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FIRST IDEAS

1957: B. Pontecorvo
Suggested the idea of neutrino oscillations
(neutrino-antineutrino oscillations)

1962: Z. Maki, M. Nakagawa, S. Sakata
Proposed the concept of flavor mixing and

1967: B. Pontecorvo osaillations
Study of flavor oscillations of two neutrinos
Introduced the concept of sterile neutrinos

Considered for the first time solar neutrino PMNS MIXING MATRIX
oscillations

1969: V. Gribov and B. Pontecorvo
Computed the oscillation probability in vacuum
(for Majorana neutrinos) without steriles

1969: J. N. Bahcall and S. Frautschi  1974: S. Eliezer and D. A. Ross 1976: H. Fritzsch and P. Minkowski
Detailed study of solar neutrino 1976: S. M. Bilenky and B. Pontecorvo  1976: S. Eliezer and A. R. Swift
oscillations in vacuum Quark-lepton analogy Oscillations and decays in neutrino beams
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THE SEARCH OF SOLAR NEUTRINOS

After (unsuccessfully) brying to detect reactor antineutrinos,
also at Savannah River, with a neubrino reaction i 1955...
there was a remaining powerful source: the SUN

1958: H. D. Holmgtren, R. L.
Johnston, A. G. W. Cameron
and W. A. Fowler
Developed the solar neutrino
model: “Be and ®B neutrinos

@ 1983: S. Chandrasekhar and W. A. Fowler
Lol

1964: J. N. Bahcall and R. Davis
Back-to-back papers that laid out the
theory and experimental approaches
for the detection of solar neutrinos

Solar neutrino

PFOblCm: lCSS

neutrinos than

cxpectccl

1968: R. Davis Jr, D. S. Harmer and K. C. Hoffman
First detection of solar neutrinos (deficit)

@ 2002: R. Davis Jr, M. Koshiba and R. Giacconi
:\{/1;
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MASS & MIXING = OSCILLATIONS
flavor eiqenstates mass eiqenstates

produced in CC processes free propagation eigenstates

connected via the (non-diagonal) PMNS mixing makrix
(iy# 0" — m)v =0

Lo 2\/_W 2(€La y“vm) +h.c. ¥
i(ao—a V)VL:va

) +he. i(80+6 v)Vf’?:m‘/L

iat(vj,R )l. =13 (VZF,R )l.
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MASS & MIXING — OSCILLATIONS

ak short diskances

:injE(?m y“vm) +h.c.
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MASS & MIXING — OSCILLATIONS

at longer distances

: €+

R P S s e e i) \ 5 . -

Propagation
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BASICS: OSCILLATIONS IN VACUUM

In principle, one should use wave paciets, but using plane waves Provi,c!&es the correct resulk

E)v
at

Each mass eigenstate evolves as a pi.ana WAVE!
—IE;t -
V()= v (e =0)

and acquires a different phase Eit

=E v

but flavor eiqenstates are a combination of mass eigenstates

‘Va(t»:ZU; v t)>:ZUZi e_iEit‘Vi(t:O»
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BASICS: OSCILLATIONS IN VACUUM
Probability of detecting Vg at a time t after having produced Vo

2 5)

2 U,Ug g

p

F, :|<vﬁ‘va(t)>

: ZU;‘Uﬁj <vj‘vi(t)>
ij

but neutrine masses are very small, so &ke-j are (alwosk) always very relabivistic

2 2

m. m.
E=pE+—=F+—

2p 2F

5 12 f non-degenerate states and
Aml . . . . » E E. & i.
3 . o ! vf swﬂ:wuem e of rave
Paﬁ B Z UOCiU,Bi o mass and mixing =
l

oscillations (PO(

+
BO>
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BASICS: OSCILLATIONS IN VACUUM

P Pure quantum mechanical effect:
interference of different components
with different phases and amplitudes

2 Relative phases depend on distance,
mass square differences and energy

P Ampl&%ud@.s depemd on mixing

: : . 2 : : . Aml.z.L
P, = 5aﬁ_4;Re[UmUﬁanjUﬂj] smz( T ]+2;1m[UmUﬁanij] Sm( x5 j

Bl Sergio Palomares-Ruiz Neutrinos on the Earth and from the Sky



THE MIXING MATRIX U

() unitary matrix = n? real parameters

n (W=1)/2 mixing angles n (a+1)/2 phases
n + (n-1) = 2n-1 phases can be absorbed in
redefinitions of lepton fields

n (r1)/2 - (1n-1) = (W-1Y(n-2)/2 physical phases

Maj IR . phases can be absorbed in redefinitions of

lepton flelds
n (M+r1)/2 - n = n(n-1)/2 physical phases

but (n-1) phases do not enter oscillations
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BASICS: OSCILLATIONS IN VACUUM

¢ cos@ sinf )
For kwo neubrinos: b — :
g —sin@ cosé .,
Vo 2000

Am*L
4FE

Maximal effect for L ~ £/ Am?

2
P;= sin2(29)sin2( ( il Ger

= sin” (20)sin*| 1.27 —;
eV  km E

If L «<E/Anw?: No btime to oscillate Paﬁ = ()

(0

1,
1f L »>» £/ Am? : oscillations are averaged <P >: Esm2(29)
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BASICS: OSCILLATIONS IN VACUUM

Maximal effect for L ~ £/ Am?

L (distance)
From M. Maltoni
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BASICS: OSCILLATIONS IN VACUUM

Maxinal eﬂ:@.«c& ﬂfor L ~ £/ An? | B

From M. Maltoni

\;er LOMS dis&ﬁﬂﬂﬁs ' . 1 —(sin’29),/2

<1T=Pee>
L 22 £/ Awm?

L (distance)
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BASICS: OSCILLATIONS IN VACUUM

Maxinal eﬂ:@.& ﬂfor L ~ £/ An? | B

From M. Maltoni

\;@.T'v LC}&\S dis&am«t@;s ' . 1 —(sin’29),/2

<1T=Pee>
L 22 £/ Awm?

WaVE Paat&&s segara&e so khak &k@j
cannot be differentiated in the detector

<Paﬂ> 7 Z‘an’
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MATTER EFFECTS

index of Ampt&ud@. elEnk

refraction

e n=1+2Nf(0)/E2=1+V/E

Pointed out the effect of forward scattering
in neutrino oscillations in matter

coherent Forwarcl scatter ng

OPEE,{:QL theorem [4r 1m Ko) /£ = 0

E An) o< N oY/ E
Absor!ﬁ&mw £ Im(ANW) <« N O Re(An) Re £(o) /

o8 Re $(0) < Ge

INSTITUT DEEISICA. Sergio Palomares-Ruiz Neutrinos on the Earth and from the Sky



MATTER EFFECTS

CHARGED CURRENTS NEUTRAL CURRENTS

Vee 2 V2 GeNe Ve =2 = 1/V2 G N
\ie o= \;CC 4 \;NC‘. \;u - \;'c - \;NC
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MATTER EFFECTS

CHARGED CURRENTS NEUTRAL CURRENTS

Vee 2 V2 GeNe Ve =2 = 1/V2 G N
\ie o= \;CC 4 \;NC‘. \;u - \;'c - \;NC

IFIC only relative terms matter:
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MATTER EFFECTS

tiny An: o matter of scales

SOLAR CORE EARTH CORE

Vo~10"12 gy/ Var10713 gy

coherent scattering
(for GeV energies)

absorp&om
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BASICS: OSCILLATIONS IN MATTER

d / ve \ / El O \ ( ‘/e O \ / ve \
- 7
dx S o | G
x| V V
" R A \ P/ e s
getting rid of terms proportional to the identity:
( 2 2 )
JAV/) Am”~ .
ii/ v \: S cos(20)+2G,N, i sin(20) |( Y
dx| V ! : 14
AAD e, sin(26) . cos(20) |\ " /
§ 4E 4E ’
diagonalizing (ot a given Poim&):
/ \ / \ sin(20 ):Amzsin(ZO)
v, [ cos 6. sinf, : v/ f Am,,

\_Sinem cos6,, AR Am;:\/(Amzcos(2<9)—215vcc)2+(Anfﬂsin(249))2

B
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BASICS: OSCILLATIONS IN MATTER

" | E
resonance ennancement ® hi :

Am’ sin(26)
Am? cos(20)—2EV,,

tan(29m) =

Pointed out the possibility of neutrino resonant
enhancement and adiabatic conversion in matter

In a medium with varying demsi%v O LS Q cijv\amaaai qu&V\ELEj

P : _Am d9, : adiabatic conversion
RAGE 2 (MSW eHect)
x| v de.  Am’
\ / l
diabati 4700 GaT 2 2
P = sin“@ sin“@, +cos” 6 cos” 6
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for solar neutrinos, oscillations are averaged
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BASICS: OSCILLATIONS IN MATTER

At high solar dewnsities, Ve is mostly the most massive state v,

For adiabatic propagation, it exits the Sun as purely Ve,

which, for small mixing, is mostly V.
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U PMNS —

2 possibi& mass orderings

/

N

WHAT DO WE WANT TO KNOW?

3 mixing angles + 1 Dirac pkase + 2 Majorana pkases

Cy
5,

0

S5t 2 3
Cigicl)
0 =] )

solar angle

ica Sergio Palomares-Ruiz
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0

Cys

3853

~

Gk

8>3

Co3 )

reactor angle atmospheric angle

N
Aml

Ma jorana
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',m:lh:
23 » 3
e
INVERTED

O. Mena and S. J. Parke, Phys. Rev. D69:117301, 2004
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How DO WE KNOW?

solar neutrinos reactor neutrinos

200,000 years
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CONNECTION /EXPERIMENT

baseline ~ neubrino enerqgy

detector efficiency

number

of tarqgets gl

section
number of

tllaki
debected evenks Qe AT

F’Tob&biti&j

neutrine flux
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WHAT HAVE WE OBSERVED?
Z &EMOSPV‘W&& Vi and Yy disappem (mas&tv bo Vo /V1)

2 accelerator vu and Vu disatpPeQr

% accelerator Vi QPPQ&T‘ as Ve

@ solar Ve dﬁsaFPear CL, GA, SK, SNO, BOREXINO
% reactor vﬁ dﬁSQPF’Q&T’ abk ~ 00 lem KAMLAND

@ reactor Ve disapp@.&r abk ~1 lewm

REACTOR LBL
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WHAT DO WE KNOW?

30 RANGES

Aié, =2 (7.03-%.09)x107° eV?
sin®g, =0.271- 0,348

Arndy| = (2,407 -2.643)x107° eV?

sin’f,, = 0,01934 - 0,02397 sin*0,, = 0.3%6 - 0.63%

solar secktor reactor sector

a&maspheﬂc and ace. sector

. Esteban et al., JHEP 1701:087, 2017

WHAT DON’T WE KNOW?

0,, ockant: 6,, > 485° or 0,, < 48°

C? violation (but... 6, %3—«)

2
Mass hierarchy: sign of Amd,
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WHAT DO WE KNOW?

30 RANGES

Aié, =2 (7.03-%.09)x107° eV?
sin®g, =0.271- 0,348

Arndy| = (2,407 -2.643)x107° eV?

sin’f,, = 0,01934 - 0,02397 sin*0,, = 0.3%6 - 0.63%

solar secktor reactor sector

a&maspheﬂc and ace. sector

. Esteban et al., JHEP 1701:087, 2017

WHAT DON’T WE KNOW?

0,, ockant: 6,, > 485° or 0,, < 48°

C? violation (but... 6, %3—«)

2
Mass hierarchy: sign of Amd,

Extra (sterile) neubrinos?
New Physics (NSI, neutrinoe decay, eke)?
[FIC : ' ’
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DOMINANT IMPORTANT

DEPENDENCE DEPENDENCES
2
0, Am,,,0,,
' 2
reactor LBL experiments Am21 31 5 913

reactor MBL experiments 81 ; Am,? |

solar experiments

atmospheric experiments Am?l ] 623 613 ,5

accelerator LBL

0>

2
Amy,

clisal:)l:)earance experiments

accelerator LBL

0,; Am§1,923,5

a PPCa rance CXPCT’I ments
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a3 50N SOLAR NEUTRINOS

a huclear fusion reactor

'

pep : SuperK, SNO
- Gallium Chlorine

| 9977 % 023% |,

+ ¥V, p*+ e + p*—=2H + v,
, | l 107 % _

84,92 % , - N '
H+ p* =*He+y —9He + p*=“He +e + Vi

he
l 15,08 % =

‘He + *He - 7Be + Y ——

%
——

‘Be + e~ = "Li + v,

|

*He + 3He - “He + 2p* Li + p* = “He + “He
“Be* = “He + “He

The CNO Cycle :
11

Start ‘ , Neutrino Energy in MeV

‘ 2, : L
,Hg) y +C E}O )
\ o

‘1
\ C-128ctsas s
\
f
f
f

nuciear calalyst

two mechanisms:
pp chain and CNO cvd@.
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SOLAR NEUTRINOS

real-time axperimen&s

racliochemical ... My, SCiﬂtil |ator

detecto 'S

detectors

Homestalee: £>0.81 MeV Borexino: £>0.2 MeV

SAGE: £>0.233 MeV AL TR e e
GALLEX/GNO: £>0233 MeV Cherenkov
v.+ CL>% Ar+e” detectors » § "':
v, + 1 yvo 5 Cye +e” KamiolkaNDE: E>7.5 MeV '&*m"\
SH T Super-Kamiokande: E£>5 MeV
//Z\ ", SNO: E75 MeV
& ¥ w3 ; ” - - 1987: Kamiokande
\ * ' ‘ r ES 5 vx e vx re First real-time
\' | 1\ e s S ‘ i measurement of the
\ DY N (LG v, + d — F"l" F + & solar neutrino flux

A A (SN1987A, atmospheric
NC ; Vx + d — A+ P + Vx M. Koshiba ol g

@ 2002: R. Davis Jr, M. Koshiba and R. Giacconi
N>
- Neutrinos on the Earth and from the Sky

[FIC
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From M. Maltani SOLAR NEUTRINOS

Energy-dependent suppression of the flux:
Prcasured ~ ©0.3-0.6

(=]

(=]

&
=
D)
(@))]
N
@))]
|_
Z 0.
L
>
L

EXPERIMENT

Survival probability (Pec) reduces to
a bwo-neubrino prc«bi@m i makker

(I)E — (I)&o?: ?ee

° Borexino (8B)
4o Super-K -

2002: A. B. McDonald
Discovery of neutrino conversion by SNO

\VR Maltom and A. Yu Smirnov,

IFIC Eur. Phys. J. A 52:87, 2016

Pk Sergio Palomares-Ruiz ‘ , Neutrinos on the Earth and from the Sky

2015:T. Kajita and A. B. McDonald




REACTOR ANTINEUTRINOS o

: . Amze[" . ” Am2 s
P R 1-sin*(260,,)sin’? Py cos*0,,501* (26, )sin’ 4; V e

nuclear fission reactors

~6 antineubrinos per fission or
2x10%° /s CriW

Four main iso&ope_sz
235(), 239Py, 23%() and 241Py

10 10’ 10* 10°

Distance 1o Reactor (m)
Vetp—ohte £, =21.% MeV
1956-1959: Savannah River
y " 4 Neutrino Mass ( Am 2) sensitivity ( eV 2)
First neutrino detection 00 102 100 100 100 100

1980’s: ILL, Gosgen, Rovno
1990’s: Krasnoyarsk, Savannah River, Bugey
Short baselines

1999: CHOOZ
2000: Palo Verde
First limits on 013

-
"

Reactor Power x Target Mass (MW y, ton)

:
i
w
-~
>
L%
=
-~
w
2
5
g
€
<

2002: KamLAND
Discovery of antineutrino oscillations

Inverse Beta Decay Cross Section (cm?)

10m 100m 1km 10 km 100 km

2011-2012: Daya Bay, RENO, D-CHOOZ Baseline
Measurement of 013

Antineutrino Energy (MeV)

& Bemporad, G. Gratta and P. Vogel, P Vogel, L. Wen and C. Zhang,
IF IC Rev. Mod. Phgs. 74297, 2002 Nature Commun. 6:69%5, 2015
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LBL REACTOR ANTINEUTRINOS

multiple huclear fission reactors v
at an average baseline of ~1%0 km &

PR ) —— KamLAND data
- : ----- no oscillation
""" ----- best-fit osci.

: [ ] illpcidental
*Cla,n)'°0

7 best-fit Geo V,
"t —— best-fit osci. + BG
+ best-fit Geo V,,

Events / 0.425 MeV

.....

S. Abe et al. [KamLAND Collaboration],
Survival F.?I‘Ob&bii.i&v (?&) reduces Phys. Rev. Lett. 100:22180%, 2008

3 ; NUFIT 3.0 (2016)
to a two-neutrino Fzrobi@.m U : :
vacuum for Ami, »> £ /L i P B I S

(s , e Am: |
i 1-£sm2(2913)-c<>s‘*9135m2(2912)sm2(4—&1)

o tension on Am?
bebween solar and KamLAND daka

IFIC . Esteban et al., JHEP 1701:087, 2017
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MBL REACTOR ANTINEUTRINOS

nuclear fission reactors ot a average baselines of ~1 km

Survival prob&biti&v (Pee) Treduces
to a two-heutrine prabl&m i

vacuum for Am?, «<E /L

until 2011

ovd.j Limaiks

10"
0 01 02 03 04 05 06 07 08 09
S

(€ Bemporacﬂ G. Grattaand P, Vogel

IF IC Rev. Mod. Phys 74297, 2002

isicA Sergio Palomares-Ruiz

Entries (/MeV x 10°)
o o o o

F P Anetal [Daga Bay Col.] .
Phys. Rev. D95:072006, 2016 B

P, R1l=-sin® (2913)sm2(

S.HSeoetal. [RENO Col.],
arXiv:1610.04326

A’ L
4E

since 2012

determination of 63
DAYA BAY

Y. Abe et al. [Double Chooz Col ],
JHEP 1410:086, 2014
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ACCELERATOR NEUTRINOS

Two types of experiments:

P produced from 1 decay
2 baselines » 100 kem —

P energies ~ Gey V 1 / V U

b\)u%\)u

> ik v, +N—L+X

Disappearance probability (Pu) reduces to
a two-neutrino problem in vacuum for am}, «< /L

A’ L
4E

P N 1-(cos*0,,50n%(20,;)+ sin?0,,5Un%0,, ) sin® (

Appearance probability (P..) incorporates
genuine three-neutrine effects
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ACCELERATOR NEUTRINOS: DISAPPEARANCE

KZK MINOS

L~ 738 lem

£ ~few GeV
two iron detectors:
Ty Near (1 ton) and
. Far (8.4 kbtown)

L ~R50 lemw
£ ~1 CGreV
om.j neukrinos

2000: K2K

First positive measurement of
neutrino oscillations in which
both the source and detector
were under control

- ek ek ek
M

N

Neutrino beam v Antineutrizrgo beam
10.71x 10° POT w 3.36x 10 POT
contained-vertex v,, contained-vertex v,

—o— MINOS data
—— Best fit oscillations
—— No oscillations
[ NC background
I_ Bl Cosmic-ray muons

events/0.2GeV
(0]
)

(o2}
o

Events / GeV
N
o

N
o

0
4 6 8 0 2 4 6 8 1012 14
Neutrino Energy (GeV) Neutrino Energy (GeV)

M. H. Ahn et al. [K2K Col.], J. Evans [MINOS Col ],
Phys. Rev. D74:07200%, 2006 Adv. High Energy Phys. 201%:1825%7, 2013
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https://en.wikipedia.org/wiki/Neutrino_oscillations

ACCELERATOR NEUTRINOS: DISAPPEARANCE

T2K i~ R0 8ikang NOVA SRR
£ ~few GeV
two scintillator detectors:
_ Near (0.2 ton) and
Far (14 ktown)

— Unoscillated prediction Unoscillated prediction

Best-fit spectrum Best-fit spectrum
—— Data S —*— Data

T2K Run 1-7c preliminary T2K Run 1-7c preliminary

—4—Data
Unoscillated prediction
| --- Best fit prediction (no systs)
[ JExpected 1-c syst. range
i —— Best fit prediction (systs)
i —4— Backgrounds

Ratio
S =
S—o S W

25 3 35

Reconstructed neutrino energy (GeV)

Normal Hierarchy
2.74x10%° POT-equiv.

- Best fit y2/Ny, =19.0/16
~ i

Events / 0.25 GeV

— 90%CL Normal Hierarchy
*  T2K best-fit

1 (107 eV

2
32

IA m

2 3
Reconstructed Neutrino Energy (GeV)

P. Adamson et al. [NOvA Col ],
NOVA (2016) MINOS+

I F IC ) T2K Runl-7c preliminary Super-K Phgs Rev. D9§O§HO‘1‘) 2016

035 04 045 05 055 06 065 07
.2 !
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ATMOSPHERIC NEUTRINOS
p+X—->n /K +Y

el

Huge range of

energies and baselines

—— This Work
—-— HKKMSO06
- — - Bartol

— This Work
HKKMSO06

0
9
—

@
o

x
=
w

O

c
=
3
<

10°

E, (GeV) | E, (GeV)

M. Honda, T Kajita) K. Kasahara and 5. Midorikawa, Phgs. Rev. D8%:125001, 2011

9%
'--
g
e
4
e "
-
o
"
-
" .
*

G. D. Barr, T. K. Gaisser, P. LiPari) S. Robbins and T. Stanev, P]'\gs. Rev. D70:025006, 2004

IF IC G. Battistoni, A. Ferrari, T. Montarulli and P R. Sala, Astropart. Phgs. 19:269, 2003
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ATMOSPHERIC NEUTRINOS |/ /V
u e

leading experiment during the last 20 years

Super~l<amio|<ancle

50 kltown waker—-Cherenikov detbector

A~ -
4 Kamiokande 500
__ 500 1000
Sub-GeVu-like 2-dcy e.
l
1998: T. Kajita 500 : ; 0 T 0 o s
p 3 ; . Multi-Ring-Other 1
Discovery of neutrino oscillations by SK - 200
B ‘ f ."‘,.“ Super-K LIV
500 1000 1 0 1 - 0 1

lepton momentum (MeV) cos zenith cos zenith cos zenith

2015:T. Kajita and A. B. McDonald E Kajita et al. [Super~Kamio‘<an<:le Collaboration],
Nucl. Phgs. B908:14-, 2016
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BEYOND THE TWO-NEUTRINO PICTURE

2 determination of the 6:5 ockankt

P determination of the mass hierarchy
2 determination of C? violation

P improvement of two-neutrino analyses

2
i Am; A = \j L. o = Amz, upper sign: neutrinos
e o Amf;l Llower sigin: antineutrines
appearance Probabilitg N
ATMOSPHERIC TERM ,
accelerator CXPCFIantS
% e simz((1$A)A)
P % sl (2913)$LM. 0, 5
(1FA) INTERFERENCE TERM
A (AA) St LI TFA)A
+ o sm(zels)msemsm(zelz)sm(zezs)s““(A JEERTREA) )acs(Aic’S)
A (15 A)
. 2 A
+ ¥ cos*0,,50n* (20, ) smA(zA )

IFIC SOLAR TERM
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ACCELERATOR NEUTRINOS: APPEARANCE

T2K Run 1-7c preliminary — Unoscillated prediction

33 V. candidates and ¥
expected from background

0.75<CVN<0.87 | 0.87 <CVN<0.95
NH
6.05x10%° POT equiv.| <4-FD Data
— Best Fit

[ Background

>
[0
O
0
o
~
(%)
2
C
(0]
>
w

04 0.6 0.8 1

Reconstructed neutrino energy (GeV)

P. Adamson et al. [NOvA Col.],
Phys. Rev. Lett. 118:231801, 2017

more Ve Ehan expa&&ed

i Y — |
03 035 04 045 05 055 06 0.65 0.7
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significance of 5=317/2 and
IFIC . . NH larger than expected
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ATMOSPHERIC NEUTRINOS: MASS HIERARCHY

01z drives subdominant vi—ve Eransiktions in atmospheric
neubrinos traversing the Earth with energies between 1-10 GeV

]

% -1= ('r SEM,ZQZB - 1)?2V (Am;ii;@ls)

+(r €0s*0,, ~1)P,, (Am3,,6,,)
+ (6 - dependent term)

%2 (sub-GeV); 2.6- 4.5 (multi - GeV)

mantle-core eHect
mantle C]C]CCCt 1 075 05 025 0 -1 -0.75 05 025 0 -1 -075 -0.5 -025 0
Cos 6. Cos 6. Cos 8,

ol ) AU‘xmedov, S. Razzac]ue and A. Yu. SmipevsUEER1502:082, 2013

r=

T;| Ti

f o|= o

-05 -025 0O

only present for neutrinos i NH and for antineutrinos if IH
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ATMOSPHERIC NEUTRINOS: MASS HIERARCHY

Two bypes of detectors

with charge

discrimination

maghetized detectors
NN I =
L S A - _# K
sin“20,;, =0.05 sin"260,;=0.10 TN AN
4 s u

IH

2-neutrino

NH

v9'0 = "9z uis [0S0 =0z us\ 9¢'0 = “gg uis

.D-.JJ

00040608[000406081
msﬂ

SPRand S. T Fetcov, Nucl. Phgs. B712:592,. 2005

[FIC

INSTITUT DE EISICA . Sergio Palomares-Ruiz

without charge

discrimination

neubtrinos are not distinguished
from antineubrinos
Bub ok first order...

pNH _ piH
how can we debermine bthe hier&rahy?

cross sections and fluxes are different
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ATMOSPHERIC NEUTRINOS: MASS HIERARCHY

Fubure debectors

with charge without Charge

discrimination discrimination

ICALCING:

NH (true), 50 kt So TH (true), 50 kt

/ /
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M. G. Aartsen et al. [PINGU Col.], 5. Adrian-Martinez et al.
arXiv:1401.2046 [KM3NeT Col],

I F I C J. Phys. G43:084001, 2016
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STERILE NEUTRINOS?
The LSND experimam& MiniBooNE is

| ammpa&ibt& wikh
observed V. appearance g,

but not wikth other
short-baseline
04 06 08 1 12 1.4 +
L/E, (meters/MeV) QX PQT‘ LM QV\.& S

[}
17}
8
i
g
T
]
8]

ak short distance

Plow “‘Uezf‘z‘umr s OC‘U#‘*V(I_‘UM‘Z)

After reevaluating the reactor neutrino
fluxes, predictions were Lower by about 3.5%

Th. A. Mueller, Phys. Rev. C83:054¢15, 201
P. Huber, Phys. Rev. C84:024417, 2011

A skerile neubrino ab the eV scale?
Imaompa&ibm with shorb-baseline
and a&mosyheﬁ& neukrinos
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NON-STANDARD INTERACTIONS?

: d e l e V
dx ; HV - (Hvac % Hma& )*

=Lz = =2 G»Pg ( aVHVLﬁ)(‘FV#‘f?)

The most general matter pm&em&iai

(after subbraction of a term proportional to Ldenf:i.&v) gi 5 = gi; HZ
B s )
4 1 - S o j €ee €eu  €er
Howt 2V GreN ()] 070 OF1+y2 G ; 2 MG, <, c.
QGO0 =e,u,d ! ]
\ ; v Bt

Potential effects in all experiments
[FIC Parameter deqgeneracies
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Few Percerﬁ: errors

CURRENT STATUS

NuFIT 3.0 (2016) NuFIT 3.0 (2016)
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