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Three-Neutrino Mixing Paradigm

3
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CP violating
» Squared-mass differences: Amij = mi — mf

» Mixing:  Unk Usk Uaj U, quartic rephasing invariants

> Jarlskog invariant:  Jcp = Im[ U}, Usk Usj UEJ-]
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Standard Parameterization of Mixing Matrix
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OSCILLATION 3 Mixing Angles: V12, V23, 13
PARAMETERS: 1 CPV Dirac Phase: 413
: 2 independent Amij: Am%l, Amgl

2 CPV Majorana Phases: A\»1, A31 <= |AL| = 2 processes (o)
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Three-Neutrino Mixing Ingredients

c2 sz O
U= —s12 co O

SNO, Borexino

Solar Super-Kamiokande
Ve = Vy, Vs GALLEX/GNO, SAGE AmZ =Am3 ~7.4x107° V2
Homestake, Kamiokande —

sin? ¥s = sin® Y1 ~ 0.30
VLBL Reactor
Ue disappearance

(KamLAND)
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[M. Tortola @ Neutrino 2018]
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Three-Neutrino Mixing Ingredients

1 0 0
U: 0 23 S23
0 —s3 23
Atmospheric
Vy — Uy

LBL Accelerator
v,, disappearance

LBL Accelerator
Vy = Vr

Super-Kamiokande
Kamiokande, IMB
MACRO, Soudan-2

IceCube, ANTARES

K2K, MINOS
T2K, NOvA

(OPERA)

4)

Am} ~ |Am3,| =~ 2.5 x 1073 eV?

sin? Ua = sin? o3 ~ 0.50
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Atmosferic Neutrinos
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The Super-Kamiokande Experiment

50 ktons of water, Cherenkov detector, 1000 m underground

NEUTRINOS FROM
COSMIC RADIATION

COSMIC \ l
RADIATION
< ATMOSP,,,E% v

SUPER-
KAMIOKANDE

MUON-
NEUTRINO

SUPER-
KAMIOKANDE
KAMIOKA, JAPAN

PROTECTING
1000 m ROCK
Muon-neutrinos
give signals in
the water tank.
Muon-neutrinos Iy
arriving directly
from the
atmosphere -
40m
Light detectors *
measuring Cherenkov
radiation *
Muon-neutrinos
that have travelled
: J through the Earth
CHERENKOV
RADIATION
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The Super-Kamiokande Up-Down Asymmetry

E, = 1GeV = isotropic flux of cosmic rays
oM (078) = ¢P)(025)
oM (078) = B (m — 075)

y
#B(0,) = ¢{B)(r - 6,)

NIL/]E _ Ndown

Aupdowniguey — | B Pk ) (0296 4 0.048 & 0.01
vu ( ) (NILJIE + Nglc:wn>

[Super-Kamiokande, Phys. Rev. Lett. 81 (1998) 1562, hep-ex/9807003]

60 MODEL INDEPENDENT EVIDENCE OF v, DISAPPEARANCE!

(T. Kajita: 2015 Physics Nobel Prize)
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Fit of Super-Kamiokande Atmospheric Data

Measure of v CC Int. is Difficult:

2
10 T T T T T
» Ey = 3.5GeV = ~ 20events/yr
» 7-Decay = Many Final States
(\% ........
N‘E’ v,-Enriched Sample
= Nhe = 78426 @ Am? = 2.4x 1073 eV?
----- 99% C.L. G
— 90%C.L.
68% C.L. NZP = 138t§§
S
07 075 08 085 08 085 1 N,, >0 © 240
sin®20 _
[Super-Kamiokande, PRL 97(2006) 171801, hep-ex,/0607059]
Vy = Vs
2 _ —3 32
Best Fit: { Am” =21 x107"eV Check: OPERA (1, — 1)
sin“20 = 1.0 CERN to Gran Sasso (CNGS)
L ~732km (E) ~ 18 GeV

1489.2 live-days  (Apr 1996 - Jul 2001)

[Super-Kamiokande, PRD 71 (2005) 112005, hep-ex/0501064] [NJP 8 (2006) 303, hep-ex,/0611023]
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Kamiokande, Soudan-2, MACRO and MINQS
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0.8
sin”20

[Kamiokande, hep-ex/9806038]

1: Angular distribution

Am?(eV?)

- 2: Energy(Low/High)

TE — 2

[MACRO, hep-ex,/0304037]
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[MINOS, hep-ex/0512036]
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K2K

confirmation of atmospheric allowed region (June 2002)

3,180m

M tYarigatale NearDetectors KiK KEK to Ka m iOka

Super-Kamiokande

( uper-Kamiokande)
o Neutrino p— “ S k
il v, — VPL

E
<
2| .
10 f:
-3
10 F .
) 19002 04 06 08, 1
0 0~"02 04 06 08 _ 1 sin“26

sin®20 [K2K, PRL 94 (2005) 081802, hep-ex,/0411038]
[K2K, Phys. Rev. Lett. 90 (2003) 041801]
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MINOS

May 2005 — Feb 2006 http://www-numi.fnal.gov/
— 10°
[ I~ T 1T 1]
4.0F * MINOS Best Fit —_
I — MINOS 90% C.L.
| o MINOS 68% C.L.
o En 3'52
Lake Michigan NQ I
E 3.0:-
“‘E‘Q" 2,5:— K2K 90% C.L.
< N SK 90% C.L.
20 _ SK (L/E) 90% C.L. _
1.5-‘.|...|...|...|..._.
0.2 0.4 0.6 0.8 1.0
Sin?(20,,)
Vy = vy

Fermilab —T75m—_Soudan Am? = 2.741_8:% x 1073 eV?
730 km PARN - .
sin“ 29 > 0.87 @ 68%CL
Near Detector: 1 km
[MINOS, PRL 97 (2006) 191801, hep-ex/0607088]
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k endi
PRL 115, 121802 (2015) PHYSICAL REVIEW LETTERS 13 SEPTEMBER 2015

&4

Discovery of 7 Neutrino Appearance in the CNGS Neutrino Beam
with the OPERA Experiment

The OPERA experiment was designed to search for v, — v, oscillations in appearance mode, i.e., by
detecting the 7 leptons produced in charged current v, interactions. The experiment took data from 2008 to
2012 in the CERN Neutrinos to Gran Sasso beam. The observation of the v, — v, appearance, achieved
with four candidate events in a subsample of the data, was previously reported. In this Letter, a fifth v,
candidate event, found in an enlarged data sample, is described. Together with a further reduction of the
expected background, the candidate events detected so far allow us to assess the discovery of v, — v,
oscillations in appearance mode with a significance larger than 5.

Expected background

Channel Charm Had. reinterac. Large u scat. Total Expected signal ~ Observed
t— 1h  0.017£0.003 0.022 £ 0.006 0.04 £ 0.01 0.52 £0.10 3
T — 3h 0.17 +0.03 0.003 + 0.001 0.17 £0.03 0.73 £0.14 1
Tou 0.004 £ 0.001 0.0002 £ 0.0001  0.004 £ 0.001 0.61 £0.12 1
T e 0.03 +0.01 0.03 +0.01 0.78 £ 0.16 0
Total 0.22 +0.04 0.02 £0.01 0.0002 £ 0.0001 0.25 £0.05 2.64 £0.53 5
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Difficulty of measuring precisely 13

Am3, L
'V-Eiyu ~ 1 — sin® 20,3 sin? <Z7Z’El>

SiI’I2 2’(923 — 4sin21923 (1 — sin21923)

1=

sin® 2053

sin? 20,3

0
0.5

0 I
0 0.5
sin? U3 sin’ a3

The octant degeneracy is resolved by small 913 effects:

LBL .2 2 - .2 e (At
pLEL 1 [sin® 203 cos® 13 + sin® Yoz sin® 2013] sin T
Am3 L
le;E—Lwe ~ sin® a3 sin” 2013 sin’ (4m21>
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Three-Neutrino Mixing Ingredients

c13 0 siz3e” i613
U= 0 1 0
—s13¢13 0 c13

LBL Accelerator
(T2K, MINOS, NOvA)
Vy = Ve

Am3 ~ |Am3| ~ 2.5 x 1073 eV?
- 2
LBL Reactor (Daya Bay, RENO> sin” 13 > 0.022

v disappearance Double Chooz

C. Giunti — Neutrino Physics — Il — Torino PhD Course — Torino — May 2019 — 16/71



PVe—>Ve

1.0

0.8

0.6

0.4

0.2

0.0

| E=~3.6MeV (reactor V)

KamLAND

2
E/L-~Am§

107"

1 10 102
L [km]

103

C. Giunti — Neutrino Physics — Il — Torino PhD Course — Torino — May 2019 — 17/71



Towards a precise determination of neutrino mixing

well determined

c1aci3 $12C13 se—13\ /1 0 0
U =|l-sincs—ciossnze®s  coos—sinsnszes 3C13 0 er21 0
sis3—ciacsize®3  —csn—siossize3| | osas 0 0 e
large uncertainty due to ¥o3 and i3 T

medium uncertainty due to 9,3

|U|30 =

only the mass composition of v, is well determined
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2.8%

Bari | 7.34'31% . 2.2% precision
NuFit | 7.40705; ‘ 2.7% precision
Valencia | 7.559%2 2.4% precision
64 68 72 76 80 —
AmZ, [10°%eV?]

NO 1.2%
Bari | 2.492'00% v e . | 1.4% precision
NuFit | 2.523'3.033 e+ | 1.3%precision
Valencia | 2.50070 359 e | 1.3% precision

215 225 235 245 2.55

AmZ, [107°%V?]

— 1o
— 8o
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Mass Ordering

m? ‘Ve Yu VT‘ m?
Vs @)
Am? <
14
Am3 Am3
2
> Am?

Vi V3
Normal Ordering Inverted Ordering
Am3, > Am3, >0 Am3, < Am3; <0

absolute scale is not determined by neutrino oscillation data
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Open Problems

P23 ; 45° 7
> T2K (Japan), NOvA (USA), ..

CP violation ? 613 =~ 37/2 7
» T2K (Japan), NOvA (USA), DUNE (USA), HyperK (Japan), ..

Mass Ordering ?
» JUNO (China), PINGU (Antarctica), ORCA (EU), INO (India), ..

Absolute Mass Scale 7
» 3 Decay, Neutrinoless Double-5 Decay, Cosmology, ...

Dirac or Majorana ?
» Neutrinoless Double-3 Decay, ..

Beyond Three-Neutrino Mixing 7 Sterile Neutrinos 7
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Determination of Mass Ordering

1. Matter Effects: Atmospheric (PINGU, ORCA), Long-Baseline,
Supernova Experiments

Am3; cos 2913

> v. = v, MSW resonance: V = °F

< Ami; >0 NO

Am? 2
» 7. = i, MSW resonance: V= —%51913 Am3; <0 10
2. Phase Difference: Reactor 7, — 7. (JUNO)
m/z m2
Normal Ordering —i e Inverted Ordering
|Am3, | |Ams, |
I I
2 2 2 2
|Am3y |+|Amy, | |Am3z;|—|Am3, |
[Am3; | > [Am3,| [Am3; | < [Am3,|
141 1263
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F o6
g 06 - N Non oscillation
E - ’." S —— 6, oscillation
= 051 —— Normal hierarchy
3 - i Inverted hierarchy
0.4 F H
03 N,
02f
01f ;
0_'...........|......‘..
10 15 20 25 30
L/E (km/MeV)

Neutrino Physics with JUNO, arXiv:1507.05613
R, ) =1 —cos* 113 sin? 2091, sin’ (Am%l L/4E)
— cos? 915 sin® 20913 sin® (Am§1 L/4E)
—sin® 915 sin® 2013 sin* (Am3, L /AE)

Ve—>Ve

[Petcov, Piai, PLB 533 (2002) 94; Choubey, Petcov, Piai, PRD 68 (2003) 113006; Learned, Dye, Pakvasa, Svoboda,
PRD 78 (2008) 071302; Zhan, Wang, Cao, Wen, PRD 78 (2008) 111103, PRD 79 (2009) 073007]
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CP Violation?

CP
Aaﬁ - PIJQ—H/ﬁ - Pﬁu%l_/ﬁ

. (Am3 L\ . (Am3 L\ . [(Am3,L
_16Ja,8 sin (4E> sin <4.E sin T

Jog = Im(Ua1 UZp Ul Ugp) = +J

2 .
J = s12€12523C23513C13 5iN 013

Necessary conditions for observation of CP violation:
» Sensitivity to all mixing angles, including small 13
> Sensitivity to oscillations due to Am3, and AmZ,
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LBL v, — v. and 7, — 7,

AmyL 2BV

A= = — V = V2GeN
4E Am3, V2N
sinfl13 < 1 Am3 /Am3, < 1
13 o3 octant
i s 2
sin“[(1 — A)A
Pll;BiV ~ sin 21913 Sln21923 ([]F—A)z)]
Am3, in(AA) sin[(1 — A)A
+Am§1 sin 2113 sin 2112 sin 2053 cos(A + 613)sm(A ) sm[(l - A) ]
Am2\ 2 AA CPV
+< §1> sin 21912 cos 1923%
m3; A
NO: Amg1 >0 10: Am%1 <0

For antineutrinos: 013 — —d13 (CPV) and A — —A (Matter Effect)

r Schwet: IPG 37 ('>n1n\ 103001}
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Why it is important to measure accurately
the neutrino mixing parameters?

» They are fundamental parameters.

» They lead to selection in huge model space. Examples:

V2/3 1/¥3 0
» Deviation from Tribimaximal Mixing U~ | -1/v6 1/v3 1/v2

1/vV6 —1/V/31/v2
> Violation of p-7 symmetry (|Uux| = |Uzr|)

» They have phenomenological usefulness (e.g. to determine the initial
flavor composition of high-energy astrophysical neutrinos).
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E2,.5[GeVem™2s ' sr7l]

High-Energy Astrophysical Neutrinos

cosmic

cosmic
neutrino

atmosplferic
i

ugn

IceCube

'Y
yes
XX

muon

atmospheric
neutrino

Cherenkov light detection
in optical modules

IceTop

| IceCube Array

Amanda Il Aray
DeepCore
*] Eifo Towor
24m

N

rasom |
2050m

2820m

i

Astrophysical Fluxes
(on top of atmospheric)

eee HESE Differential

HESE 2-Component - Soft (E7)
mmm HESE 2-Component - Hard (E2%)
v, Best Fit (prior for "Hard")

IceCube:Preliminary

ray
‘Atmospheric Fluxes (reduced by self-veto in analysis)
. neutrino fluxes _ = Pt ikt 1) 040 551
» 7 -
fl ! 6|
‘\ (per flavor) o 106 \\
atmo. vy + 7, T ~
& (before HESE veto) o 9
\ ‘E = N
g 10
s
atmo. ve + 0. 9. s - T-
(before HESE veto) 'z 10° =
@
v Oy IS
o 10°
10* 10°
10 102 10 10* 10° 10° 107 10°
E[GeV]

[Ahlers, Halzen, arXiv:1805.11112]

10° 10’
Neutrino Energy [GeV]
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Galactic

© High-energy (E 2 200 TeV) upgoing tracks: CC(v,, 7).
®&@® HESE (High-Energy Starting Events): high-energy neutrinos

(E Z 100 TeV) interacting inside the detector (all-sky directions).

® Tracks: CC(vy, ). @ Cascades: CC(ve, Ze, Vs, 77 ) + NC. The thin

circles indicate the median angular resolution of the cascade events.
» The blue-shaded region indicates the zenith-dependent range where Earth absorption

of 100 TeV neutrinos becomes important, reaching more than 90% close to the nadir.

» Dashed line: horizon. Star: Galactic Center.

» The numbers give the energies of the four most energetic events.
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Neutrino Flavor Composition

Source: (fos:fus:frs)

fe.s
Pion and Muon Decay 1/3
Pion only Decay 0
Charmed Meson Decay 1/2
Neutron Decay 1

—  Earth: (fog :fue: fra)
fus frs  — fe.® fu. fre
2/3 0 13 1/3 13
1 0 4/18  7/18  7/18
1/2 0 14/36  11/36 11/36
0 0 5/9 2/9  2/9
fﬁ’@ = Z fa,S <PVa‘”’ﬁ>
a=e,u,T
104 4
Puor) = 32 Una PP = L (939)
k=1
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Vary ey,acp
f.s=0 f.s#0

0 01 02 03 04 05 06 07 08 09 1

Std. mixing (fo:fif)s
0;,5¢cp: BF, 16,30 01 09 all free
NH . W (1:2:0)

. ) [ (0:1:0)

0 01 02 03 04 05 06 07 08 09 1
feo

[Bustamante, Beacom, Winter, PRL 115 (2015) 161302 (arXiv:1506.02645)]

1 M New physics
Std. mixing
v; flavor cont.

New physics
8;,5¢p: BF,16,3c 01
NH

0
0 01 02 03 04 05 06 07 08 09 1
foo
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Cross Section [cm?]

The Glashow Resonance

2
Ue+e — W™ — anything at E, = ;TW = 6.32PeV  [Glashow, Phys. Rev. 118 (1960) 316]

fes  fus
Pion and Muon Decay 1/3 2/3
Pion only Decay 0 1
Charmed Meson Decay 1/2 1/2
Neutron Decay 1 0

fT,S
0

0
0
0

— fe,eg fu,@ fT,EB Rl7
/3 1/3  1/3 017
4/18 7/18 7/18 0.1
14/36 11/36 11/36 0.19
5/9 2/9  2/9 056

[Barger, Fu, Learned, Marfatia, Pakvasa, Weiler, PRD 90 (2014) 121301 (arXiv:1407.3255)]

E.[PeV]

> o, x E7

Standard Fermi shock-acceleration
mechanism: v = 2.0.

2014 IceCube data: events with
E, <2PeV.

4 > 2.3 at 90% CL.

[Anchordoqui et al, PRD 89 (2014) 083003]
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> PeV Energy Partially-contained Events (PEPE) search, with special focus on

the Glashow resonance.

Assuming best-fit power law:
+++ Unfolding W Conv. atmospheric v, |7,
B Astrophysical v, +7,

Iéecube Prelilﬁinary
1 I

o

v i
] I
i j

g
= o
5 10°F 0.6 j
R S
» 10 =
=, 0.4 &
g 107} <3
[<a] N neutrino energy pdf

107 {highest-energy event} 0.2

10*}F he

10° i pmnl 0.0

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5

log;g(median neutrino energy / GeV)

[Ahlers, Halzen, arXiv:1805.11112]

v

[IceCube, arXiv:1710.01191]

For the highest energy event the
median energy of the parent neutrino
is about 7 PeV.

The energy lost by the muon inside
the instrumented detector volume is
2.6 - 0.3 PeV.

The calculation of the probability
density function takes into account
the additional tracks from charged
current interactions of v, + 7, and
resonant interactions of 7, with
electrons (Glashow resonance).

» Assumption: a democratic composition of neutrino and antineutrino flavors.

» The cosmic neutrino flux is well described by a power law with a spectral index
v =2.19 £ 0.10 and a normalization at 100 TeV neutrino energy of
(1.01792%) x 107 GeV~tem Zsr?

—0.23
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A 5.9 PeV event in IceCube

Glashow Resonance
e " Resonance: E, = 6.3 PeV
Typical visible energy is 93%

Work in progress

R ——
T —

S
.
v Hadronic Cascade £
e ° &
°
10° . . . 3
o
10° b /i
s
101 7N

Event identified in a partially-contained PeV
search (PEPE)

) Deposited energy: 5.910.18 PeV (stat only)
107 10 |CRC 2017 arXiv:1710.01191

0
101012 ldl::‘.

! !
1015 1016

E [eV]

|0‘14
Potential hadronic nature of this event under study

|. Taboada | Georgia Inst. of Tech. 20
[Taboada, Neutrino 2018, 6 June 2018]
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Why it is important to measure accurately
the neutrino mixing parameters?

» CP:

» CP conservation would need an explanation (a new symmetry?).

» CP violation may be linked to the CP violation in the sector of heavy
neutrinos which generate the matter-antimatter asymmetry in the Universe
through leptogenesis (CP-violating decay of heavy neutrinos).
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AL~

0.04
0.02

o
9 0

-0.02

Leptogenesis

current
indication

i
Ly ~L oY Ng /’
. N, \
Yk TNk = &Ly) = T(Nk — L)
Zk,a [F(Nk — (Dfa) + F(Nk — q)fa)]
1 fe
Seesaw —> Y ~ — I\/I,l;,/2 R mY/? Usys (RRT =1)
V e — ——
inaccessible measurable
CP-violating Usx3 ==  plausible CP-violating Y
MRl =5x 1011 GeV
Mgr1 < Mga < Mg3
| R1» = 0.86
. . J Ri3=0.5
-11.5 -11 =105 -10 -95 -9
LogmAB [Pascoli, Petcov, Riotto, PRD 75 (2007) 083511, arXiv:hep-ph/0609125]
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Absolute Scale of Neutrino Masses
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T T T T T T T T T T T rTTT T T T T T
t-|Normal Ordering . 7 4 Inverted Ordering H . 7
—ms Qua5| Degenerate ' —m Quasi-Degenerate /!
1 K ' o 1 H —_my ' ' [
I me . ' . 1 ' '
N —m i | C ] —m 1 ' C ]
> [ h . ' > h . '
I e R e ‘
10" F : 4 10k : 4
PR 7 gl o _me 7 HE
R IUA © 1 © Sy 5 m © 1 © .
£ Ms g R 501 € m R 5]
- [ h ' 5, - h ' 5
£ g 5 N g S N
2 | EN = 2. 4 2 | 3. = a4
e gioi= Sy " gz g
f my <. g S ms -y o S
i 8, .3 =] 8, .3 =]
, £ g 5 £ g =
Normal Hierarchy = EN ! Z ?;; Inverted Hlerarchy—-' =4 ?.—;
1073 L - wuum\ Ll s 1073 Lo T Ll s
107 1072 107" 1 107 1072 107" 1
Lightest mass: m; [eV] Lightest mass: my [eV]
2 2 2 2 2 2 2 2 2 2
2 _ 2 2 2 2 2 _ 2 2 2 2
m; = my + Amz; = mi + Amy my = mj + Amsy; >~ m3 + Amjy

Mass Hierarchy

or Degeneracy?

Quasi-Degenerate for my ~ my ~ m3 ~

my, 2 \/Am3 ~5x 1072

95% Cosmological Limit: Planck TT + lowP + BAO [axiv150201589]
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Tritium Beta-Decay

3H 5 3He + e + 7

dar (cosz?CGF) 2 F 5

Kurie function:  K(T) = [(Q -7 \/(Q ~ T)2 - mg] 1/2

Q = Msy — My, — me = 18.58 keV/

‘my, <22eV (95% C.L)|
Mainz & Troitsk

[Weinheimer, hep-ex/0210050]

future: KATRIN

[www.katrin.kit.edu]
R RS B started data taking 2018
r Q=m. @ sensitivity: m,, ~ 0.2¢eV

my, >0
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www.katrin.kit.edu

1/2
Neutrino Mixing =— K(T) = |(Q — T)Z |Ue |1/ (@ — T)2 — mi]
K
| analysis of data is
1 different from the
no-mixing case:

all’ ] 2N — 1 parameters
L Q 7

Q—my Q—my

if experiment is not sensitive to masses (my < Q — T)

effective mass: mé = Z |Uek|?m3

K2 =(Q-T) Z|Uek\ Q T) ~(Q-T) Z‘Ue”[ (kaT)]

—(or)[ = T] V@17 —m
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[eV]

Predictions of 3v-Mixing Paradigm

10 F T T T TrrrTA
! 1 » Quasi-Degenerate:
r 95% Mainz and Tronsk Limit 1 2 0 2 2 _ 2
.99 Melrz end Tt it s R Ve = m
1T E ' 3
i : 1 P Inverted Hierarchy:
[ 95% KATRIN Sensitivit ] 2 o 2 2 2
__________________ WL mg = (1= si)Amy ~ Amy
e % ; .
s ' 1 » Normal H|erarchy'
o) , 2 2 2
1072 = 4 ~ -5 —
" NO 8 7 ~2x10 +6x107°
L :& el
H C — 1 -
I El — X > mg<4ax1072eV
1078 T B T R TN B U,
-3 -2 _1
10 10 10 1 10 Normal Spectrum
Mpin [eV]
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Neutrinoless Double-Beta Decay

9
T0As
0t 6_
Ge
BB
ot
1%Se
Effective Majorana Neutrino Mass: mgg = Z U2 my
k
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Two-Neutrino Double-8 Decay: AL =0

N(AZ) > NAZ+2)+e +e a T m
+ Ve + Ve S =
Ve
(T12/Vz)_1 = Goy |M2V|2
Ve
second order weak interaction S e
process y w )

in the Standard Model

Neutrinoless Double-5 Decay: AL =2

N(AZ) 5 N(AZ+2)+e +e !

(-,—{)/112)—1 = Goy Moy [* |mgs/?

effective
Majorana  |mgg| =
mass

2
> Uiemi
K
d
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_f e 2B :
o VBB 3
© ¢ ]
g SF E
= r ]
< E
© r h
o _F 3
© 1
o v v b v gy ‘\\\:
o I I I I
0.0 0.5 1.0 1.5 2!
T [MeV] Q=2.039MeV
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Effective Majorana Neutrino Mass

mgg = Z ng my complex Ugi = possible cancellations
k

mgg = ]Ue1|2 my + |Ue2|2 €2 my + |Ue3|2 i ms

ar = 2A; az =2 ()\3 — 513)

i

Im[mgg)

2
UeB

U;zl"“ Re[m[;g]

Re[mgg]
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90% C.L. Experimental Bounds

BB~ decay experiment T Iy mgg [eV]
28Ca — 35Ti ELEGANT-VI >1.4x102  <6.6—31
Heidelberg-Moscow > 1.9 x 10> < 0.23 — 0.67
IGEX >1.6x 10% < 0.25-0.73
;gGe - gf’lSe Majorana >4.8x10%° < 0.20-0.43
GERDA >8.0x10% <0.12-0.26
82Se — %2Kr NEMO-3 >1.0x 102 <1.8-47
%Mo — 1%Ru  NEMO-3 >2.1x10®° < 0.32—0.88
1}1ng — légSn Solotvina >17x102% <15-25
128Te — 128Xe  CUORICINO >1.1x108 <72-18
139Te — 13%9Xe  CUORE >15x10%® <0.11-0.52
EXO >1.1x10% <0.17 —0.49
BaXe = 18Ba o LAND-Zen >1.1x10% < 0.06—0.16
IONd — 189Sm  NEMO-3 >21x10%  <26—10
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[mggl [eV]

[ ELE-vi

‘ NSM QRPA IBM-2 ¢ EDF

v PHFB

CUORICINO

1
NEMofg}: l

Solotvina

l CUORICINO
NEMO-3

I
—OEX_ Gempa $ EXO
K3 K-ZEN

T
=

fof

RS o iy

NEMO-3

48,
20Ca

T T T T T T T
76, 82, 100 116 128 130 136
30e 245€ 22Mo 4Cd 52 1€ 2le saXe

[Bilenky, CG, IJMPA 30 (2015) 0001]
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Predictions of 3v-Mixing Paradigm

mag = [Ue|?> my + |Uea | €2 ma + | Ues|? € m3
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[UaPmi [eV]

[eV]

Mpp

[Ueal’ma

2
1Ugsl"mg

v Normal Ordarng

[Ueq
L L
107 107 102 107" 1
Lightest mass: my [eV]
T T

KamLAND-Zen, PRL 117 (2016) 082503
90% C.L. UPPER LIMIT

3v - Normal Ordering

107 107 1072 107" 1
Lightest mass: m; [eV]

[UsPmi [eV]

[av— Inverted Ordering|

107 1

[eV]

KamLAND-Zen, PRL 117 (2016) 082503
IT

[eV]

Mgg

5 - Inverted Ordering

107 1

[eV]
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mgp = |Uet|> my + |Uea|? €72

T

r KamLAND-Zen, PRL 117 (2016) 082503
t 90% C.L. UPPER LIMIT

107" P

IR 2

M|

107 E

— 1o

— 20

107 ! ol i

107 107° 1072 107" 1
Mmin [eV]

my + | Ues|? €3 m3

» Quasi-Degenerate:

|mga| >~ m, /1 — 52191252

Inverted Hierarchy:
mss| = /Am3(1
» Normal Hierarchy:

Imas| ~ |str\/AmE + €'“si3/Am3|
~ 2.7 + 1.2/ x 1073 eV

_ 2 2
521912 sa2 )

> |If |mg5| S 10_2 eV

¢

Normal Spectrum
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BB, Decay < Majorana Neutrino Mass
» |mpgg| can vanish because of unfortunate cancellations among the v, v»,
3 contributions or because neutrinos are Dirac particles.

» However, 3y, decay can be generated by another mechanism beyond
the Standard Model.

» In this case, a Majorana mass for v, is generated by radiative corrections:

l'V+ Ver,
d U d P
— —— |_>_ G Y
e~ e~ .
BBoy s - BBow S
] G ¢
d u

[ P
u ’
d A+

[Schechter, Valle, PRD 25 (1982) 2951; Takasugi, PLB 149 (1984) 372]
» Majorana Mass Term:

c
Ver,

M _ 1 [ — . ,C
Lo = T3 Mee (VeL’/eL ‘H/eLVeL)

> Very small four-loop diagram contribution: mee ~ 10~2* eV

[Duerr, Lindner, Merle, JHEP 06 (2011) 091 (arXiv:1105.0901)]
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» In any case finding 350, decay is important for

> Finding total Lepton number violation (AL = £2).

> Establishing the Majorana (or pseudo-Dirac) nature of neutrinos.

» On the other hand, even if 33, decay is not found, it is not possible to
prove experimentally that neutrinos are Dirac particles, because

» A Dirac neutrino is equivalent to 2 Majorana neutrinos with the same mass.

» |t is impossible to prove experimentally that the mass splitting is exactly
zero.
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Short-Baseline Neutrino Oscillation Anomalies
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Beam Excess

LSND

[PRL 75 (1995) 2650; PRC 54 (1996) 2685; PRL 77 (1996) 3082; PRD 64 (2001) 112007]
Uy — Ve 20MeV < E < 52.8MeV

» Well-known and pure source of 7,

7o p + target — 7+ 55 it 4y,

800 MeV
125 +

-
(&)
T

et t e+,
at rest

L~30m
Uet+p—n+et

Well-known detection process of 7,

» =~ 3.80 excess

0.4 0.6 0.8 1 1.2 1.4
L/E, (meters/MeV)

» But signal not seen by KARMEN at
L ~ 18 m with the same method

2 S 2 2
AmSBL ~ 0.1eV" > Am:’-\TM [PRD 65 (2002) 112001]
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Gallium Anomaly

Gallium Radioactive Source Experiments: GALLEX and SAGE
ve Sources: e~ +°1Cr =%V 41, e +3Ar = 3Cl+ v,

E~0.75 Me\/\\ E ~ 0.81 MeV
veF Ga — Ge+ e

Test of Solar v, Detection:

= £ GALLEX SAGE 3

Cr1 Cr
e

3 "
= GALLEX SAGE
B Cr2 Ar

3 o
2
é (T;n‘.n-n:u

R=0.84+0.05

0.7

~ 2.90 deficit

<L>GALLEX =19m <L>SAGE =0.6m [SAGE, PRC 73 (2006) 045805; PRC 80 (2009) 015807;
Laveder et al, Nucl.Phys.Proc.Suppl. 168 (2007) 344,
2 2 2 MPLA 22 (2007) 2499, PRD 78 (2008) 073009,
Amgg 2 1V > Amppy PRC 83 (2011) 065504]

> 3He 4+ "1Ga — 'Ge + 3H cross section measurement  [Frekers et al., PLB 706 (2011) 134]
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Nexp/ Ncal

R =

Reactor Electron Antineutrino Anomaly

[Mention et al, PRD 83 (2011) 073006)

New reactor 7, fluxes: Huber-Mueller (HM)

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

o

« — . . —————y . . ———

- —5— Bugey-3 —— Daya Bay —v— Krasnoyarsk —— RENO E
E —6— Bugey-4+Rovno91 —— Double Chooz —#—  Nucifer —%— Rovno88 3

o —4— Chooz —— Gosgen+ILL —#— Palo Verde SRP E

: R=0934+0024 1
° 10 10? 10°
L [m]

~ 2.80 deficit
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Beyond Three-Neutrino Mixing: Sterile Neutrinos

Vs
Vg
3

1)
%1

Vs,

2
Amgg,

Amiry ~—— ~25x103%eV

Amo, -~ =74 x107%eV?

Ve Vy Uy

Terminology: a eV-scale sterile neutrino

LOSC _

AmE
Am?

> leV?

2

Gaq [D]

20

10

0 L L L

2v

t average measurements,
error bars increased
by factor 10

86 88 90 9‘2 9‘4
E,, [GeV]

NLEP — 2 9840 + 0.0082

Vactive

means: a eV-scale massive neutrino which is mainly sterile
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Short-Baseline Neutrino Oscillations

Three-Neutrino Mixing

|Vsource) = |Va) = Uat [V1) + Ua2 [V2) + Uaz [v3)

W\/
Vo "N\ | Vs
/\/W\/

source L detector

Vdetector> ~ U1 e /EL |V1> + Un2 e 'EL |V2> + Ua3 e /EL |V3> = e_iEL|Va>

PVQ_’VB(L) = ’<VB|Vdetector>‘2 >~ |eiiEL<Vﬁ’I/a>|2 = 6aﬁ

No Observable Short-Baseline Neutrino Oscillations!
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Short-Baseline Neutrino Oscillations

3+1 Neutrino Mixing

‘Vsource> = ’VOc> = Ual |V1> + Ua2 |V2> + Ua3 ‘V3> + Ua4 ’V4>

NN
Vo

Vs
NN\
NAAAANN
source L detector

Vdetector) = € 'EL (Ua1 [11) + Un2 [12) + Uaz |13)) + Uaa e EL 13) £ |1)
Pua—wﬁ(L) = |<V5|Vdetector>|2 # 5&[3
Observable Short-Baseline Neutrino Oscillations!

The oscillation probabilities depend on U and
AmgBL = Am‘%1 ~ Am‘%2 ~ Am‘z13
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Effective 341 SBL Oscillation Probabilities

Appearance (a # ) Disappearance
AmZ L AmZ L
PSBL  ~ sin? 20,5 sin? <41> PSBL  ~ 1 —sin? 20,4 sin? (41
v “ AE n—tve o AE
sin? 20,5 = 4| Una|?|Usa|? sin® 2000 = 4|Unal* (1 = |Uaal?)
2 _ 2 2 2
Ua Uso Us|Us > Amgg = Amygy = Amp, =~ Amgy
Ua Usz Uz |Upa » CP violation is not observable in SBL
U Uso U |Uss experiments!
U U Uss |Uss » Observable in LBL accelerator exp.
SBL sensitive to Am%TM [de Gouvea et al, PRD 91 (2015)
| 3 6 miXing angles 053005, PRD 92 (2015) 073012, arXiv:1605.09376; Palazzo et al, PRD

91 (2015) 073017, PLB 757 (2016) 142; Kayser et al, JHEP 1511 (2015)

» 3 Dirac CP phases .
039, JHEP 1611 (2016) 122 and solar exp. sensitive

» 3 Majorana CP phases

to Am%OL [Long, Li, CG, PRD 87, 113004 (2013) 113004]
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3+1: Appearance vs Disappearance

> SBL Oscillation parameters: ~ Am3;  |Ueal®  |Uual®  (|Ura]?)
» Amplitude of v, disappearance:
sin® 20ee = 4|Uea|® (1 — |Uea|?) = 4|Ues?
» Amplitude of v, disappearance:
sin® 20, = 4{Upa|* (1~ [Upa?) = 4 Upuaf?
» Amplitude of v, — v, transitions:

1
sin® 20¢,, = 4| Uea|?|Ua|? ~ 7 sin? 20ee sin? 20,

quadratically suppressed for small |Ues|? and |U,4|?

4

Appearance-Disappearance Tension

[Okada, Yasuda, IJMPA 12 (1997) 3669; Bilenky, CG, Grimus, EPJC 1 (1998) 247]
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Reactor Spectral Ratios

NEOS [prL 118 (2017) 121802, arXiv:1610.05134]
T T T T T T

1

Data/Prediction

- (c) —+ NEOS/Daya Bay
Systematic total

— (1.73 eV, 0.050)
----- (2.32 eV?,0.142)
L

DANSS

[PLB 787 (2018) 56, arXiv:1804.04046]

©
~ b 3
=1

N

3

1
4 5 6 7

Prompt Energy [MeV]

[eV?]

2
41

Am

—

NEOS+DANSS
—_— G

— 20

3¢

107"
107

10°°

1072 107
2
[Uedl

Ratio Down/Up

DANSS

---- No-Oscillations
—— Oscillations Best Fit

0.64

1.0 2.0 3.0 4.0 5.0 6.0 7.0
Positron Energy [MeV]

MODEL INDEPENDENT!
~ 3.50
[Gariazzo, CG, Laveder, Li, PLB 782 (2018) 13, arXiv:1801.06467]

[See also: Dentler et al, JHEP 1808 (2018) 010, arXiv:1803.10661]
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Reactor Spectral Ratios

NEOS [prL 118 (2017) 121802, arXiv:1610.05134]
T T T T T T

1

- (c) —+ NEOS/Daya Bay

Ratio Down/Up

DANSS

[PLB 787 (2018) 56, arXiv:1804.04046]

©
~ b 3
=1

DANSS

---- No-Oscillations
—— Oscillations Best Fit

0.64

1.0 2.0 3.0 4.0 5.0 6.0 7.0
Positron Energy [MeV]

MODEL INDEPENDENT!

~ 3.50

[Gariazzo, CG, Laveder, Li, PLB 782 (2018) 13, arXiv:1801.06467]

S Systematic total |
B
£
<4
a
8
T 2 4
a) — (1.73eV? 0.050)
----- (2.32 eV?,0.142)
0.9 | | | | |
2 3 4 6 0o 10
Prompt Energy [MeV]
10
Miv.Dis
— G
— 20
3¢
o
>
2,
1L
RS
g
< — STEREO
(1yr, 20)
—— PROSPECT
(3+3yr, 30)
—— SoLiD
(1+3yr, 30)
KATRIN
(90% CL)
107‘ L L
107 107 1072 107"
2
[Uedl

[See also: Dentler et al, JHEP 1808 (2018) 010, arXiv:1803.10661]
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v, — Ve and v, — v. Appearance

102

10

[eV?]

2
41

Am

107"

102

20
— LSND i
—— MiniBooNE H
—— KARMEN
—— NOMAD
L —— BNL-E776 |
— ICARUS
—— OPERA
i Combined
| == 1o
| e OG
30
-4 -3 -2 —1
10 10 10 10 1

§in*20e, = 4|Ueal*|Uyual®
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v, and 7, Disappearance

102 ———rrr —rr
10 +
— i
[oY]
>
()
L
1 -
o~ F
E H 99% CL
< —— CDHSW (1984) 1
] —— CCFR (1984)
10° — ATM E
—— SB-MBv, (2012) g
—— SB-MBY, (2012) ]
—— IceCube (2016)
—— MINOS (2016)
—— MINOS+ (2017)
-2 T 1l | L i
10
107° 1072 107"
U P
| u4|
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3+1 Appearance-Disappearance Tension
{ ve DIS v, DIS }

$in2 20¢e = 4| Uey|? sin® 24, =~ 4|U,4|?

v, — ve APP
sin? 2Vey = 4]Ue4|2|Uu4|2 ~ %sin2 20 e SIN? 29y,

o ]
| » v, — 1. is quadratically suppressed!
N; 1
o, — » Global Fit without MINOS—+
wz + 1 X3c/NDFpg = 7.8/2 = GoFpg = 2%
E 1
> 36 » Similar tension in
Global Fit —— v Dis
— 1 — v, Dis 3+2, 3+3, ..., 3+N;
— 20 — Dis
3¢ — App [CG, Zavanin, MPLA 31 (2015) 1650003]
1071 | Lol L
107 107 1072 107! 1

§iN?20¢, = 4| Ueq|*| Upal?
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3+1 Appearance-Disappearance Tension
{ ve DIS v, DIS }

5in% 20 ce = 4| Ues |? sin® 24, =~ 4|U,4|?

Uy — Ve APP
sin? 2¢ u—4]Ue4| |Uu4|2 sm 2 20 sin? 20,

10
o
» v, — Ve is quadratically suppressed!
N; !
o, » Global Fit without MINOS+
N X3c/NDFpg = 7.8/2 = GoFpg = 2%
E 1
> 36 » Similar tension in
Global Fit —— v Dis
— 1 — v, Dis 3+2, 3+3, ..., 3+N;
— 20 — Dis
3¢ — App [CG, Zavanin, MPLA 31 (2015) 1650003]
1071 | 1 L
107 107 1072 107! 1

§iN?20¢, = 4| Ueq|*| Upal?
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10°

10°

1

o

Amg, (eV?)
-

,_\
2

107

107

10

New Bound from MINOS+

Far Detector

+ Underground in Soudan mine
« 735 km from target

® 5.4 kton mass

Detectors are on-axis for
NuMI neutrino beam

Near Detector
* At Fermilab
* 1km from target
* 1kton mass

F 1056+10° POT MINOS 3
b 580x10° POT MINOS+ ]
L v,mode -
E —MINOS & MINOS+ data 90% C.L. E!
F EHo0% c.L. Sensiiviy (10 and 20) k|
ol vl vl il

10* 10 107 10* 1

Sin’(8,,)

[arXiv:1710.06488]

10°

121
& 1.0:
3
& 08

28 r

’%1 0.6/

> 04f

o r

~ 02

0.0-

102

ACYS]

Neutrino Energy (GeV)

10

Neutrino Energy (

GeV)
1

10° g
F 1056+10% POT MINOS
[ 580x10™ POT MINOS+

102k Vvemode

10F
1

‘data 909% C.L.

— Superk 0% C.L.
CDHS 90% C.L.
CCFR90% C.L.

[MISCiBOONE + MiniBooNE 90% C.L.

Wi Gariazzo et al. (2016) 90% C.L

102
sin(8,,)

10°

10"

Events (Arbitrary Scale)
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Effects of MINOS+

10 e 10
Gilobal Fit 3¢
—_— 1 —— Global Fit without MINOS+
] R — MINOS+
30 —— Global Fit with MINOS+
——
. '
> >
9, 92, =]
1k e 1k
oS 1 T
IS g
< <
3¢
—— Dis
— App
10—1 L L Il 1071 Lol Lol Ll
107 107 1072 107" 1 107 107 1072 107"
. 2 2 2 2
Sin“20ey = 4|Ue4|"| Uyl |Upal

> X%G/NDFPG = 18.3/2 = GoFpg = 0.01% < Intolerable tension!

» The MINOS+ bound (if correct) disfavors the LSND 7, — 7, signal.

[See also Dentler, Hernandez-Cabezudo, Kopp, Machado, Maltoni, Martinez-Soler, Schwetz, arXiv:1803.10661]
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Effects of MINOS+

10 10
36
—— Global Fit without MINOS+
—— MINOS+
—— Global Fit with MINOS+
- T
> >
2, 9, =
1 1 r
~ T R
g g
< <
3o
— Dis
— App
10—1 L 1 I 10—1 Ll Ll |
107 107 102 107 1 107 107 102 107
2 2 2 2 2
§in"20¢y = 4|Uea|"|Uyal [Upal

> X%G/NDFPG = 18.3/2 = GoFpg = 0.01% < Intolerable tension!

» The MINOS+ bound (if correct) disfavors the LSND 7, — 7, signal.

[See also Dentler, Hernandez-Cabezudo, Kopp, Machado, Maltoni, Martinez-Soler, Schwetz, arXiv:1803.10661]
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Neutrinoless Double-Beta Decay
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Conclusions

» Mainstream 3v-mixing research: precise measurements of masses,
mixing angles and CP violating phases with neutrino oscillations, 3
decay, BP0, decay.

» Neutrinos provide a Window to the New Physics beyond the Standard
Model through:

» Small (Majorana) Masses.

» Sterile Neutrinos.

» Non-Standard Interactions. [see Ohlsson, RPP 76 (2013) 044201, arXiv:1209.2710]

P Electromagnetic Interactions. [see CG, Studenikin, RMP 87 (2015) 531, arXiv:1403.6344]
| 4

» Exciting model-independent indication of light sterile neutrinos at the eV
scale from the NEOS and DANSS experiments, in agreement with the
reactor and Gallium anomalies.

It will be tested soon by several experiments.
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