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The 3-flavour paradigm
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The 3-flavour paradigm

® 3 masses: Am?Zy , AmZ31, mo
neutrino
°3 MIXINg angles 012 e|3 623 ) oscillations

® 3 phases (| Dirac,2 Majorana)

® each parameter determined by
several (classes of) experiments

e especially true for not-so-well determined parameters
(023, MO, Dirac-phase)

® interplay of different data sets — global analyses
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NuFit 4.1 (2019) Vi)

|. Esteban, C. Gonzalez-Garcia, A. Hernandez, M. Maltoni, TS,
arXiv:1811.05487, |HEP 19

® http://www.nu-fit.org

® data available till July 2019

® full list of data see
http://www.nu-fit.org/sites/default/files/v41.release-notes.pdf

® T2K: 14.93e20 pot neutrino, | 7e20 pot antineutrino
NOvVA: 8.85e20 pot neutrino, 12.33e20 pot antineutrino

global fits from Bari (Fogli, Lisi et al) and Valencia (Tortola,Valle et al) groups with similar results

5 T. Schwetz @ Colloquium Prague 2019 ﬂ(IT

uuuuuuuuuuuuuuuuuuuuuuuu


http://www.nu-fit.org
http://www.nu-fit.org/sites/default/files/v40.release-notes.pdf

NuFit 4.1 (2019)
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NuFit 4.1 (2019)

NO, IO (w/o SK-atm)
NO, IO (with SK-atm)
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Atmospheric parameters

NuFIT 4.1 (2019)
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hot-so-well determined

www.nu-fit.org

Determination of 623
CP phase

NO, 10 (w/o SK-atm) !

=====: NO, 10 (with SK-atm) ( NUFIT 4.1 (2019) |
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LBL disappearance
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LBLs+ React NUFIT 4.0 (2018)
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Events /0.1 GeV

LBL disappearance resu

NOvVA 2019 update 1906.04907
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LBL appearance data

following Elevant, Schwetz, 15 C' ~ 0.98
. = A 2
Ny, = N, [2535(1 4+ 20A) — C’sincp (1 + 0A)] 0 = sgn(Amy)
2 ;. A= | 2BV | [ 005 T2K
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trend persists in
recent T2K update

e Both neutrino and anti-neutrino events are enhanced by increasing 3%3.

e Values of sindcp >~ +1 (—1) suppress (increase) neutrino events, and have the oppo-
site effect for anti-neutrino events.

e For NO (IO) neutrino events are enhanced (suppressed) due to the matter effect,
whereas anti-neutrino events are suppressed (enhanced).

e For NO (IO) the matter effect increases (decreases) the impact of dcp for neutrinos,
while the opposite happens for anti-neutrinos.
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0,3 octant
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023 octant — summary

—— NO, IO (w/o SK)
- N0 10 S L NUFIT 4.1 (2019)
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* preference for second octant, bf at sin20,3 = 0.56
sin2023 < 0.5 disfavoured with Ay2? = 1.8 (3.0) without (with) SK atm

® 2nd octant is good news for MO sensitivity of atm.and LBL experiments
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023 octant — impact of recent data

NUFIT 3.0 (2016) NUFIT 4.0 (2018) | -__ N0 10 i sk) | NUFIT 4.1 (2019)
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® 2nd octant is good news for MO sensitivity of atm.and LBL experiments
¢ hints for 2nd octant decreased with recent update
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CP phase
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CP phase

NO, IO (w/o SK-atm)
To—-=: NO.IO (with SK.atm) | NUFIT 4.1 (2019) |
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CP phase

NO, IO (w/o SK-atm)
=z=zz==: NO, IO (with SK-atm) | MUFIT 21 0T |
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the data)
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Leptonic CP violation

Jarlskog invariant:

J = \Im(Ual UZZ Ugl U52)| = 512C12523C23513C123 sind = J™**sin o

JEE% = (.0333 & 0.0006 (£0.0019) at 1o (30)

NUFIT 4.0 (2018)
T T T 1 T T 1 L B B I B B B B L
0'5 B el :3 o
i SRNTHTA
o Z i
E O 7
Croovov v vy v by vy by g
-1 -0.5 0 0.5 1
Re(2)
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Leptonic CP violation

Jarlskog invariant:
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Mass ordering

@]

NuFIT 4.1 (2019)
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Ve and Vv, disappearance: slightly
different effective mass-squared
differences
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Mass ordering - atmospheric neutrinos
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Mass ordering - atmospheric neutrinos

Super-Kamiokande I-IV, 1710.09126
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o prefers 21 023 octant and TT < O < 2TT
® x%10) - X*No) = 4.3
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Mass ordering

- atmospheric neutrinos

Super-Kamiokande I-IV, 1710.09126

0.4 S T
0.2}
I o— Data
c 0:- —— Normal Hierarchy
% [ - -- - Inverted Hierarchy
_D|_ -0.2_‘ T
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0.2 T I
| Multi-Ring e-like v, T Multi-Ring e-like V¢ | Multi-Ring Other
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e analysis not reproducable outside SK
e add y? table to global fit (,,black box")
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Up - Down / Up + Down

23

Mass ordering

0.4
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e analysis not reproducable outside SK

e add y? table to global fit (,,black box")
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- atmospheric neutrinos

Super-Kamiokande I-IV, 1710.09126
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Mass ordering incl. atmospherics

NO, 10 (w/o SK-atm)
—=z=z=z=: NO, IO (with SK-atm)

| NUFIT 4.1 (2019) |
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~ "0 inverted ordering becomes
< f disfavoured at >30
5 [
i (contribution of IceCube to
T T MO still very small)
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8CP
Normal Ordering (best fit) Tnverted Orderin
bfp +1o 30 range bfp +1o 30 range
dcp/° 221139 144 — 357 282123 205 — 348
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Mass ordering - atmospheric neutrinos

Atmospheric Neutrino Oscillation Analysis With Improved Event
Reconstruction in Super-Kamiokande |V, 1901.03230

10 10
SK-IV 3118.5 days - SK-1V 3118.5 days
8; (FiITQun analysis) 8; (FiTQun analysis)
[ 99% [ 99%
6 6 0,3 constrained
U< i 3 I
< | < L
41-95% 4-95%
- 90% - 90%
2 2*/\
| 68% \M | 68% /
I [ T S SR ! ¥| | | | \L ] | l/ |
0 2 4 6

| 1 1 1 1 1 1 1 | 1 1 1
%3 0.4 05 0.6 07 0
sin®6,, Ocp

® ¥210) - y2Nno) = 2.45 (compared to 4.3 from SK |-IV 2017)

® effective exposure 254 kt yr only 23% smaller (32% larger fiducial volume)
(compared to 328 kt yr of SK I-IV 2017)
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Anomalies inconsistent with 3-flavour paradigm

>

>

>

sterile neutrinos at the eV scale!?

Reactor anomaly (7. disappearance)

» predicted vs measured rate
» distance dependent spectral distortions

Gallium anomaly (v, disappearance)

LSND (7, — 7. appearance)

MiniBooNE (v, — ve, 7, — e appearance)
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Reactor anomaly

® tension between ,,predicted” and observed
neutrino rates at nuclear reactors

Berryman, Huber, 1909.09267 /~\
Analysis X%,/ anin Ndata P TLU\
Huber, Muller, 2011 HM Rates [ 41.4[33.5] 40 [2.0 x 10-7[ 2.3

Estienne et al., 1904.09358 — Ab Initio Rates || 39.2 | 37.0 | 40 0.34 0.95
» HKSS Rates 58.1 | 47.5| 40 |5.0 x 107F| 2.8

Spectra 184.9|172.2| 212 |1.8 x 10 %]| 3.1
DANSS + NEOS| 98.9 | 84.7 | 84 [8.1 x 10—4\ 3.3

Hayen et al., 1908.08302 — |
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Relative spectral distortions

Ratio Down/Up

0.78 |- 7

0.76 - 7

0.74

0.72

0.7

0.68

0.66 | global reactor best fit ——— u

DANSS best fit — — —

064 L DANSS data +—e— a

1 2 3 4 5 6 7

Positron Energy [MeV]

DANSS: relative spectra

@ detector locations with
L =10.7 and 12.7 m

Data/Prediction

Dentler, Hernandez, Kopp, Maltoni, TS, 1709.04294

1.1

1.05

0.95

global reactor best fit ———
NEOS+DB best fit — — —

NEOS data +——
| | | | | |

0.9 ‘
1 2 3 4 5 6 7 8 9

Prompt Energy [MeV]

NEOS: spectrum at L = 24 m,
relative to prediction based on
Daya Bay near detector spectrum
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Combined V. disappearance analysis

Analysis Am?2, [eV?] U2, 2 /dof  Ax?(no-osc) significance
DANSS+NEOS 1.3 0.00964 74.4/(84 —2) 13.6 3.30
all reactor (fux-free) 1.3 0.00887 185.8/(233—5) 115 2.90 Dentler et al,,
all reactor (flux-fixed) 1.3 0.00964 196.0/(233 — 3) 15.5 3.50 1803.10661
Ve disap. (flux-free) 1.3 0.00901 542.9/(594 —8)  13.4 3.20
Ve disap. (flux-fixed) 1.3 0.0102 552.8/(594 —6)  17.5 3.80
10 : : T .
Reactor Oldfree | Old fixed ——— 95%, 99% CL
95 % (2 dof) <= - — 101 2 dof
NEOS #+ ;
Daya Bay = All ¥
— | & i r
% 1 — > vedisapp :
v | 2T - o 10% |
3 ‘ 5 All Ratrs : C751
All free < : = e " ]
All fixed Daya Bay R
1 5 |
e ; 107 —— S 1 I\ |SK+DC3
ok S i : . Cr\) HC
1073 1072 107! 1073 1072 107!
IUe4|2 |Ue4|2

~30 hint for sterile neutrino oscillations, independent of reactor flux calculations!
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Combined V. disappearance analysis

Analysis Am3, [eV?] U2, 2 /dof  Ax?(no-osc) significance
DANSS+NEOS 1.3 0.00964 74.4/(84 —2) 13.6 3.30
all reactor (flux-free) 1.3 0.00887 185.8/(233 —5) 11.5 2.90 Dentler et al,,
all reactor (flux-fixed) 1.3 0.00964 196.0/(233 — 3) 15.5 3.50 1803.10661
Ve disap. (flux-free) 1.3 0.00901 542.9/(594 —8)  13.4 3.20
Ve disap. (flux-fixed) 1.3 0.0102 552.8/(594 —6) 175 3.80
10 . . ' :
Reactor Oldfree | Oldfixed s - = 95%, 99% CL
95 % (2 dof) = 101 12 dof T
NEOS ¥ L
Daya Bay = All ";\l
— i 'I‘;\\
% vedisapp : 5
5 = 10% I T
‘ = 5 All Reactors : 012
« PROSPECT/STEREQ: limits —_—i | ]
. I
too weak to test spectral hint o R
107 —— é: \|SK+DC;
* Impact of latest DANSS ra— - L\ ¢ ]
- o 10~ 10~ 10~
results under investigation Ul
e4

~30 hint for sterile neutrino oscillations, independent of reactor flux calculations!
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Hints for vy— V. appearance

LSND, 2001

MiniBooNE, 1805.12028
0 F 3 1sfF T T T T ]
8 175) : F ey 12840100 POT ]
g 9 ® Beam Excess £ 16f Ve: 12.84x10 =
'-lél 15; B py,o,en g 1_4% —=— ¥,:11.27x10® POT é
3 ; B3 p(v,en i 12f =
@ 725¢ £ E
10} 2 E
75 g E
5[ E
25 ‘ B
3.0
0 E% (GeV)

04 06 08 1 1.2 1.4

LE, (meters/MeV) » neutrino mode excess:

381.2 £ 85.2 events (4.50)

> signal for v, — U, transitions

(3.80)

» v-U combined excess:
460.5 + 95.8 events (4.80)
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combined appearance data:

Dentler et al, 1803.10661

X ' 3 99% CL
10°¢ S 2 dof 1
" Mini- [~
BooNEy »” 3 E
/ 2
— "o )
N
o LSND
— 10°Fw/DiF
A<t
£
4
1071} .
DaR+DiF .
1073 102 107!
sin® 26,

using pre-2018 MiniBooNE data, results quantitativley very similar
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Strong tension btw appearance and disappearance

99% CL wezcbi=~ |~ e
|| 2 dof : 7 W : ' 99.73% CL |
10 3 : E 2 dof
=), )
—_ VelVu— Ve
N> ( Fixed Fluxes) —_
<B] N\
e 10% d
E : AL —— N
4 MINOS/ — g Appearance
MINOS+ B : 4 Pl() w/o DiF)
107 V) —disa ]
[ c’(l)mbingg | Disappearance
[ ) —— Free Fluxes
et 5 10' T — 10_1 - - - Fixed Fluxes
U2 1074 1073 1072 107!
| U4 . 2
SIN” 20,e
non-observation of oscillations in v, . .
disappearance (CDHS, MiniB consistency of appearance and disapp.
! ! data with a p-value < 107°

MINOS+, SK, IceCube)
Dentler et al, 1803.10661
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Strong tension btw appearance and disappearance

... robust result wrt to individual experiments

Analysis Xininglobal Xmin.app Xapp Xmin.disapp 2 Xdisapp Xp/dof PG
Global 1120.9 79.1 11.9 1012.2 17.7 29.6/2 3.71 x 10~
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 106
w /o reactors 925.1 79.1 12.2 833.8 8.1 20.3/2 3.8x107°
w/o gallium 1116.0 79.1 13.8 1003.1 20.1 33.9/2 4.4 x 1078
Removing constraints
w/o IceCube 920.8 79.1 11.9 812.4 17.5 29.4/2  4.2x1077
w/o MINOS(+) 10521 79.1 156  948.6 8.94  245/2 4.7 x 107
w/o MB disapp 1054.9 791 147  947.2 13.9  28.7/2 6.0x 1077
w/o CDHS 1104.8 79.1 11.9 997.5 16.3 28.2/2 7.5 x 1077
Removing classes of data
V. dis vs app 628.6 79.1 0.8 542.9 5.8 6.6/2 3.6 x 1072
', dis vs app 564.7 79.1  12.0  468.9 4.7 16.7/2 2.3 x 1074
', dis + solar vs app ~ 884.4 79.1 139 7817 9.7 23.6/2 7.4x107°
reactor flux-free analysis Dentler et al, 1803.10661

results for 2018 MiniB very similar (tension gets slightly worse)
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MiniBooNE and a decaying sterile neutrino

Palomares, Pascoli, TS, hep-ph/0505216; Gninenko, 0902.3802, 1009.5536
Bertuzzo, et. al, 1807.09877; Ballett, Pascoli, Ross-Lonergan, 1808.2915

oIS @ =Tel-TalMelfe]ole Il  Fischer, Hernandez, TS, 1909.09561

e sterile neutrino N with mn ~ 250 MeV (mn < mn < mi)
® produce N in kaon decays via mixing K = N p/e

e decay inside MB detector N —VY via

1 _
ON—>’)/I/ = KNO'aﬂl/Faﬁ
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MiniBooNE and a decaying sterile neutrino
Fischer, Hernandez, TS, 1909.09561

120F T asovey, v |
¢ data v mode

100F | e S— ¢ data # mode ||
: 1 v mode

8OLL o ‘:| 7 mode
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200}

150+

1001
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my=250MeV, N =400
¢ data » mode
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[ v mode

K — Nu

1077 \ it
10-8- E949.
L 107
<
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10"y — 20
— 10
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10—10 L

10711
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15
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MiniBooNE and a decaying sterile neutrino

Fischer, Hernandez, TS, 1909.09561

K — Nu

120 — i o | 107 \ ‘
¢ data » mode
'.C% 100 | . . é Sa,:,gemde ] 107,
}é’ 8oL ] .. ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,, -] vmode \
% B0 by T LT 01 \\ ‘
HE 400 I ....................................................................................... 510-1°,SN1987A
8 250 MeV
g 2060 bt e e T i g {
< 0
testable:
* event timing in MiniB
300
Mg © Predict signal in FermiLab SBN detectors V
£ 16
| =F (SBND Icarus MicroBooNE)
% 1210 ]SSR SRS SN SRS S e “4—
g 3w
8 LOO | { = = 20
g 10|
g sol e T tﬁ
Z oLd 4 & % o s 1071
%% ~05 0.0 0.5 1.0 0050 200 250 300 350
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Summary |: anomalies

® hints from relative reactor spectral distortions:
Amy; ~ 1.3 eV?, |U%4| ~0.01 at > 30

Kostensalo, et al.,

® Gallium anomaly: significance reduced to 2.30 150¢.10980
® LSND & MiniBooNE: eV-scale oscill. strongly disfavoured

® eV-scale neutrinos relevant for SBL oscillations are in
strong tension with cosmology

¢ other BSM explanations of MiniBooNE and/or LSND?
example: sterile neutrino decay (MeV to few 100 MeV)
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Summary ll: 3-flavour oscillations

® Octant of 02s:
weak preference for second octant, bf at sin20,3 = 0.56

sin2023 < 0.5 disfavoured with A y2 = 1.8 (3.0) without (with) SK atm

® mass ordering:
NO preferred by Ay2= 6.2 (10.4) without (with) SK atm

SK significance goes down with ,,improved” analysis
global fit (incl. IceCube/ORCA & JUNO) may be fastest track to MO

® CP phase:
CP conservation allowed at Ay2=12.2,bf at 0 = 221°
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Summary ll: 3-flavour oscillations

® Octant of 02s:
weak preference for second octant, bf at sin20,3 = 0.56

sin2023 < 0.5 disfavoured with A y2 = 1.8 (3.0) without (with) SK atm

® mass ordering:
NO preferred by Ay2= 6.2 (10.4) without (with) SK atm

SK significance goes down with ,,improved” analysis
global fit (incl. IceCube/ORCA & JUNO) may be fastest track to MO

® CP phase:
CP conservation allowed at Ay2=12.2,bf at 0 = 221°

Thank you for you_

T. Schwetz @ Colloquium Prague 2019 ﬂ(IT
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Comparison of this 2019 partial update (“BARI”) with NuFIT 4.0 results (“NUFIT”)
[basically using the same relevant input data sets]
m
apr 4 IBEAAS B aEE RAR = 4 ; ar r T |_
% ] X ' | —
7N S s v -
s ] [ L m
22 2 B 22} 2| . %
11— sarino T aam 10 ‘ 1.—-—wmo ] ‘E_—amm ; E
cu 0-15 T : 5 - o 0f5 ' l' = !5' = &.J;" 0.615 o.:)z 0.0125 o?oe 601 0.;;!5 o.'02' 0.625 0.133 -8
8/ S sin’0,, sin%6,, @
-]
4 A ] AT “E' Al \I // T Q
] [ r O
1 2 ] 22 1 2 E 9
== R et A I e 5
cl PRSP BPEP RS BTy ok 1 n L Lo L

5n7|2 [10° es/Z] o > Si':%u ” _@
oV}
4 T T ar T T AT T T AT LRANGLA / T 93)
. ‘\‘4"' . \ ‘,v“ 1 o
3f- 4 3 - . 3f- 4 3 ~_ o
24 14 1 24 1 4 : S
- sasino _ F— e = 1 aameno 4 t—ano 1 5

0 22 2414 2?6 28 c:m L2. 2%4 2%6 2446 c:-(;.;; I0.14 0.15 016 0.l7‘ c“(;.iSw 0I14 0!5 0.‘6 0!7'

Am? [10° eVF) AM?[10° eV sin%6,, sin0,,
Agreement as good as it can be expected from independent phenom. analyses
[except perhaps for the “bimodal” -and relatively fragile- p.d.f. of sin20,, ]

similar results from ,,Valencia fit“ [M. Tortola, et al]
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Monte Carlo simulation of y2 distribution
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Mass ordering - atmospheric neutrinos

Atmospheric Neutrino Oscillation Analysis With Improved Event
Reconstruction in Super-Kamiokande |V, 1901.03230
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o
o

013 constrained — expected sensitivity
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Solar parameters

| NUFIT 4.0 (2018) |
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® using reconstructed

fluxes from Daya-Bay
in KamLAND analysis

® tension between
solar and KamLAND

remains at ~20

® robust wrt to solar
models (abundances)

e driven by spectrum
upturn and day/night
data from SK
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NOVA 2019 update
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M. Sanchez, Neutrino |8
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Mass ordering

AL NT T T 1 [ [ T 1 [
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Ve and Vv, disappearance depend on slightly different effective mass-squared differences

2 2 2 ) 2
Amg, = cos” B12Am3; + sin” 012Am3, Nunokawa, Parke,
Amfm = sin? 012Am§1 + cos? 012Am§2 + cos dcp sin 013 sin 2015 tan 923Am§1 Zukanovich, 05, 06
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Ve and vy disapp. complementarity in future

Blennow, Schwetz, 1306.3988
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joint lceCube & JUNO paper
is in preparation
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Update on Gallium anomaly

® improved shell-model
cross section calculations

® significance decreases

3.00 & 2.30

® smaller mixing angles,
consistent with DANSS/

NEOS spectral
distortions
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Kostensalo, Suhonen, Giunti,
Srivastava, 1906.10980
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