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Introduction

Neutrino Oscillations

2015 Nobel Prize '
Arthur B. McDonald, Takaaki Kajita TR Lk

. . . . . T: k ki Kaji d
For the discovery of neutrino oscillations, which shows that Arihur B McDonald

neutrinos have mass

New Physics and Sterile Neutrinos

Ovpp
v oscillations Meson decays Colliders
eV KeV MeV GeV TeV

Kinematically accesible

@ 3v Oscillations and global analysis

@ Short Baseline Anomalies and the status of their interpretation in terms of
Sterile Neutrino Oscillations
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Neutrino Oscillations

3v Standard Oscillations
After EWSB: Lcc o< Uy WH_[,X’)/“PLZ/,'

Lepton mixing matrix U, analogous to the CKM matrix.
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lo Vi —iEjt

—iE:t, % )
Ui va(®) = Ugje T [uj(0) = Ugje” T U3 1v) N

var) = Uaj [vj)

Oscillation Probability (in Vacuum)
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Neutrino oscillations in matter

o o CC effective potential
w , - Oscillation probability enhancement, MSW effect.
- intrinsic CP violation.
e v,

enp enp NC effective potential do not have any effect

(a) CC interaction. (b) NC interaction.
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Neutrino Oscillations

PMNS Matrix Parametrization

ve v1 ) o Ui U Ues
o =U| 1 ; Ampem > Amgor & Upyns = | Upr U2 Ups
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vr v3 1 Ura  Urs
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U= 0 3 3 0 1 0 —s1p €12 0 0 @ el 0
0 —s3 o3 —s;3¢/ 0 a3 0 o 1 0 0 e
PL_)_>'V_,(E, L,0) 6 Parameters: 017, 03, 013 6¢cp, Amgo, < Amgtm-
o B

Oscillation Regimes

AmE Reactor Neutrino Flux

~ 1.27Am,?.(ev2)M
Y E(GeV)

Am? | ~107%V? = L/E ~ 10*Km/GeV

sol

Flavor Fraction

10 100
Distance [km]

Reactors: E ~ MeV, L ~ 1Km Daya Bay

P.Vogel et.al. [arXiv:1503.01059]

L ~ 100Km KamLAND
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Neutrino Oscillations, 3v NuFit combined analysis

NuFIT 4.0 (2018), Www.nuffit.org |. Esteban, C. Gonzalez-Garcia, A. Hernandez-Cabezudo, M. Maltoni, T. Schwetz

2 2 2
X" (012, 023, 013, Scps Amgoys Amypm) =
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Neutrino Oscillations, 3v NuFit combined analysis

NuFIT 4.0 (2018), Www.nuffit.org |. Esteban, C. Gonzalez-Garcia, A. Hernandez-Cabezudo, M. Maltoni, T. Schwetz

1 Agorl
PKLAND = sin® 013 + cos* 013 (1 -5 sin(201) sin? i‘: )

2 2 2
X" (012, 023, 013, Scps Amgoys Amypm) =

2 2
X501+ KLAND (012, Amgg: 013)
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Neutrino Oscillations, 3v NuFit combined analysis

NuFIT 4.0 (2018), www.nu-fit.org 1.

PKLAND =

Preactor

1 Agorl
sin® 013 + cos® 013 (1 — = sin?(201p) sin> =501 )
2 4

Agorl
1 — cos® 013 sin? 2075 sin? 0L

Azl Azpl
sin? 2013 <<:c>s2 012 sin? =31 + sin? 612 sin? )
4E

2 2 2

X" (012, 023, 013, Scps Amgoys Amypm) =
2 2

X501+ KLAND (012, Amgqp: 013)

2 2
Xreactor (012, Am5o, 013, Ampey,)

Neutrino Oscillation A

Esteban, C. Gonzalez-Garcia, A. Hernandez-Cabezudo, M. Maltoni, T. Schwetz
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Neutrino Oscillations, 3v NuFit combined analysis

NuFIT 4.0 (2018), www.nu-fit.org 1.

PKLAND =

Preactor

1 Agorl
sin® 013 + cos® 013 (1 — = sin?(201p) sin> =501 )
2 4

Agorl
1 — cos® 013 sin? 2075 sin? 0L

Azl Azpl
sin? 2013 <<:c>s2 012 sin? =31 + sin? 612 sin? )
4E

2 2 2
X" (012, 023, 013, Scps Amgoys Amypm) =
2 2
X501+ KLAND (012, Amgqp: 013)
2 2
Xreactor (012, Am5o, 013, Ampey,)

2 2 2
XLBL (0125 Amgo1, 013, Amp gy 5 023, S cp)
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Neutrino Oscillations, 3v NuFit combined analysis

NuFIT 4.0 (2018), www.nu-fit.org 1.

PKLAND

1 Agorl
sin® 013 + cos® 013 (1 — = sin?(201p) sin> =501 )
2 4E

Preactor
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aE

Azl Azpl
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4E 4E

x2(612, 623, 613, 5cp, AmZo, Amdy ) =
XEol+KLAND (012 AmSy, 613)
Xreactor(012: BmZo1, 013, Amay,,)

X381 (012, Amdoy, 013, Ama gy, 023, 5cp)

2 2 2
Xatm (012 Amge1s 013, Amp g+ 023, Scp)

Esteban, C. Gonzalez-Garcia, A. Hernandez-Cabezudo, M. Maltoni, T. Schwetz
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Neutrino Oscillations, 3v NuFit combined analysis

NuFIT 4.0 (2018), Www.nuffit.org |. Esteban, C. Gonzalez-Garcia, A. Hernandez-Cabezudo, M. Maltoni, T. Schwetz
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I.Esteban et.al. [arXiv:1811.05487] |.Esteban et.al. [arXiv:1811.05487]
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Neutrino Oscillations, 3v NuFit combined analysis

NuFIT 4.0 (2018), Www.nuffit.org |. Esteban, C. Gonzalez-Garcia, A. Hernandez-Cabezudo, M. Maltoni, T. Schwetz
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Azl Azpl
sin? 2013 cos? 012 sin? =31 + sin? 612 sin? =2
4E 4E

6 Parameters: 012, 023, 013 & dcp

Aml; < Amby, (Mass ordering) www.nu-fit.org
ml < m2 < m3
m3 < ml < m2

T e® | @ ]
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I.Esteban et.al. [arXiv:1811.05487] |.Esteban et.al. [arXiv:1811.05487]
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Neutrino Oscillations, Reactor Neutrinos

Predictions
NZ Z / i+1 Erec/ dE, O'(Ey)flsogf)lso(Ey) ;egwe(Ev)R(Erea Ey)
= |so l’d El’EC
Analysis, Pull approach
(Obs; — Pred;(6,m))?
Z ;tat)2 +nkvl m

n: pull parameters accounting for the systematics. We include as much information from the
collaborations as it is given.
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|.Esteban et.al [arX\\/ 1811 (]5487] |.Esteban et.al [arX'\v 1811 (15487] |.Esteban et.al [arXiv 1811 ()54(37}
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Neutrino Oscillations

6 Parameters: 012, 03, 613& 0cp
Am%; < Am3,, (Mass ordering)

ml < m2 < m3

m3 < ml < m2
3v Oscillation Framework is very well tested

However there are experimental data that can not be accommodated in this
framework

3 + 1v framework
= Short Baseline Anomalies

3 4 L
: : ot Py, =1— Uvzu-zsi.ﬂ(Am?—)
@ Sterile Neutrino Oscillations Te—7e 422 |t | e i

@ Reactor Anti-neutrino Anomaly
@ LSND and MiniBooNE Anomaly

@ Appearance vs Disappearance Tension BRI S e el | Ereatra e Rten]

M.Dentler, A.Hernandez-Cabezudo, J.Kopp, P.A.N.Machado,
M.Maltoni, I.Martinez-Soler, T.Schwetz

L
. 2 . 2 2
Pre—7e S§L 1 — sin” 2674 sin (Am“ E)
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SBL Anomalies and Sterile Neutrino Oscillations

Short Baseline (SBL) Experiments measure in the L/E ~ 1m/MeV regime.
They are not sensitive to the 3v standard oscillations (Amgtm and Amiol).

(=) (=)

Data / Prediction

1 LNSD & MiniBooNE v, — v,
2 Gallium ve — v,

10 0
° Distahe (m)

3 Reactor v, — 1,

_ F.P. An et.al. [arXiv:1607.05378]
A.A. Aguilar-Arevalo et.al. [arXiv:1805.12028]

eV Sterile Neutrino

10

Reactor Anomaly
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Total measured events vs

A.A. Aguilar-Arevalo et.al.
“ predicted events

[arXiv:1805.12028]
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Reactor Anti-neutrino Anomaly

2351y, 239py 238 & 241Py — 7, (~MeV)Flux.

Reactor experiments measured a deficit 7, events with respect to the theoretical
predictions (Huber-Muller)

Sterile Neutrino Oscillations

s= 8 7 1

! B HE 7 s

o i IE i
2 5 : ¥
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2 2 new 1 :
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1 g o i B
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K. N. Abazajian et.al. [arXiv:1204.5379]
Flux Mismodelling
Daya Bay RENO
Daya Bay R :
e E
. ¥ n
o i Global fit ¢ Giunti ctal [arxiv
D St

S e cr 10901.01807] of the flux evolu-

Daya tay
—— Huber model ] 8% L

/ | tion and all-time integrated
Ve flux measurement do not
favour the flux mismodeling

+ Model

S || hypothesis over the hybrid
o o) | g models.

68 72

F. P. An et.al. [arXiv: 1607.05378] YD a0, (B T
cn. [arXiv: 7

F. P. An et.al. [arXiv: 1704.01082]
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Reactor Anti-neutrino Anomaly

Recent New Data
Analysis independent of flux predictions

NEOS (L ~ 24m)

5 o iy ]
ISR TN . PROSPECT (L ~ 7 — 13m)
I AP, STEREO (L ~ 10m)
R S s T NEUTRINO 4* (L ~ 6 — 12m)
Prampt Enry e S
Y.J. Ko et.al. [arXiv: 1610.05134] | Alekseev et.al. [arXiv: 1804.04046]
NEOS spectrum  DANSS spectru

Based on ratios of measured spectra i o

5 s iy

LAY
g ..W.w’"..f.‘mm“. m"l”‘mm_{» 2 3 4 5 6 7 8

Y.J. Ko et.al. [arXiv: 1610.05134] I.Alekseev et.al. [arXiv: 1804.04046]
In our global analysis we perform a Flux Free Analysis, fitting the oscillation parameters as well
as the normalizations of the flux predictions to the data.
M.Dentler et.al. [arXiv:1803.10661]
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Reactor Anti-neutrino Anomaly

Reactor Global Analysis

1 T
Reactor é_:é
95 % (2 dy

NEOS i
Daya Ba
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T AlTiee S o
All fixed —t Daya Bay
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ﬂhn» f\

M.Dentler et.al. [arXiv:1803.10661]
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Reactor Anti-neutrino Anomaly

Reactor Global Analysis

1 .
Reactor é_:é
95 % (2 dof) P
NEOS i :
Daya |
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&
T i EeE
- Allfiee < -
All fixed Daya Bay
0
=y
10
107 102 107
Ueal®
M.Dentler et.al. [arXiv:1803.10661]
Analysis Amj; [eV7] [UZ,] Xonin/ dof Ax?(no-osc) significance
DANSS+NEOS 1.3 0.00964 74.4/(84 —2) 13.6 3.30
all reactor (flux-free) 13 0.00887 185.8/(233 — 5) 115
all reactor (flux-fixed) 1.3 0.00964 196.0/(233 — 3) 15.5 3.50
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Reactor Anti-neutrino Anomaly

Reactor Global Analysis

1 T
Reactor é_:é
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Daya |
% Cj DANSS
2
T i EeE
- Allfiee < -
All fixed Daya Bay
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101 =
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Ueal®
M.Dentler et.al. [arXiv:1803.10661]
Analysis Amj; [eV7] [UZ,] Xonin/ dof Ax?(no-osc) significance
DANSS+NEOS 1.3 0.00964 74.4/(84 —2) 13.6 3.30
all reactor (flux-free) 13 0.00887 185.8/(233 — 5) 115
all reactor (flux-fixed) 1.3 0.00964 196.0/(233 — 3) 15.5 3.50

Reactor anomaly confirmed by ratios of measured spectra
independently of flux predictions
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Reactor Anti-neutrino Anomaly

Reactor Global Analysis
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M.Dentler et.al. [arXiv:1803.10661]
Analysis Amj; [eV7] [UZ,] Xonin/ dof Ax?(no-osc) significance
DANSS+NEOS 1.3 0.00964 74.4/(84 —2) 13.6 3.30
all reactor (flux-free) 13 0.00887 185.8/(233 — 5) 115
all reactor (flux-fixed) 1.3 0.00964 196.0/(233 — 3) 15.5 3.50

Reactor anomaly confirmed by ratios of measured spectra
independently of flux predictions
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Reactor Anti-neutrino Anomaly

Reactor Global Analysis
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| Allfree <
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M.Dentler et.al. [arXiv:1803.10661]

Analysis Amj; [eV7] [UZ,] Xonin/ dof Ax?(no-osc) significance
DANSS+NEOS 1.3 0.00964 74.4/(84 —2) 13.6 3.30

all reactor (flux-free) 13 0.00887 185.8/(233 — 5) 115
all reactor (flux-fixed) 1.3 0.00964 196.0/(233 — 3) 15.5 3.50

Reactor anomaly confirmed by ratios of measured spectra
independently of flux predictions
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Ractor Anti-neutrino Anomaly and KATRIN

g =0(6—E—mpg) (1—|Veal?) I (mp) +© (Eg — E — ma) [Ueal? 9E (ma)

\ $ w0 entire spectrum region close to endpoint
s )
E ®
£ o8 &

g 208 m(ve)=0eV
’—-» 8 o0 /
3H electron P 04
04 oy 25107 o
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Reactor
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All free
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MarcKorgecaek,
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107 102 1077
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Marx Krozeczek, Master Thesis: eV- & KeV-sterile neutrino studies with KATRIN
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(= . .
ve — V. Combined Analysis

Global (V_e) Disappearance Analysis

95%, 99% CL
10'}2 dof
All S
s i [
= vedisapp : y
= 10° H
g All Reactors 1
< 1
1
b
I
o i
107! _— i
— @l
1Ll
1073 1072 107!

M.Dentler et.al. [arXiv:1803.10661]

Analysis Amj; [eV7] [UZ,] Xoin / dof Ax?(no-osc) significance

e disap. (flux free) 1.3 0.00001 542.9/(594 — 8) 13.4 3.20
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LNSD and MiniBooNE Anomalies, v, — 7,

AA Aguilar-Arevalo et.al

[arXiv:1805.12028]

K. N. Abazajian et.al. [arXiv:1204.5379]

Oscillation regime L/E ~ 0.15 — 2.3 m/MeV [ariv:1805.12026]

[

]
=

[
Dusvowsct
C.Athanassopoulos et.al. [arXivinucl-es/9605002] B R R
LEE, (meters/MeV)
Oscillation regime L/E ~ 0.5 — 1.5 m/MeV [arXiv:1204.5379]
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v, — V. Appearance

LSND & MiniBooNE Anomalies
Global V', — V' Analysis
(Updated data till Spring 2018)
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1073 1072 107!
sin? 20,

M.Dentler et.al. [arXiv:1803.10661]

sin® 20, |Uu4|2| Ue4|2
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v, — V. Appearance

LSND & MiniBooNE Anomalies
Global V', — V' Analysis
(Updated data till Spring 2018)
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M.Dentler et.al. [arXiv:1803.10661 . . .
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Global v, — v, Analysis =

Ami [eV]

) (= (=) (=) = -
v, — v. Appearance vs v, /v, Disappearance Tension

© &)
Velv-Ye
Fied Fluxes)

M.Dentler et.al

1Uaf*

[arXiv:1803.10661]
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, = I/e Appearance vs y,l/ye Disappearance Tension

© &)
Velv-Ye
Fied Fluxes)

Am?, [eV?]
3

(=) (=) o
Global v, — v, Analysis =

1Uaf*

M.Dentler et.al. [arXiv:1803.10661]

=)
vy — Ve Vs 1/H/u,s Tension

99.73% CL
dof
<
2
NE 10°] _— Appearance
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M.Dentler et.al. [arXiv:1803.10661]
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, = I/e Appearance vs y,l/ye Disappearance Tension
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Global v, — v, Analysis =

107!

1Uaf*
M.Dentler et.al. [arXiv:1803.10661]

=)
vy — Vevs 1/H/u,s Tension

99.27?1%fCL
(0)
Parameter Goodness of Fit Test

t\g' 100> Appearance Analysis Axappfdisapp p-value77 significance
< ( w/oDiF) Global 29.6 3.7 x 10 5.10

>_ w/o Reactors 203 3.9 x 1072 410

Di . ..

v i The tension is independent of the

Lol s
07 109 102 107 Reactor Anomaly

sin® 26
M.Dentler et.al. [arXiv:1803.10661]
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Global v, — v, Analysis =

Am? [eV?]
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. — Ve Appearance vs v, /v, Disappearance Tension
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M.Dentler et.al

(=) (=) (=) (=) »
Vy— VevVs v,/ V. Tension

1Uaf*

[arXiv:1803.10661]

Analysis X%G/dof PG
Global 29.6/2 3.71 x 10—/
Removing anomalous data sets
w/o LSND 12.9/2 1.6 x 103
w/o MiniBooNE 24.4/2 5.2 x 106
w/o reactors 20.3/2 3.8 x 1073
w/o gallium 33.9/2 4.4 x 108
Removing constraints
w/o IceCube 29.4/2 4.2 x 1077
w/o MINOS(+) 24.5/2 4.7 x 106
w/o MB disapp 28.7/2 6.0 x 107
w/o CDHS 28.2/2 7.5 x 107

99.73% CL
dof
10°] _— Appearance
( wioDiF)
bisappearance
— Free Fluxes
10-1 - - - Fixed Fluxes
107" 1073 1072 107
sin? 26,

M.Dentler et.al

[arXiv:1803.10661]

The tension is independent of any
particular experiment
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@ 3v Oscillations unknown parameters: dcp, mass ordering, 6,3 octant.

@ 3v Oscillations are a very well tested framework. However there are some anomalies.

@ Reactor Anti-neutrino anomaly is compatible with new data, independent of flux
predictions, at the level of ~ 30: |Ues|> ~ 0.01 and Am2,,, ~ 1.3eV?.

° 1(/_;: — Ve Appearance data (MiniBooNE and LSND) is in strong tension with the
Disappearance data (;/_,; — (u_u) bounds), independently of the reactor data.

@ MiniBooNE and LSND data should not be explained in terms of sterile neutrino
oscillations.
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