > 0.75 (Atmospheric + K2K)

[Maltoni, Schwetz, Tortola, Valle, New J. Phys. 6 (2004) 122]
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3+1 and 1+3 Four-Neutrino Schemes

ν1

ν2

ν3

ν4

∆m
2

ATM

∆m
2

SOL

∆m
2

SBL

m

ν3

ν2

ν4

∆m
2

ATM

∆m
2

SBL

∆m
2

SOL

ν1

m

∆m
2

SBL

∆m
2

ATM

ν1

ν2

ν3

ν4

∆m
2

SOL

m

∆m
2

SBL

ν4

∆m
2

SOL

ν1

ν2

ν3

∆m
2

ATM

m

3+1 1+3

I Perturbation of 3-ν Mixing: |Ue4|2, |Uµ4|2, |Uτ4|2 � 1 |Us4|2 ' 1
I 1+3 schemes are disfavored by cosmology (ΛCDM):∑3

k=1 mk . 0.12 eV (95% CL) [Planck, arXiv:1807.06209]
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Effective 3+1 SBL Oscillation Probabilities

|να〉 =
4∑

k=1
U∗
αk |νk〉

t−−→ |να(t)〉 =
4∑

k=1
U∗
αke−iEk t |νk〉

Aνα→νβ (t) = 〈νβ|να(t)〉 =
4∑

k=1
U∗
αkUβke−iEk t (〈νβ|νk〉 = Uβk)

Pνα→νβ =

∣∣∣∣∣
4∑

k=1
U∗
αkUβke−iEk t

∣∣∣∣∣
2

=

∣∣∣∣∣e iE1t
4∑

k=1
U∗
αkUβke−i(Ek−E1)t

∣∣∣∣∣
2

=
∣∣∣e iE1t

∣∣∣2︸ ︷︷ ︸
1

∣∣∣∣∣
4∑

k=1
U∗
αkUβke−i(Ek−E1)t

∣∣∣∣∣
2

=

∣∣∣∣∣
4∑

k=1
U∗
αkUβke−i(Ek−E1)t

∣∣∣∣∣
2
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Pνα→νβ =

∣∣∣∣∣
4∑

k=1
U∗
αkUβke−i(Ek−E1)t

∣∣∣∣∣
2

Ek =
√

p2 + m2
k ' p +

m2
k

2p =⇒ Ek − E1 '
∆m2

k1
2p

E = p t ' L

Pνα→νβ '

∣∣∣∣∣
4∑

k=1
U∗
αkUβk exp

(
−i

∆m2
k1L

2E

)∣∣∣∣∣
2
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Pνα→νβ=

∣∣∣∣U∗
α1Uβ1 + U∗

α2Uβ2 exp

(
−i∆m2

21L
2E

)
+U∗

α3Uβ3 exp

(
−i

∆m2
31L

2E

)
+ U∗

α4Uβ4 exp

(
−i∆m2

41L
2E

)∣∣∣∣2

SBL =⇒ ∆m2
21L

2E � 1
∆m2

31L
2E � 1

PSBL
να→νβ

'
∣∣∣∣U∗

α1Uβ1 + U∗
α2Uβ2 + U∗

α3Uβ3 + U∗
α4Uβ4 exp

(
−i∆m2

41L
2E

)∣∣∣∣2

U∗
α1Uβ1 + U∗

α2Uβ2 + U∗
α3Uβ3 = δαβ − U∗

α4Uβ4
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PSBL
να→νβ

'
∣∣∣∣δαβ − U∗

α4Uβ4

[
1− exp

(
−i∆m2

41L
2E

)]∣∣∣∣2
= δαβ + |Uα4|2|Uβ4|2

(
2− 2 cos∆m2

41L
2E

)
− 2δαβ|Uα4|2

(
1− cos

∆m2
41L

2E

)
= δαβ − 2|Uα4|2

(
δαβ − |Uβ4|2

)(
1− cos

∆m2
41L

2E

)
= δαβ − 4|Uα4|2

(
δαβ − |Uβ4|2

)
sin2 ∆m2

41L
4E

α 6= β =⇒ PSBL
να→νβ

' 4|Uα4|2|Uβ4|2 sin2
(
∆m2

41L
4E

)
α = β =⇒ PSBL

να→να ' 1− 4|Uα4|2
(
1− |Uα4|2

)
sin2

(
∆m2

41L
4E

)
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Appearance (α 6= β)

PSBL
(−)

να→
(−)

νβ

' sin2 2ϑαβ sin
2
(
∆m2

41L
4E

)

sin2 2ϑαβ = 4|Uα4|2|Uβ4|2

Disappearance

PSBL
(−)

να→
(−)

να

' 1− sin2 2ϑαα sin2
(
∆m2

41L
4E

)

sin2 2ϑαα = 4|Uα4|2
(
1− |Uα4|2

)

U =

Ue1 Ue2 Ue3 Ue4

Uµ1 Uµ2 Uµ3 Uµ4

Uτ1 Uτ2 Uτ3 Uτ4

Us1 Us2 Us3 Us4




SBL

I 6 mixing angles
I 3 Dirac CP phases
I 3 Majorana CP phases

I ∆m2
SBL = ∆m2

41 ' ∆m2
42 ' ∆m2

43
I CP violation is not observable in SBL

experiments!
I Observable in LBL accelerator exp.

sensitive to ∆m2
ATM [de Gouvea et al, PRD 91 (2015)

053005, PRD 92 (2015) 073012, arXiv:1605.09376; Palazzo et al, PRD

91 (2015) 073017, PLB 757 (2016) 142; Kayser et al, JHEP 1511 (2015)

039, JHEP 1611 (2016) 122] and solar exp. sensitive
to ∆m2

SOL [Long, Li, CG, PRD 87, 113004 (2013) 113004]
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Common Parameterization of 4ν Mixing

U =
[
W 34R24W 14R23W 13R12] diag(1, e iλ21 , e iλ31 , e iλ41

)

=


c12c13c14 s12c13c14 c14s13e−iδ13 s14e−iδ14

· · · · · · · · · c14s24

· · · · · · · · · c14c24s34e−iδ34

· · · · · · · · · c14c24c34




1 0 0 0

0 e iλ21 0 0

0 0 e iλ31 0

0 0 0 e iλ41



|Ue4|2 = sin2 ϑ14 ⇒ sin2 2ϑee = 4|Ue4|2
(
1− |Ue4|2

)
= sin2 2ϑ14

|Uµ4|2 = cos2 ϑ14 sin
2 ϑ24 ' sin2 ϑ24⇒ sin2 2ϑµµ = 4|Uµ4|2

(
1− |Uµ4|2

)
' sin2 2ϑ24
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Short-Baseline Neutrino Oscillation Anomalies
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LSND
[PRL 75 (1995) 2650; PRC 54 (1996) 2685; PRL 77 (1996) 3082; PRD 64 (2001) 112007]

ν̄µ → ν̄e 20 MeV ≤ E ≤ 52.8 MeV

∆m2
SBL & 0.1 eV2 � ∆m2

ATM

I Well-known and pure source of ν̄µ

p
800 MeV

+ target→ π+ at rest−−−→ µ+ + νµ

µ+ −−−→
at rest

e+ + νe + ν̄µ

ν̄e + p → n + e+

Well-known detection process of ν̄e

I ≈ 3.8σ excess
I But signal not seen by KARMEN at

L ' 18 m with the same method
[PRD 65 (2002) 112001]

L ' 30 m
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1
sin

2
 2θ

∆
m

2
 (

eV
2
/c

4
)

Bugey

Karmen

NOMAD

CCFR

90% (L
max

-L < 2.3)
99% (L

max
-L < 4.6)

∆m2
SBL & 3× 10−2 eV2 � ∆m2

ATM ' 2.5× 10−3 eV2 � ∆m2
SOL
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Gallium Anomaly
Gallium Radioactive Source Experiments: GALLEX and SAGE

νe Sources: e− + 51Cr→ 51V + νe e− + 37Ar→ 37Cl + νe

Test of Solar νe Detection: νe +
71Ga→ 71Ge + e−

E ' 0.75 MeV E ' 0.81 MeV

R
=

N
e
x
p

N
c
a
l

0
.6

5
0

.7
5

0
.8

5
0

.9
5

1
.0

5 Cr1
GALLEX

Cr2
GALLEX

Cr
SAGE

Ar
SAGE

R = 0.84 ± 0.05

〈L〉GALLEX = 1.9 m 〈L〉SAGE = 0.6 m

∆m2
SBL & 1 eV2 � ∆m2

ATM

≈ 2.9σ deficit
[SAGE, PRC 73 (2006) 045805; PRC 80 (2009) 015807;

Laveder et al, Nucl.Phys.Proc.Suppl. 168 (2007) 344,
MPLA 22 (2007) 2499, PRD 78 (2008) 073009,

PRC 83 (2011) 065504]
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I Deficit could be due to an overestimate of
σ(νe +

71Ga→ 71Ge + e−)

I First calculation: Bahcall, PRC 56 (1997) 3391

71
Ge

3/2
−

1/2
−

5/2
−

3/2
−

71
Ga

0.175 MeV

0.500 MeV

0.233 MeV

I σG.S. from T1/2(
71Ge) = 11.43± 0.03 days [Hampel, Remsberg, PRC 31 (1985) 666]

σG.S.(
51Cr) = 55.3× 10−46 cm2 (1± 0.004)3σ

I σ(51Cr) = σG.S.(
51Cr)

(
1 + 0.669 BGT175

BGTG.S.
+ 0.220 BGT500

BGTG.S.

)
I The contribution of excited states is only ∼ 5%, but it is crucial for the

size of the Gallium anomaly!
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|Ue4|
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∆
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90% CL

Bahcall

Haxton

Frekers

JUN45

10
−3

10
−2

10
−1

10
−1

1

10

[Kostensalo, Suhonen, Giunti, Srivastava, arXiv:1906.10980]

Cross sections in units of 10−45 cm2:
σ(51Cr) σ(37Ar)

Bahcall 5.81± 0.16 7.00± 0.21
Haxton 6.39± 0.65 7.72± 0.81
Frekers 5.92± 0.11 7.15± 0.14
JUN45 5.67± 0.06 6.80± 0.08
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BEST
[arXiv:1006.2103, arXiv:1602.03826, arXiv:1710.06326, arXiv:1807.02977, arXiv:1905.07437]

Direct test of the Gallium anomaly with 51Cr source.

R1 = 0.66 m, R2 = 1.096 m

Allowed regions of oscillations parameters if the result of the
BEST experiment corresponds to the best fit point for combining
the SAGE + GALLEX. The numbers in parentheses indicate the
most probable ratios R of observed-to-expected without sterile
neutrinos germanium atoms in the two vessels.
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Reactor Electron Antineutrino Anomaly
[Mention et al, PRD 83 (2011) 073006]

2011: new reactor ν̄e fluxes: Huber-Mueller (HM)
[Mueller et al, PRC 83 (2011) 054615; Huber, PRC 84 (2011) 024617]
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R = 0.930 ± 0.024
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Palo Verde
RENO
Rovno88
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STEREO

≈ 3.0σ deficit =⇒ Anomaly!
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Short-Baseline Reactor Neutrino Oscillations
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∆m2
SBL & 0.5 eV2 � ∆m2

ATM

I SBL oscillations are averaged at the Daya Bay, RENO, and Double
Chooz near detectors =⇒ no spectral distortion
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Reactor Antineutrino 5 MeV Bump
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[RENO, arXiv:1511.05849]

Visible Energy (MeV)
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[Double Chooz, arXiv:1406.7763]

[Daya Bay, arXiv:1508.04233]

I Cannot be explained by neutrino
oscillations (SBL oscillations are
averaged in RENO, DC, DB).

I If it is due to a theoretical
miscalculation of the spectrum, it
can have opposite effects on the
anomaly:

[see: Berryman, Huber, arXiv:1909.09267]

I If it is a 4-6 MeV excess it
increases the anomaly:
new HKSS flux calculation

[Hayen, Kostensalo, Severijns, Suhonen, arXiv:1908.08302]

I If it is a 1-4 MeV suppression it
decreases the anomaly:
new EF flux calculation

[Estienne, Fallot, et al, arXiv:1904.09358]
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Reactor Neutrinos
I Nuclear reactors are the most intense terrestrial sources of

electron antineutrinos ν̄e

I n + 235U→ A + B + 2.5n + 6e− + 6ν̄e + 200 MeV
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I Nν̄e ' 2× 1020 s−1 GW−1
th

I Φν̄e ' 1.6× 1013 cm−2 s−1 GW−1
th at 10 m

I Comparison: ΦSun
νe ' 6.4× 1010 cm−2 s−1 on Earth.

I Reactor Neutrinos are a great opportunity for Neutrino Physics!

I Indeed neutrinos were detected for the first time by Cowan and Reines in
1956 at the Savannah River nuclear reactor.

I Further advantages:

I The ν̄e flux is under control: background measurement when reactor is off.

I The ν̄e detection cross section is well-known.
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Detection: Inverse beta Decay

just due to reactor neutrons leaking into the detector.
These marginal results merely served to whet our
appetites—we figured that we had to do better than that.
Back home, we puzzled over the origin of the reactor-

independent signal. Was it due to ‘‘natural’’ neutrinos?
Could it be due to fast neutrons from the nuclear cap-
ture of cosmic-ray muons? The easiest way to find out
was to put the detector underground. So back at Los
Alamos we performed an underground test that showed
that the background was in fact from cosmic rays. While
we were engaged in this background test, some theorists
were rumored to be constructing a world made predomi-
nantly of neutrinos!

THE SAVANNAH RIVER EXPERIMENT

Encouraged by the Hanford results, we considered
how it might be possible to build a detector that would
be even more discriminating in its rejection of back-
ground. We were guided by the fact that neutrons and
positrons were highly distinctive particles and that we
could make better use of their characteristics.
Figure 4 is a schematic of the detection technique

used in the new experiment. An antineutrino from fis-
sion products in the reactor is incident on a water target
containing cadmium chloride. As previously noted, the
n̄e1p reaction produces a positron and a neutron. The
positron slows down and is annihilated with an electron,
producing two 0.5 MeV gamma rays, which penetrate
the water target and are detected in coincidence by two
large scintillation detectors on opposite sides of the tar-
get. The neutron is slowed down by the water and cap-

tured by the cadmium, producing multiple gamma rays,
which are also observed in coincidence by the two scin-
tillation detectors. The antineutrino signature is there-
fore a delayed coincidence between the prompt pulses
produced by e1 annihilation and those produced micro-
seconds later by the neutron capture in cadmium.
These ideas were translated into hardware and associ-

ated electronics with the help of various support groups
at Los Alamos. Figure 5 is a sketch of the equipment. It
shows the target chamber in the center, sandwiched be-
tween the two scintillation chambers. Figure 6 shows
one of the banks of 55 photomultiplier tubes that was
used to view the scintillation chambers. Then, in the fall
of 1955, at the suggestion and with the moral support of
John A. Wheeler, the detector was taken to a new, pow-
erful (700 MW at that time), compact heavy-water mod-
erated reactor at the Savannah River Plant in Aiken,
South Carolina.
The Savannah River reactor was well suited for neu-

trino studies because of the availability of a well
shielded location 11 meters from the reactor center and
some 12 meters underground in a massive building. The
high n̄e flux, 1.231013/cm2/sec, and reduced cosmic-ray
background were essential to the success of the experi-
ment which, even under those favorable conditions, in-
volved a running time of 100 days over the period of
approximately one year.

Observation of the neutrino

At Savannah River we carried out a series of mea-
surements (Reines et al., 1950) to show that:

FIG. 3. Photograph of Clyde Cowan (right) and me (left) with
some of the equipment we used in the Hanford experiment.

FIG. 4. Schematic of the detection scheme used in the Savan-
nah River experiment. An antineutrino from the reactor inter-
acts with a proton in the target, creating a positron and a neu-
tron. The positron annihilates on an electron in the target and
creates two gamma rays, which are detected by the liquid scin-
tillators. The neutron slows down (in about ten microseconds)
and is captured by a cadmium nucleus in the target; the result-
ing gamma rays are detected in the liquid scintillators.

321F. Reines: The neutrino: from poltergeist to particle

Rev. Mod. Phys., Vol. 68, No. 2, April 1996

ν̄e + p → n + e+

Cowan and Reines 1956

I The delayed (. 200µs) neutron capture signal is crucial for the
background suppression.

I Well-known cross section obtained by crossing from the neutron lifetime.
I Neutrino energy measurement: Eν̄e ' Te + 1.8 MeV

Te = Eprompt − 2me
Eprompt is total visible prompt energy from positron annihilation
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Nuclear Fuel
I Nuclear reactor energy is produced by the fissions of

235U 238U 239Pu 241Pu
I 235U, 239Pu, and 241Pu are fissile nuclides, i.e capable of sustaining a

nuclear fission chain reaction.
I They have large fission cross section and small neutron capture cross

section for slow “thermal” neutrons (En ≈ 0.025 eV).
I 238U can be fissioned by the fast neutrons (En ≈ 2 MeV) emitted in

fissions but it has a small fission cross section and a large neutron
capture cross section.

I 235U is the only natural fissile nuclide. Natural Uranium: 0.72% of 235U.
I Neutrons are slowed down by the moderator (H2O, D2O, C).
I In typical light water reactors (LWR) the moderator is H2O that has a

significant neutron capture cross section.
I LWR use Low Enriched Uranium (LEU) with 3-5% of 235U to sustain the

nuclear chain reactions.
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Commercial Light Water Reactors

I In a commercial LWR nuclear power plant as Daya Bay a reactor burning
cycle (18 months) starts with the replacement of 1/3 of the fuel
elements with fresh LEU.
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[Daya Bay, Chin. Phys. C 41 (2017) 013002]

I 239Pu is generated from 238U:

n + 238U → 239U + γ
↓

239Np + e− + ν̄e
↓

239Pu + e− + ν̄e

I 241Pu is generated from 239Pu:

n + 239Pu → 240Pu + γ

n + 240Pu → 241Pu + γ
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Research Reactors

I Optimized as neutron sources for testing of materials and production of
radioisotopes.

I Use Highly Enriched Uranium (HEU): about 93% of 235U (weapons
grade).

I The burning cycle is short (about 1 month), minimizing the production
of 239Pu and 241Pu.

I The 235U fission fraction is larger than 99%.

I Small core sizes (good for neutrino oscillation measurements).

I The frequent reactor-off periods during refueling allow a precise
background determination.
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Reactor ν̄e Flux Calculation
Reactor ν̄e flux produced by the β decays of the fission products of

235U 238U 239Pu 241Pu

aimed to determine cumulative fission yields. Examples of

such campaigns include work performed at Los Alamos in

the 1970s to support the inter-laboratory liquid metal fast

breeder reactor reaction rate collaboration, which relied on

determining the number of fissions using fission chambers

and beta counting to quantify fission products [2–4]. Pos-

sibly due to the complexity in quantifying a multitude of

short- and medium-lived fission products using radio-

chemical separations and beta counting, this effort focused

on long-lived nuclides and the determination of cumulative

fission yields.

Gamma spectrometry has been used by other authors,

such as Laurec, Metz et al. and Finn et al. in order to

quantify fission products [4–6]. These studies efforts have

also focused on measuring cumulative fission yields.

To date, independent yields have been primarily found

using semi-empirical models to describe the distribution of

fission products in terms of mass, charge, and isomer di-

rectly following fission. The product of these three mar-

ginal distributions gives the independent fission yield [7].

The fractional independent fission yield, which describes

the distribution of charge for a fission product given a

particular mass, has been studied by Wahl [8]. Wahl de-

fines the most likely charge for a nuclide with mass A,

called ZpðAÞ; and suggests a normal charge distribution

about ZpðAÞ with a charge distribution width r: Further

work revealed regular variation in r related to the number

of protons and number of neutrons (later called the even–

odd effect) and overestimations versus underestimations in

predicted yields based on lighter versus heavier fission

products, and Wahl’s ZpðAÞ model was updated to incor-

porate these effects [9, 10].

Using measurements of cumulative yields (in effect, the

sums of independent yields along a decay chain), the pa-

rameters in these hypothesized models have been fit in

order to ensure agreement between the predicted and

measured values. However, measurements of independent

yields are needed to ensure that all major effects are cap-

tured by the models and variations along a decay chain and

reflected in the nuclear data. This requires measurements of

independent yields and increased focus on short- and

medium-lived fission products.

Shortcomings of present data

The existing data for neutron-induced FPY has three sig-

nificant shortcomings: discrepancies between the values

reported by different data libraries, reported uncertainties

on cumulative and independent fission yields that fail to

capture the apparent uncertainty in the true value in light of

the disagreement between data libraries, and a lack of

empirical measurements of independent fission yields.

Table 1 shows the independent fission yields for a por-

tion of the high-yield 131 mass chain as reported by the

JEFF and ENDF data libraries [1, 11]. The large differ-

ences between the values reported by each data library

suggest that additional measurements are needed to better

determine the true value for the reported yields.

Given the significant differences between the values re-

ported in the ENDF and JEFF libraries, the reported standard

Fig. 1 Cumulative fission

product yields for thermal-

neutron-induced fission of 235U

and 239Pu. Crosses show data

taken from the ENDF/B-VII

data library and lines are

provided to aid visualization [1]

214 J Radioanal Nucl Chem (2015) 305:213–223

123

[Dayman, Biegalski, Haas, Rad. Nucl. Chem. 305 (2015) 213]
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I For each allowed β decay the electron spectrum is

Sβ(Ee) = KpeEe (Ee − E0)
2 F (Z ,Ee) (Eν = E0 − Ee)

Sν(Eν) = K
√

(E0 − Ee)2 −m2
e (E0 − Ee)E2

ν F (Z ,Ee)

I Aggregate reactor spectrum (electron or neutrino):

Stot(E , t) =
∑

k
Fk(t)
↑

fission fractions

Sk(E) (k = 235, 238, 239, 241)

Sk(E) =
∑

n
Y k

n
↑

cumulative
fission yield

∑
b

BRb
n Sb

n (E)
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I The ab initio calculation of each Sν
k (Eν) requires knowledge of about

1000 spectra and branching ratios (k = 235, 238, 239, 241).

I Nuclear data tables are incomplete and sometimes inexact.

I Semi-empirical method: conversion of the aggregate β spectra Sβ
k (Ee)

measured at ILL in the 80’s with ∼ 30 virtual β branches.

[Schreckenbach, Colvin, Gelletly, Von Feilitzsch, PLB 160 (1985) 325]
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I In the 80’s Schreckenbach et al. measured the aggregate β spectra of
235U, 239Pu, and 241Pu exposing thin foils to the thermal neutron flux of
the ILL reactor in Grenoble.

I The standard reactor ν̄e fluxes and spectra from 235U, 239Pu, and 241Pu
were obtained with the virtual-branches conversion method:
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I The conversion method was estimated to have about 1% uncertainty.
[Vogel, PRC 76 (2007) 025504]

I Estimated total uncertainties on the neutrino detection rates:

2.4%(235U) 2.9%(239Pu) 2.6%(241Pu)
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I The 238U ν̄e flux was calculated ab initio with estimated 8% uncertainty.
[Mueller et al, PRC 83 (2011) 054615]

I Approximate agreement with the 2014 β spectrum measurement at
FRM II in Garching using a fast neutron beam. [Haag et al, PRL 112 (2014) 122501]
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A new summation method model of the reactor antineutrino energy spectrum is presented. It is updated
with the most recent evaluated decay databases and with our total absorption gamma-ray spectroscopy
measurements performed during the last decade. For the first time, the spectral measurements from the
Daya Bay experiment are compared with the antineutrino energy spectrum computed with the updated
summation method without any renormalization. The results exhibit a better agreement than is obtained
with the Huber-Mueller model in the 2–5 MeV range, the region that dominates the detected flux.
A systematic trend is found in which the antineutrino flux computed with the summation model decreases
with the inclusion of more pandemonium-free data. The calculated flux obtained now lies only 1.9% above
that detected in the Daya Bay experiment, a value that may be reduced with forthcoming new
pandemonium-free data, leaving less room for a reactor anomaly. Eventually, the new predictions of
individual antineutrino spectra for the 235U, 239Pu, 241Pu, and 238U are used to compute the dependence of
the reactor antineutrino spectral shape on the fission fractions.
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Neutrino oscillation parameters have been precisely
measured in recent decades, confirming a three-flavor
scheme and paving the way for future measurements of
the CP-violation phase, the mass hierarchy, and an under-
standing of the nature of the neutrino particle [1–8].
Nevertheless, some neutrino experiments have obtained
results that cannot be explained by the three-flavor oscil-
lation model [9–12]. One of these anomalies, the “reactor
anomaly”, denotes the deficit observed between the
detected antineutrino flux in reactor neutrino experiments
at less than 100 m from reactors with respect to new
predictions of the flux [11]. These predictions have been
obtained by an improved conversion [13,14] of the integral
beta energy spectra measured by Schreckenbach and co-
workers [15–18]. It led to a new normalization of the
estimated antineutrino flux lying some 6% above the
detected flux at short distances from reactors [11], trigger-
ing the search for sterile neutrinos close to experimental
reactors [19]. Meanwhile, the reactor experiments Double
Chooz [20], Daya Bay (DB) [21], and Reno [22] have
measured the shape of the reactor antineutrino spectrum
close to pressurized water reactors (PWRs). The compari-
son between the converted spectra and the measured
spectra not only confirmed the reactor anomaly, but also
exhibited a large distortion of the data with respect to the
model between 5 and 7 MeV in antineutrino energy. These
two findings raised questions about the antineutrino

predictions based on the conversion method, hereinafter
called the Huber-Mueller (H-M) model [13,14], and the
associated systematic uncertainties of several nuclear
effects [14,23–25].
In 2017, the Daya Bay experiment published the first

measurement of the evolution of the antineutrino flux with
fuel burnup [26]. They compared it with the changing flux
obtained with the H-M model. Overall, the slope of the
evolution of the flux with an increasing percentage of
fissions from 239Pu is rather well reproduced by the model,
although the absolute magnitude of the computed flux is
higher than observed by 6% reinforcing the reactor
anomaly. Furthermore, the Daya Bay Collaboration could
disentangle the contributions to the antineutrino flux from
235U and 239Pu fission. In comparison with the predictions
from the H-M model, good agreement was found with the
flux arising from the fission of 239Pu, while the disagree-
ment in flux arising from the fission of 235U could almost
explain the experimental deficit by itself. This result,
confirmed in [27] with better statistics, would indicate that
the reactor anomaly could not be explained by any neutrino
oscillation, since this should be independent of the fuel, and
that there is a potential problem with the 235U antineutrino
spectrum.
An alternative to the H-M model is the summation

method (SM). It consists of summing all the individual beta
branches composing the total antineutrino or beta spectrum
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anomaly”, denotes the deficit observed between the
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obtained with the H-M model. Overall, the slope of the
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although the absolute magnitude of the computed flux is
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anomaly. Furthermore, the Daya Bay Collaboration could
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2019: new ab initio reactor ν̄e fluxes: Estienne, Fallot, et al (EF)
[Estienne, Fallot, et al, arXiv:1904.09358]
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≈ 1.0σ deficit =⇒ No Anomaly!
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We describe here microscopic calculations performed on the dominant forbidden transitions in reactor
antineutrino spectra above 4 MeV using the nuclear shell model. By taking into account Coulomb corrections in
the most complete way, we calculate the shape factor with the highest fidelity and show strong deviations from
allowed approximations and previously published results. Despite small differences in the ab initio electron
cumulative spectra, large differences on the order of several percent are found in the antineutrino spectra. Based
on the behavior of the numerically calculated shape factors we propose a parametrization of forbidden spectra.
Using Monte Carlo techniques we derive an estimated spectral correction and uncertainty due to forbidden
transitions. We establish the dominance and importance of forbidden transitions in both the reactor anomaly and
spectral shoulder analysis with their respective uncertainties. Based on these results, we conclude that a correct
treatment of forbidden transitions is indispensable in both the normalization anomaly and spectral shoulder.
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I. INTRODUCTION

The field associated with short baseline reactor neutrinos
has seen tremendous activity in recent years. Faced both
with long-standing issues (LNSD [1,2] and GALLEX &
SAGE [3,4] collaborations) and more recently the reactor
antineutrino anomaly (RAA) [5,6], phenomenology proposes
the existence of sterile neutrinos in an effort to solve these
issues [7,8]. Besides the normalization anomaly, a spectral
disagreement commonly referred to as the “5-MeV bump”
remains after several years of intense work [9–13]. Due to the
magnitude of the problem in several regards, nuclear theory
is pushing the boundaries in getting to grips with theoretical
predictions and uncertainties [14].

A central element in the theoretical determination of the
antineutrino flux is the theoretical shape of individual β

spectra. The original treatments by Huber and Mueller et al.
[15,16] introduced strong approximations in their treatments
of forbidden transitions. Using a sample of experimentally
measured shape factors, significant deviations from allowed
shape factors were observed throughout the nuclear chart for
the majority of forbidden transitions [17], which were consid-
ered within the reactor anomaly by Sonzogni et al. [18]. In the
years following the Huber and Mueller reports, the influence
of forbidden transitions has, however, been discussed mostly
in general terms [19,20], with microscopic calculations per-
formed only on three nuclei [21]. While both of these studies
showed a significant influence on the final result within the
context of the RAA, its calculational difficulty presents a
serious challenge for a more complete analysis.

*Corresponding author: lmhayen@ncsu.edu; present address: De-
partment of Physics, North Carolina State University, Raleigh, North
Carolina 27695, USA; Triangle Universities Nuclear Laboratory,
Durham, North Carolina 27708, USA.

Following our earlier work [22], we discuss here the result
of a shell model calculation of the dominant forbidden tran-
sitions above 4 MeV. This work represents both a more thor-
ough explanation and discussion of our earlier work and an
extension as more data were included and more sophisticated
methods employed. We start off in Sec. II by revisiting the
used formalism, and describe both the included corrections
in this work and the breakdown of approximations made in
the literature. We review the proper expressions for allowed
shape factors and discuss several terms which are missing in
previous descriptions and note their significance. In Sec. III
we describe our selection and treatment of nuclear databases.
We go on to describe the direct results of these calculations in
Secs. IV and VII B 1, including an estimate of its uncertain-
ties. We compare our findings to common approximations
found in the literature and find strongly diverging results,
which we interpret as the breakdown of approximations in
the formalism of Sec. II. Further, in Sec. VI we attempt an
expansion of the numerical results in a statistical fashion
and perform improved summation calculations. Finally, in
Sec. VIII we report on the consequences on both the reac-
tor normalization anomaly and the spectral shoulder for the
current generation of reactor antineutrino experiments.

II. β DECAY FORMALISM

The treatment of (forbidden) β decays is a complex task,
compounded by the large proton number of the fission frag-
ments of interest. Its final description is an interplay between
kinematic, nuclear, and Coulomb terms with significant poten-
tial for cancellations. This leads to a wide variety of potential
spectrum shapes and it serves one well to go back to the
starting point of the β decay description. Our discussion here
will be relatively extensive since no such overview is currently
present in the literature surrounding the RAA, even though
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SAGE [3,4] collaborations) and more recently the reactor
antineutrino anomaly (RAA) [5,6], phenomenology proposes
the existence of sterile neutrinos in an effort to solve these
issues [7,8]. Besides the normalization anomaly, a spectral
disagreement commonly referred to as the “5-MeV bump”
remains after several years of intense work [9–13]. Due to the
magnitude of the problem in several regards, nuclear theory
is pushing the boundaries in getting to grips with theoretical
predictions and uncertainties [14].

A central element in the theoretical determination of the
antineutrino flux is the theoretical shape of individual β

spectra. The original treatments by Huber and Mueller et al.
[15,16] introduced strong approximations in their treatments
of forbidden transitions. Using a sample of experimentally
measured shape factors, significant deviations from allowed
shape factors were observed throughout the nuclear chart for
the majority of forbidden transitions [17], which were consid-
ered within the reactor anomaly by Sonzogni et al. [18]. In the
years following the Huber and Mueller reports, the influence
of forbidden transitions has, however, been discussed mostly
in general terms [19,20], with microscopic calculations per-
formed only on three nuclei [21]. While both of these studies
showed a significant influence on the final result within the
context of the RAA, its calculational difficulty presents a
serious challenge for a more complete analysis.
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Following our earlier work [22], we discuss here the result
of a shell model calculation of the dominant forbidden tran-
sitions above 4 MeV. This work represents both a more thor-
ough explanation and discussion of our earlier work and an
extension as more data were included and more sophisticated
methods employed. We start off in Sec. II by revisiting the
used formalism, and describe both the included corrections
in this work and the breakdown of approximations made in
the literature. We review the proper expressions for allowed
shape factors and discuss several terms which are missing in
previous descriptions and note their significance. In Sec. III
we describe our selection and treatment of nuclear databases.
We go on to describe the direct results of these calculations in
Secs. IV and VII B 1, including an estimate of its uncertain-
ties. We compare our findings to common approximations
found in the literature and find strongly diverging results,
which we interpret as the breakdown of approximations in
the formalism of Sec. II. Further, in Sec. VI we attempt an
expansion of the numerical results in a statistical fashion
and perform improved summation calculations. Finally, in
Sec. VIII we report on the consequences on both the reac-
tor normalization anomaly and the spectral shoulder for the
current generation of reactor antineutrino experiments.

II. β DECAY FORMALISM

The treatment of (forbidden) β decays is a complex task,
compounded by the large proton number of the fission frag-
ments of interest. Its final description is an interplay between
kinematic, nuclear, and Coulomb terms with significant poten-
tial for cancellations. This leads to a wide variety of potential
spectrum shapes and it serves one well to go back to the
starting point of the β decay description. Our discussion here
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2019: new conversion reactor ν̄e fluxes:
Hayen, Kostensalo, Severijns, Suhonen (HKSS)

[Hayen, Kostensalo, Severijns, Suhonen, arXiv:1908.08302]
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Reevaluating reactor antineutrino spectra with new measurements of the ratio
between 235U and 239Pu β spectra

V. Kopeikin,1 M. Skorokhvatov,1, 2 and O. Titov1, ∗

1National Research Centre Kurchatov Institute, 123182, Moscow, Russia
2National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 115409, Moscow, Russia

(Dated: March 3, 2021)

We report a reanalysis of the reactor antineutrino energy spectra based on the new relative mea-
surements of the ratio R =e S5/

eS9 between cumulative β spectra from 235U and 239Pu, performed
at a research reactor in National Research Centre Kurchatov Institute (KI). A discrepancy with the
β spectra measured at Institut Laue-Langevin (ILL) was observed, indicating a steady excess of the
ILL ratio by the factor of 1.054 ± 0.002. We find a value of the ratio between inverse beta decay
cross section per fission for 235U and 239Pu: (5σf/

9σf )KI = 1.45 ± 0.03, and then we reevaluate
the converted antineutrino spectra for 235U and 238U. We conclude that the new predictions are
consistent with the results of Daya Bay and STEREO experiments.

In reactor antineutrino studies, most experiments are
analyzed on the basis of knowledge of the antineutrino
spectra emitted from reactors. In these cases, the initial
spectrum ”at the moment of birth” in the reactor core
is used. Uncertainties in the knowledge of this spectrum
limit the sensitivity of the experiments, and systematic
errors can simulate or mask new unexpected effects. In
pressurized water reactors (PWR), the electron antineu-
trino (ν̄e) flux emitted by nuclear fuels in the fission chain
reaction is generated in β decays of the neutron-rich fis-
sion fragments of U and Pu isotopes. Despite numerous
past and current studies, the accurate specification of the
energy ν̄e spectrum is an open problem.

The antineutrino spectra of 235U, 239Pu and 241Pu
were predicted converting the cumulative β spectra mea-
sured with the BILL spectrometer at the high flux re-
actor in Institut Laue-Langevin (ILL) [1–4]. Later, a
β-spectrum study for fast neutrons fissions of 238U was
done in a separate experiment [5] at the neutron source
FRM II in Garching. The conversion procedure uses a
set of virtual β transitions to fit the measured electron
spectrum. The corresponding ν̄e spectra of these indi-
vidual transitions are then summed to build the total ν̄e
spectrum.

There is another approach based on the summation
method in which the antineutrino spectra from fission
fragments are calculated ab initio using β-decay infor-
mation from nuclear databases and theoretical inputs.
These calculations were used initially in several studies [6]
and have been recently improved by means of new fission
and nuclear data [7]. Up to now the summation method
is in progress; it will not be considered hereinafter.

The commonly used conversion method is based on a
scheme described in Refs. [1–3] and later in [8], where
an improved model has been developed (Huber-Mueller
model, HM). But the measured antineutrino rate in pre-
cise experiments near reactors via inverse beta decay

∗ titov oa@nrcki.ru

(IBD) reaction

ν̄e + p→ e+ + n

corresponds to a deficit of about 4− 5% as compared to
the predicted rate. This anomaly, known as the Reac-
tor Antineutrino Anomaly (RAA) [9], caused a number
of studies directed to searching ν̄e oscillations to a hypo-
thetical, so-called ”sterile”, neutrino state. Alternatively,
the explanation for RAA is due to possible errors in pre-
dicting the ν̄e spectrum for reactor antineutrino fluxes.

A new analysis of the conversion procedure based on
the recent measurements of the ratio between the cumu-
lative fission β spectra for 235U and 239Pu, performed
in [10], is the topic of the present study.

Obviously, the HM model is strongly dependent on the
original β spectra measured in ILL experiments. These
experiments consisted in irradiating thin targets of ura-
nium and plutonium inserted to the reactor and exposed
to a high neutron flux. The energies of β particles were
measured with a high precision by extracting electrons
to the BILL magnetic spectrometer. There are two main
specifications of the measured β spectrum: the energy-
dependent shape and the normalization connected with
the number of β particle per fission. The absolute rate
and energy scale were obtained by means of calibrations,
replacing fission targets with targets provided a known
partial (n, e−) and (n, γ) cross sections in order to mea-
sure internal-conversion electrons and β-decay electrons
following neutron capture.

For 235U, three measurements were performed at ILL
under different reactor powers provided different signal-
to-background conditions:

• 1981 – the first measurement at full reactor power
of 57 MW;

• 1982 – the test measurement at full reactor power
of 8 MW without calibration;

• 1985 – the final measurement at full reactor power
of 4 MW, but calibration has been performed at
the reactor power of 57 MW.
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2021: new converted reactor ν̄e fluxes: Kurchatov Institute (KI)
[Kopeikin, Skorokhvatov, Titov, arXiv:2103.01684]
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Approximate agreement with ab initio EF fluxes!
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Model Indep. Measurements of Reactor ν Osc.
Ratios of spectra at different distances

NEOS
DANSS

Neutrino-4

PROSPECT

MOTIVATION AND DETECTOR DESIGN

PRECISION REACTOR OSCILLATION AND SPECTRUM EXPERIMENT
1. SEARCH FOR SHORT-BASELINE OSCILLATIONS FROM STERILE NEUTRINOS 

INDEPENDENT FROM REACTOR MODEL INPUTS 
2. MEASURE 235U ENERGY SPECTRUM TO RESOLVE THE SPECTRAL ANOMALY 

▸ Experimental Strategy: 

▸ Measure spectrum at a range of 
baselines (7-9m in current position) 

▸ Reactor-model independent search 
for oscillations throughout the 
detector 

▸ High-statistics, high-resolution 235U 
neutrino energy spectrum  

▸ Challenges: 

▸ Minimal overburden (<1mwe) 

▸ High-background environment  

�4

Antineutrino 
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HFIR Core

7-13m

Thomas Langford - Yale UniversityNEUTRINO 2018 - Heidelberg
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I 2018: remarkable agreement of the DANSS and NEOS best-fit regions
at ∆m2

41 ≈ 1.3 eV2 =⇒ model independent indication in favor of SBL
oscillations. [Gariazzo, Giunti, Laveder, Li, arXiv:1801.06467]

[Dentler, Hernandez-Cabezudo, Kopp, Machado, Maltoni, Martinez-Soler, Schwetz, arXiv:1803.10661]

I 2019: decreased agreement between NEOS and DANSS allowed regions.
[Giunti, Y.F. Li, Y.Y. Zhang, arXiv:1912.12956]

I 2020: No 2σ DANSS allowed regions (exclusion curve).
No compelling indication of oscillations.
In practice these reactor experiments exclude large values of |Ue4|2 for

0.1 . ∆m2
41 . 10 eV2
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Tritium Beta-Decay
3H→ 3He + e− + ν̄e

dΓ
dT =

(cosϑCGF)
2

2π3 |M|2 F (E) p E K2(T )

Kurie function: K(T ) =

[
(Q − T )

√
(Q − T )2 −m2

νe

]1/2

Q = M3H −M3He −me = 18.58 keV

mνe
> 0

Q−mνe
Q

mνe
= 0

T

K
(T

)

mνe < 1.1 eV (90% C.L.)

KATRIN
[PRL 123 (2019) 221802, arXiv:1909.06048]

Expected final sensitivity:
mνe ≈ 0.2 eV
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Transport of the KATRIN spectrometer from the Rhine river to the Karlsruhe
Institute of Technology (November 2006).
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Robust kinematical probe of νe − νs mixing

K2(T )
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∑
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|Uek |2

√
(Q − T )2 −m2

k θ(Q − T −mk)

m4 � m1,2,3 ⇒ '
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)√
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+|Ue4|2
√
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4 θ(Q − T −m4)

Q −m4 T Q −mβ

K
(T

)
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Q = M3H −M3He −me
= 18.58 keV
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Mainz and Troitsk Limit on ∆m2
41 ' m2

4

m4 � m1,2,3 =⇒ ∆m2
41 ≡ m2

4 −m2
1 ' m2

4

Mainz

[Kraus, Singer, Valerius, Weinheimer, arXiv:1210.4194]

Troitsk

[Belesev et al, arXiv:1307.5687]
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[KATRIN, arXiv:1909.06048]

m2
β =

3∑
k=1
|Uek |2m2

k

I T2 → 3HeT+ + e− + ν̄e

I Electron spectrum measurement
until ≈ Q − 40 eV

I We can probe the mixing of ν4
with m4 . 40 eV

I Rβ(E) =(1− |Ue4|2)Rβ(E ,mβ)

+ |Ue4|2 Rβ(E ,m4)

I Rβ(E ,mν) ∝
∑
i,j
|Uei |2ζjεj

×
√
ε2

j −m2
ν Θ(εj −mν)

I εj = E0 − E − Vj
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[KATRIN @ Neutrino 2020]

[arXiv:2011.05087]

sin2 2ϑee = 4|Ue4|2
(
1− |Ue4|2

)
' 4|Ue4|2 for |Ue4|2 � 1
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3+1: Appearance vs Disappearance

I SBL Oscillation parameters: ∆m2
41 |Ue4|2 |Uµ4|2 (|Uτ4|2)

I Amplitude of νe disappearance:

sin2 2ϑee = 4|Ue4|2
(
1− |Ue4|2

)
' 4|Ue4|2

I Amplitude of νµ disappearance:

sin2 2ϑµµ = 4|Uµ4|2
(
1− |Uµ4|2

)
' 4|Uµ4|2

I Amplitude of νµ → νe transitions:

sin2 2ϑeµ = 4|Ue4|2|Uµ4|2 '
1
4 sin2 2ϑee sin

2 2ϑµµ

quadratically suppressed for small |Ue4|2 and |Uµ4|2

⇓
Appearance-Disappearance Tension

[Okada, Yasuda, IJMPA 12 (1997) 3669; Bilenky, CG, Grimus, EPJC 1 (1998) 247]

C. Giunti − Sterile Neutrinos in Physics, Astrophysics, Cosmology, Part I − GGI − 22-26 March 2021 − 78/106



ν̄µ → ν̄e and νµ → νe Appearance
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MiniBooNE
ν̄µ → ν̄e [PRL 110 (2013) 161801]

LSND signal

νµ → νe [PRL 121 (2018) 221801]

LSND signal

I Purpose: check the LSND signal

I Different L ' 540 m

I Different 200 MeV ≤ E . 3 GeV

I Similar L/E =⇒ Oscillations
Smoking Gun?

I No money, no Near Detector

I Large beam-related background

I Large flux and cross section
uncertainties
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MiniBooNE
ν̄µ → ν̄e [PRL 110 (2013) 161801]

LSND signal

νµ → νe [PRL 121 (2018) 221801]

LSND signal

I LSND signal?

I LSND: excess only for
L
E . 1.2 m

MeV
I MiniBooNE: the LSND excess

should be at

E &
540 m
1.2 m MeV ' 450 MeV

I New large excess for

E . 450 MeV

MiniBooNE low-energy anomaly

Maybe due to additional
∆→ N + γ background

[Ioannisian et al, arXiv:1909.08571, arXiv:1912.01524]
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I The MiniBooNE low-energy excess is at larger L/E than LSND.

[LSND, PRD 64 (2001) 112007]
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MiniBooNE best fit (0.918, 0.041 eV2)
(0.01, 0.4 eV2)
MiniBooNE 1σ allowed band
ν mode: 12.84× 1020 POT
ν̄ mode: 11.27× 1020 POT
LSND

[MiniBooNE, PRL 121 (2018) 221801]
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νµ and ν̄µ Disappearance
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MINOS+
[PRL 122 (2019) 091803, arXiv:1710.06488]

18

Figure 16. Left: Probability of νµ disappearance as a function of L/E with the position of the MINOS Far and Near Detectors
indicated. Right: Ratio of the probabilities of νµ disappearance to the standard 3-flavor oscillations probability. The shading
of the detector regions in both plots indicates the relative magnitude of the predicted flux in arbitrary units. The upper axis
gives the approximate neutrino energy corresponding to the L/E parameter in each detector.

Figure 17. MC simulation of predicted reconstructed energy spectra and Far-over-Near ratio for 3-flavor oscillations and a test
point in parameter space where θ24 = 0.2 and ∆m

2

41 = 80.0 eV
2. Upper Left: Simulated Far Detector reconstructed energy

spectra. Lower Left: Ratio of simulated Far Detector spectra with respect to 3-flavor oscillations. Upper Center: Simulated
Near Detector reconstructed energy spectra. Lower Center: Ratio of simulated Near Detector spectra with respect to 3-flavor
oscillations. Upper Right: Simulated Far-over-Near ratio reconstructed energy spectra. Lower Left: Double Far-over-Near
ratios of simulated spectra with respect to 3-flavor oscillations.

to the simultaneous joint fit in Figure 18. The transition between the FD and ND dominance of the sensitivity takes

place at ∆m
2

41
∼ 1 eV

2. The simultaneous two-detector sterile neutrino search employs both a νµ CC sample fit jointly

with an NC sample. The contributions to the experimental sensitivity for the individual and combined samples are

also shown in Figure 18. The CC sample is the dominant source of sensitivity over the entire search range, though

the NC events provide a cross-check on the observation of large mixing angles and a source of disentanglement of

degenerate parameters in the region where ∆m
2

41
≈ ∆m

2

32
.
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MINOS 90% C.L.
IceCube 90% C.L.
Super-K 90% C.L.
CDHS 90% C.L.
CCFR 90% C.L.
SciBooNE + MiniBooNE 90% C.L.
Gariazzo et al. (2016) 90% C.L.
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Global Appearance-Disappearance Tension
νe DIS

sin2 2ϑee ' 4|Ue4|2
νµ DIS

sin2 2ϑµµ ' 4|Uµ4|2

νµ → νe APP
sin2 2ϑeµ = 4|Ue4|2|Uµ4|2 ' 1

4 sin
2 2ϑee sin

2 2ϑµµ
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I νµ → νe is quadratically suppressed!

I 2016 Global Fit:
χ2/NDF = 304.0/275
GoF = 11%

χ2
PG/NDFPG = 15.0/2

GoFPG = 6× 10−4 ←/

I Similar tension in
3 + 2, 3 + 3, . . . , 3 + Ns

[Giunti, Zavanin, arXiv:1508.03172]
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Goodness of Fit
I Assumption or approximation: Gaussian uncertainties and linear model
I χ2

min has χ2 distribution with Number of Degrees of Freedom
NDF = ND − NP

ND = Number of Data NP = Number of Fitted Parameters
I 〈χ2

min〉 = NDF Var(χ2
min) = 2NDF

I GoF =

∫ ∞

χ2
min

pχ2(z,NDF) dz pχ2(z, n) =
zn/2−1e−z/2

2n/2Γ(n/2)

Parameter Goodness of Fit
Maltoni, Schwetz, PRD 68 (2003) 033020 (arXiv:hep-ph/0304176)

I Measure compatibility of two (or more) sets of data points A and B
under fitting model

I χ2
PGoF = (χ2

min)A+B − [(χ2
min)A + (χ2

min)B]
I χ2

PGoF has χ2 distribution with Number of Degrees of Freedom
NDFPGoF = NA

P + NB
P − NA+B

P

I PGoF =

∫ ∞

χ2
PGoF

pχ2(z,NDFPGoF) dz
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Appearance vs Disappearance in N = 3 + Ns Mixing
[Giunti, Zavanin, arXiv:1508.03172]

∆m2
21L

4E �
∆m2

31L
4E � 1

PSBL
(−)
να→

(−)
νβ

' δαβ − 4
N∑

k=4
|Uαk |2

(
δαβ − |Uβk |2

)
sin2 ∆k1

+8
N∑

k=4

N∑
j=k+1

∣∣UαjUβjUαkUβk
∣∣ sin∆k1 sin∆j1 cos(∆jk

(+)
− ηαβjk)

∆jk =
∆m2

jkL
4E ηαβjk = arg

[
U∗
αjUβjUαkU∗

βk
]
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Survival Probabilities

PSBL
(−)
να→

(−)
να

' 1− 4
N∑

k=4
|Uαk |2

(
1− |Uαk |2

)
sin2 ∆k1

+8
N∑

k=4

N∑
j=k+1

|Uαj |2|Uαk |2 sin∆j1 sin∆k1 cos∆jk

Effective amplitude of (−)
να disappearance due to να − νk mixing:

sin2 2ϑ(k)
αα = 4|Uαk |2

(
1− |Uαk |2

)
' 4|Uαk |2

|Uαk |2 � 1 (α = e, µ, τ ; k = 4, . . . ,N)

PSBL
(−)
να→

(−)
να

' 1−
N∑

k=4
sin2 2ϑ(k)

αα sin2 ∆k1
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Appearance Probabilities (α 6= β)

PSBL
(−)
να→

(−)
νβ

' 4
N∑

k=4
|Uαk |2|Uβk |2 sin2 ∆k1

+8
N∑

k=4

N∑
j=k+1

∣∣UαjUβjUαkUβk
∣∣ sin∆k1 sin∆j1 cos(∆jk

(+)
− ηαβjk)

Effective amplitude of (−)
να →

(−)
νβ transitions due to να − νk mixing:

sin2 2ϑ(k)
αβ = 4|Uαk |2|Uβk |2

PSBL
(−)
να→

(−)
νβ

'
N∑

k=4
sin2 2ϑ(k)

αβ sin2 ∆k1

+2
N∑

k=4

N∑
j=k+1

sin 2ϑ(k)
αβ sin 2ϑ(j)

αβ sin∆k1 sin∆j1 cos(∆jk
(+)
− ηαβjk)
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sin2 2ϑ(k)
αα = 4|Uαk |2

(
1− |Uαk |2

)
' 4|Uαk |2

sin2 2ϑ(k)
αβ = 4|Uαk |2|Uβk |2

sin2 2ϑ(k)
αβ '

1
4 sin2 2ϑ(k)

αα sin2 2ϑ(k)
ββ

sin2 2ϑ(k)
ee � 1

sin2 2ϑ(k)
µµ � 1

}
⇒ sin2 2ϑ(k)

eµ is quadratically suppressed

on the other hand, observation of (−)
να →

(−)
νβ transitions due to ∆m2

k1 imply
that the corresponding (−)

να and (−)
νβ disappearances must be observed
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Effective SBL Oscillation Probabilities in 3+2 Schemes

∆kj = ∆m2
kjL/4E

η = arg[U∗
e4Uµ4Ue5U∗

µ5]

PSBL
(−)
νµ→

(−)
νe

= 4|Ue4|2|Uµ4|2sin2 ∆41 + 4|Ue5|2|Uµ5|2sin2 ∆51

+ 8|Uµ4Ue4Uµ5Ue5|sin∆41sin∆51cos(∆54
(+)
− η)

PSBL
(−)
να→

(−)
να

= 1− 4(1− |Uα4|2 − |Uα5|2)(|Uα4|2sin2 ∆41 + |Uα5|2sin2 ∆51)

− 4|Uα4|2|Uα5|2sin2 ∆54

[Sorel, Conrad, Shaevitz, PRD 70 (2004) 073004; Maltoni, Schwetz, PRD 76 (2007) 093005; Karagiorgi et al, PRD 80 (2009)
073001; Kopp, Maltoni, Schwetz, PRL 107 (2011) 091801; Giunti, Laveder, PRD 84 (2011) 073008; Donini et al, JHEP 07 (2012)
161; Archidiacono et al, PRD 86 (2012) 065028; Jacques, Krauss, Lunardini, PRD 87 (2013) 083515; Conrad et al, AHEP 2013
(2013) 163897; Archidiacono et al, PRD 87 (2013) 125034; Kopp, Machado, Maltoni, Schwetz, JHEP 1305 (2013) 050; Giunti,
Laveder, Y.F. Li, H.W. Long, PRD 88 (2013) 073008; Girardi, Meroni, Petcov, JHEP 1311 (2013) 146]

I Good: CP violation
I Bad: Two massive sterile neutrinos at the eV scale!

4 more parameters: ∆m2
41, |Ue4|2, |Uµ4|2,︸ ︷︷ ︸

3+1

∆m2
51, |Ue5|2, |Uµ5|2, η
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3+2 cannot fit MiniBooNE Low-Energy Excess
−
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I Note difference between 3+2 νe and ν̄e histograms due to CP violation
I 3+2 can fit slightly better the small ν̄e excess at about 600 MeV
I 3+2 fit of low-energy excess as bad as 3+1
I Claims that 3+2 can fit low-energy excess do not take into account

constraints from other data
I Conclusion: 3+2 is not needed
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Global Appearance-Disappearance Tension
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I 2016: Global Fit: GoFPG ≈ 6× 10−4
[arXiv:1602.01390, arXiv:1606.07673]

I 2018: Global Fit: GoFPG ≈ 2× 10−7
[arXiv:1801.06467, arXiv:1803.10661, arXiv:1901.08330]

I 2019: Global Fit: GoFPG ≈ 7× 10−11
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New Dedicated Experiments
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Effective 3+1 LBL Oscillation Probabilities
[de Gouvea et al, PRD 91 (2015) 053005, PRD 92 (2015) 073012, arXiv:1605.09376; Palazzo et al, PRD 91 (2015) 073017,

PLB 757 (2016) 142, JHEP 1602 (2016) 111, JHEP 1609 (2016) 016, PRL 118 (2017) 031804;
Kayser et al, JHEP 1511 (2015) 039, JHEP 1611 (2016) 122; Capozzi et al, PRD 95 (2017) 033006]

|Ue3| ' sinϑ13 ' 0.15 ∼ ε =⇒ ε2 ∼ 0.03

|Ue4| ' sinϑ14 ' 0.17 ∼ ε

|Uµ4| ' sinϑ24 ' 0.11 ∼ ε

α ≡ ∆m2
21

|∆m2
31|
' 7× 10−5

2.4× 10−3 ' 0.031 ∼ ε2

At order ε3: [Klop, Palazzo, PRD 91 (2015) 073017] ∆kj ≡ ∆m2
kjL/4E

PLBL
νµ→νe ' 4 sin2 ϑ13 sin

2 ϑ23 sin
2 ∆31 ∼ ε2

+2 sinϑ13 sin 2ϑ12 sin 2ϑ23(α∆31) sin∆31 cos(∆32 + δ13) ∼ ε3

+4 sinϑ13sinϑ14sinϑ24 sinϑ23 sin∆31 sin(∆31 + δ13 − δ14) ∼ ε3
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Alternative Explanations of MiniBooNE
I Generation by a particle X produced in the MiniBooNE target is

excluded by the angular distribution of the νe-like events, that is not
strongly forward peaked.

[Jordan, Kahn, Krnjaic, Moschella, Spitz, PRL 122 (2019) 081801]

I Visible decays:

X → e+e− or X → γγ

cos θe > 0.9999

I Semi-visible decay:

X → X ′ + pEM
−→

−1.0 −0.5 0.0 0.5 1.0
cos θe

0

100

200

300

400

E
xc

es
s

E
ve

nt
s

Electron angular spectrum, semi-visible decay (mX ′ = 0)

MiniBooNE νe

mX = 100 MeV (χ2/dof = 88/10)

mX = 350 MeV (χ2/dof = 40/10)

mX = 1800 MeV (χ2dof = 59/10)
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Heavy Neutrino Generation in the Detector
I Neutrino Neutral-Current Weak Interaction Lagrangian:

L
(NC)
I = − g

2 cosϑW
Zρ

∑
α=e,µ,τ

ναL γ
ρ ναL

I Sterile neutrinos: ναL =
3+Ns∑
k=1

UαkνkL (α = e, µ, τ, s1, . . . , sNs )

I No GIM: L
(NC)
I = − g

2 cosϑW
Zρ

3+Ns∑
j=1

3+Ns∑
k=1

νjL γ
ρ νkL

∑
α=e,µ,τ

U∗
αj Uαk

I
∑

α=e,µ,τ,s1,...

U∗
αj Uαk = δjk but

∑
α=e,µ,τ

U∗
αj Uαk 6= δjk

I A heavy neutrino νh with h ≥ 4 can be generated in the detector by
neutral-current νµ scattering.
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Heavy Sterile Neutrino Radiative Decay
[Gninenko, PRL 103 (2009) 241802, PRD 83 (2011) 015015, PRD 83 (2011) 093010, PLB 710 (2012) 86]
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It may explain also LSND with

mνh ≈ 40− 80 MeV

and

|Uµh|2 ≈ 10−3 − 10−2

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

0 50 100 150 200 250 300

µ
+
 range

K
+
→µ

+
ννν

K
+
→µ

+
ν

π→µν

→ ← LSND-MiniBooNE window

Neutrino mass m
νh

, MeV

M
ix

in
g

 s
tr

e
n

g
th

 |
U

µ
h
|2

C. Giunti − Sterile Neutrinos in Physics, Astrophysics, Cosmology, Part I − GGI − 22-26 March 2021 − 98/106



I It needs a fast radiative decay τνh . 10−9 s that can be generated by a
transition magnetic moment |µhi | & 10−8 µB:

Γνh→νi+γ =
|µhi |2

8π m3
νh

(
1−

m2
νi

m2
νh

)3

I Simplest extensions of the Standard Model:

W

ℓ ℓ

γ

ν ν
ℓ

W W

γ

ν ν

|µhi | ∼ 10−11 µB
mνh

100 MeV |U`h| ∼ 10−12 µB not enough

I More exotic extensions of the Standard Model may give the needed

|µhi | & 10−8 µB
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I It is interesting that this mechanism can explain why the LSND signal
was not observed in KARMEN:

νµ from π+ decay in flight

νµ + 12C→ νh + 11C + n
p, 800 MeV       T

Θ

ν

p, 800 MeV       T

ν Θ = 90
o

o
= 12

KARMEN
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[Gninenko, PRD 83 (2011) 015015]

I This mechanism can be ruled out by Liquid Argon Time Projection
Chamber (LArTPC) detectors that distinguish between electrons and
photons: MicroBooNE, ICARUS, SBND (Fermilab Short-Baseline
Neutrino Oscillation Program).
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Interacting Heavy Sterile Neutrino
[Bertuzzo, Jana, Machado, Zukanovich Funchal, PRL 121 (2018) 241801]
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Heavy New Gauge Boson
[Ballett, Pascoli, Ross-Lonergan, PRD 99 (2019) 071701]

⌫↵

A

Z 0

⌫4
<latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit><latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit><latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit><latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit>

⌫↵

Z 0 Z 0⌫4
<latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit><latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit><latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit><latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit>

e+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

Virtual Z ′ (off-shell)

0.1 0.2 0.3 0.4
m4 [GeV] 

0.5

1.0

1.5

2.0

2.5

3.0

m
Z
′  [

G
e
V

]

Energy Spectrum Only

1σ

2σ

3σ

0.1 0.2 0.3 0.4
m4 [GeV] 

0.5

1.0

1.5

2.0

2.5

3.0

m
Z
′  [

G
e
V

]

Angular Spectrum Only

1σ

2σ

3σ

C. Giunti − Sterile Neutrinos in Physics, Astrophysics, Cosmology, Part I − GGI − 22-26 March 2021 − 103/106



2016 (incomplete) list of papers on non-SBL effects of light sterile neutrinos:
I β Decay Experiments

[Hannestad et al, JCAP 1102 (2011) 011, PRC 84 (2011) 045503; Formaggio, Barrett, PLB 706 (2011) 68; Esmaili, Peres,
PRD 85 (2012) 117301; Gastaldo et al, JHEP 1606 (2016) 061]

I Neutrinoless Double-β Decay Experiments
[Rodejohann et al, JHEP 1107 (2011) 091; Li, Liu, PLB 706 (2012) 406; Meroni et al, JHEP 1311 (2013) 146, PRD 90
(2014) 053002; Pascoli et al, PRD 90 (2014) 093005; CG, Zavanin, JHEP 1507 (2015) 171; Guzowski et al, PRD 92 (2015)
012002]

I Long-baseline Neutrino Oscillation Experiments
[de Gouvea et al, PRD 91 (2015) 053005, PRD 92 (2015) 073012, arXiv:1605.09376; Palazzo et al, PRD 91 (2015) 073017,
PLB 757 (2016) 142, JHEP 1602 (2016) 111, JHEP 1609 (2016) 016, PRL 118 (2017) 031804; Kayser et al, JHEP 1511
(2015) 039, JHEP 1611 (2016) 122; Pant et al, NPB 909 (2016) 1079, Choubey, Pramanik, PLB 764 (2017) 135]

I Solar neutrinos
[Dooling et al, PRD 61 (2000) 073011, Gonzalez-Garcia et al, PRD 62 (2000) 013005; Palazzo, PRD 83 (2011) 113013,
PRD 85 (2012) 077301; Li et al, PRD 80 (2009) 113007, PRD 87, 113004 (2013), JHEP 1308 (2013) 056; Kopp et al,
JHEP 1305 (2013) 050]

I Atmospheric neutrinos
[Goswami, PRD 55 (1997) 2931; Bilenky et al, PRD 60 (1999) 073007; Maltoni et al, NPB 643 (2002) 321, PRD 67 (2003)
013011; Choubey, JHEP 0712 (2007) 014; Razzaque, Smirnov, JHEP 1107 (2011) 084, PRD 85 (2012) 093010; Gandhi,
Ghoshal, PRD 86 (2012) 037301; Barger et al, PRD 85 (2012) 011302; Esmaili et al, JCAP 1211 (2012) 041, JCAP 1307
(2013) 048, JHEP 1312 (2013) 014; Rajpoot et al, EPJC 74 (2014) 2936; Lindner et al, JHEP 1601 (2016) 124; Behera et
al, arXiv:1605.08607]

I Supernova neutrinos
[Caldwell, Fuller, Qian, PRD 61 (2000) 123005; Peres, Smirnov, NPB 599 (2001); Sorel, Conrad, PRD 66 (2002) 033009;
Tamborra et al, JCAP 1201 (2012) 013; Wu et al, PRD 89 (2014) 061303; Esmaili et al, PRD 90 (2014) 033013]

I Cosmic neutrinos
[Cirelli et al, NPB 708 (2005) 215; Donini, Yasuda, arXiv:0806.3029; Barry et al, PRD 83 (2011) 113012]

I Indirect dark matter detection [Esmaili, Peres, JCAP 1205 (2012) 002]
I Cosmology [see: Wong, ARNPS 61 (2011) 69; Archidiacono et al, AHEP 2013 (2013) 191047]
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Conclusions of Part I

I Light sterile neutrinos can be powerful messengers of new physics
beyond the SM.

I Historically, their existence is motivated by the reactor, Gallium and
LSND short-baseline anomalies.

I The reactor antineutrino anomaly, discovered in 2011, is disappearing,
because of new neutrino flux calculations and the absence of a clear
model-independent signal in the new experiments (DANSS,
PROSPECT, STEREO).

I The Gallium neutrino anomaly, discovered in 2007, is uncertain and
needs a direct model-independent check.

I Important model-independent tests of the effect of m4 in β-decay
(KATRIN), electron-capture (ECHo, HOLMES) and ββ0ν-decay
experiments.
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I In principle, the simplest explanation of the LSND and MiniBooNE
νe-like excesses is neutrino oscillations, that requires a new ∆m2

SBL
associated with a sterile neutrino.

I Unfortunately, the LSND and MiniBooNE νe-like excesses are too large
to be compatible with the existing bounds on νe and νµ disappearance
in the framework of 3 + Ns active-sterile neutrino mixing:

APPEARANCE-DISAPPEARANCE TENSION

I Alternative explanations exist with a heavy sterile neutrino produced and
decayed in the detector.

I Promising Fermilab SBN program aimed at a conclusive solution of the
mystery with three Liquid Argon Time Projection Chamber (LArTPC): a
near detector (LAr1-ND), an intermediate detector (MicroBooNE) and a
far detector (ICARUS-T600).

I It is important that LArTPC detectors can distinguish a single
νe-induced electron from a γ or a collimated e+e− pair.
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