Global Analysis of Neutrino Oscillation

Data Circa Autumn 2018

NuTheories: Beyond the 3x3 Paradigm, Pittsburgh

Ilvan Esteban

Institute of Cosmos Sciences (ICCUB), University of Barcelona

In collaboration with the NuFIT members: M.C. Gonzalez-Garcia (ICCUB &
SUNY), A. Hernandez-Cabezudo (KIT), M. Maltoni (UAM) & T. Schwetz (KIT)

;ﬂ UNIVERSITATos
il BARCELONA

6t" November 2018

wue. nu-£1t.org



Introduction
Standard Model
The Standard Model is a gauge theory based on

SU(3)C X SU(2)L X U(l)y

and three fermion generations
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with no vg = lepton flavours are accidentally conserved and m,, = 0.




Introduction

There is New Physics in the lepton sector

We have observed neutrino flavour changes:
Atmospheric v, & 7, disappear, most likely to v> (SK, MINOS, ICECUBE).
Accelerator v, & v, disappear at L ~ 300/800 km (K2K, T2K, MINOS, NOvA).
Some accelerator v, & U, appear as ve at L ~ 300/800 km (T2K, MINOS, NOvA).
Some accelerator v,, appear as v, at L ~ 300/800 km (OPERA).
Solar ve convert to v, & v- (Cl, Ga, SK, SNO, Borexino).
Reactor 7. disappear at L ~ 200 km (KamLAND).
Reactor 7. disappear at L ~ 1 km (D-Chooz, Daya Bay, Reno).

Each of the lepton numbers is violated: there is physics beyond the SM.



Introduction

There is New Physics in the lepton sector

We have observed neutrino flavour changes (Sun, atmosphere, human-made). The
minimal way of explaining them is giving neutrinos a mass.

Dirac mass term: —MP27, vk introduce vg and enforce L conservation.

Majorana mass term: —MMp, vF, effectively-generated, violates L.

As a consequence, leptons mix:

—LCC = % WJ Z (U,!,FPT;L’Y#Z/]L + U,-jC-KML_l,'L’y#djL) + h.c.
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Introduction

Neutrino flavour oscillations

We need to parametrise the new physics: flavour oscillations are a unique experimental
window.

Ve (0)) = Zu'ep V) = Iva(L)) = > U e )

Due to |v;) interference:
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For 2 v, Posc = sin? (20) sin? (AL’;L) = 1— Py, insensitive to  octant and Am? sign.



Introduction

Neutrino flavour oscillations

We need to parametrise the new physics: flavour oscillations are a unique experimental
window.
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Due to |v;) interference:
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For 2 v, Posc = sin? (20) sin? (AL’;L) = 1— Py, insensitive to  octant and Am? sign.
Travelling in matter, v, get a potential V,, = v2Ggne,
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Matter effects break the 2 v @ and Am? symmetries.



Experimental knowledge
We need 3 light neutrinos

B - SNO LETA + Borexino
B - sNo + SK

Stats.only decoherence fit
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Experimental knowledge
We need 3 light neutrinos
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Experimental knowledge

NUFIT 3.0 (2016)
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7/22 Parametrisation and open questions
M. C. Gonzalez-Garcia, M. Maltoni, I. Martinez-Soler, T. Schwetz, IE 0
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JHEP 01 (2017) 087. NuFIT 3.0 (2016), www.nu-fit.org.
We need at least 3 light neutrino mixing 5
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http://dx.doi.org/10.1007/JHEP01(2017)087

Experimental knowledge

15 T T T T T T T T
Parametrisation and open questions [ 1F ]
M. C. Gonzalez-Garcia, M. Maltoni, I. Martinez-Soler, T. Schwetz, IE 0 q1r ]
JHEP 01 (2017) 087. NuFIT 3.0 (2016), www.nu-fit.org. I 1r ]
We need at least 3 light neutrino mixing S r 7
parametrised by: [ 1t ]
ol Lo N L I L L NI 1]
2 0.2 0.25 0.3 0.35 04 65 7 7.5 8 85
Am21 912 (SCP sin® 0, Am; [10°eV?)
Am§2 013 15 T T (T T T
2 2 2 r 1rC ]
Am3 = A.m32 — Am21. 023 b aF ]
There are still open questions: o T ? 1t 1
" 1L ]
Vv,V “ S0 C 7: r 1' 7:
v, e——— | —, r 1t < 1
g | n— F / 1t 1
2 UV, S ot b\l LT Db e bt b L]
- = 0.3 0.4 0.5 0.6 0.7 -28 -26 24 22 22 24 26 28
v, —— ;| — sifo,, A, [10°oVA] ant,
Normal ordering = Inverted ordering
(NO) = (10) 15 [ ] [T
L 4 —— NO 4
[ ] — 10 1
m O3 < 45°7 Or3 > 45°7 ol ] b
= CP violation? . ] i
sk A
Pua—wﬂ - Pﬂa—mﬁ X r ]
2 : [ ]
Jiep =C12C23C 3512523513 Sin cp = N ST AT § v e

h
0.015 0.02 0.025 003 0 90 180 270 360

(0.0330 % 0.0007) sin 5cp e, 5

cP


http://dx.doi.org/10.1007/JHEP01(2017)087

Experimental knowledge

What is new?

Reactor experiments:
Daya Bay: 1230 days — 1958 days.
RENO: 1500 days — 2200 days.

Accelerator experiments:
T2K #: 7.6 -10%° POT — 11.2-10%° POT.
NOvA 7: ) — 6.9-10%° POT.
T2K v systematic reevaluation.

Atmospheric experiments:

SK: external x? table.
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Experimental knowledge NaFITS
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2 sector

The Solar-KamLAND tension

01> and Am%1 are determined in Solar experiments + KamLAND:
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1-2 sector
Future perspectives

Solar-KamLAND tension:
JUNO: UAmgl/Am%1 ~ 6%
SNO+: spectral measurement of the “upturn”

Hyper-Kamiokande: improvements in day-night asymmetry

Or maybe there is a modified matter potential...

L B U
© Borexino ('B) J
4 Super-K

= SNO

1+ cee Eep Eer i
e * "=
Hmat = \/EGFne Eeu Eup Epr 3 0 -
* *
€er E/,LT Err ¥
—— Standard  ——NSlup | T
02
—— Sterile NSI-dw
P P P R PN IR I A P
01 05 1 2 3 5 7 - )
E, [MeV]

, arXiv:1507.05287 [hep-phl.


http://arxiv.org/abs/1507.05287

2-3 sector: status after Neutrino 2018
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It is mostly determined through
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2-3 sector: status after Neutrino 2018

023

It is mostly determined through

AmbL
Py ~1—sin % 263 sin’ % + subleading 3v effects
2
At the oscillation maximum, sin® (A—T”';—L) =1, so P,y ~ 0 for 63 ~ 45°.
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2-3 sector: status after Neutrino 2018

023

It is mostly determined through

NN N
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Puy~1-— sin? 2653 sin

2
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AmbL
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2-3 sector: status after Neutrino 2018

023
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NN N

iE + subleading 3v effects

Puy~1-— sin? 2653 sin

2
At the oscillation maximum, sin® (A—T’";—L) =1, so P,y ~ 0 for 63 ~ 45°.

NuFIT 4.0 (prelim) 10 | NO NuFIT 4.0 (prelim)

T T RARANRARRERZERRN
| — T2K-DIS i
il +NOVA-DIS-nu -
— oNOvA-D\Svamf

i

i
i
i

I T (T T I I
0.3 04 0.5 0.6 0.7 0.3 0.4 0.5 0.6 0.7
sin2623 sin2923

s
@
S
®
N

o
S
>
°
N




2-3 sector: status after Neutrino 2018
023

It is mostly determined through

NN N
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2-3 sector: status after Neutrino 2018

023

It is mostly determined through

AmbL
Puy~1-— sin® 2623 sin’ % + subleading 3v effects
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2-3 sector: status after Neutrino 2018
|Am§2|
We can determine it in

LBL, through v, — v, Reactors, through 7e — 7e
in2 i 02 Amme .2 o [ AmZL
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with s s
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Am?  ~ Am? cos 21
M ms + {sin2 012Am%1 for 10

H. Nunokawa, S. J. Parke, and R. Zukanovich Funchal, “Another possible way to determine the neutrino mass hierarchy”, Phys. Rev. D72 (2005)

— sin? 012Am§1 for NO

Am2, ~ Am?
Mee M3+ {cos2 012Am§1 for 10

013009, arXiv:hep-ph/0503283 [hep-phl.


http://dx.doi.org/10.1103/PhysRevD.72.013009
http://dx.doi.org/10.1103/PhysRevD.72.013009
http://arxiv.org/abs/hep-ph/0503283
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2-3 sector: status after Neutrino 2018
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2-3 sector: status after Neutrino 2018

Mass ordering, 0,3 octant, and CP violation

They are mostly determined through v, — ve in accelerators,
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2-3 sector: status after Neutrino 2018

f>3 octant
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2-3 sector: status after Neutrino 2018

CP violation

Posig — Poasoy o Jip = Jisin 6cp = (0.0333 + 0.0007) sin dcp

Compare to Jyuark = 0.000030 £ 000002. If sin dcp is not small, main source of CP
violation in the model.
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2-3 sector: status after Neutrino 2018

CP violation
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CP violation

- = React+NOvA-afu

— +MINOS

NO NUuFIT 4.0 (prelim) 10 NO NUFIT 4.0 (prelim)
15 g e 15 rerrr T A RRRRR
—— Reac+Minos | f — Reac+T2K  {
— React+NOVA <o+ +NOVA-nu |
— React+T2K — +NOvA-anu -
-+ ++ React+Nova-ny 10 —

— React+LBL-COMB  “x¢ : :
< r 1 A\
5 B
o Lt e B i AN S P S NN ST R R YT TETENL N H’
0 90 180 270 360 0 90 180 270 360 0 90 180 270 360 0 90 180 270 360
Scp Scp _ . 8cp Scp
T2K: too many v, events and too few 7. events point . R
. . . NOVA FD
towards maximal CP violation. 25{-9.484107 POT (v 20,7082 |
6.9%10% POT (v)

+NOVA-nu: there are not so many v. events, but still
compatible with large CP violation.

+NOvA-anu: there are not so few 7. events.
Furthermore, non-maximal 6»3 increases v, events in
previous experiments without needing maximal CP
violation.

+MINOS: same effect as NOvA-anu.

)
38
T

A3, =-2.55x10 eV

Total events - antineutrino mode
= -

)

Fo 8gp=0 @ 8= 2

2 Bpmn ® Bgm 302

) <
S sirf0,,=0.46
IH °

uo
5in%0,;=0.59]

20

30 40
Total events -

60 70 80

50
neutrino mode



2-3 sector: status after Neutrino 2018

Mass ordering
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Mass ordering
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Mass ordering, 6,3 octant, and CP violation
Future prospects: short term (~ 3 years)
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Mass ordering, 6,3 octant, and CP violation
Future prospects: long term (~ 10 years)
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Atmospheric SK results
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Conclusions

3v oscillations can robustly and precisely describe oscillation data, the
low-energy parametrisation of our first evidence of New Physics.
After Neutrino 2018,

best fit at dcp ~ 215° — maximal CP violation disfavoured with > 10.

CP conservation allowed within ~ 1o.

NO favoured at ~ 20, > 30 after including SK.

maximal 2-3 mixing disallowed at 2 20.
T2K effects are driven by a statistical fluctuation: they observe more v, than
expected.
All the effects are quite sensitive to, and diluted by, tensions with other LBL
experiments (particularly NOvA antineutrino data).
The combination of reactor and LBL disappearance results is providing a
complementary measurement of the mass ordering other than v, appearance.
New data will continue appearing: stay tuned!

| would like to acknowledge the rest of the NuFIT collaboration: M.C.
Gonzalez-Garcia, A. Hernandez-Cabezudo, M. Maltoni, T. Schwetz. And thanks to
the great work by the experimental collaborations!
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