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Standard Model

Glashow (1961), Weinberg (1967) and Salam (1968) formulate the
Standard Model of ElectroWeak Interactions (1979 Physics Nobel Prize)
assuming that neutrinos are massless and left-handed

Universal V — A Weak Interactions

Quantum Field Theory: v, =

o P
Parity is violated: V| —BE

left-handed neutrino right-handed neutrino

mirror

Particle-Antiparticle symmetry (Charge Conjugation) is violated:

v TYe={R)" [v(h = ~1)) = Tpth==1]
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Standard Model: Massless Neutrinos

15t Generation | 2" Generation | 3'9 Generation
ur\ Uur CL\ CRr tr\ tr
uarks
q (dL> dr <5L> SR (bL> br
Leptons Vel \ &K VuL | %R Vrl\ <
er er L MR TL TR
No vg = No Dirac mass Lagrangian Lp ~ mpvivgr

Majorana Neutrinos: v = v°¢

—

vr = (V)r =vf

Majorana mass Lagrangian: Ly ~ muyvivy

forbidden by Standard Model SU(2); x U(1)y symmetry!

In Standard Model neutrinos are massless!

Experimentally allowed until 1998, when the Super-Kamiokande

atmospheric neutrino experiment obtained a model-independent proof of

Neutrino Oscillations
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SM Extension: Massive Dirac Neutrinos

15t Generation

2"d Generation

3'd Generation

up\ UR cL\ Cr tr\ tr

ks:
Quarks <dL) dr <5L> SR <bL> br
LeptonS' <VeL> Ver <V}LL) VuRr <VTL> Vrr
' er) er ue ) BR TL TR

VR

mp is generated by the standard Higgs mechanism: yL, Pvgp — ywiivg

— Dirac mass Lagrangian

Lp ~ mpUiVR

Necessary assumption: lepton number conservation to forbid the
Majorana mass terms

Extremely small Yukawa couplings:

—,C
Ly ~ MuVRVE

Not theoretically attractive.

y S 10711

singlet under SM symmetries!
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Beyond the SM: Massive Majorana Neutrinos

DG r=v] — 3G

v = L=+1 vpi = L=-1

. m —
M =vLidv, — 5 (yful_ —|—7L1/f)

Total Lepton Number is not conserved: AL =42

Best process to find violation of Total Lepton Number:

Neutrinoless Double-5 Decay

N(A Z) = N(AZ+2)+2e +27% (85,
N(AZ) 5 N(AZ-2)+2et +26c (88
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Seesaw Mechanism

1, 0 mP\ (v
D+M __ — L

m%' can be arbitrarily large (not protected by SM symmetries)

m%' ~ scale of new physics beyond Standard Model = m%' > mP
. N 0 mP mP)?
diagonalization of ([ ' 4 = my ( M) . mp~m¥
natural explanation of smallness
V) of light neutrino masses
@ A massive neutrinos are Majoranal

seesaw mechanism 3-GEN = effective low-energy 3-v mixing

[Minkowski, PLB 67 (1977) 42]
[Yanagida (1979); Gell-Mann, Ramond, Slansky (1979); Mohapatra, Senjanovic, PRL 44 (1980) 912]
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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?

C. Giunti — Massive Neutrinos in Cosmology — | — Torino PhD Course — May 2018 — 9/40



Am?L 4 E
2v-mixing: Pya_,l,ﬁzsin22195in2< m > — T

LOSC
4F Am?

1

0.8 |-

sin 20

P”n_”jgj

0.2

LOSC ‘ L

Tiny neutrino masses lead to observable macroscopic oscillation distances!

10 oy (%) short-baseline experiments Am? > 107 eV?
Lo 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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A Brief History of Neutrino Oscillations

1957: Pontecorvo proposed Neutrino Oscillations in analogy with
K = KO oscillations (Gell-Mann and Pais, 1955) =— v S0
In 1957 only one neutrino type v = v, was known! The possible
existence of v, was discussed by several authors. Maybe the first have
been Sakata and Inoue in 1946 and Konopinski and Mahmoud in 1953.
Maybe Pontecorvo did not know. He discussed the possibility to
distinguish v, from v, in 1959.
1962: Maki, Nakagava, Sakata proposed a model with v, and v, and
Neutrino Mixing:
“weak neutrinos are not stable due to the occurrence of a virtual
transmutation ve < v,,"

1962: Lederman, Schwartz and Steinberger discover v,

1967: Pontecorvo: intuitive ve = v, oscillations with maximal mixing.
Applications to reactor and solar neutrinos ( “prediction” of the solar
neutrino problem).

1969: Gribov and Pontecorvo: ve — v, mixing and oscillations. But no
clear derivation of oscillations with a factor of 2 mistake in the phase
(misprint?).
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1975-76: Start of the "Modern Era” of Neutrino Oscillations with a
general theory of neutrino mixing and a rigorous derivation of the
oscillation probability by Eliezer and Swift, Fritzsch and Minkowski, and
Bilenky and Pontecorvo. [Bilenky, Pontecorvo, Phys. Rep. (1978) 225]

1978: Wolfenstein discovers the effect on neutrino oscillations of the
matter potential (“Matter Effect”)

1985: Mikheev and Smirnov discover the resonant amplification of solar
ve — 1, oscillations due to the Matter Effect (“MSW Effect”)

1998: the Super-Kamiokande experiment observed in a
model-independent way the Vacuum Oscillations of atmospheric
neutrinos (v, — v,).

2002: the SNO experiment observed in a model-independent way the
flavor transitions of solar neutrinos (e — 1/, v;), mainly due to
adlabatIC MSW tranSitiOI’IS. [see: Smirnov, arXiv:1609.02386]
2015: Takaaki Kajita (Super-Kamiokande) and Arthur B. McDonald
(SNO) received the Physics Nobel Prize “for the discovery of neutrino
oscillations, which shows that neutrinos have mass”
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Three-Neutrino Mixing Paradigm

Standard Parameterization of Mixing Matrix

1 0 0 s 0 s;ze 13 c2 s12 0\ /1 0 0
U= 0 o3 s3 0 1 0 —s1p c12 O 0 er21 0
0 —sp3 23 —s13€/913 0 c13 0 01 0 0 et
c12€13 S12€13 si3e~ 913 10 0
= | —si2c3—cr253513€/713  croco3—sias3s513€/013  sp3ci3 0 e?21 0
S12523—C12C3513€013  —c1as3—s1003513€™13  op3ci3 0 0 e

. Vs
Cab =C0sUap  Szp=sinty, 0=, < > 0 <013, A21, A31 < 27

3 Mixing Angles: ?912, 1923, 1913
1 CPV Dirac Phase: d13
2 independent Amij: Am3,, Am§1

OSCILLATION
PARAMETERS:

2 CPV Majorana Phases: A1, A31 <= |AL| = 2 processes (/550.)
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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

Am} =~ |Am3;| ~ 2.5 x 1073 eV?
LBL Accelerator <K2K,MINOS> . mp =~ [Am3,| X e

v,, disappearance T2K, NOvA sin?Ja = sin® ¥a3 ~ 0.50

LBL Accelerator

(OPERA)
Vy = Vs
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Three-Neutrino Mixing Ingredients

c13 0 s;ze 913
U= 0 1 0
—s13e/%13 0 c13
LBL Accelerator
N (T2K, MINOS, NOvA)
peorTe AmZ ~ |Am3;| ~ 2.5 x 1073 eV?

_>
sin? 913 ~ 0.022

LBL Reactor Daya Bay, RENO
Ve disappearance Double Chooz
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Pveave

1.0

0.8

0.6

0.4

0.2

0.0

KamLAND

E = 3.6MeV (reactor v,)

107"

1 10 10?

103
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Mass Ordering

m2 ‘ Ve vy vy ‘ m2
Vs )
Am? <
4!
Am3 Amy
@)
> Am?

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

absolute scale is not determined by neutrino oscillation data
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Towards Precision Neutrino Physics

[NuFIT 3.2 (2018), www.nu-fit.org; T. Schwetz @ CERN Neutrino Platform Week, 1 Feb 2018]
[See also: Capozzi et al., Phys.Rev. D95 (2017) 096014, arXiv:1703.04471; de Salas et al., arXiv:1708.01186]

SOL:  Amj, = 7407335 x 107°eV? precision ~ 2.8%

NO: Amj =2.49473933 x 103 eV? precision ~ 1.3%

ATM: 2 0.032 3 .\2
. _ +0. - e ~ 0
I0: Am3, = —2.4657 37 x 1077 eV precision ~ 1.3%
15 _I | TWT\T T UL | LB I T T |— 15 _I TT I TTT | TT | T EE T | TTT | TTT I TT I_
. 4 0 n
Bl ] LA .
5[ - 5 ; .
o_l | L1 | 11 ! | - I 11 I— —I 11 I L1l | 111 | 1 ii 1 | 111 || IIIII_
6.5 7 7.5 8 8.5 2.8 26 24 22 22 24 26 28
2 -5 2. 2 -3 2. 2
Am,, [10 " eV7] Am., [107eVT] Amg,

Normal Ordering is preferred by Ax? = 4.1
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SNO, Borexino

10 C ] SOlar Super-Kamiokande
r 1 Ve = Uy, Vr GALLEX/GNO, SAGE
N§ : : Homestake, Kamiokande
r 1 VLBL Reactor
S 7 - (KamLAND)
C ] Ve disappearance
o b A L] sin®01, = 0.30779:913  precision ~ 4.29
%2 025 03 035 o4 12 —0012 P /0
3 B
sin 912
15 _1 T TT T T T l_ LBL Acce|erat0r
L ] (T2K, MINOS, NOvA)
C ] Vy = Ve
10 L i LBL ReaCtor Daya Bay, RENO
o, L ] Ve disappearance Double Chooz
g L ]
5 - 0.02206 £ 0.00075 (NO)
C ] , precision ~ 3.4%
L | | | | ] sin 1913 =
0.015 0.02 0.025 0.03 0.02227 + 000074 (lO)
sin’e,, precision ~ 3.3%
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45°

LN N L L B

I NI Ll b

0.033
0.069

Atmospheric

Super-Kamiokande

Kamiokande, IMB

Vy — Ur

v,, disappearance
LBL Accelerator
Vy — Vs

(NO) precision ~ 13%

Maximal Mixing allowed at < lo

0.3 0.4 0.5 0.6 0.7
sin2 923
0.538"
sin21923 =
0.554"

0.023
0.033

(10) precision >~ 6%

T2K, NOvA

(OPERA)

Second octant “favored” by Ay? ~ 2

MACRO, Soudan-2

LBL Accelerator ( K2K, MINOS

)
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Difficulty of measuring precisely 1,3

Am3, L
PLBL, ~1—sin® 20,3 sin’ (;’?) sin® 2023 = 4sin°a3 (1 — sin®Ua3)

V‘L*}VM -

sin® 203

sin® 20,3

0 1 0 1
0 0.5 1 0 0.5
sin® i3

sin® a3

The octant degeneracy is resolved by small 1,3 effects:

LBL .2 2 . 4 .2 .2 Am%lL
Pl,“_wu ~1-— [sm 21953 cos” 113 + sin” ¥p3 sin 21913] sin —E
Ami, L
PVLE’LVe ~ sin ¥p3 sin? 2013 sin’ (Z?)
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CpC cpC

/ /

13192 (NO)

CP Conservation allowed at < 20

1.54%1% (10)
CP Violation favored at 3¢

precision ~ 18%

precision ~ 10%

L T

T T T

I BT BT
L

013
A T
5_
0 9% 180 270 360
SCP
15 T
10 —
o [
5 [
5.—
Lo vl
0.025 0.03 0.035

max

Jcp

quarks

Jcp can be 103 larger than Jop

0.04

Jmax _ 2
cp = C15 815 Cp3 853 C43 845

-0.04 -0.02 0 0.02 0.04

max
Jep =Jgp SINSp

= 0.033 £ 0.0007

= (3.047920) x 1073
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Towards a precise determination of the mixing matrix

well determined

|

C12€13 s12€13 sisle 013 1 0 0
U =||-sinciz—crosmsize®13  cracoz—siaszsize’®13 $23€13 0 e21 0
s1253—Crac23513€13  —ciosp3—s120o3s13€7913 c23€13 0 0 e/?31
large uncertainty due to ¥,3 and 013 T

medium uncertainty due to )3

0.799 — 0.844 0.516 — 0.582 0.141 — 0.156
[Ul|so = | 0.242 — 0.494 0.467 — 0.678 0.639 — 0.774
0.284 — 0.521 0.490 — 0.695 0.615 — 0.754

‘U|30 -

only the mass composition of v, is well determined
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Why it is important to measure accurately
the mixing parameters?

They are fundamental parameters.

They lead to selection in huge model space. Examples:

V2/3 1/v/3 0
» Deviation from Tribimaximal Mixing U~ | —-1/v6 1/v3 1/v2
1/vV6 —1//31/v2

» Violation of p-7 symmetry (|U,x| = |U-«|)

They have phenomenological usefulness (e.g. to determine the initial
flavor composition of astrophysical neutrinos).
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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Absolute Scale of Neutrino Masses

C. Giunti — Massive Neutrinos in Cosmology — | — Torino PhD Course — May 2018 — 26/40



Mass Hierarchy

or Degeneracy?

T T T T T T T T T T
t[Normal Ordering H . 7 4 Inverted Ordering H . 7
—m Quasi-Degenerate /! —m Quasi-Degenerate /!
1 H " ' o 1 K —_my ' ' =
I m . : . i 1 '
N —m i 1 L — m i 1 .
[ | \ 3 | \ ]
; ! ‘ : R . | ‘
107" F ! ' 107 F ! =
; 7 gl e me 7 SHE
Am} © 1o R B R T © ) =]
Ma 2 8 51 € m 2 8 5]
b e} ‘= 2 3 e} ‘= R
. g: 13 2 F g i3 2
1072 3. 2 a4 107 | 3. 2 a4
F M2 g o 5 g o 5
r my < & g1 mg S ' =17
[ 2 g =] 8, g =]
, o U F = TR c ]
Normal Hierarchy =: | =3 ?;; Inverted Hlerarchy— ! =3 3;
-3 L Lo Lol ol n -3 Lo - Hu.u\ ol s
10 10
107° 1072 107" 1 10°° 1072 107" 1
Lightest mass: m; [eV] Lightest mass: my [eV]
2 2 + A 2 2 + A 2 2 A 2 + A 2
my =y my; = my mg my = m3 m31 =m3 mp
2 __ 2 2 _ 2 2 _ 2 2
m3=m;+Am3; = m;+ Amy ms = m} + Ama; ~ m3 + Ama

Quasi-Degenerate for my ~ my ~ m3 ~ m, 2 \/Am2A ~5x 102

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

3H—>3He+e_+176

dr costc Gr)?
R NVREGTI

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

Q = Msy — Mspy, — me = 18.58 keV

‘m,, <22eV (95% C.L.)|
Mainz & Troitsk

[Weinheimer, hep-ex/0210050]

future: KATRIN

[www.katrin.kit.edu]
RN B N start data taking 20167
r Q=m, Q sensitivity: m,, ~ 0.2eV
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1/2
Neutrino Mixing == K(T) = [(Q ~ T) ) _ |Uek\2\/(Q —T) - mi]
k
| analysis of data is
1 different from the
no-mixing case:

all’ ] 2N — 1 parameters
L Q 7
S : k

Q—my Q—m

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

effective mass: mé = Z |Uek|?m3

K = (@ TP 3 |l ~(Q- T)Z\Uek\[ G

_(0_ Mg ~ - m
=(Q@-T) [1 20~ T)] (Q@-T)\/(Q-T) —m}
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[eV]

Predictions of 3v-Mixing Paradigm

m% = “j~=-’1|2 m% + |Ue2|? m% + |Ue3’2 m%

10 F T T T T r A
! 1 » Quasi-Degenerate:
r 95% Mainz and Trontsk Limit 1 2 L a2 2 .2
St o T Ll R D U =
T F . 3
; : i » Inverted Hierarchy:
[ KATRINSensiivy /7 ] mi i~ (1—si)Amy ~ Amy
g Z ; .
o g 1> Normal Hierarchy:
e} 1 2 L2 2 2 2 2
I 2 | mp5 = sipcigAms + sisAmy
10—2 :Q - ~ -5 -5 2
" NO 2 7 ~2x1077+6x1077eV
L :E —_— 15 |1
H = — 1 -
I £l — 2] »If mp<4x102eV
1073 ol L AAAAA:AAl ol I lJ,
10° 10°* 107 1 10 Normal Spectrum
Mmin [eV]
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Neutrinoless Double-Beta Decay

9
9As
ot B_
Ge
p=6"
ot
1Se
. . . . o 2
Effective Majorana Neutrino Mass: mgg = Z Ug my
k
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Two-Neutrino Double-3 Decay: AL =0

N(AZ) > N(AZ+2)+e +e . -
_ _ N4
+ Ve + Ve \\ —

(—,—12/1/2)71 = G |~/\/l21/|2

Ve
second order weak interaction e
process J o .
in the Standard Model
Neutrinoless Double-5 Decay: AL =2
d u

NAZ) > NA Z+2)+e +e \\U,
(T2/2) ! = Gou [Moy|? [mgs|?

mp ——x Vj
effective
Majorana  |mgg| = Z U2 mi Ueh—mb——>—m
mass k W
d e u
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0.0 05 1.0 1.5 2/0
T [MeV] Q=2.039MeV
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Effective Majorana Neutrino Mass

mgg = Z ng my complex Ugx = possible cancellations
k

Mps = |Ue1’2 my + |U62‘2 ela2 my + ‘Ue3|2 PREE ms

QA = 2/\2 a3 = 2 ()\3 — (513)

Im[mg] Im[mgg]
mgg| =0
U%ms o
mpp
Qs
: UZnh. UZm:
U%ms 33 2172
Qo () X2
Uc21m1 Re[mgﬁ] Uc21m1 Re[mgﬂ]
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2015 90% C.L. Experimental Bounds

BB~ decay experiment Tlo/”2 Iy] mggp [eV]
25Ca — 35Ti ELEGANT-VI > 1.4 %102 <6.6—31
Heidelberg-Moscow > 1.9 x 10> < 0.23 — 0.67
18Ge — 18Se IGEX > 1.6 x 10*® < 0.25-0.73
GERDA >2.1x10% <0.22-0.64
§2Se — $2Kr NEMO-3 >1.0x 102 <18-47
109Mo — 10Ru  NEMO-3 >2.1x10%® <0.32-0.88
118Cd — 8Sn  Solotvina >17x10% <15-25
128 Te — 1¥%Xe  CUORICINO >1.1x10% <7.2-18
130Te — 139Xe  CUORICINO >2.8x10%* <032-12
EXO >1.1x10%® <0.2-0.69
BXe o TRBa L IANDZen > 1.0x 105 < 0.15-0.52
IPONd — 9Sm  NEMO-3 >21x10%® <26-10
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|mggl [eV]

107"

[ ‘ NSM QRPA IBM-2 & EDF

[ ELE-wi

CUORICINO

5
NEMO*%Z $

Solotvina
l CUORICINO
NEMO-3
Hom  —GEX  eppa $ __EXO
> s B3 5 K-ZEN
<
koY

%
#
#
%
#

T T T T T T
48 76 82, 100 116 128 130 136
2002 a0 aSe Mo 4sCd s2le w1e saXe

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

mgg = |U61’2 my + |Uez‘2 elo2 my + ‘U63|2 eios ms3
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3v — Normal Ordering
— 1o
— 20
— 8¢
107"
=
o
£107
3
2
10° >
[Uesl"'mg
e[ Fmy
10 I I I
10 10° 107 107 1
Lightest mass: m; [eV]
1 T T T
NS
107" F |
=
o
__107? |
S
£
- 3v - Normal Ordering
— (+4)
(+-)
107 (-+)
- (=0)
— 1o
— 20
— 3¢
" CPV
10
107 107 102 107 1

Lightest mass: m; [eV]

3v — Inverted Ordering
107"
>
o
£107°
3
2
107
107 L
10 10° 1072 10" 1
Lightest mass: mg [eV]
1 T T T A
NN
107 /
=
o
_ 107 .
S
£
- 3v — Inverted Ordering
— (+4)
(+-)
10° ¢ (1)
- (=-)
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Summary

Robust 3v-Mixing Paradigm
Ve = Vy,Vy With Amg ~7.4x107%eV?
v, — v with Amz ~2.5x 107 3eV?
sin® 12 ~ 0.3 sin ¥a3 ~ 0.5 sin 913 ~ 0.02

B and By, Decay = my, mp, m3 < 1eV

To Do

Theory: Why lepton mixing # quark mixing?
(Due to Majorana nature of v's?)
Why 0 < sin® 913 < sin® 91 < sin® a3 ~ 0.57?
Experiments: Measure mass ordering and CP violation.
Find absolute mass scale and Majorana or Dirac.
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