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B The Standard Model of Particle Physics
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B Neutrino proposal and discovery

Milestones in neutrino history:
see https://neutrino-history.in2p3.fr/

1896 @ Bequerel [1][2] discovery of radioactivity
1927 Ellis 1] B decay spectrum (n — pe™!) is continuous

Bohr will desperately propose that energy is conserved “in the mean”

1930 % Pauli [1] proposal of new neutral particle, small mass
1932 @ Chadwick [1] neutron discovery, too heavy to be it

1933 @ Fermi [1][2][3] name “neutrino” as lighter than neutron

1937 Majorana [1] neutrino is its own antiparticle?

1948 Pontecorvo [1] proposal of experiment for detecting neutrinos

1956 @ Reines&Cowan [1] first experimental evidence of neutrinos

~ 25 years from proposal to discovery,
~ 40 years from discovery to
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B History of neutrino oscillations

After v discovery: see https://neutrino-history.in2p3.fr/

1957
1959
1962
1962 (B
1964

1968
1985

1987 &
1989

Pontecorvo [1] first proposal of neutrino oscillations (v — )
Pontecorvo [1], Schwartz [1] existence of second v family?
Maki-Nakagawa-Sakata [1]  flavor mixing of neutrinos
Lederman, Schwartz, Steinberger [1] discovery of muon v
Bahcall [1], Davis [1] First prediction for solar v

Davis [1] First observation of solar v, 1st deficit
Mikheyev, Smirnov [1][2], Wolfenstein [1]

Kamiokande [1], IMB [1], Baksan [1] Supernova neutrinos
LEP [1][2][3] There are only 3 neutrino families
SuperKamiokande [1] ~ Atmospheric 1, — 1/, oscillations

SNO [1] Solar deficit explained by MSW+oscillations
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B Masses in the Standard Model [masses from PDG 2020]
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B Neutrino spectrum
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https://doi.org/10.1103/RevModPhys.92.045006

\/ Neutrino oscillations in vacuum

Short theoretical introduction

Based on:

Giunti&Kim book “Fun-
damentals of Neutrino
Physics and Astro-
physics” (2007)

E [GeV]
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B Two neutrino bases

weak interactions U mixing matrix propagation
lflavor neutrinos Va] [|Va> => Uak|yk>j [massive neutrinos I/k]
a=euT k=1,2,3
NG NN

Va S VEAVAVAVAVAVY, Vs

source detector

neutrino energy E,f = p,% + mi

Oscillation probability between source and detector?

[PVQ—)VB(Lv E, Uak, mJZ - mlz)j
'S. Gariazzo ____ “Introduction on neutrino oscillations” ~ AQIAC 2023, 25/04/2023  6/51




B Neutrino oscillations in vacuum

Interaction Lagrangian: Lcc ~ W, (PayPer + VP + 7717°71)

Fields v, = Z Uakvke = states |v,) Z Ul ilvi), lvk) = Z Ugk|vs)
k B

|1/k(t7x)) — e_iEkt+ika|l/k> = ‘Va(t,x» — Z Uzke_iEkt+ika‘Vk>

Combining, we get |1, (t,x)) = Z (Z U? e Exttipix ng) lvg)
=6&H, k = "/41/
B=e,u,T L»ﬂue([v\,)svzl
ap

Aap(0,0) = 34 Ui Upk = dagp
Aap(t > 0,x > 0) # 0ap



B Neutrino oscillations in vacuum

Interaction Lagrangian: Lcc ~ W, (PayPer + VP + 7717°71)

Fields v, = Z Uakvke = states |v,) Z Ul ilvi), lvk) = Z Ugk|vs)
k B

|I/k(t, X)) — e—iEkt+ipkx|l/k> = ‘Va(t,x» — Z Uzke_iEkt+ika‘Vk>

Combining, we get |1, (t,x)) = Z <z U e ’-Ek“’-Wng>|u5>

B=eu,m \ k =4
14»&1/,} ([“7 X) — .,4
2 \ (0751

PI/Q—)Ilﬁ(t7 X) (1/3 |A(y 3| ake_iEkt+ika U[Bk

ultra-relativistic neutrinos: t ~x =L (¢ =1)
2
p2 m 2 2 2
Ext — pex ~ (Ex — pk)L = E:‘(JFP:L sEL Ami; = my — m;

AmiL
Pap(L E) =3k j Upk Uk Uaj U exp <_’ 5F >
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B Two-neutrino oscillations

Vj
Vo) = cosl|vg) 4+ sin0|y)) Vs
’Vﬁ> = —sin 19’Vk> + cos H’Vj> Ve
cyp = cosl
U = <6 0 sgzsiné) 0 y
—S9 Co Am? = mz—mj? k

. . .2 .2 AmZL
Transition probability: P,s(L, E) = Pga(L, E) = sin“ 20sin
(appearance) 4E

Survival probability: Paa(L, E) = Pgg(L, E) =1 — Pag(L, E)
(disappearance)
2
Oscillation phase: A:] L =
212 212 .
G 1 B T
E[MeV] E[GeV] %

ATE
Oscillation length: Lo, = e

Am?
E[MeV]

E[GeV]
Am?[eV?] Am?[eV?]

1,
0.8 |
6 1

i

1.27 0.
0.4
0

2.47 =247 km




B Measuring oscillations with finite energy resolution

Am?L 1 Am’L
— 290 cin2 _ ta2 _
Pas(L, E) = sin®20sin ( AE ) = 5sin 20 [1 cos( >E )]

(Pos(LE)) = %sin229 [1—/cos<A2”;_EL> gb(E)dE]

Am? = 1073 eV?, sin20 = 0.8
¢(E) Gaussian distribution

wr (E) = 1GeV, o = 0.1 GeV 10 L = 103 Km, o = 0.01 GeV




B The three-neutrino mixing matrix

U can be parameterized using 3 angles (¢12, 013, ¢»3) and
max 3 (1 Dirac 0, 2 Majorana [3 only for Majorana v]) phases

1 0 0 C13 0 5136_"(S cip si»p O
U= 0 3 523 O 1 O —S12 (€12 0 M
0 —S523 (23 *5136’(S 0 C13 0 0 1

mainly atmospheric mainly LBL reactors and mainly solar and
and LBL LBL accelerator VLBL reactors
accelerator appearance
disappearance

Majorana phases irrelevant for oscillation experiments ~———

Relevant for example in neutrinoless double-beta decay

sij = sinf;; cjj = cos b

LBL = long baseline; VLBL = very long baseline;
'S. Gariazzo  “Introduction on neutrino oscillations” ~ AQIAC 2023, 25/04/2023  10/51



M Neutrinos and antineutrinos
Right-Handed antineutrinos are described by CP-conjugated fields:

P
V{EL = Focrr T
C: Particle < Antiparticle : }.: )
P: Left-Handed < Right-Handed
left-handed neutrino right-handed neutrino

mirror

% CP_ |- —
States: |Va) = D>k Ul k) — Vo) = 2k UnklPk)

[Neutrinos U s U* Antineutrinos] (CP)

AmPL AmPL
Prvcsss = Ty UniUaiUogUsg 0 (1585} Pruos, = Sy Vak U Ui U (58 )
Pyo—svs = Py, is invariant under CPT (U = U, o = [)

[ (Local QFT is CPT symmetric)
P

Va—Va ! Da—la }




M Neutrinos and antineutrinos
Right-Handed antineutrinos are described by CP-conjugated fields:

P
V((YL = Focrr T
C: Particle < Antiparticle : }.: )
P: Left-Handed < Right-Handed
left-handed neutrino right-handed neutrino

mirror

% CP_ |- —
States: |Va) = D>k Ul k) — Vo) = 2k UnklPk)

[Neutrinos U s U* Antineutrinos] (CP)

Am?L Am?L
Pl,a_,,,ﬁ = Zk,j Uj;kuﬁkuajU’[ajexp (—I ;nE"J ) Pl7a—>17;1 = ZkJ UakU?;kU:;jUﬁ_,'EXp (—/ ZE“/ )
Pyo—svs = Py, is invariant under CPT (U = U, o = [)
(Local QFT is CPT symmetric)
[Pya—wa — Da—n?a}

AmZL
CP asymmetries: ASE = Po, vy — Poy oy = 43 s ImUak U UG U51]5|n< 2; )
%/—/

J= C12512C23523C123513 sind Jarlskog rephasing invariant



M Neutrino oscillations in matter

Based on: " N/ ‘
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M Flavor oscillations in matter
coherent interactions with medium: forward elastic CC and NC scattering

X V, V2Gp N, IW Ne
cc = F
\/ ‘ _W_’_%{_"_ VNC
no u, 7 in medium 'z V3/2GeN,
/\ /\ = — F
( Ve e ,p,n e ,p,n

V¢ irrelevant for 3v flavor oscillations (diagonal contribution in flavor)

antineutrinos: change sign, so that \_/CC = — Ve and \7NC = —VWae



M Flavor oscillations in matter
coherent interactions with medium: forward elastic CC and NC scattering

Flavor evolution determined by Hamiltonian H = Ho + H,
Holvi(p)) = Eklvi(p)) while Hilva(p)) = Valva(p))
flavor superposition at t > 0: |v(p,t)) = > 59s(p, t)[vs(p))

[Pva—nfg |§0,3|2 |l ]
t)) amplitudes: V5(p, t) = eCpg(p, t)

states: i%|v(p,t)) = H|v(p,

d 1
— W, = — (UMPU' + A) W
{I dx ¢ 2E( * ) } ,_’ACCZZEVCC
¢e mf 0 0 Acc 0 0
v, = | ¥, M?=1 0 m 0 A= 0 00
Wy 0 0 mj 0 00
M2 o= UMPUT 2L UMRUT 4+ 2EV = M2,



B Two-neutrino mixing in matter

Consider ve — v, transitions, U = (cosf sin§; —sinf cos®)
. 1 1 [ —Am?cos20 Am?sin20
201 — = 2 t
umEun = 2%+ 2( Am?sin20  Am? cos20 )
ii Ye 1 —Am?cos20 +2Acc Am?sin20 Pe
dx\ v, ] 4E Am?sin20 Am?cos20 | \ 1,

Peu(x) = |tu(x)P
Pee(x) = |¢e(X)|2 =1- P,

Constant matter density: dAcc/dx =0

A 2
Pe, = sin? 200\ sin? <m> |

initial ve: (Ye,1,)(0) = (1,0) =

4E
tan26yy = tan26/ (1 - Amé‘cosw)
Amy = \/(Amz cos20 — Acc)? + (Am? sin 26)?

: 2 _ AR NR _ Am’cos2f
: Am?cos20 = Al Ne 2 V3EC



B Resonant transitions (MSW effect) Mikheny S Toag

What if the matter density is not constant?

A\'”’AV\ H .
o NE/N: ‘ Notice: Acc > 0
0 - v v, | l
70 - q
wl | v resonance only possible if 6 < /4
£ 40 1
or =107 |
0l e ;j 1 Ve = costhivy+sinbyvn
%y 20 10 (1“[) 8‘[) 100 Vy = —sIn 91\17/1 +sin 91\'17/2
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NN,
14
‘ - _ _ Acc
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Z 10F B
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H ] Am? cos 20
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if Ne > NE, Ve is produced as v, while in vacuum it would be 14!

this happens for example (adiabatic crossing of the resonance)
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Phenomenology
of neutrino oscillations

Using different neutrino sources

Based on:

Giunti&Kim book “Fun-
damentals of Neutrino
Physics and Astro-
physics” (2007)
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B Atmospheric neutrinos

Produced in showers when cosmic rays hit the atmosphere

expected ratio of y vs e (anti)neutrinos:
N(v, + v
NWET) 5 E < 1 Gev
N(ve + 7e)
uncertainty on ratios (~ 5%) smaller
than uncertainty on fluxes (~ 30%)

better to measure ratios!

s S A I R B vors R — [N(Vﬂ + Ij,u)/N(Ve + De)]data

C _;:, /2N B > = — —

4} GeV/ / " through-going ] §_ [N(V‘u + Vu)/N(l/e + I/e)]MC
‘Eﬁ E Y — 001 \‘Z
g °F ' 1 K _
g f | 1 RE-1 gev = 0.60 & 0.07 £ 0.05
g T _ \ Tooos [Kamiokande, PLB 280 (1992)]
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B Atmospheric neutrinos

Produced in showers when cosmic rays hit the atmosphere

expected ratio of y vs e (anti)neutrinos:
N(u,,, + ’7/1,)
P o gt E < 1 GeV
N(ve + ve)
uncertainty on ratios (~ 5%) smaller
than uncertainty on fluxes (~ 30%)

better to measure ratios!

- ’;‘ * FDown-going R = [N(Vﬂ + V_#)/N(Ve + V_e)]data
% £ oaf [N(vy + D)/ N(ve + Pe)lmc
.= | RE-1 gev = 0.60 & 0.07 £ 0.05
T wF Up-going [Kamiokande, PLB 280 (1992)]
“- U " neutrinos are missing!
ui ; L Ll oscillations?

100 1000 10%
L(km) for 1GeV neutrinos
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B Atmospheric neutrinos from SuperKamiokande

SuperKamiokande: 50 kton water-Cherenkov detector, 1km undergound

Can distinguish v, and 7, measure

sub-GeV multi-7GeV
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[SuperKamiokande, PRL 81 (1998)]
SK _ +0.13 SK _ +0.06.
R>Gev,e = 093551 R>GeV.p = 0.54%505: 6.20!
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B Atmospheric neutrinos from SuperKamiokande

SuperKamiokande: 50 kton water-Cherenkov detector, 1km undergound

Can distinguish v, and 1, measure
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B Atmospheric neutrinos from SuperKamiokande

SuperKamiokande: 50 kton water-Cherenkov detector, 1km undergound

Can distinguish . and 7, measure
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[SuperKamiokande, PRL 81 (1998)]


https://doi.org/10.1103/PhysRevLett.81.1562
https://doi.org/10.1103/PhysRevLett.93.101801

B Atmospheric neutrinos from SuperKamiokande

SuperKamiokande: 50 kton water-Cherenkov detector, 1km undergound

Can distinguish . and 7, measure

1-8: RN | R | ] ] 1 1 E T T T T T T T T
35 16 f v,V
S 141 |
= 10 -
2 12F 2 E
g 1 e . Kamiokande
5 osf €l
g SF U o
< 06F < ki
% 04 F i Super-Kamiokande —,’
T N %
3 0L . 68% 7
O o2f E 9% 2
ot ul Wl T Y I R SR 99% e ]
2 3 7 i
1 10 10 10 10 . | | | |
L/E (km/GeV) 10 0 * 02 I 0.4 : 0.6 I 0.8 ’ 1

sin®28
[SuperKamiokande, PRL 93 (2004)]
[SuperKamiokande, PRL 81 (1998)]
First observation of atmospheric v, disappearence because of oscillations
mixing angle 63 is maximal


https://doi.org/10.1103/PhysRevLett.93.101801
https://doi.org/10.1103/PhysRevLett.81.1562

B Solar neutrinos

Neutrinos are produced in multiple nuclear reactions inside the Sun

Main production mechanisms:

pp chain CNO cycle

- E

99.6% 0.4% T l
|"N+}J—P|QC+‘HI‘ @ BCyp—="N+ry
TQQ.B% l

85% \?x 107°% ('50) | 0 4 ON 4 et o, |__{ HN 4 p 3 O 4y

15%
(hep) N
He + ‘He = "Be + 7 |“N+p4'”0+7

(pp)

O+ p - N+ 'He

99.87% 0.13% l [

BO+p—+1TF+5 }—-{ YF 70+t f o,

O"F)

("Be)

"Be+¢” = Li+ve

7BP+p—»”B+7|

I I

TLi+p— 2'He "B = *Be' +¢' + v | (*B)

P see e.g. [J.N. Bahcall, http:
//www.sns.ias.edu/~jnb]

pplIL



http://www.sns.ias.edu/~jnb
http://www.sns.ias.edu/~jnb

. SOIar neutrinos [Vitagliano+, RMP 92 (2020)]

Neutrinos are produced in multiple nuclear reactions inside the Sun
06 . .

1012 T T

T 1
E 100 "Be E .
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pp neutrinos are more abundant but fainter, more difficult to observe

Borexino first observed simultaneously pp, ‘Be and pep neutrinos [1]
as well as 8B [2] and CNO [3] neutrinos



https://borex.lngs.infn.it/
https://doi.org/10.1103/PhysRevD.100.082004
https://doi.org/10.1103/PhysRevD.101.062001
https://doi.org/doi:10.1038/s41586-020-2934-0
https://doi.org/10.1103/RevModPhys.92.045006

B Solar neutrinos

Neutrinos are produced in multiple nuclear reactions inside the Sun

Total Rates: Standard Model vs. Experiment early measurements
Bahcall-Pinsonneault 98 .
- of solar neutrinos
-}7.7:;15 l - only considered electron flavor
1.0:538

Solar deficit:

%73*5

e Discrepancy between

{054¢oo7
0.47+0.02 §
$2.56+0.23 expected
jl and measured
Superk Kamioka SAGE GALLEX ﬂUXES
cl H,0

Ga

(experiment dependent)
Theory ™ "Be [ P~P. PeP Experiments m
9| | CNO

Disagreement lasted for >30 years!
[Bahcall, Phys.Rep. 2000]

Maybe the Sun has a problem?



https://doi.org/10.1016/S0370-1573(00)00015-6

B SNO: Sudbury Neutrino Observatory

water Cherenkov detector, >2000 m underground

CC:ve+d— p+ p+ e, threshold ~ 8.2 MeV
NC: v+ d — p+ n+ v, threshold ~ 2.2 MeV
ES: v+e — v+ e, threshold ~ 7.0 MeV

0,0 (10% em? s

= N W B W N 0o

0, (10° em? )
e = ¢y, from CC, NC, ES
Gur = dvytv, from NC, ES

SNO solved solar neutrino problem!
[PRL 89 (2002) 011301]

[e.g. Bellerive+, NPB 2016]

= °B, hep
x10~*
SNO-Only (2v) Solar (2v) KL (2v)
it S i
N 95.00 % C.L. = 95.00 % C.L. 95.00 % C.L.

1.50

Am3, (eV?)

Solar+KL (2v)
+ Minimum
3 6827%CL.

B 9500%CL.
B 99.73% CL.



https://doi.org/10.1103/PhysRevLett.89.011301
https://doi.org/10.1016/j.nuclphysb.2016.04.035

B Reactor (anti)neutrinos

De produced in [ decays of fission reaction products in the reactor core

decay chains of all isotopes produce multiple e

a ~1 GW standard nuclear plant radiates ~ 5 x 10°° 7. per second!

fission process in a nuclear reactor
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[PROSPECT web page]


https://prospect.yale.edu/science

B Reactor (anti)neutrinos

De produced in [ decays of fission reaction products in the reactor core

decay chains of all isotopes produce multiple e

a ~1 GW standard nuclear plant radiates ~ 5 x 10°° 7. per second!

Main fissile isotopes: 235y, 238y, 239py,

i
&

241 Pu

Ve energy ~ 1 — 10 MeV

[
o

[
&

reactor U, detected through
inverse beta-decay:
Ve +p — € +n
(threshold ~ 1.8 MeV)

= =~ Db
o w o

a4
&)

Reactor neutrinos [MeV ~Fission ']

o
(=)

8 First measurement of 643:

E [MeV
eVl [DayaBay, PRL 108 (2012)]

[Vitagliano+, Rev.Mod.Phys. 92 (2020)]

Reactor experiments play key role in light sterile neutrino searches!
S. Gariazzo  “Introduction on neutrino oscillations”  AQIAC 2023, 25/04/2023  19/51


https://doi.org/10.1103/RevModPhys.92.045006
https://doi.org/10.1103/PhysRevLett.108.171803

B Accelerator neutrinos

Particle accelerators are artificial sources of (mainly muon) neutrinos

e.g. CERN Neutrinos to Gran Sasso (CNGS) setup, [Mezzetto+, 2020]:

Helium bags Decay tube Hadron stop Muon detectors
Target Horn Reflector /K - decay

—- m =-W"""' I Pion / Kaon _| _#) Muon wom— - |
Proton | || ‘ loutring) I B
beam : . Gran

i } ] i | , Sasso

B | |
2T 43ssm
1 100m,

1082m_ 182m _ 5m_._ 67m _ 5m_

Off-axis beam allows to select almost monochromatic neutrinos:
—Pem

7t

v =px/Ex Pr

Pem
M E = En/[v(1 — vcosO)] ~ 30 Mev/g  1ab

E, can be tuned on oscillation Eeak Am2L‘27r


https://doi.org/10.3390/universe6020032

B Accelerator neutrinos

Particle accelerators are artificial sources of (mainly muon) neutrinos

e.g. CERN Neutrinos to Gran Sasso (CNGS) setup, [Mezzetto+, 2020]:

Helium bags

Decay tube Hadron stop Muon detectors
Target Horn Reflector /K - decay
. —
— —- e Pion /Kaon _| £)_Muon om0l |
Proton - - - leutrino, I [
beam _______] v 1—_—1 ga.rzrsro
2.0m_. ¢ i

43.35m:

1092m_ 182m | 5m__ 67m _ 5m

Can generate flux of neutrinos and antineutrinos

Possibility to test asymmetries (e.g. AEE = P — Pr,0.)

= test CP violation (measure dcp?)

future experiment DUNE will improve constraints on dcp [EPJC 80 (2020)]

expected < 5% resolution or 30 sensitivity on 75% of the parameter space
S. Gariazzo  ‘“Introduction on neutrino oscillations’  AQIAC 2023, 25/04/2023  20/51


https://doi.org/10.3390/universe6020032
https://doi.org/10.1140/epjc/s10052-020-08456-z
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B Types of experiments
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Transitions due to /\/m” observable only if Am2E >1e Am’ > <é>




B Types of experiments

baseline
-~

L L\
Transitions due to /\m” observable only if Asz >1le Am’ > (E)

Short BaseLine (SBL)
L/JE <10eV™2 = Am’ 2 0.1 eV?
Reactor: L ~ 10 m, E ~ 1 MeV

Accelerator: L ~ 1 km, E > 0.1 GeV

Long BaseLine (LBL)
L/E S10* V™2 = Am’ 2 107* &V?
Reactor: L ~ 1 km, E ~ 1 MeV

Accelerator: L ~ 10° km, E > GeV

Atmospheric: L ~ 10° — 10* km,
E > 01 — 10° GeV

Very Long BaseLine (VLBL)
L/E <10° V™2 = Am® 2 107° eV?
Reactor: L ~ 10% km, E ~ 1 MeV




B Types of experiments

baseline
-~

L L\
Transitions due to /\m” observable only if AmQE >1le Am’ > (E)

Short BaseLine (SBL)
L/JE <10eV™2 = Am’ 2 0.1 eV?
Reactor: L ~ 10 m, E ~ 1 MeV

Accelerator: L ~ 1 km, E > 0.1 GeV

Long BaseLine (LBL)
L/E S10* V™2 = Am’ 2 107* &V?
Reactor: L ~ 1 km, E ~ 1 MeV

Accelerator: L ~ 10° km, E > GeV

Atmospheric: L ~ 10° — 10* km,
E > 01 — 10° GeV

Solar
L ~ 10% km, E ~ 0.1 — 10 MeV
L/E 10" V™2 = Am” 2107 eV

Very Long BaseLine (VLBL)
L/E <10° V™2 = Am® 2 107° eV?
Reactor: L ~ 10% km, E ~ 1 MeV

Basically: LBL — Am3;, Solar/VLBL — Am3,




3 Status of three-neutrino parameters

State-of-the-art constraints

Based on: ﬁ
= JHEP 02 (2021) 071 \/ w v

sssssssssssssssssssss

see also http:
= //globalfit.
astroparticles.es ’



https://doi.org/10.1007/JHEP02(2021)071
http://globalfit.astroparticles.es
http://globalfit.astroparticles.es
http://globalfit.astroparticles.es

B Three-neutrino oscillation data

Solar + VLBL reactors
Experiments: Parameters:
SuperK 012
SNO Am%l
Borexino (013)
KamLAND

baseline defined by Am?. - L/E LBL: long baseline (E/L > Am?) VLBL: short baseline (E/L ~ Am?)



B Three-neutrino oscillation data

LBL reactors

Solar + VLBL reactors
Experiments: Parameters:
SuperK 012
SNO Am%l
Borexino (013)
KamLAND

Experiments: Parameters:
DayaBay 013
RENO Am?,
DoubleChooz (012)
(Am3;)

baseline defined by Am?. - L/E LBL: long baseline (E/L > Am?)

VLBL: short baseline (E/L ~ Am?)




B Three-neutrino oscillation

data

Solar 4+ VLBL reactors

LBL reactors

SuperK
SNO
Borexino

KamLAND

Experiments:

Parameters:

012
Am%l
(013)

DayaBay
RENO
DoubleChooz

Experiments:

Parameters:

013
Am%l
(612)
(Amgl)

Atmospheric

Antares
IceCube
SuperK

Experiments:

Parameters:

023
Amg1
(013)
(dcp)

baseline defined by Am?. - L/E

LBL: long baseline (E/L > Am?)

VLBL: short baseline (E/L ~ Am?)




B Three-neutrino oscillation data

Solar 4+ VLBL reactors

LBL reactors

Experiments:

SuperK
SNO
Borexino

KamLAND

Parameters:

012
Am%l
(013)

Experiments:

DayaBay
RENO
DoubleChooz

Parameters:

013
Am%l
(612)
(Amgl)

Atmospheric

LBL accelerators

Experiments:

Antares
IceCube
SuperK

Parameters:

023
Amg1
(013)
(dcp)

Experiments:

NOvA
T2K
MINOS

Parameters:

013
03
Amgl
dcp

baseline defined by Am?. - L/E

LBL: long baseline (E/L > Am?)

VLBL: short baseline (E/L ~ Am?)




B Solar experiments and KamLAND PHEP 02 (2020)]
Mainly test 1o and Am3;

10— — — — Solar experiments:

i 1 (0.1 MeV< E <20 MeV)
I | Homestake [1]

8- — e\ GALLEX [2]

TR WD W | SAGE [3]

| Borexino [4][s]

SuperK (day/night) [6][7][8]
1 SNO [9]

Am3, [107° eV?]
e

| KamLAND [10]

Solar 1 (reactor s, avg. distance 180 km)

| 90,99% C.L.

02 03 04
sin2612

Residual sensitivity to 613 not considered in this plot, only full analysis



https://doi.org/10.1086/305343
https://doi.org/10.1016/j.physletb.2010.01.030
https://doi.org/10.1103/PhysRevC.80.015807
https://doi.org/10.1103/PhysRevLett.107.141302
https://doi.org/10.1103/PhysRevD.89.112007
https://doi.org/10.1103/PhysRevD.73.112001
https://doi.org/10.1103/PhysRevD.78.032002
https://doi.org/10.1103/PhysRevD.83.052010
https://doi.org/10.1103/PhysRevC.88.025501
https://doi.org/10.1103/PhysRevD.83.052002
https://doi.org/10.1007/JHEP02(2021)071

B Reactor experiments HEP 02 (2021)]

Mainly test 013 and Am%1
reactor es (~ 1.8 MeVS E < 8 MeV)

RENO [1][2][3]: 2 detectors, 294 m / 1383 m from the centerline of sources

DayaBay [4]: 8 detectors, 2 in near experimental halls (~ 0.3—1.3 Km) and
4 far away (~ 1.5 —1.9 Km)

w
o
T

- ~<

N
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sin2913 sin2613



https://doi.org/10.1103/PhysRevLett.121.201801
https://doi.org/10.1103/PhysRevD.98.012002
https://doi.org/10.5281/zenodo.4123573
https://doi.org/10.1103/PhysRevLett.121.241805
https://doi.org/10.1007/JHEP02(2021)071

B Atmospheric experiments

Mainly test 03 and Am%1
energies of interest: 0.1 GeV< E < 100 GeV

[JHEP 02 (2021)]

SuperKamiokande [1] phases I-III plus public x? grid from phase IV

IceCube DeepCore [2][3] 3yrs of data

3.5

w
=)

|Am3,] [1073 eV?]
N N
o U

DeepCore

SK

90, 99% C.L.

NO|

L 90, 99% C.L.

sin2923

02 03 04 05 06 07 0802 03 04 05 06 0.7 0.8

sin2623



https://doi.org/10.1103/PhysRevD.97.072001
https://doi.org/10.1103/PhysRevLett.120.071801
https://doi.org/10.1103/PhysRevD.99.032007
https://doi.org/10.1007/JHEP02(2021)071

B Accelerator experiments HEP 02 (2021)]

Measure v, — ve or v, — v, = test 613, O3, Am3; and §

can select mostly pure beam of neutrinos or antineutrinos
always near (initial unoscillated flux) + far (oscillated flux) detector
NOvA [1]: 212 = (105 pT) events + 82 e~ (33 e™) events
T2K [2: 318 = (137 u™) events + 94 e~ (16 e™) events
MINOS [3][4][5]: complete data set until 2013, no sensitivity on ¢

3.0
2.8

2.6

2.4

m2,| [1073 eV?]

~

\\\\\

J 2.2

- 90, 99% C.L. NO] [ 90, 99% C.L. ]
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https://doi.org/10.5281/zenodo.3959581
https://doi.org/10.5281/zenodo.3959558
https://doi.org/10.1103/PhysRevLett.112.191801
https://doi.org/10.1103/PhysRevLett.110.251801
https://doi.org/10.1103/PhysRevLett.110.171801
https://doi.org/10.1007/JHEP02(2021)071

B Accelerator experiments HEP 02 (2021)]

Measure v, — ve or v, — v, = test 613, O3, Am3; and §
can select mostly pure beam of neutrinos or antineutrinos
always near (initial unoscillated flux) + far (oscillated flux) detector
NOvA [1]: 212 = (105 pT) events + 82 e~ (33 e™) events
T2K [2: 318 = (137 u™) events + 94 e~ (16 e™) events
MINOS [3][4][5]: complete data set until 2013, no sensitivity on ¢
2.0

S0 - N ]
0.5 190, 99% C.L. ]

— - ] f 101
0.01 ~0.02° 0.03 004 005001 002 003 004 005

Sln2913


https://doi.org/10.5281/zenodo.3959581
https://doi.org/10.5281/zenodo.3959558
https://doi.org/10.1103/PhysRevLett.112.191801
https://doi.org/10.1103/PhysRevLett.110.251801
https://doi.org/10.1103/PhysRevLett.110.171801
https://doi.org/10.1007/JHEP02(2021)071

[JHEP 02 (2021)]

B Global constraints - |

What do we get from the combination of all the datasets?

Global

~—— LBL+REAC

LBL

— ATM
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sin
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https://doi.org/10.1007/JHEP02(2021)071

B Global constraints - I [JHEP 02 (2021)]

The situation for the CP phase ¢ is complicated

30
NO —— NOvA
25 —=
20, — Global
gf 15
10
5
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
o/n
2.0 T 1 .
LBL A LBL 1
LBL+ATM ] LBL+ATM ]
1.5- LBL+REACH FLBL+REAC R
Global ] Global ]
sLor N §H_ 1 ]
0.5F 1 F ]
90, 99% C.L. NO ] 10
0.01 0.02 0.03 0.04  0.01 0.02 0.03 0.04
sin2613 sin2913


https://doi.org/10.1007/JHEP02(2021)071

B Three Neutrino Oscillations

3

= Z Uakvk (=6, p,7)

k=1

U,k described by 3 mixing angles 015, 013, (/>3 and one CP phase

Current knowledge of the 3 active v mixing: [JHEP 02 (2021) update]]

NO/NH: Normal Ordering/Hierarchy, my < my < ms3 10/IH: Inverted O/H, m3 < my < mp

Am3y (7.5079:23) - 107° eV
|Am3;| = (2.54+0.03) 1073 eV? (NO) &
(2.44+0.03) - 1073 eV? (10)

10sin?(012) =3.18+0.16

02 0. 3 0.4 03 0.4 0.5 0.6 0.7 0.016 0.020 0.024 0.028
sin6z; 5in6:3

10%sin%(013) = 2.200;%;%%2 (NO)
= 22251395 (10) .
10sin%(6a3) = 4.55+0.13U5.71 £ 0.12 (NO) 1
=5.711312 (10) 5
(5/7_[_ — 1101»8%% (NO) 65 7gm§, [;05—5 evz?u 8523 2v\:m§1\ [2‘“5)73 ev;]s 2.7 0.0 05 ;/g 15 2.0

=1.54+0.14 (10 ;
(10) mass ordering

still unknown

see also: http://globalfit.astroparticles.es

} [ O still unknown }



https://doi.org/10.1007/JHEP02(2021)071
http://globalfit.astroparticles.es

. Neutrinos and their masses [de Salas+, Frontiers 5 (2018) 36]

Normal ordering (NO) Inverted ordering (10)
m < m < m3 my < m < mp
>my =z 0.06 eV >me 2 0.1eV

I . s vy, Vr

1.92n
1.91n Uz_

A V3_ 1.12n 2
0.74n y Lo2n Ams,

Am§1 >0 1_ 1.12n

1.91n 2

v, I 074 Amsz; <0
v, I 2 12y

V1 0.74n v 1.12nm

[Absolute scale unknown !J

Am3,

Can we constrain the mass ordering using bounds on >_ m,?


https://doi.org/10.3389/fspas.2018.00036

M Measurements of neutrino masses

Kinematics of 5 decay

Based on:

Giunti&Kim book “Fun-
damentals of Neutrino
Physics and Astro-
physics” (2007)

= KATRIN

de Salas+, Frontiers 5
(2018) 36

—100 0

Los Alamos (91) 1
Tokyo (91) q
Zirich (92)
Mainz (93)
Beijing (93) -

Livermore (95) 1
Troitsk (95) 4

Mainz (99) 1
Troitsk (99) 11
Mainz (05) 17
Troitsk (11) 1
KATRIN (19) 1
KATRIN (21) 11
KATRIN (comb.) 1

Z8l6-4-20 2

~200

~100 0
Best fit m2 (eV?)



https://oxford.universitypressscholarship.com/view/10.1093/acprof:oso/9780198508717.001.0001/acprof-9780198508717
https://oxford.universitypressscholarship.com/view/10.1093/acprof:oso/9780198508717.001.0001/acprof-9780198508717
https://oxford.universitypressscholarship.com/view/10.1093/acprof:oso/9780198508717.001.0001/acprof-9780198508717
https://oxford.universitypressscholarship.com/view/10.1093/acprof:oso/9780198508717.001.0001/acprof-9780198508717
https://doi.org/10.1038/s41567-021-01463-1
https://doi.org/10.3389/fspas.2018.00036
https://doi.org/10.3389/fspas.2018.00036

M 3 decay

[,6’ decay: NV (A.Z) — +e + De]
Qs = M — — me E,=Q—T=Qs—(Ec— me)
total available energy neutrino energy

notice that max electron energy is:
Tmax = Qﬁ’ — Mg,

Kurie function: (degenerate v masses) Useful to describe

= (0 - 1@ T SR

near the endpoint



M 3 decay

[ﬂ decay: NV (A.Z) — +e + De]
Qs = M — — me E,=Q—T=Qs— (Ec—me)
total available energy neutrino energy

notice that max electron energy is:
Tmax - Qﬂ — Mg,

Kurie function: (degenerate v masses) Useful to describe

= (0 - 1@ T SR

near the endpoint

[notice: flavor neutrinos have no definite mass!} m2, =3 |Uei|?m?




M 3 decay

[6 decay: NV (A.Z) — +e + De]
Qs = M; — — me E,=Q—-T=Qs—(
total available energy neutrino energy

notice that max electron energy is:
Tmax = Qﬁ — my

e

Kurie function: (degenerate v masses)

E. — me)

Useful to describe

1/2 he e~ spectrum
K( T) = [(Q3 - T)\/(Qo’ - T)2 —m2 J ;ear thependtpoint

Ve

[notice: flavor neutrinos have no definite mass!} m2,

Full expression:

Ny,
K(T) = (@ = D)X Ve (@ = T2 = m?

1/2

= Z|Uei|2m:2

N, neutrinos
with different
masses m;

mixing angles
enter (|Uq[?)



M 3 decay

1/2
K(T) = [(Q: — Z\ue,\ V(@ = T2 —m?
2.5
-------- massless
Fake case:
2.0 V1 .

Vs 3 neutrinos
> 154 V3 masses:
% ::5f‘=:~. =7-0.5 eV,
= Teelliing
< 1.0 A mixings:

|Ue,-\2 =1/3
0.5 4
0.0 T t T
-2.5 -2.0 -1.5 -1.0 -0.5 0.0
Qs —TleV]

endpoint shifted 4+ one kink for each mass eigenstate



M 3 decay

K(T) [eV]

0.07

K(T) =

(Qe—T

Z\ue,\ V(@ =T —m

0.06 -
0.05 A
0.04 -
0.03 A
0.02 A
0.01 A

massless
V1
V2
V3

0.00

—0.07 006 005 004 003 002 001 000

Qp—TleV]

1/2

Realistic case:
3 neutrinos,
normal
ordering

masses: m; —

[5,10,51] meV,

mixings:
|Ue:|2 _
[0 67,0.31,0.02]

Much harder to see the endpoint shift and kinks!
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B KATRIN results
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1

1

1
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1

1
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B KATRIN results [KATRIN]

[strongest bound on my,(= my,) are from KATRIN}

KNM1+KNM2:

2 _ 2
[Katrin Neutrino Masi i_-- IIIIl“““IIII'I--__ my, = (0'1 + 03) eV

18573.80F o
’ | Upper limit 90%:
i L
——— . ; 0/.
S 18573.70fF —— Bayesian 90%:
< i BEBeeee m, < 0.7eV
“'18573.65} =
| R
18573.60 5 statistics domlnated.}
-1 0 1 :
expected final
m?2 (eVv?) p

sensitivity (90%):
my ,S 0.2 eV
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B Neutrino masses from neutrinoless double 3 decay

(if neutrino is Majorana)
[Schechter&Valle, 1982]

" ’ N > figure from [NEXT] webpage
/ N 30
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&
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convert into mgg =

0.001

MY, [ Go, TP,

o Majorana phases
Mighiest (€V)

and then use mgg = e U2, m
[Dell’Oro+, 2016] BB Xk: ek Mk
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107 0.001
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https://next.ific.uv.es/next/experiment/physics.html
https://doi.org/10.1155/2016/2162659

A Additional neutrinos

Particularly, the light sterile neutrino

Based on: 10° T o T T
= SG+, JPG 43 (2016) [ P
10 & _ 4

SG+, JHEP 06 (2017) — i = D)
" B E Y
and updates o i )

= several experiments S
<
_ 3o
107" E| Global Fit — v, Dis|d
[ = 1o — v, Dis
r| == 20 — Dis
30 — App
10—2 1 1 T
107 107° 1072 107 1

§in*20¢y = 4|Ual’|Uyal?


https://doi.org/10.1088/0954-3899/43/3/033001
https://doi.org/10.1007/JHEP06(2017)135

B Active neutrinos

In principle, previous discussion is valid for N neutrinos

‘ only constraint: there are exactly ’

=
three flavor neutrinos in the SM 5_5 R
bi:‘ 30 ALEPH
[[LEP, Phys. Rept. 427 (2006) 257]} DELPHI
(2) _ L3
Ny~ = 2.9840 4+ 0.0082 OPAL

‘ [Janot+, PLB 2020] 20
NP = 2.9963 + 0.0074

{ average measurements,
error bars increased
by factor 10

10
from measurement of Z resonance
ete” — 7 — Z Valj 0 = , , , ,
a=e,u,T 86 88 90 92 94

E,, [GeV]

Eneutrinos o > 3 must be steriIeJ

sterile neutrino = SM singlet: no couplings with other SM particles
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B Masses in the Standard Model [masses from PDG 2020]

100 fermions
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B Masses in the Standard Model [masses from PDG 2020]

10°
10°
10*
103

1010

fermions

, | bosons
ot I’W o7 +«H |
b
*C =T
o
Vr
od I
=0
)
I |
normal inverted

Ve | 1/111/211/3\[ 1/3IulIy2‘ |~— eV scale



https://pdg.lbl.gov/

B Masses in the Standard Model [masses from PDG 2020]
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B Masses in the Standard Model [masses from PDG 2020]
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B Masses in the Standard Model [masses from PDG 2020]
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B Masses in the Standard Model [masses from PDG 2020]
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B Short Baseline (SBL) anomalies [5G+, JPG 43 (2016) 03300}

{Do three-neutrino oscillations explain all experimental results?}
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B Short Baseline (SBL) anomalies [5G+, JPG 43 (2016) 033001]

LSND

(Do three-neutrino oscillations explain all experimental results?}

17.5 ® Beam Excess

15 B P9,
B ptv,en

Beam Excess

[Aguilar+, 2001]

- - % 08 1 12 14
V), — Ve €XCESS LE, (meters/MeV)
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B Short Baseline (SBL) anomalies [5G+, JPG 43 (2016) 033001]

(Do three-neutrino oscillations explain all experimental resuIts?J
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B Short Baseline (SBL) anomalies [5G+, JPG 43 (2016) 033001]

[Do three-neutrino oscillations explain all experimental results?}
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B A large neutrino family

In principle, previous discussion is valid for N neutrinos

N x N mixing matrix, N flavor neutrinos, N massive neutrinos

’Ve> Uer U Ues Ues ‘ Vl)
|Vu> Ua Ue Uiz Us v2)
’VT> = U7'1 U7'2 UT3 Urs ‘ V3>
vs) )

U51 1 U51 2 U51 3 U51 4 ‘ Vg



B A large neutrino family

In principle, previous discussion is valid for N neutrinos

N x N mixing matrix, \V flavor neutrinos, N massive neutrinos

Uel Ue2
Ua Up
UT]. U7-2
U51 1 U512

Ue3
U3
U7'3
U51 3

Ue4
Uy 4
UT4
U51 4

Our case will be 3 (active)+1 (sterile), a perturbation of 3 neutrinos case

N\
my > Mmy y
(=123 2 VaVaVaCaVaV,
Vo V3 Vs

Am2 ~ 1 eV2 /\/\/\W

~ 2 4

o~ Am‘2L2

~ Am L

43 source detector

6 angles

3 Dirac
CP phases

3 Majorana
CP phases



B Short BaseLine (SBL)

Am?L
Puamsws (L) = |{val(L)] ZUﬁkU*k“w“weXp( 2E )
k.j

If my > my, faster oscillations

[1/4 oscillations are averaged in most neutrino oscillation experiments}

Effect of 4th neutrino only visible as global normalization

AmjL
{Short BaseLine (SBL) oscillations: % ~ 1}

At SBL, oscillations due to Am3; and |Am3;| do not develop



B Short BaseLine (SBL)

Am?L
Puamsws (L) = |{val(L)] ZUﬁkU*k“ﬁf“weXp( 2E )
k.j

If my > my, faster oscillations

[1/4 oscillations are averaged in most neutrino oscillation experiments]

Effect of 4th neutrino only visible as global normalization

AmjL
{Short BaseLine (SBL) oscillations: % ~ 1}

At SBL, oscillations due to Am3; and |Am3;| do not develop

[APPearance (v # B)}

(=) (=)

Va " N~ .~ >~_ Vs
source detect dhfFerent
of v, flavor ufj



B Short BaseLine (SBL)
AkaL
Poo—svs(L) = [(valv(L))] Zuﬁku kuﬁjua,exp( SF >

If my > my, faster oscillations

[1/4 oscillations are averaged in most neutrino oscillation experiments]

Effect of 4th neutrino only visible as global normalization

AmjL
{Short BaseLine (SBL) oscillations: % ~ 1}

At SBL, oscillations due to Am3; and |Am3;| do not develop
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B Short BaseLine (SBL)
AkaL
Poo—svs(L) = [(valv(L))] Zuﬁku kuﬁjua,exp( SF >

If my > my, faster oscillations

[1/4 oscillations are averaged in most neutrino oscillation experiments]

Effect of 4th neutrino only visible as global normalization

AmjL
{Short BaseLine (SBL) oscillations: % ~ 1}

At SBL, oscillations due to Am3; and |Am3;| do not develop

erere 0/

(=) (=) (=)
Vo ™ N_ " .~ ~_ V3 Vo " N >
, -
501{56 detect different sou(fge Vs GOes
of v, flavor(ﬂfg of v, undetected

CP violation cannot be observed in SBL experiments!




B Exclusion curves
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[PRD 64 (2001) 112007]

B LSND
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B MiniBooNE [PRL 121 (2018) 221801]
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https://doi.org/10.1103/PhysRevLett.121.221801

[Mention+, PRD 83 (2011)]

B Reactor Antineutrino Anomaly (RAA)
2011: new reactor 7, fluxes by Huber and Mueller+ (HM)

[Huber, PRC 84 (2011) 024617] [Mueller+, PRC 83 (2011) 054615]

Previous reactor rates evaluated with new fluxes = deficit
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[Suppression at detector due to active-sterile osciIIations?}
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B Reactor antineutrino spectrum and RAA [Giunti-+, PLB 2022]

When the RAA was discovered:
conversion method (ILL data) and ab initio calculations in agreement

[Huber, 2011], [Mueller+ 2011] spectra
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~ 2.40 deficit = anomaly!
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B Reactor antineutrino spectrum and RAA

[Giunti+, PLB 2022]

Revised ab initio calculation:
[Estienne, Fallot+, PRL 123 (2019)]
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~ 1.20 deficit = no anomaly!
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B Reactor antineutrino spectrum and RAA [Giunti-+, PLB 2022]

Conversion method on new measurements of electron spectrum at
Kurchatov Institute (KI) (updates |LL measurements from the 80's):

[Kope|k|n+ PRD 2021]
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approximate agreement with EF fluxes, no anomaly!
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B . at reactors in 2020
[RENO-+NEOS, 2020] [DANSS, 2020] [Neutrino-4, PZETF 2020]
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B Neutrino-4

[Neutrino-4 2020]
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B Neutrino-4
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[Giunti+, PLB 2021]
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B Neutrino-4 [Giunti+, PLB 2021]
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B Significance of the preference? [Giunti, PRD 101 (2020)]

standard x? distribution may be not appropriate to study the significance
due to undercoverage at angles below the experiment sensitivity
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standard x? distribution may be not appropriate to study the significance
due to undercoverage at angles below the experiment sensitivity
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[SAGE, 2006][Giunti&Laveder, 2011]
L~19m L~0.6m
Gallium radioactive source experiments: GALLEX and SAGE

Ve sources: o= 451 Cr 551V 4 e 437 Ar =37 Cl+ 1,

B Gallium anomaly

E ~0.75 MeV E ~0.81 MeV

In the detector: 1. +/1 Ga —"1 Ge + e~
3/27  500keV

5/2-  175keV

1/2-
‘ 71Ge
1232 keV

cross sections of
the transitions from
[Krofcheck+, PRL 55 (1985) 1051]
[Frekers+, PLB 706 (2011) 134]
S. Gariazzo  ‘“Introduction on neutrino oscillations’  AQIAC 2023, 25/04/2023  47/51


https://doi.org/10.1103/PhysRevLett.55.1051
https://doi.org/10.1016/j.physletb.2011.10.061
https://doi.org/10.1103/PhysRevC.73.045805
https://doi.org/10.1103/PhysRevC.83.065504

B Gallium anomaly
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B Gallium anomaly revisited

New cross section calculations:
(interacting nuclear shell model)
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[Kostensalo+, PLB 795 (2019) 542-547]
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[Kostensalo+, PLB 795 (2019) 542-547]

Compare with DANSS+NEQS:
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B MINOS & MINOS-+

Near (ND, ~ 500 m) and 1GeV < E S 40 Gev,
far (FD, =~ 800 km) detector peak at 3 GeV

Reconstructed energy (GeV)
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far-to-near ratio
[PRL 122 (2019) 091803]:

full two-detectors fit
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B MINOS & MINOS-+
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[lceCube, PRL 2020]
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B APP — DIS tension in 2019 [SG-+, in preparation]

Status just after
Neutrino 2018:

Status in early 2019
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B APP — DIS
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B APP — DIS tension in 2019 [SG+, in preparation]

see also [Dentler+, 2018]
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B Next. ..

let's take a break
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