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Neutrino Mixing

Left-handed Flavor Neutrinos produced in Weak Interactions

‘VEa_> ’VLH_> ‘V77_>
Hee = %Wp (Ve eL + Vi 1 + UryP7) + Hee
Fields v, = Z UnkVit |Va, Z k’ka States

k
‘V17_> ‘V27_> |V37_>

Left-handed Massive Neutrinos propagate from Source to Detector

Uel Ue2 Ue3
3 x 3 Unitary Mixing Matrix: U= | Uy1 U Ug
UT]. UT2 UT3
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Neutrino Oscillations

v(t = 0)=[va) = Ust [v1) + Uga [v2) + Uiz |vs)

VAN e
Vo (NN NN V8
QVAVAAVAVA

source L detector

Wt > 0)) = Uzy e B8 ) + Uy e 82 i) + Uty e 5% u3) # [1)

EZ =p°+m} t=1L

) .o ,AmijL
Pumsuy (L) = (sl (L) = Y Usic Uk Uy Unjexp | —i—5 2
k.j

the oscillation probabilities depend on U and Amij = mi — mJ?
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Tiny neutrino masses lead to observable macroscopic oscillation distances!

10 oy (%) short-baseline experiments Am? > 107 eV?
L _ 10° ;o (&) long-baseline experiments Am? > 10 3eV?
E~) 10t atmospheric neutrino experiments Am? > 10~ *eV?
10" om solar neutrino experiments Am* > 1071 eV?

Neutrino oscillations are the optimal tool to reveal tiny neutrino masses!
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Three-Neutrino Mixing Paradigm

Standard Parameterization of Mixing Matrix (as CKM)

10 0 caz 0 s;ze”13 c2 s2 0\ (1 0 0
U= 0 c3 s23 0 1 0 —s12 c12 0 0 et 0
0 —s3 &3/ \—s13¢°13 0 c13 0 0 1/\0 0 ePa
ci2c13 s12€13 size~ 013\ /1 0 0
= | —si2c3—cros3513€/713  crocoz—sias3s13€/013  syzciz 0 et 0
512523*512(-'23513“-”'(513 *C125237512c23513e"513 3C13 0 0 e
. T
Cab =C0sUap  Sap=sintyy 09, < > 0 < 013, A1, A3p < 27
3 Mixing Angles: 12, ¥23, V13
OSCILLATION 1 CPV Dirac Phase: ¢
D01
PARAMETERS 3

2 independent Amij =mi — mf: Amdy, Am3,

2 CPV Majorana Phases: \21, A31 <= |AL| = 2 processes
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Three-Neutrino Mixing Ingredients

cz2 sz O
U= —s12 c2 O

0 0o 1

SNO, Borexino

SO|ar Super-Kamiokande
Ve = Vy,Ur GALLEX/GNO, SAGE AmZ = Am3, ~ 7.4 x 10 %eV?
Homestake, Kamiokande —

sin? ¥s = sin? Y12 ~ 0.30
VLBL Reactor

— . (KamLAND)
Ve disappearance
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Three-Neutrino Mixing Ingredients

Super-Kamiokande

Atmospheric
Vy — Vs

Kamiokande, IMB
MACRO, Soudan-2

AmZ ~ |Am3;| ~ 2.5 x 1073 eV?

LBL Accelerator K2K, MINOS .
v,, disappearance T2K, NOvA

sin? Ua = sin? a3 ~ 0.50

LBL Accelerator

(OPERA)
Vy = Vs
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Three-Neutrino Mixing Ingredients

ci3 0 size 7013
U= 0 1 0
—s13e/%13 0 c13

LBL Accelerator
N (T2K, MINOS, NOvA)
peorTe AmZ ~ |Am3;| ~ 2.5 x 1073 eV?
- 2
sin“ 113 ~ 0.022
LBL Reactor Daya Bay, RENO 13
Ve disappearance Double Chooz
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Mass Ordering
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Normal Ordering

Amgl > Am%z >0

2

m

Amgm <_

2
Ampry

—
V3

Inverted Ordering

2
Amz, <

Am3; <0

absolute scale is not determined by neutrino oscillation data
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CP Transformation

Right-handed antineutrinos are described by CP-conjugated states
Particle = Antiparticle
Left-Handed Helicity ;\ Right-Handed Helicity

CcP _ -
|Vou_> :ZU;k|Vka_> — |Vaa+> :Zuak‘Vk7+>
k k

I . cP . .
In oscillation probabilities:  Neutrino U = U* Antineutrino

Poosvy =0ap — 4> Re[Usy Usi Uaj U] sin IF < CP Even
k>j

i} o AmijL
+2) Im[Usy Usi Unj Ugy] sin| — ¢ +~ CP Odd
k>j

Survival probabilities: ’Pua_wa =Ps 5, | CPT
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CP Asymmetries

B . Am%lL . Am%lL ) Am%zL
—16Ja55|n< iE >sm<4E sin T

Jop = Im[Uél Up1Uq2 U;z] = +Jcp  Jarlskog Invariant
Jep = Im [U,jl Uer Uy UL = C12512€23523C15513 Sin 013

Jcp 75 0 «— 1912,1923,1913 7& O,7T/2 and 013 7& 0,7

Necessary conditions for observation of CP violation:

» Sensitivity to all mixing angles, including small ;3.
» Sensitivity to oscillations due to Am3; and Am?;.
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LBL v, — v, and 7, — 7,

_AmyL 2BV

A = — V = V2GEN,
4E Am2, V2GeNe
sinf3 < 1 Am3 /Am3; <1
OCTnt )
. ) sin“[(1 — A)A
Pll;fiye ~ sin? 2013 sin1s3 ([1(_/4)2)]
Am3 in(AA)sin[(1 — A)A
+A:§i sin 21913 sin 2012 sin 21923 cos(A + 5%3)5”1(/4 ) sm[(l - A) ]
Am3, > 9 , . sin?(AA) CPV
20 Vo3—— >
+ (Am§1) sin 12 COS” o3 yv
NO: Amj >0 10: Am3; <0

for antineutrinos: 913 — —d13 (CPV) and A — —A (Fake CPV!)

[see: Mezzetto, Schwetz, JPG 37 (2010) 103001]
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Global Fits
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Solar Neutrinos

| NUFIT 3.0 (2016) |

14 [ T T 1T I T T TT I T T 1T I T T 1T ] 12 [ T 1T I T 1 7T I T T I T 1 7T i
L 0,;,=85° ] - — GS98

12— — 10 . --- AGSS09
C ] - —— KamLAND e
_ 10| AT - C ]
S i 8r 7
> C - N i
7 8F ~ F ]
= [ 1 X6 ]
NE& 6 . C 7
Ik ] 4+ —
- - C ]
2k ] -
0 oo b Lo a by 0 L ]

0.2 0.25 0.3 0.35 0.4 2 4 6 8 10
sin’e, Am3, [107° eV

» Metallicity (C, N, O, Ne, Mg, Si, S, Ar, Fe):
high (GS98) low (AGSS09)

» A new Generation of Standard Solar Models:
Vinyoles et al., arXiv:1611.09867
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Solar Neutrinos

| NUFIT 3.0 (2016) |

14 [ T T 1T I T T TT I T T 1T I T T 1T ] 12 [ T 1T I T 1 7T I T T I T 1 7T i
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Solar — KamLAND Tension
» No SK+SNO low-energy spectrum up-turn expected for (Am3; kL

» Larger SK day-night asymmetry than expected for (Am3; )k

C. Giunti — Mass and Mixing, Global Analysis — Rencontres du Vietnam 2017: Neutrinos — 17 July 2017 — 16/34



Solar Neutrino Spectrum
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[SK, arXiv:1606.07538]
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SK Day-Night Asymmetry
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[SK, arXiv:1606.07538]
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NuFIT 3.0 (2016)

[arXiv:1611.01514]

>
3

15 LI I T 1T T1TT | L | LY/ T
10 —
5 — —
: NO :
0 1111 I 111 | | I | I | I 1
6.5 7 7.5 8 8.5
2 -5 2
Am,, [107 eV7]
2 +0.19 -5 2
Ams; =7.50"77 x 107> eV

~ 2.5% precision

N

Bari 2017

[arXiv:1703.04471]
T

Yot | AsAA Aaaa 2 40
ol ]
x2 i ]
5_ —
i NO |
OIIIIIII I A
65 7 75 8 85
dm?/107° eV2
2 +0.17 —5 _\,2
Amyy =737 576 X 1077 eV

~ 2.3% precision

~1.7% difference
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sin21912

NuFIT 3.0 (2016) Bari 2017
[arXiv:1611.01514] [arXiv:1703.04471]
15 T TT | NrrT | LI | T T TT T 15 LA '_
10 — — 10 ]
I ] 12 _
5 — 5 i
0 _l 111 I 111 1 111 l ) - I l_ P AT B
02 025 03 035 04 025 03 035
2 L2
sin" 6, sin‘g,,
sin?¥1, = 0.306 + 0.012 sin?¥1p = 0.297 75017
~ 3.9% precision ~ 5.7% precision

~3.0% difference
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sz

Am3, & Am3,
NuFIT 3.0 (2016)

[arXiv:1611.01514]

Bari 2017

[arXiv:1703.04471]
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10-3eV? 2.43919%% (10) 10-3eV2

~ 1.7% precision
~1.5% difference

A

~ 1.6% precision

24 25 26 27
AM?/107 eV?
25627995

0.03:
2.46875%"

(NO)
(10)
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Sin2ﬁ13

NuFIT 3.0 (2016)

[arXiv:1611.01514]
15||||||||||||||||

IIII|IIII|IIII
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NO

0|||||[|||||]||||||
0.015 0.02 0.025 0.03

sin2 0.,
sin2g.. — | 0.02166%0.00075 (NO)
37 0.02179 £ 0.00076 (10)

~ 3.5% precision

15

Bari 2017

[arXiv:1703.04471]
BN EERERERER/

LA S S s s S B e B
T R ST RS SR

18 2 22 24 28
- 2 -2
sin 613/10

sin?dys — { 0.0215 +0.0007 (NO)

0.0216°5%0%  (10)

~ 3.3% precision

~0.8% difference
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sin2ﬁ23

NuFIT 3.0 (2016)

[arXiv:1611.01514]
[TT T T[T T T T TIrT

15I|III

10

(6]

ll[lllllllllll

NO 10

0|||||||| I T B
0.3 0.4 0.5 0.6 0.7

.2
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~ 9% precision

0.44119%7 (NO)
0.58775%% (10)

sin21923 = {

Bari 2017

[arXiv:1703.04471]
T
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e e by |
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| P RIS

0
03 04 05 06 07
. 2
Sin“6,,
0.4251%%% (NO)
0.589%%% @ [0.417,0.448]

(10)

~ 9% precision

Common NO/IO octant flip
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sin 2023

2
m3

Ams, L
PLBL  ~ 1 —sin? 21,3 sin? <4E1>

V=l

sin? 2053 = 4sin’a3 (1 — sin21923)

1 E
&
N
=
w
0
0 0.5 1 0 0.5 1
sin%Yys sin? a3

: Neutrinos — 17 July 2017 — 24/34
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NuFIT 3.0 (2016)

[arXiv:1611.01514]

Bari 2017

[Lisi @ EPS-HEP 2017]

= LBL Acc + Solar + KL + Reactors + Atmos
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No SK atmospheric data

Analyzable subset of SK atmospheric data
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NuFIT 3.0 (2016)

[arXiv:1611.01514]
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still unknown Axépv =17

Bari 2017

[arXiv:1703.04471]
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~ 20% precision  AxZpy, ~ 4
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NUFIT 3.0 (2016) |
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max 2 max .
Jop = C12812Ca3 83 C13 813 Jop =Jcp SiNdcp

JE = 0.0329 =+ 0.0007 (+3:9921)
JRE = —0.033

About 103 larger than Jggarks = (3.041323) x 107°
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Unitarity Triangle

| NUFIT 3.0 (2016) |

I0 | NO
g |
0.5 U, U5, ~ ]
i I o 1L ]
< I » 1 F ]
EoF 1F ]
051 e ]
S I I I ) S S T I
-1 -0.5 0 0.5 1T 0.5 0 0.5 1
Re(z) Re(z)
UeanUs U}, Ups Jcp
A 7 R S T TP
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Regions defined with respect to the global

minimum (NO)

ST T

10

Quark sector: _

[PDG 2016]
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Mass Ordering

NuFIT 3.0 (2016):  Axfno =1  Without SK atmospheric data
Bari 2017:

» Axtono =3.6 (~20) With analyzable subset of SK atmospheric data

» Axiono = 1.1 Without SK atmospheric data
» SK atmospheric preference for NO due to excess of e-like events
Multi-GeV e-like Ve Multi-Ring e-like Ve
downward X r— I O Normal

(Up - Down) /(Up + Down )

- Inverted

ixgj "

Contribution to r
LA x2=x2nm-x2u=+0.42 I +0.35
|

- Inverted

°

(Up - Down )/ (Up + Down )
°
+

(Up-Down)/(Up+Down)
o

Super-Kamiokande

© 200 Tt o 210 810 o 5
Multi-Rin her Iti-GeV e-lik Multi-Ring e-lik —
, Multi-Ring Othe ,Multi-GeV e-like ve ,Multi-Ring e-like ve AXIO-NO =572
Normal + — Normal Normal
- Inverted Inverted Inverted
T 8 L [Koshio @ NOW?2016]
T i
02 5020 & 02
[ 297 I 218 0.92
0.4 04 T ]
2:10° 10° 21 2410° 10t 21 2¢10° 3x10°
Lepton P [MeV | Lepton P [ MeV ] Lepton P [MeV]*
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Neutrino Masses

— T
t-|Normal Ordering 1 . 7 4 Inverted Ordering 1 . 7
—m Quasi-Degenerate /! —m Quasi-Degenerate /!
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Quasi-Degenerate for my ~ my ~

m3~m, > \/Am3 ~5x 1072eV

95% Cosmological Limit: Planck TT + lowP - BAO [arXiv:1502.01589]

C. Giunti — Mass and Mixing, Global Analysis — Rencontres du Vietnam 2017: Neutrinos — 17 July 2017 — 30/34



[eV]

Beta Decay

m% = |Ue1|> m3 + |Uea|* m3 + |Ues|* m3
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» Quasi-Degenerate:
2 o 2 2 _ 2
mﬁ—mVZk‘Uek’ =m,

> Inverted Hierarchy:

m% ~ (1 —s&)Am3 ~ Am3

» Normal Hierarchy:
m3 =~ sih i3 Amg + sis Amy
~2x107°+6 x 107 5eV?

> If mp<4x1072eV
4

Normal Spectrum
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Neutrinoless Double-Beta Decay
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» Quasi-Degenerate:

|mgg| >~ m, /1 — 52191252

Inverted Hierarchy:

mss| = \JAME(1— 53, 52,)

» Normal Hierarchy:

Imas| ~ |st AmZ + eia5123\/ Amg|
~ 2.7 + 1.2 x 1073 eV

> If |mg5| S 10_2 eV

¢

Normal Spectrum
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Conclusions

» Robust 3v-Mixing Paradigm

> Precise determination of the mixing parameters

>

>

>

Am3 ~744+02x107°eV?  (~3%)
sin01p ~ 0.30 £ 0.02  (~ 6%)

|Am3,| | 254+0.04 (NO) (~2%)
10-3eV? { 2.45+£0.04 (10) (~2%)
sin013 ~ 0.0216 4 0.0007  (~ 3%)

» Open Problems:

>

vV VvV VY VY

U3 S 45° 7 [T2K, NOVA, .. ]

CP violation ? §13 &~ 37w/2 7 [T2K, NOvA, DUNE, HyperK]

Mass Ordering ? [JUNO, RENO-50, PINGU, ORCA, INO]

Absolute Mass Scale ? [ Decay, Neutrinoless Double-3 Decay, Cosmology]
Dirac or Majorana ? [Neutrinoless Double-3 Decay]

Physics Beyond Three-Neutrino Mixing 7

Theory: Why lepton mixing # quark mixing 7 Is there any connection ?
Why 0 < sin®dq3 < sind1 < sin®daz ~ 0.5 7
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