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1 Neutrino Oscillations - Some theory



B Three Neutrino Oscillations
3

Wiy = Z Uakvi (a=e,p,T)
k=1

U,k described by 3 mixing angles 015, 613, >3 and one CP phase dcp

[Current knowledge of the 3 active v mixing: [de Salas et al. (2018)]]

NO: Normal Ordering, m; < my < m3 10: Inverted Ordering, m3 < my < my
2 _ 40.20 5 12 - - T
Amd = (7551929).1075 &V : i \/ i

|Am3;| = (2.50+0.03)-107%eV? (NO) . -
= (24273%3) 1073 eV? (10)  ©

sin’(f,) = 032073538 o s ML S SN
sin?(f13) = 0.021679:5% (NO) Ty 7‘""
- 00222788 (10) U U
sin?(fa3) = 0.54775:020 (NO) £l 2 ! AE
= 0.551753%% (10) oV
First hints for dop =~ 3/27 e ‘|A‘m‘§‘f;,';,,xev;;‘ﬁ .,”‘;,_‘;”;7‘[

see also: http://globalfit.astroparticles.es



http://globalfit.astroparticles.es

M Two types of neutrinos

[flavor neutrinos VaJ [Va) = Uak|vk) [massive neutrinos Vk]

|I/(t = 0)> = ‘I/a> = Ua1|l/1> + Ua2’1/2> + Ua3|l/3>

/\/\1/1/\/\/
Va SVAVAVEAVAVAVY, Vg

source detector

vt > 0)) = |vp) = Uar & B 11) + Unz € 1) + Unz € Btu3) # [va)

E,f:p2+m£ define ———t =1L

9 N _AmijL
Pro—vs(L) = [(valv (L))" = Z UpkUak UgjUajexp | —i °F
kij

2 _ 2 2
Am,-j—m,-—mj



M A large family

In principle, previous discussion is valid for N neutrinos

‘ only constraint: there are exactly ’ =
three flavor neutrinos in the SM % R
£ 3L ALEPH
[LEP, Phys. Rept. 427 (2006) 257, © DELPHI
arXiv:hep-ex,/0509008] L3
OPAL
{ () — 2.9840 + 0.0082} 0y
{ average measurements,
error bars increased
through the measurement by factor 10
of the Z resonance 10
ete” — 7 — Z Valsg
a=eu.T 0% 88 90 92 9

E,, [GeV]

Eneutrinos « > 3 must be sterile}

sterile neutrino = SM singlet: no couplings with other SM particles



M A large family

In principle, previous discussion is valid for N neutrinos

N x N mixing matrix, N flavor neutrinos, N massive neutrinos

|Ve> Uel
V) U
|VT> — U‘rl
|V51> U511

UeZ
U2
UT2
U51 2

Ue3
Uiz
UT3
U513

Ue4
U/1,4
U7'4
U514



M A large family

In principle, previous discussion is valid for N neutrinos

N x N mixing matrix, N flavor neutrinos, N massive neutrinos

Uel
U1
UTl
Usll

Ue2
U2
U7'2
U51 2

Ue3
Uiz
U7'3
U51 3

Ue4
U/x 4
UT4
U51 4

Our case will be 3 (active)+1 (sterile), a perturbation of 3 neutrinos case

/\/\Vl/\/\/
ma > my y
(=1,2,3 2 VaVaVaVaVaV,
VOz V3 V/B

Am3; ~ 1 eV? VAVAVAVAVAVAVAVAVA

N 2 Vg

~ Amg2

~ Amygs L

source detector

6 angles

3 Dirac
CP phases

3 Majorana
CP phases



M Short BaseLine (SBL)

5 N _AmijL
Pro—vy (L) = [(valv(L))]” = Z UpkUaiUpjUajexp | —i °F
k.j

If ms > my, faster oscillations

[1/4 oscillations are averaged in most neutrino oscillation experiments}

Effect of 4th neutrino only visible as global normalization

AmZ, L
{Short BaseLine (SBL) oscillations: % o~ 1}

At SBL, oscillations due to Am3; and |Am3;| do not develop



M Short BaseLine (SBL)

5 N _AmijL
Pro—vy (L) = [(valv(L))]” = Z UpkUaiUpjUajexp | —i °F
k.j

If ms > my, faster oscillations

[1/4 oscillations are averaged in most neutrino oscillation experiments}

Effect of 4th neutrino only visible as global normalization

AmZ, L
{Short BaseLine (SBL) oscillations: % o~ 1}

At SBL, oscillations due to Am3; and |Am3;| do not develop

[APPearance (o # B)}

(=) (=)

Vg /\/\/\/ ;/ﬂ
sonﬁge detect dii(:Fe)rent
of v, flavor 1/



M Short BaseLine (SBL)
AkaL
PVa—H/ﬂ( )—l Va| ZUﬂkU kUBJUQJEXp< 2E )

If ms > my, faster oscillations

[1/4 oscillations are averaged in most neutrino oscillation experiments}

Effect of 4th neutrino only visible as global normalization

AmZ, L
{Short BaseLine (SBL) oscillations: % o~ 1}

At SBL, oscillations due to Am3; and |Am3;| do not develop

) O ] IR Y SNDENDEND N

. (=
50%56 detect different souge Vs gOes
of vy fIavor(Efg of vy undetected




M Short BaseLine (SBL)
AkaL
PVa—H/ﬂ( )—l Va| ZUﬂkU kUBJUQJEXp< 2E )

If ms > my, faster oscillations

[1/4 oscillations are averaged in most neutrino oscillation experiments}

Effect of 4th neutrino only visible as global normalization

AmZ, L
{Short BaseLine (SBL) oscillations: % o~ 1}

At SBL, oscillations due to Am3; and |Am3;| do not develop

(=) (=) (=)
Va ' N N VB Va ' ™~ N
. (=
source detect different source Vs goes
of vy fIavor(Efg of vy undetected

CP violation cannot be observed in SBL experiments!




B New mixings in the 3+1 scenario

4 X 4 mixing matrix:

Uel
Ui
U‘rl
U51 1

Ue2
U2
U7'2
U51 2

U, e3
UT3
U51 3

Ue4
U,u,4
UT4-
U514



B New mixings in the 3+1 scenario

4 X 4 mixing matrix:

Uel
Ui
U‘rl
U51 1

Ue2
U2
U7'2
U51 2

U, e3
UT3
U51 3

Ue4
U,u,4
UT4-
U514

V14
Vo4
] V34



B New mixings in the 3+1 scenario

Uel Ue2 Ue3 Ueq 1914
4 x 4 mixing matrix: Ua Ue Uz |Uuns ~| o

U‘rl U7'2 U 73 UT4-
U51 1 U51 2 Usl 3 U s14

DISappearance

Am? L
.‘?ﬂﬂ‘(i) ~ 1 — sin? 29,4 sin? <¢)

Va—Va 4E

sin? 20,0 = 4 Una|?(1 — |Uaal?)

) reactor

Ve = Ve gallium
|Ue4|2 = sin2 1914

=) accelerator

Vi = Y atmospheric

‘ U#4|2 = COS2 1914 sin2 1924




B New mixings in the 3+1 scenario

Uel Ue2

. . Ua U

4 x 4 mixing matrix: H H
& U‘rl U7'2

U511 Usl2

DISappearance

Am? L
F(’§§3L(7) ~ 1 —sin’ 20, sin? <¢)

Vo —Vq 4E

sin? 20,0 = 4 Una|?(1 — |Uaal?)

o O reactor

gl
|Ue4|2 = sin2 1914

- ) accelerator
w = Yy

‘ U#4|2 = COS2 1914 sin2 7924

atmospheric

Ue3
Uiz
UT3
U513

Uea V14

lLJ/ - l V24
T4

U514 ] 1934

APPearance

Am? L
I???L(i) ~ sin? 290 sin? <4—é_1)

Va—rg

sin2 2’l9ag = 4|Ua4|2|U54|2

LSND
(=) (=) MiniBooNE
v KARMEN

Vy =+ Ve OPERA

sin2 219(9“ = 4|Ue4|2| U‘u4|2

quadratically suppressed!

for small |Uea|?, |U,a|?




2| Electron (anti)neutrino disappearence 10

2-30 (solid-dashed)
— Reactor Anomaly
— Gallium Anomaly
e
>
2
1L
R
€
<
NEOS+DANSS|
—_— 1 |
20
3¢
107! 1 1
10° 10 107 1

si n2219.,=e



[SAGE, 2006][Laveder, 2007][Giunti&Laveder, 2011]
L~19m L~0.6m
Gallium radioactive source experiments: GALLEX and SAGE

Ve sources: e~ 451 Cr 81\ 4y, e~ +37 Ar =37 Cl + 1,

M Gallium anomaly

E ~0.75 MeV E ~0.81 MeV

In the detector: 1. +1 Ga =1 Ge 4 e~
3/2° 500keV

5/27  175keV
1/2
) 71Ge

1232 keV

71G2L

cross sections of
the transitions from
[Krofcheck et al., PRL 55 (1985) 1051]
[Frekers et al., PLB 706 (2011) 134]
'S. Gariazzo  “Light sterile neutrinos: oscillations and cosmology” ~ Katowice (PL), 02/09/2019  6/26



[SAGE, 2006][Laveder, 2007][Giunti&Laveder, 2011]
L~19m L~0.6m
Gallium radioactive source experiments: GALLEX and SAGE

M Gallium anomaly

Ve sources: o= 451 Cr 351V 4y, e +3T Ar =37 Cl + v,
£ =0.75 Mev E ~0.81 MeV
In the detector: 1. +1 Ga =1 Ge 4 e~

Test detection of solar v, 3/27  500keV

5/27  175keV

1/2-

= L GALLEX SAGE ]
E Cr1 Cr ]

1.0

GALLEX SAGE
Cr2 Ar

0.9

Nexp/NcaI

cross sections of

@
] the transitions from
. b R=084%005 ! [Krofcheck et al., PRL 55 (1985) 1051]
° 1 >~ 2.90 deficit ] [Frekers et al., PLB 706 (2011) 134]




M Reactor Antineutrino Anomaly (RAA) [PRD 83 (2011) 073006]
2011: new reactor 7, fluxes by Huber and Mueller+ (HM)

[Huber, PRC 84 (2011) 024617] [Mueller et al., PRC 83 (2011) 054615]

Previous reactor rates evaluated with new fluxes = deficit

o
«
- —5- Bugey-3 —+— Daya Bay —v— ILL —— Palo Verde —#— Rovno91
3 —o— Bugey-4 —— Double Chooz —#— Krasnoyarsk —&— RENO ~# SRP [3
et —— Chooz —<— Gosgen —f— Nucifer —%— Rovno88 El
= 3 El
O
2 o
S
— 2
Q
X
5}
2 o
°’.
(1
m E |
o
o E El
= ~ 2.80 deficit
3 R 0.934+0.024 3
o
™~
o
10 10° 10°
L [m]

[Suppression at detector due to active-sterile osciIIations?}




B Can we trust the HM fluxes?

—— Data

2014:

e [ bump in the spectrum
[ Total systematic uncertainty
around 5 MeV!

Best fit: sin"26,, = 0.090

ittt
o_amj[ |‘ cannot be explained
]

-
S

t
)

Data / Predicted
0.25 MeV

-

by SBL oscillations
[Double Chooz, arxiv:1406.7763 y

1 2 3 4 5 6
Visible Energy (MeV)

(averaged at the ob-
served distances)

many attempts of
possible explanations,
how to clarify the issue?

Ratio to Prediction
(Huber + Mueller)
N
4
o4

e o
© ©

s 07 o ]
5 0.1~ “’ (e +—

S O *pwewegmoteg oo T
& —0.1F [RENO, arxiv:1511.05849] ]

1 2 3456 7 8
Prompt Energy (MeV)
S. Gariazzo  “Light sterile neutrinos: oscillations and cosmology’  Katowice (PL), 02/09/2019  8/26
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B Can we trust the HM fluxes?

Ratio to Prediction

[Double Chooz, arxiv:1406.7763

—— Data

~--+- No oscillation

[ Reactor flux uncertainty
[ Total systematic uncertainty
Best fit: sin"26,, = 0.090

ettt

.,;M+ I‘
71 :

-
S

t
)

Data / Predicted
0.25 MeV

-

1 2 3 4 5 6
Visible Energy (MeV)

2014:
bump in the spectrum
around 5 MeV!I

cannot be explained
by SBL oscillations

(averaged at the ob-
served distances)

many attempts of
possible explanations,
how to clarify the issue?

EI\/IodeI independent information!]

—51.2

3 11

2 09

1:’0.8

s 07 ’.+’+

g 0.1_- " A +_‘
S O Pmeegsete T
& —0.1F [RENO, arxiv:1511.05849] ]
-ﬁ 1 1
a 1 2 3 4 5 6 7 8

Prompt Energy (MeV)

(i.e. take ratio of spectra
at different distances)

&1 = &(E)f(L1,E) &2 = ®o(E)f(Lo, E)

®/0, = f(Li,E)/f(L2, E)



B NEOS

Single detector experiment

60; (a)

Prompt Energy [MeV]
I -]

40—
30
—4— Data signal (ON-OFF) "™

Events /day/100 keV

20

— Data background (OFF)
,,,,, MC 3v (H-M-V)
10~ — MC 3v (Daya Bay)

2 345 6 7 812
Neutrino Energy [MeV]

[ (b) —+ NEOSH-M-v

Systematic total H++++
1
ﬁ+ t

— Hhﬂ. 1*”

Data/Prediction
I
o

oF iyt ot RN
1 |
0.97 — —
H (¢) —+ NEOSIDayaBay
5 L Systematic total |
L E———T
810 +*+ AT L VT ] —
& "
g gt ks il
s —— (L73eV? 0.050)
ool T (2.32eV*,0.142)
X , , X ) ‘ ‘
2 3 4 5 6 7 0010
Prompt Energy [MeV]

[PRL 118 (2017) 121802]

Reactor
Containment
Building

24 meter distance

10 meter
underground

Ratio to DayaBay measure-
ment to be model independent



B DANSS [PLB 787 (2018) 56]

Single movable detector

op

o o
NN
o

Ratio Bottom/T
o
~
D

I
9
N

o
@
©

Middle/Top

o

©

{o2]
o m

o08af=Ey

0.82]
Detector can be at ~ 10.5, ~ 11.5

08 _
X =421 or ~ 12.5 m from reactor core

0.78

E [D.Svirida@NOW2018]

1 2 3 4 5 6 7
Positron energy, MeV

0.76




[PLB 787 (2018) 56]

B DANSS

Single movable detector

/Top

o ©
NN
o ®

Ratio Bottom
o
~
D

o
9
N

Detector can be at ~ 10.5, ~ 11.5
or ~ 12.5 m from reactor core

1 2 3 4 5 6 7
Positron energy, MeV

E [D.Svirida@NOW2018]
= ' ' ' ' [see later for 2019 update! ]




B Model-independent fit of 7, DIS (2018) [56+ PLB 782 (2018) 13]
NEOS + DANSS

10 = T
The NEOS and
‘% DANSS region
“— 1 L . perfectly overlap at
F S ——— ]
< 1 Amil ~ 1.3 eV?
.S, sin? 20¢e =~ 0.05
[NEOSDANSS | sin2¥14 ~ 0.01
— 1G
— DG /»»,«—"" """" Tl
30
107" — | L | L
107° 107 107" 1

Si n22«é)ee



B Model-independent fit of 7. DIS (2018) [5G+ PLB 782 (2018) 13]
DANSS + NEOS + RAA + Gallium

2-3c (solid—dashed) | =~ " " ")

—— Reactor Anomaly
—— Gallium Anomaly

10

DANSS + NEOS
do not agree with
Gallium and RAA

[V

2
41

Am

NEOS+DANSS |
— 1(5
— 20

3o




M Model-independent fit of(D)e DIS (2018) [SG+ PLB 782 (2018) 13]

All data:
10 2-3c (solid-dashed) T T
—— NEOS+DANSS
N Fit dominated by
> e -
2, S DANSS + NEOS
1 r |
N T L 1
g
<
Miv,Dis
— G
— 2G
3o
107" el —i] L
10° 1072 107" 1
Sin?204,



3. Muon (anti)neutrino disappearence

[eV?]

2
41

Am

10?

Combined

10°

&




M IceCube and DeepCore

0(10 km) < L £ O(10° km)

~ 2 x 10* High energy p events
320 GeV < E < 20 TeV

10
100
o
>
©
~
~ S
g
q —1
10 B
IceCube 99% CL Exclusions S
—— IC86 rate+shape e
O
------ 1C86 shape only (blind result) ‘
2 =+ IC59 result
10~ I
1072 107! 10°
sin? 26,,

[PRL 117 (2016) 071801]



M IceCube and DeepCore

~ 2 x 10* High energy p events

. -
IceCube string
320 GeV < E < 20 TeV .
DeepCore string
10
=
- S
DeepCore |3
Corridor
e i
R
>
©
~
~ S Depth(m]
g
q —1
10 E
Veto cap
IceCube 99% CL Exclusions o spacns
—— IC86 rate+shape e
O
------ 1C86 shape only (blind result) ‘
===+ IC59 result
10—2 n DeepCore
! — 50 HQE DOMs
102 107! 10° Tmvanca st
s 2
sin” 26,

[PRL 117 (2016) 071801] Asorpion 1/



M [ceCube and DeepCore

~ 2 x 10* High energy p events ~ 5 x 103 tracklike events
320 GeV < E < 20 TeV 6GV < E < 60 GeV
101 Ei: ! i 200k
a4 ion]
I oF A J
0.30" . -
=+ SK, NO (2015), 90 % C.L.
e+ SK,NO (2015),99 % C.L.
H 0.25 aues| === lceCube, NOQD!SLQO:/»C.L
107} : E - T e 0 ot oL
X : = == lcaCube, 10 (2016), 99 % C.L.
> : 5 020 -
© H CRR P
= H S e I
T : < 015 _
4 {
10°1L . ] 3 0.10 ]
ToeCube 99% CL Exclusions | " 0.05 1 1
—— IC86 rate+shape ".:;'
------ 1C86 shape only (blind result) ‘ 0.00 L i ~ TERa
===+ IC59 result 10 10 2 .9 10 i2311?[18
10—2 - : - . |Up” = sin? 6y
10~ 10~ 10
sin2 20,, [PRD 95 (2017) 112002]
[PRL 117 (2016) 071801] [Both also constrain \UT4\2]




B MINOS & MINOS+

Near (ND, ~ 500 m) and
far (FD, ~ 800 km) detector

Reconstructed energy (GeV)
10

10°
o i -
=~ r ]
= o8 Jos
1 il |
o 061 Jo6
o 04 —o.4
] E |
0.2 —o.2
. . T
[T 7 e o .
0 i Lz - 1
D F
>r 0.8F 0.8
- C
> 06 0.6
o C =
. 04 o4
p=| E 3
O o2F —Jo.2
P =PV I & R

10? 10! 10% 10°

Lll E (kmll0 GeV)
[PRL 117 (2016) 151803]:

far-to-near ratio
[PRL 122 (2019) 091803]:

full two-detectors fit

1Gev < E < 40 GeV,
peak at 3 GeV



B MINOS & MINOS+

Near (ND, ~ 500 m) and
far (FD, ~ 800 km) detector

Reconstructed energy (GeV)
1 10° 10

10° 10
[ e -
o -
~ F E
= o8¢ Jo8
1 il |
= O%F v, CC Eh
> F E
o 04 o4
] E |
0.2F o2
. . T
LR R o LALa = |
O 1=
2 o F
T o8
4 F
> 06—
o C
. 04F =
- E .
O o2F &
bl vvil vl il Gl il o

10° 10

|_1/ E (kmll0 GeV)
[PRL 117 (2016) 151803]:

far-to-near ratio
[PRL 122 (2019) 091803]:

full two-detectors fit

102

10°

103

102

1 GeV

< E < 40 GeV,
peak at 3 GeV

MINOS+ update

MINOS&MINOS+ (30)

- - - arXiv:1710.06488 v1 ]
—— arXiv:1710.06488 v2-v5 |

002 003 004 005
2
[Upal




B MINOS & MINOS+

Near (ND, ~ 500 m) and
far (FD, ~ 800 km) detector

Reconstructed energy (GeV)
1 10° 10

1GeV < E < 40 GeV,
peak at 3 GeV

10? 10 .
o T s Systematlcs:
o ER
3 o8 Jos 103?”” T
T o6 —oss F ]
> C i 2L |
& 04F —o.a 10° E
= = E E E
0.2F o2 F ]
. . T 10 3
L A e e . F E
= Q r 90% C.L. Sensitivity 1
a 1i— > 1= — Statistics only -
> E 3 E Energy Scale E
> o8 — r Hadron Production B
1 C N r — Cross Sections 1
=™ 06 £ 10 — Backgrounds -
T F g E — Other Systematics ]
o - - — Total Systematics E
.04 L o. N ]
2 E - 0 1 oL ]
O o2f- — Am; =500V’ Jo2 107 E
P =PV I & R s ]
10? 10" 1 10 102 10° 1073L 1056x10° POT MINOS -
L/E (km/GeV) E 580x10% POT MINOS+ 3
E v, mode simulation ]
[PRL 117 (2016) 151803]; P O PV EE
. -3 -2 -1

far-to-near ratio 10 1w 9 10 !

[PRL 122 (2019) 091803]: sin“(8,,)

full two-detectors fit

[PRL 122 (2019) 091803]



B MINOS & MINOS+

Near (ND, ~ 500 m) and 1GeV < E < 40 Gev,
far (FD, ~ 800 km) detector peak at 3 GeV

Reconstructed energy (GeV)
10

10? e . .o
r g Sensitivity and exclusion limit:
1= —1
O C ]
’;1 0.8F —os 10° grr— T RS e e SR
t C 3 F 10.56x10% POT MINOS E
o 0.6~ o6 ni 5.80102" POT MINOS+ ]
T o4 oa 107 wme E
= E B E E
0.2~ —o.2 F E
.. TR TEEN 10? E
. T ‘ n r\’f>‘ i ]
o toos E
7 o08f 0.8 o C ]
[ o -
=7 osf 0.6 g 107 E
o £ J = 7
.04 o4 o ]
(SRS o2 107 E
P =PV I & R 3? ]
- - 3 \—
10° 10* Lll E (kmlloGeV) 10° 10 10 E — MINOS & MINOS+ data 90% C.L. E
' EH90% c.L. Sensitivity (1o and 2 1
[PRL 117 (2016) 151803]; I RO h
. -4 -3 -2 -1
far-to-near ratio 10 0= 218 10 1
[PRL 122 (2019) 091803]: sin(8,,)

full two-detectors fit [PRL 122 (2019) 091803]



B MINOS & MINOS+

Near (ND, ~ 500 m) and 1GeV < E < 40 Gev,
far (FD, ~ 800 km) detector peak at 3 GeV

Reconstructed energy (GeV)
1 10° 10

10° 10
o AR M ™ Marglnallze over m|X|ng parameters
o 3t 10° e
= 0.8 —o8
1 = E
0.6 —os
= F 3 10% F
a 04F o4 e
= = E T
0.2 —Ho2 S
= E L
Y R 6 0 Y N 001 S T > 10 ¢
R aa e e e 2,
O 1=
> F aF
>r 0.8F g 1 ¢
- F <
> 06—
o =
. 0'4; E 107 b MINOS&MINOS+ (30)
O o2F 3 ——  B14=054=0, fixed AmZ, and vz
E J free 14 and g4, fixed Am3; and vz ]|
oY P 1 OIS v v B - =+ free Dy, Das, AmE, and by
10? 10! 1 10 10% 10° " o ‘ ‘
L/E (km/GeV) 10 =
[PRL 117 (2016) 151803]: 0.01 0.02 0.03 0.04
f : | Uyl
ar-to-near ratio SGt i .
[PRL 122 (2019) 091803]: [SG+, in preparation]

full two-detectors fit



B MINOS & MINOS+

Near (ND, ~ 500 m) and
far (FD, ~ 800 km) detector

Reconstructed energy (GeV)
1 10°

10°
e e -
o -
~ F E
>=- 0.8: :0.8
1 il =
S 08¢ Vu CcC J06
2 F E
a 04 —0.4
[} E |
0.2F o2
. . T
LR R o LALa = |
= = =
O [
2 o
T 0.8;
4 F
> 06— =
o [ 3
. 04F =
- E .
O o2F &
P =PV I & R

10? 10! 10% 10°

|_1/ E (kmll0 GeV)
[PRL 117 (2016) 151803]:

far-to-near ratio
[PRL 122 (2019) 091803]:

full two-detectors fit

Am3, [eV?]

1GeV < E < 40 GeV,

peak at 3 GeV

Two detectors vs ratio fit:

10!
= MINOS+ 2 detectors
—— ratio
10°
107t
1072 T T T \ T
10-° 10-° 1074 1073 1072 107t 10°

5in26,4

[SG+, in preparation]



M Global fit of ), DIS

102

10

3¢

CDHSW
CCFR
ATM
SB-MB v,
SB-MB v,
IceCube
DeepCore
MINOS+
Combined

o
b

[SG+, in preparation]

MINOS+
dominates
at small AmZ,

IceCube
important at
AmZ; ~ 0.2 eV?




M Global fit of W, DIS [SG-+ in preparaion

(o2} /I v, Dis
— 68.27%CL
N, © / —— 90.00% CL
< —— 95.45% CL
™ / —— 99.00% CL
—— 99.73% CL
o T T
10? [
//
10 b el
— = 1+
By
@,
oL
N
£ o
< = G
4 R
10 E = ey,
iy
—— IceCube
 Geepome
= wios. - E
2 —— Combined
10
107
10_3 I I P
-3 -2 -1
10 10 10 0 3 6 9
2 2
[Upal Ay,



4 Electron (anti)neutrino appearence

[eV?]

2
41

Am

10°

10°?

Combined
—_— 1o
— DG

3¢

20

LSND
MiniBooNE
KARMEN
NOMAD
BNL-E776
ICARUS
OPERA

107 10°

$in%29¢, = 4|U oaf*| Uyaf?

107?

107"



[PRD 64 (2001) 112007]
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M MiniBooNE

purpose: check LSND signal

L ~ 541 m, 200 MeV < E < 3 GeV
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M MiniBooNE

purpose: check LSND signal

L ~ 541 m, 200 MeV < E < 3 GeV
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[SG+, in preparation]
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MiniBooNE best fit
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only partially
in agreement

KARMEN cuts part
of LSND region
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5 Global fit
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B APP — DIS tension in 2019 [5G+ in preparation]
Status just after
Neutrino 2018:

Status in early 2019
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B APP — DIS tension in 2019 [5G+ in preparation]
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Status in early 2019
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B APP — DIS tension in 2019
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B DANSS in 2019
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[Danilov@EPS-HEP, 2019]



. DANSS in 2019 [Danilov@EPS-HEP, 2019]

old data new data
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New analysis also
considers systematics!



. DANSS in 2019 [Danilov@EPS-HEP, 2019]
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B DANSS in 2019 [Danilov@EPS-HEP, 2019]
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B Y& = 2018 DANSS+NEOS best fit
More to come... [SG et al., PLB 782 (2018) 13]

[PROSPECT, PRL 121 (2018) 251802]

[STEREO, arxiv:1905.11896]
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6 Cosmology
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B v oscillations in the early universe [5G+, JCAP 07 (2019) 014]
comoving coordinates: a=1/T x=mea y=pa z=T,a

w=T,a
Qee = fue Oep Qer Qes
. . =1, 0 Ous
density matrix: o(x,y) = One Onn = Tvy wr H
y Q( 7y) Ore Ot Orr = fu.r Ots
Ose Osp Ost Oss = fus

2 2 35042
my,  m% 2m)3xty

do(y,x)  [3m3 _I,x_2 Mr  8V2Gpym¢ &Jr@ N m: G2 (o)
dx  \ 8mpp ms | 2y 3x6 ’ ( e

mp] Planck mass — p7 total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant — [., .] commutator



B v oscillations in the early universe [5G+, JCAP 07 (2019) 014]

comoving coordinates: a=1/T x=mea y=pa z=Tya w=T,a

Qee = fue Oep Qer Qes
. . =f Our Ous
density matrix: o(x,y) = Cue Oup = Toy " *
Y Q( y) Ore Ot Orr = Ty, Ots
Ose Osp Ost Oss = fus
do(y, x 3m? x2 [Mp  8V2Grym® [ E E, mS G2
oly.x) o b Mo _ &v2Gryme BT (=2 4+ =2 ) 0| + e 1(o)
dx 8mpr mé | 2y 3x my,  my (2m)3x*y
mp] Planck mass — p7 total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant — [., .] commutator
Mp = UMUT
— i 2 2
W= diag(mg, ..., my) cosfy 0 0 sinbis
14 0 1 0 0
U — R34 R24 R14 R23 R13 R12 e.g. R = 0 0 1 0
. —sinfs 0 0 cosb
Sln2 914

cos2 014 sin? B4
cos? 014 cos? 04 sin? O34
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B v oscillations in the early universe [5G+, JCAP 07 (2019) 014]

comoving coordinates: a=1/T x=mea y=pa z=Tya w=T,a

Qe = fo, Oepa Qer Qes
. . =1 0 0
density matrix: o(x,y) = Oue Qup = Tvy Hr i
Y Q( y) Ore Ot Orr = Ty, Ots
Ose Osp Ost Oss = fus
do(y,x)  [3m3 _I,x_2 Mp  8V2Grym¢ (I N E. N m: G2 (o)
dx 8mpr mi | 2y 3x m, m%)’ © (27)3x4y? ¢
mp] Planck mass — p7 total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant — [., .] commutator
My = UMUT
17, = diag(pe, pu,0,0)  E, =S5, </ dyy3g> S, with S, = diag(1,1,1,0)
lepton densities neutrino densities (only for active neutrinos)

take into account matter effects in oscillations



B v oscillations in the early universe [5G+, JCAP 07 (2019) 014]

comoving coordinates: a=1/T x=mea y=pa z=Tya w=T,a

Oce = fo, Oept Qer Qes
. . =f Our Ous
density matrix: o(x,y) = Cue Cun = o " *
y Q( y) Ote Ot Orr =Ty, Ors
Ose Osp Ost Oss = fus
do(y, x 3m? x2 M 8V2GrymS [ & E, mS G2
oy, x) = - I o~ v2 };y : ; +— ].e| + e3 }: 21(9)
dx 8mpr mé | 2y 3x my,  my (2m)3x*y
mp] Planck mass — p7 total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant — [., .] commutator
Myp = UMUT 2, = diag(pe, pu, 0, 0) E, =S, </ dyy3g> S,

Z(0) collision integrals
take into account neutrino-electron scattering and pair annihilation

2D integrals over the momentum, take most of the computation time



B v oscillations in the early universe [5G+, JCAP 07 (2019) 014]
comoving coordinates: a=1/T x=mea y=pa z=T,a

w=T,a
Oee = i, Oeps Oer Oes
. . =f Our Ous
density matrix: o(x,y) = Oue Qup " . H
y Q( y) Ore Ot Orr = fr/.r Ots
Ose Osp Ost Oss = fus
doly.x) _ [3mpy [ [Me 8v2Grymf (B, | B\ ), _mGe .,
dx 8mpr mi | 2y 3x mi,  m e (27)3x4y? ¢
mp] Planck mass — p7 total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant — [., .] commutator
Myp = UMUT 2, = diag(pe, pu, 0, 0) E, =S, </ dyy3g> S,
Z(0) collision integrals
r2 1 ° ° do
. . i _ 3 o
from continuity Z [rJ(fe) + Gi(r) —27r223/0 dyy Z—dx
equation j_z - e . —
. X s
p=—3H(p+ P) Y [ae) + Y] + @)+ 5
L=e,p
r = x/z, rp = my/mer

J(r), Y(r) from non-relativistic transition of e®, u*
Gi(r) and Gy(r) from electromagnetic corrections



B v oscillations in the early universe [5G+, JCAP 07 (2019) 014]
comoving coordinates: a=1/T x=mea y=pa z=T,a

w=T,a
Qe = fo, Oepa Qer Qes
. . =f Our Ous
density matrix: o(x,y) = Oue Qup " . H
Y Q( y) Ore Ot Orr = fr/.r Ots
Ose Osp Ost Oss = fus
doly.x) _ [3mpy [ [Me 8v2Grymf (B, | B\ ), _mGe .,
dx 8mpr mi | 2y 3x mi,  m e (27)3x4y? ¢
mp] Planck mass — p7 total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant — [., .] commutator
Myp = UMUT 2, = diag(pe, pu, 0, 0) E, =S, </ dyy3g> S,
Z(0) collision integrals
r2 1 ° ° do
. . i - 3 o
from continuity Z [,J(“f) +a(r) zﬂzzz/o dyy Z dx
equation j_z _ e . p—
. X ™
p = —3H(p+ P) D7 [ + Y ()] + Golr) +

15
L=e,p

neutrino temperature w: same equation as z, but electrons always relativistic



B v oscillations in the early universe [5G+, JCAP 07 (2019) 014]

comoving coordinates: a=1/T x=mea y=pa z=Tya w=T,a

Qee = fue Qep Qer Qes
. . =f Our Ous
density matrix: o(x,y) = Oue Qup " . H
Y Q( y) Ore Ot Orr = Ty, Ots
Ose Osp Ost Oss = fus
doly.x) _ [3mpy [ [Me 8v2Grymf (B, | B\ ), _mGe .,
dx 8mpr mi | 2y 3x mi,  m e (27)3x4y? ¢
mp] Planck mass — p7 total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant — [., .] commutator
Myp = UMUT 2, = diag(pe, pu, 0, 0) E, =S, </ dyy3g> S,

Z(o) collision integrals

7 1 < - doaa
from continuity Z [TZJ(HJ) + Gi(r) - %723/0 dyy?’z e
equation :_)z( _ e 2:2:e
p = —3H(p+ P) D7 [ + Y ()] + Golr) + 5
l=e,pn

neutrino temperature w: same equation as z, but electrons always relativistic

initial conditions: 0, = Fermi-Dirac at x;; ~ 0.001, with w = z ~ 1
S. Gariazzo  “Light sterile neutrinos: oscillations and cosmology”  Katowice (PL), 02/09/2019  21/26



B v oscillations in the early universe [5G+, JCAP 07 (2019) 014]

comoving coordinates: a=1/T x=mea y=pa z=Tya w=T,a

Qee = fue Oep Qer Qes
. . =1 0 Ous
density matrix: o(x,y) = Oue Qup = Tvy Hr H
y Q( y) Ore Ot Orr = ft/.r Ots

Ose Osp Ost Oss = fus

do(y,x) _ [3mpy [ .x* [Me _ 8V2Geyme (/| E. L _mGi (o)
dx  \ 8mpp mé | 2y 3x6 m2,  m% @ (27)3x%y? ©

DL L fal o [

FORTran—Evolved‘ PrimordIAl Neutrino E[Jslcillat ions

(FortEPiaNQ)
https://bitbucket.org/ahep cosmo/fortepiano
will be public soon]) 1 [ ~ dgaa
from continuity [ . P - m/ dyy'y e
H dz l=e,p L ’ J g 0 a=e
equation o ’ o
. X i
p = —3H(p+ P) D7 [ + Y ()] + Golr) + 5
l=e,pn

neutrino temperature w: same equation as z, but electrons always relativistic

initial conditions: 0, = Fermi-Dirac at x;; ~ 0.001, with w = z ~ 1
S. Gariazzo  “Light sterile neutrinos: oscillations and cosmology”  Katowice (PL), 02/09/2019  21/26
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M Energy, entropy, temperatures, N.g

[SG+, JCAP 07 (2019) 014]
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M Energy, entropy, temperatures, N.g

dashed: 3v, solld |Ue4|2 =1077,

[SG+, JCAP 07 (2019) 014]

|Upua® = |Ura* = 0. Am41 =129 ev2 always

1 10! 107! o 102 10 10-1
8f — total — e — VevVU:V'( —ovre 1 —total — e — v, Vpve  — yte |
27 Y e — — vtetul o — — — — y+e+u
2 2 _
n
2 5 |
sl ]
e] T |
>4 E“ ]
03 —
22r s,
c
©rp D1
0 - o )
10_3 0= 10—3 —
. X ~~
T [MeV] [7))
102 as 10° 10! 100 10 8
— [Ueal? =102 o 62
N 15 ed Q 40 =
— V> =102 % i
; Q@ 35 1 =
|| M b=t > —tH s
—— |Ueal?=1072 c 30 i 3 g
13} S
— 3v -
2.5 2 -2
> — |Uesl*=10
@ L2} =0l — 1Wur=10" o |
< @O | — Uul=10" . [0)
= \0)/1_5 — Ueal?=1073 qL_)
im0 .0
” 1.0 T ———— H:LD _ a &
; . 15} 3v =
= - . . . .
N 10 10 =055 = T s - 2 3
- . x . X %
muons annihilate Vs thermalizes =




M Energy, entropy, temperatures, N.g
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[SG+, JCAP 07 (2019) 014]
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B Momentum distributions [SG-+. JCAP 07 (2019) 014]

Am3; = 1.29 V2, |Ues|® = 1072, [Ua|? = |Ura|? = 0, Neg =~ 4.05
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[SG+, JCAP 07 (2019) 014]

B Momentum distributions
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B Momentum distributions [SG-+. JCAP 07 (2019) 014]

Am3; = 1.29 V2, other |Ugq|> =0,y =5

T [MeV]
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[SG+, JCAP 07 (2019) 014]

B Momentum distributions
Am3; = 1.29 eV2, other |Usa|?> = 0, ANegr = Nogg — N2GH®
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M Mg and the new mixing parameters

[SG+, JCAP 07 (2019) 014]

Only vary one angle and fix two to zero: do they have the same effect?
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N.¢ and the new mixing parameters [5G+, JCAP 07 (2019) 014]

We can vary more than one angle: <HEEEENNNNTTTT > Ng
3.0 31 3.3 35 3.7 3.9

102 Ll . i
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B Mg and the new mixing parameters [5G+, JCAP 07 (2019) 014]

We can vary more than one angle: <l = > Ng
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M N.s and the new mixing parameters [5G+, JCAP 07 (2019) 014]

We can vary more than one angle: <l = > Ng
3.0 3.1 33 35 3.7 3.9
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N.g and the new mixing parameters [5G+, JCAP 07 (2019) 014]

Sort of ternary plot (sum of |U,4|? does not add up to 1!):
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M N.s and the new mixing parameters [5G+, JCAP 07 (2019) 014]

Sort of ternary plot (sum of |Uas|? does not add up to 1!):




N.g and the new mixing parameters [5G+, JCAP 07 (2019) 014]

Sort of ternary plot (sum of |U,4|? does not add up to 1!):
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B LSy constraints from cosmology
CMB-+local: [Planck Collaboration, 2018]  [Archidiacono et al., JCAP 08 (2016) 067]

3.8 S f — ACDM+N#+m : TT e
7 . —  ACDM*N,g+m,: TT+HST 72
/ 7 = ACDM+N,#m, : TT+HST+BAO 704 Om
695 69.6 ?
68 3, 688 E
g“ 68.0 5
7] 72 -
) ;
66 & | Beoa
0-8.0 0.8 1.6 24 3.2 ;‘.0
6 my [eV]
0.0 0.4 0.8 12 16 free AN,
e erie [eV] dataset [m < 10 eef{/] ANeg =1
s
Neg < 3.29 (Planck18+BAO) (TT) Neg <35  ms < 0.66 eV
me® < 0.65 eV [ms <10 eV] (+Ho) Ner <3.9  ms <0.55 eV

(+BAO) Neg < 3.8 ms < 0.53 eV

BBN constraints: Neg = 2.90 £ 0.22 (BBN+Y)}) [Peimbert et al., 2016]

[Summary: ANgg = 1 from LS incompatible with CMB and BBN!]

Planck18=Planck 2018 TT,TE,EE + lowE + lensing All the constraints are at 20 CL
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Systematics or LS or new physics?
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M Conclusions

Unclear model-independent results from(133e DIS,
plus discrepancy with Gallium anomaly and RAA

nothing seen in(ﬂL DIS
2 strong upper bounds on |U,4|?,
but also first constraints on |(/,,|”

strong APP-DIS tension
3 What are LSND and MiniBooNE observing?

Systematics or LS or new physics?

oscillations in the early universe — Neg ~ 4.05
SR Planck constrains Neg < 3.3!
new physics needed? where??7?

‘Thank you for the attention!




8 LSv constraints from oscillation experiments



. Galllum anomaly revisited [Kostensalo+, PLB 795 (2019) 542-547]

New cross section calculations:
(interacting nuclear shell model)

10 T
ol .
> L
Q, \
1
~ T
g
<
90% CL
— Bahcall 230
-~ Haxton
- Frekers
-- JUN45
1 071 L L
10°° 1072 107!

|Ueal®

original Gallium anomaly: ~ 2.9¢
[SAGE, 2006]
[Laveder, 2007]

[Giunti&Laveder, 2011]
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M Gallium anomaly revisited

New cross section calculations:
(interacting nuclear shell model)

[Kostensalo+, PLB 795 (2019) 542-547]

Compare with DANSS+NEQS:
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original Gallium anomaly: ~ 2.9¢

[SAGE, 2006]
[Laveder, 2007]
[Giunti&Laveder, 2011]
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Better compatibility with reactors



M Fuel evolution

Reactor fluxes produced

by decay fissions of

235 U 238 § 239 Pu

241 Pu

Fuel fractions in reactors
change with time

0.36
0.32 f}‘ %A A
: : Ok & o
Can we use time evolution to Gos il f - A °
identify source of 5 MeV bump? 0.24 i °
0.20
Foo 2012 2013 2014 2015
:\a Q‘ - ‘ 0‘.3 ‘ 0.25 10 Year
> ¢ Daa
@3'2; ---- Constant 5 MeV excess 0.8
& 3f — i -
: 3: Best fit L:7:0-6 e - e -e_0.0 .4
2.8 0.4
E E o—----o---’""'.".“.--.
226 T 0.2 DS R
So4- 0.0 S
§ L 0.24 0.26 0.28 0.30 0.32 0.34 0.36
Cool . L Fago
L “65 055 _ 06 0.65
F235

[RENO, arxiv:1806.00574]

[Daya Bay, PRL 118 (2017) 251801]




M Fuel evolution

Fit bump amplitude as a function Normalization of 235U flux

of flux normalizations smaller than prediction!
9 - .
A o _10F -
s X < 5 =
14 9 A  Ih e
5.5 = | D%mcL ]
c . L.
- A DayaBay S | mes3%CL 1
c —— Huber model w/ 68% C.L. 7 5 —
5 5.0 R ]
8 I 0 ]
=45 5 I ]
1S / g 4 )
9] o r 1
= 4.0 =t ]
é ciL 8 [ + Model ]
=35  68% > 3 e RENO |
¢ 0255 = (10.1£1.0) x 104 Z;V;(y b ‘55 = 6 = 65 ; “5‘1‘0‘
3.0 (2= (G.0120.60) x10 : y__[10* cm?/ fission] Ax?
52 56 60 64 68 7.2 25
o2 [107% cm? / fission] [RENO, arxiv:1806.00574]

[Daya Bay, PRL 118 (2017) 251801]
Again, we need model-independent information!
take ratios at different distances to avoid normalization dependency




M Gallium anomaly and RAA revisited [SG+ PLB 782 (2018) 13]

— detection efficiencies in Gallium experiments
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M Gallium anomaly and RAA revisited [SG+ PLB 782 (2018) 13]

— detection efficiencies in Gallium experiments
[ﬁt with free parameters:J

normalization of spectra of reactor fuels

l Reactor spectra: I Gallium efficiencies:
o N
\ E @ Miv,Dis
S 99.73%% Né : b : ;g
© E o 30
E o -
~
© 2
sz ° i
©
-+ 9545“/ [%2}
=
b\ \ .
© |
— Tlas e
- —— Tlasg sea7=/
B \ / \ ©
i = } } f f T =
0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.5 0.6 0.7 0.8 0.9 024638
Tk Mg ax?

235U flux normalization smaller than 1 at > 20 SAGE efficiency ng smaller than 1 at > 20




B May something be Wrong? (015 data e MiniBenE, MINGS L o11
Analysis Xinin.global Xminapp Xapp Xoindisapp Xdisapp Xpa/dof PG
Global 11209 791 119 10122 177 29.6/2 [3.71x 1077)

Removing anomalous data sets
w/o LSND 1099.2 86.8 12.8 1012.2 0.1 12.9/2 1.6 x 1073
w/o MiniBooNE 1012.2 40.7 8.3 947.2 16.1 24.4/2 5.2 x 1076
w/o reactors 925.1 79.1 12.2 833.8 8.1 20.3/2 3.8 x107°
w/o gallium 1116.0 79.1 13.8 1003.1 20.1 33.9/2 44x1078
Removing constraints
w/o IceCube 920.8 79.1 11.9 812.4 17.5 29.4/2  4.2x1077
w/o MINOS(+) 1052.1 791 156  948.6 894  245/2 47x10°6
w/o MB disapp 10549 791 147  947.2 139  28.7/2 6.0x 1077
w/o CDHS 1104.8 79.1 11.9 997.5 16.3 28.2/2  7.5x 1077
Removing classes of data
V', dis vs app 628.6 791 08 542.9 5.8 6.6/2 3.6x 1072
Y\, dis vs app 564.7 791  12.0  468.9 47 167/2 23x107%
%, dis + solar vs app ~ 884.4 791 139 7817 9.7 236/2 T7.4x1076




B May something be WIoNg? (013 dats o NiniBouNE, MINOSL v11)
Analysis Xinin.global Xminapp Xapp Xoindisapp Xdisapp Xpa/dof PG
Global 11209 791 119 10122 177 29.6/2 [3.71 x 1077)

Removing anomalous data sets
w/o LSND 1099.2  86.8 128  1012.2 0.1 12.9/2 1.6x1073
10122 40.7 83 9472 161 24.4/2
w/o reactors 925.1 79.1 12.2 833.8 8.1 20.3/2 3.8 x107°
w/o gallium 11160 791  13.8  1003.1 20.1  33.9/2 4.4x107%
Removing constraints
w/o IceCube 920.8 79.1 11.9 812.4 17.5 29.4/2  4.2x1077
w/o MINOS(+) 10521 791 156 9486 894  24.5/2 4.7x1076
w/o MB disapp 1054.9 791 147 9472 139  28.7/2 6.0x1077
w/o CDHS 11048 791 119 9975 16.3  282/2 7.5x 1077
Removing classes of data
V', dis vs app 628.6 791 08 542.9 5.8 6.6/2 3.6x 1072
%, dis vs app 564.7 79.1 120 468.9 4.7 16.7/2 23 x 1074
%, dis + solar vs app ~ 884.4 791 139 7817 9.7 236/2 T7.4x1076

No improvements if MiniBooNE is not considered



B May something be Wrong? (013 ata howm Mo, MINGSL it
Analysis Xinin.global Xminapp Xapp Xoindisapp Xdisapp Xpa/dof PG
Global 11209 791 119 10122 177 29.6/2 [3.71x 107)

Removing anomalous data sets
w/o LSND 1099.2 86.8 12.8 1012.2 0.1 12.9/2 1.6 x 1073
w/o MiniBooNE 1012.2 40.7 8.3 947.2 16.1 24.4/2 5.2 x 1076
w/o reactors 925.1 79.1 12.2 833.8 8.1 20.3/2 3.8 x107°
w/o gallium 1116.0 79.1 13.8 1003.1 20.1 33.9/2 44x1078
Removing constraints
w/o IceCube 920.8 79.1 11.9 812.4 17.5 29.4/2  4.2x1077
w/o MINOS(+) 1052.1 791 156  948.6 8.94  245/2 47x10°°
w/o MB disapp 10549 791 147  947.2 139  28.7/2 6.0x1077
w/o CDHS 1104.8 79.1 11.9 997.5 16.3 28.2/2  7.5x 1077
Removing classes of data
v, dis vs app 628.6 79.1 0.8 542.9 5.8 6.6/2 3.6 x1072
%/, dis vs app 564.7 79.1 120 468.9 4.7 16.7/2 | 2.3x 1074
W', dis + solar vs app ~ 884.4 791 139 7817 9.7  236/2 7.4x10°°

- . g (=) .
(l/L DIS also constrain |Ues|?, while ve DIS do not constrain |Uu4|2



B May something be wrong?

[Dentler+, JHEP 08 (2018) 010]
(2013 data from MiniBooNE, MINOS+ v1!)

Analysis Xnin global Xilin,app AXpr Xonin disapp Axglisapp Xpg/dof PG
Global 11209 791 119 10122 177 29.6/2 [3.71x 1077)

Removing anomalous data sets

10992 868 128 10122 01  12.9/2
w/o MiniBooNE 1012.2 40.7 8.3 947.2 16.1 24.4/2 5.2 x 1076
w/o reactors 925.1 79.1 12.2 833.8 8.1 20.3/2 3.8 x107°
w/o gallium 1116.0 79.1 13.8 1003.1 20.1 33.9/2 4.4x 1078

Removing constraints
w/o IceCube 920.8 79.1 11.9 812.4 17.5 29.4/2 4.2 x 1077
w/o MINOS(+) 10521 791 156 9486 894  245/2 47x10°6
w/o MB disapp 1054.9 791 147 947.2 139  28.7/2 6.0x 1077
w/o CDHS 1104.8 79.1 11.9 997.5 16.3 28.2/2 7.5 1077

Removing classes of data

628.6 791 08 5429 58  6.6/2
W, dis vs app 564.7 791  12.0  468.9 47 167/2 23x107%
%, dis + solar vs app ~ 884.4 791 139 7817 9.7 236/2 T7.4x1076

Only removing LSND or aII(f/L constraints the fit is almost acceptable

No reason to do so!
S @aitbrze | i sl maiies: esdilEis aid @esmaleal 0 Keiewiee ((PL), GR/09/20® 0000 A



9 Cosmological constraints



M Incomplete Thermalization

Active-sterile oscillations in the early Universe:

mixing parameters from SBL data = AN.g ~ 1
[Hannestad et al., 2012] [Mirizzi et al., 2012]

Many probes constrain AN.g < 1. Do we need

a mechanism to suppress oscillations and full thermalization of vs?

= to compensate ANg = 1 with additional mechanisms in Cosmology?

Some ideas (an incomplete list!):

Iarge Iepton asymmetry [Foot et al., 1995; Mirizzi et al., 2012; many more]

new neutrino interactions [Bento et al., 2001; Dasgupta et al., 2014;

Hannestad et al., 2014; Saviano et al., 2014; Archidiacono et al. 2016; many more]
entropy production after neutrino decoupling [Ho et al., 2013]

very low reheating temperature [Gelmini et al., 2004; Smirnov et al., 2006]

time varying dark energy components [Giusarma et al., 2012]

larger expansion rate at the time of vs production [Rehagen et al., 2014]
freedom in the Primordial Power Spectrum (PPS) of scalar perturbations
from inflation compensate damping due to Neg 7% 3.046 [SG et al., 2015]
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