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Why neutrinos are so interesting?

Neutrinos play a key role in several physics sectors:

» Particle physics: neutrino oscillations are the only (up to
now) experimental hint pointing towards physics beyond the
Standard Model (SM)

First steps beyond EW scale, new particles? ...

» Cosmology: important role during the Big Bang, could they
explain the matter/antimatter asymmetry?

Leptogenesis, Large Scale Structure...

» Astrophysics: they are the most abundant particles in the
Universe, and they rule the life and death of the stars. They
can be carriers of information from very far away!

Neutrino astronomy, direct test of stellar evolution...




Why neutrinos are so interesting?
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The “desperate remedy”

The neutrino was postulated by Wolfgang Pauli in 1930 as a
“desperate remedy”’ to explain the continuous [-ray spectrum
via a 3-body decay, rather than the expected 2-body decay

Visible decay products:
n—>p+e-

i

Polonium-210: E =0 0

Bismuth-210 beta spectrum
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Violation of energy conservation (Bohr!) ?!?
NO!
Pauli postulates the right reaction:

n2>pte+y,




Neutrino properties

The neutrino from the [3-decay:

* must be very light, possibly massless:
(sometimes, the electron takes all the energy in the decay)

* must be electrically neutral:
(charge conservation in beta decay)

* is produced along with an electron:
(they can’t be made on their own...)

* must interact very rarely:
(it always escapes the detector without being seen)

1933 Fermi: theory of weak

interactions (point-like)
e —> neutrino created together
v with the charged lepton

Creazione

Tempo

Fermi’s theory still stands! (Parity violation added in the 50’s)

\

Properties
> still valid!
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LA RICERCA SCIENTIFICA

ED IL PROGRESSO TECNICO NELL' ECONOMIA NAZIONALE

Tentativo di una teoria dell’ emissione
dei raggi “beta”

Nets dol prof. ENRICO FERMI

Riassunto: Teoria della emissione dei raggi P delie sostanze radicattive, fondata sul-

Fipotesi che gli electroni emessi dai nucle: non esistano prima della disintegrazione

ma vengano formati, insieme ad un neatring, in modo analogo alla formazione di

un quanto di luce che accompagna un salto quantico di un atomo. Confronto della
teoria con Yesperienza



Neutrino’s detectability

“l have done a terrible thing today by proposing a particle that cannot be detected;
it is something that no theorist should ever do.” (Pauli)

After the calculation of v interaction length ~ some light years of lead!
“[...] one obviously would never be able to see a neutrino” (Bethe & Peierls, 1934)

» Luckily they were wrong... we can observe neutrinos e.g.
via the inverse [3-decay (Fermi theory): same reaction as the
production one, but “reversed” (Pontecorvo, 1955)

— +
V.+ p2nte

» Cowan & Reines (1956): (anti) neutrino observation!



Neutrinos in the Standard Model

* Only weak interactions: that’s why they are so “elusive”
—> to detect them we need a very large and massive detector

and a powerful source of neutrinos!

* Neutrinos are produced in weak interactions together
with their charged lepton:

Ve Yu b - 4= 0 A DELPHI
& l,[/ T — q — _1 bgg__

From LEP: N, =2.984 + 0.008
only 3 “light” neutrinos (m, < M,/2) 20¢
couple with the Z 5]

—> 3 v flavors, i.e. 3 lepton families

Before direct detection of v_.! (DONUT, 2000) 5—
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Two Basic Interactions

Charged Current Neutral Current

Most interactions are limited to two basic type of interactions:
A charge W= is exchanged: Charged Current Exchange
A neutral Z° is exchanged: Neutral Current Exchange

All neutrino reactions involve some version of these two exchanges.



Dirac Mass
Dirac Equation: (i — m)v(x) =0 (@ =~"0y)
Dirac Lagrangian: %p(x) = 7(x) (i — m) v(x)

Chiral decomposition: v, = P . vr = PR, v =v| +UR
. _ _ 11— _ 147
Left and Right-handed Projectors: P, = > Pr = 5

PZ=P.. Ph=Pgr, PL+Pr=1. P Pgp=PgP =0
L =vLidv +VRiQvg — m (Vvr + VRV )

In SM only v, by assumption = no neutrino mass
Note that all the other elementary fermion fields (charged leptons and quarks)

have both left and right-handed components
Oscillation experiments have shown that neutrinos are massive

Simplest and natural extension of the SM: consider also vg
as for all the other elementary fermion fields



Simplest SM extension: Dirac v mass

¢ (x)
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Lepton-Higgs Yukawa Lagrangian
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Spontaneous Symmetry Breaking
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Simplest SM extension: Dirac v mass

Vo — 74
ZLHL = —yEEﬁLER—y Tﬁug
14 v
Yy y
— i lpH——7v;vp H+ H.c
\/E L *R \/E L ¥R
Vv 74
mf:yfﬁ mu:,‘/yﬁ
) :—yf :ﬂ g :—y :—my
st V2 v v V2 v

v = (\/EGF)_W — 246 GeV

PROBLEM: y” <1071 <« y® ~107°



3 generations Dirac v masses

eR = €R uR = HR R R
VeR "-“’LR VR
Lepton-Higgs Yukawa Lagrangian

- o
Lyr=— 3 |V Lo &g+ Y L, Suje| +He
o, F=e, T

Spontaneous Symmetry Breaking

1 (vt H(x)
V2 0

o~

b =ioyr d* =




3 generations Dirac v masses

_ v+ H o1 N\ pl ARV 7NN
zH;L_—(ﬁ)[etv R+ Y7 vR| +He

Diagonalization of Y’* and Y”” with unitary Vf, Vé, vy, V§

/ 4 ! ¢ ! /

H\ r—
L = — (""j@ ) CV Y Ve + VY Vg | + He

Vit Yt v = vt Yis =yt dus (a,3=e, )
Vit ym vy = yr YV =y 8 (k.j=1,2,3)

Real and Positive yf, y¥

Vi Yy Vg = Y
9 18 9 3



Massive chiral lepton fields
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Massive chiral lepton fields

o =VCo + CoR (a =e,p,7)

Vi = Vil + VKR (k=1,2.3)

¢ 3 v
YaV7—, YV __
LHL = — =Vl — Z Uk Vk Mass Terms
a=e,un,T \/z k=1 \/5
vh — Ly
— 2 b, H— X Trve H Lepton-Higgs Couplings
&:ezﬂ‘r\/i a ta ; > k Yk P gg piing

Charged Lepton and Neutrino Masses

y.fgv y;:v
) - V2

Lepton-Higgs coupling o< Lepton Mass

(k=1,2,3)
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MixXing
Charged-Current Weak Interaction Lagrangian

(CO) _
L — Q\f’!WW + H.c.

Weak Charged Current: iy :jﬁm +f€1,gQ

Leptonic Weak Charged Current

jﬂj,_L—2 Z {&Ljpu"i_Zﬁ”*

a=e,[L,T

0=V v, =V/ng

jﬂf L — 20, Vf? YV ng =247 VET V/ng=2€,+"Un,

Mixing Matrix: U= ‘x/f'iw v/




Mixing Matrix

/ Uel Ue2 Ue3
> U=V V= Uy Uy Us;
U’Tl UT2 UTS
» A unitary NxN matrix depends on N? independent real parameters:
N(N -1
( > ) =3 Mixing Angles
N=3 — NN -1
( ;_ ) =6 Phases

» Not all phases are physical observables!

» The mixing matrix contains 1 Physical Phase.

» [t is convenient to express the 3 x 3 unitary mixing matrix only in terms
of the four physical parameters:

3 Mixing Angles and 1 Phase



Standard parametrization of PMNS

Vel Uei Uex Uegs V1L
Vpl | = U,ul U,u:z U,u3 Vo]
Vrl Ui Ur Ugs V3L
1 O 0 C13 0 5138_"513 cip2 s12 0
U= 10 c3 3 0 1 0 —s12 ¢c12 0
0 —s03 €23 —5138;513 0 C13 0 0 1
€12C13 $12C13 5136_5513

_ 5 5
— | —s1203—c12503513€'713 103 —5s12503513€'913 sp303

$12503—C12C03513€°13  —C1o5p3—51003513€/ %13 3043
. . . m .
Cap = COS UV ,p Sap = sin Y,p 0 <, < > 0 <043 <27

3 Mixing Angles 115, Y23, Y13 and 1 Phase 913



v osclllations In vacuum

vt =0))=lva) = Ugy 1) + Uga [v2) + Uss |v3)

VAN VS
Voo ("N N\ NN VB

/3

source L o detector

p(t > 0)) = Usy e B uy) + Ul e 28 1) + Uly 7657 |13) # |1

EZ = p* + mj t=1L
AmsL
Pra—sws(L) = [(walv(L))|* = RZ UskUa UgjUaj exp (f QEJ )
J

the oscillation probabilities depend on U and Amﬁj = mﬁ — mf



Two-v approximation

Vj
Ii,;i’
[Va) = cosd |vi) + sin ) |v)
lvg) = —sin |vy) + cosd |v)) oV
V.
U — cosv  sind
~ \—sind cos
Am? = Am%j = mE — mf
Am?L
Transition Probability: Pra—vs = Pug—sva = sin® 20 sinz( ;TE )

Survival Probabilities: Piosve = Pogsvy =1— P,
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Analogy with a two-slit interference experiment in vacuum:

PRZ)

~
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' &
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This is the simplest case (only 2 neutrinos involved, no interactions
with matter). It shows that, if neutrinos are massive and mixed
(like quarks), then flavor is not a good quantum number during

propagation. Indeed, it changes (“oscillates”) significantly over
a distance L (=At) dictated by the uncertainty relation:

m? — ms?

1 ~ AEAt ~ 2
2L




Two-v approximation

Am*L ArE
du-mixing: P, _.... = sin% 2y sin? josc _
g Ve —l f§ 4 E A = i
1
08+
$06 - sin’ 24
& -ﬂ'- [ f \ ..p \ [\
Qf“ 04+r I|'I II|II II|II ',II ,'II |III III| IIII I.'I I'|II_
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LOSC | .III_
» The effect of a tiny Am? can be amplified by a large distance L.

» A tiny Am? generates oscillations observable at macroscopic distances!

» Neutrino oscillations are the optimal tool to reveal tiny neutrino masses!



o —leB”"’ _ lt-r(Ww,W”"} — %W(Guu GH) (U(1), SU(2) and SU(3) gauge terms

4 8
+(v,er) a"iD, (:i’ ) + éro”iDyer + vrotiD,vr + (h.c.) (lepton dynamical term)
2 [ _ o
—£ (. €)M e +egrM (:L )] (electron, muon, tauon mass term)
b I
21 _ _
—£ (—ér,vr) 0" M"vp + v MY T ( UiL )] (neutrino mass term)
v
+(uy,dy)é"iD,, (;E ) + apotiDyup + drotiD,dg + (h.c.) (quark dynamical term)
2 [ - T
—£ (g, dr) Qﬁ_MddR + dR_-"Lfdc;'b (EL )w (down, strange, bottom mass term)
U £
210, - _ _ —d
—£ (—dp, i) "M up + ipM 0" ( udL )] (up, charmed, top mass term)
v L
+(D,@)D* ¢ — mj [pd — v*/2]*/ 207, (Higgs dynamical and mass term)

where

/m.0 0 m,_ 0 0 m, 0 0 mg 0 0
Mﬂ:UfT(o my, 0 )U;;, M"zUET( 0 my, 0 )Uj;, M“:Uf*(o m, 0 )U;, _1fd=UfT(0 ms 0 )Ug
0 0 m, 0 0 m,_ 0 0 my 0 0 my

ey =Ufer, epr=Uger, v;=Ulyy, Vh=U%vg, u;=Ulur, up=Upug, d,=Uld,, dp=UZdp,

et s et s vi_ s vi. oy ut s uf s df df g
ep,=U;'e;,, er=Ugpegp, v,=U;'v,, vr=Ug'vy, ur=U; u;,, ur=Uxr'uy, dp=U;'d;, dp=Upg dp



Exercise 2. Prove that a neutrino created with flavor a can develop a
different flavor B with a periodical oscillation probability in L/E:

Am% L

. 2 . 9
P(vy — vg) = 4sin 0 cos® 0 sin (B. Pontecorvo)

4F
Amplitude / \ Phase difference

(vanishes for 8=0 or n/2) (vanishes for degenerate masses)

Note : This is the flavor “"appearance” probability.
The flavor "disappearance” probability is the complement to 1.

Exercise 3. The oscillation effect depends on the difference of (squared)
masses, not on the absolute masses. Why?

Am?L [ Am? L GeV
Exercise 4 . Show that: —— = 1.267 5 :
4FE e km E




Solution 2
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Solution 2 (ctd)
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Solution 3

Oscillahou's W,wd ow(Aé o Ha O(A'H-emwm_ o{- FMM/ . sl o o]L
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Solution 4

Fc = 4193322 Mo fu = 4 im melual wils.
We][om: A M. 4 m = 50677 x AR

Thew:  AwL /{ Avm‘ z\(L m)
4€

= My

T\ T4 uw (w‘t/( ( )

AW _ 4 xa07? Mo

4 Moy " 4 /fyiﬂv/n= 107 (Mu/m) 025x 0" x 5, 0692 x10'%=4.262



Neutrino oscillations: observation modes

Appearance Mode

R 2 |

"Appearance Experimenis”

: a0 Ve e
Detect vg (B # @) at distance L from source

_._'___,__l__‘___‘__

Neutrino source: Vg

Appearance probability Pa,B

A "Disappearance Experiment” observes

fewer  y \/ H
e

than expected

tfﬂfi"ﬁs‘fu

Disappearance Mode

Neutrino source: Vv,

Measure v, flux at distance L from source

Disappearance probability ‘(Paa =1— Z‘(Paﬁ

—mm ~ pra
~ v beam
Near detector: Far detector :

oD
v source  measure Vv flux measure Jyq




L,
Neutrino Cross Sections W
=N

G.P. Zeller

quasi-elastic

Vpynh—=u p

resonance production
v, N— A

|—>N’:r|:

1
deep inelastic scattering ‘ f'
v, N — X " LBNE

need to extrapolate into low energy region




(... fresh news from Moriond

The FASER experiment at CERN

p-p collision at IP
of ATLAS <

forward jets

LHC magnets

charged particles (P<7 TeV)

1% of the pions with

E > 10 GeV produced
atn >9.2

Deigned for DP and ALPs
But also neutrinos!

Electromagnetic

Front Scintillator
veto system

Two 20mm scintillators
Tracking spectrometer stations Scintillator 350x300mm wide

3 layers per station with 8 ATLAS veto system 4
& \3
o IV

SCT barrel modules in each layer .
Two 20mm scint.

300x300mm wide
Calorimeter
4 LHCDb outer
EM calorimeter
modules

pecay voluTe

FASERvV emulsion

Interface
Tracker (IFT) detector
1.1 ton detector
Trigger / timing 730 layers of 1.1mm

tungsten+emulsion

scintillator station neutrino target and

10mm thick scintillators tracking detector
X Magnets with dual PMT readout Provides 8\
Trlg-ge.r/ pre-shower 6,57 dipoles for triggering and timing "
scintillator system 200mm aperture measurement (0=400ps)

1.5m decay volume



... fresh news from Moriond ...

> Neutrino energy spectrum in FASER complementary to
existing neutrino experiments
» Measurement at highest man-made neutrino energies

1
= E E energy ranges of
3 0.9;— S 0.9F accelerator data E oscillated v, measurements
‘% 0.85— ‘E 0.8 :_(—I lceCube v, ¥,
s F K F <—— SKv,.7,
° 0.7F %07 - i
X F E53v Sx < OPERA v,
w;~ 0.6 ~ 0.6 % 0.6
2 o Y w :
< 0.5F DONUT Ve Vs <05 § 05F W
045— E53 ¥ 13 FASERv 0.4 W, ‘ {1,/ 30 04E FAVS'E\R.
E 3 { "IN © C v
03 ¥g SpaCtiuI (i) 03B EasERy X 03 v, spectrum (a.u.)
F v, spectrum (a.u.) > F
0.2 0.2 i
0.1 0.1
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» Selection criteria applied:

140 4
120 4

= 100

E
E
E

40 1

20 4

0

80 4

= 604

fresh news from Moriond

» Events in collision crossing, during good physics data periods (35.4/fb)
» No signal in two front veto scintillators (<40 pC ~ 0.5 MIP)

» Signal in last two veto layers (>40pC ~0.5 MIP)

» Signal and preshower scintillators consistent with 21 MIPs

» Exactly one good quality spectrometer track with p>100 GeV
» Track in fiducial tracking volume, r,.,<95mm

» Track extrapolate to r<120mm in front veto scintillator

» Track polar angle less than 25mrad
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L£L=23541M"

et .L.
lrig

"
__l_ n _S{g_n_al region __

L]
10t 102 10°
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Fveter [MM]
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100 4

50 4

—100 1

Category Events
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Mo 64014695
ASE7 . Preliminary L=3541"
Extrapolated track positions » Data
T x LOS
* L .: &
« F .‘. e .
. . :.‘ " . .
L .': a.... l: .n .
’%.“: g"'-" -,

- - xX* '.. - )
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# Events

... fresh news from Moriond)

First direct observation of collider neutrinos

Track g/p distribution Track momentum distribution
£4557 Preliminary L =354 ~£2557 Preliminary L =354
—— GENIE — GENIE
-4 Data 50 1 -4 Data
40 4 ——i
n
S 30 |
L
*
20 1
Eﬂ 10 4 [
(- v i P g o] ‘ b y i i A pa) 0 ,_;_I_l_l
~1.00 —0.75 —0.50 —0.25 000 025 050 075 100 102 10
4 [GeV1] x1072 p [GeV/c]




Searches for neutrino oscillations:
experimental parameters

v source Flavour Distance L Energy Min. accessible Am?
Sun Ve ~1.5x10° km | 0.2-15 MeV ~10" eV?
Cosmic rays :}’: gi 10 —k#]%OOO O'ZG_e\lloo ~107* eV?
rNer;'ti?é v, |20m-250km | <E> =3 MeV ~10°% eV
Accelerators 3: :-7/2 15m — 730 km 21%8/I Cea\e/\7 ~107° eV?




The 2015 Nobel Prize in Physics went to
Takaaki Kajita and Art McDonald

for the experiments that proved this.

Sudbury
Super- Neutrino
Kamiokande, Observatory,
Japan Canada

The 2016 Breakthrough Prize

in Fundamental Physics went to these
two experiments and four subsequent ones.



The “neutrino puzzle™: beginning

... but some experimental facts came unexpected:
the “solar neutrino problem”
Studying the “solar neutrinos” produced in the nuclear fusion in the Sun,

predicted by the Standard Solar Model (SSM, Bahcall):

The Homestake Chlorine

experiment SICl+ v, > 3"Ar + e

(Ray Davis, 600 ton chlorine tank)

(1968, Davis and Bahcall experiment)

Measured flux was only one third the predicted value !

R = Data/SSM = 0.33 £ 0.01

Neutrino deficit!




Neutrino Flux

Solar neutrino flux

SuperK. SNO

100
10
10
100
100
107
10*
10 ]
m‘

109

10*

10 'O.l

Neutrino Energy (MeV)

As predicted by Bahcall's Solar model



Experimental summary

Total Rates: Standard Model vs. Experiment
Bahcall—-Pinsonneault 2000

7.7+1
i 7
758k
%o.suo.o&
0.45610.02 g==
e 2 5640.23
SuperkK Kamioka SAGE
cl H,0
Theory ™ TBe mm P—P. pep Experiments pgm

‘8 mm CNO
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Production of atmospheric neutrinos

Cosmic ray 4 N
(p, He, ...) T U @
©U —e @ v,

N

(Sign of the particles
are neglected in this
figure.)




Zenith ang(e dependence

(Multi-GeV)
Upi/go'mg Down '30;"9
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Zenith angle

distribution
SK:1289 days (79.3 kty)

Mumber of Even

Super-Kamiokande Preliminary

1489 days (2003) e ElCthOﬂ neutrinos —

DATA and MC
(almost) OK!

‘§ * Muon neutrinos =
m .
S Large deficit of DATA
E w.r.t. MC!
=
DATA
e Data — +
~13000 km __ ~500 km € MC
0.017 £ 0.050

Zenith angle distributions for e-like and p-like contained atmospheric
neutrino events in SK. The lines show the best fits with (red) and without (blue)
oscillations; the best-fit is Am? = 2.0 X 1073 eV? and sin? 26 = 1.00.



Under the hypothesis of two — neutrino mixing:

" Observation of an oscillation signal =-p allowed parameter region
in the [Am2 | sin2(20)] plane consistent with the observed signal

= No evidence for oscillation = upper limit f’)aB < P == exclusion region

Very large Am2 — very short oscillation length A
— average over source and detector dimensions:

A 4

Pp(L) = sin2(26?)<sin2(7z%)> ~ %sin2(29)

T
N
L L g
small Am2 — long A: L<<A — sin(z =)~z —
A A
2
9, <P zl.G(Amz)zsinz(ZH)(%j :

(onset of the first oscillation)

E
(2 £, ) -



“Allowed” parameters region

4 w200 gl oo AMTL
, , =1=sIn"26-sin"| 1.27

MACRO

&

MACRO Low Energy

02 03 04 05 06 07 08 09 1
sin“26,

90% C. L. allowed regions for v, — v, oscillations of atmosphetic
neutrinos for Kamiokande, SuperK, Soudan-2 and MACRO.



Number of Events

cos®

Apollonio et al., CHOOZ Caoll.,
Phys.Lett.B466,415

7
7

o

P,

_ 0.102030405080.70809 1
cos®
i 8in(28)

~13000 km ~500 km



How to make a conventional neutrino beam

Absorber Muon Monitors
Target . \ = | ] | B
\L Target Hall At A v B
120 GeV . , _5 e N
protons J 3 ' o ;1‘1
From -@ ::'"\3
Main Injector Horns xt ’ S:E.
10 m 30m ":j!ﬂ\\
Rock)
Hadron Monitor om 12m
Protons TK K, () Vi Y0V e
—_— ] —= L~
I
focus Let them Shielding
(maybe bend) decay



Beam composition

 Most of the neutrinos come from =& — 'y,

» Beam contamination comes from subsequent p* — ety

— Estimate of the contamination: since muons and pions are relativistic,
the ratio of muon to pion decays follows their lifetimes:

N, N,
Ye _ %~ (0.01
N,, N,

— Additional contribution from 7+ — e*v,. (at 104 level)

— Also K* are produced at the source (10% of t*). But 5% of the decays
are T v, . This increases the v, component of 0.1x0.05=0.005

 Jor: e Dor S ec BN rrt M eyt et G 0 W ZRE JUR S

Flux (/em*/50MeV/10%'p.0.1)




Off-axis beam

CC events / kt/ 1E21 POT /0.2 GeV

4
How to obtain a well
7 focused neutrino beam
—> Indirect “cleaning” of
2 . . . .
the intrinsic high
. energy v, component
2 0 -—— 0=0.03
" Ep =12 GeV
E
] (@)
£ 37
= Tmditae ] 3
21 mrad off-axis . o 1 Z
60 g 2 -
e 4
0
——] 0

E, (GeV)




K2K/Minos: confirm atmospheric
oscillations with a v, beam

Soudan g

l]ulnlllD Q

Madison

Ek2k ~1GeV=> L~250 km
ENumi ~3GeV => L~750 km

v, spectrum o 1.4_ Am?2
% 1 2 spectrum ratio
Unoscillated = \/
. & [ +
20 6+ +++
L -
= 0.4 +
E -
0.2- y
eebepeodes © 00 . Monte Carlo
Formilab 4 6 8 10 I I I I
. 2 4 6 8 10
Visible energy (GeV) Visible energy (GeV)



Atmospheric Oscillations confirmed MINOS (2013)

'y
@

" —
§16 s t FDData - | Neutrino beam (10.71x 10%° POT) f
g s ---- No Osc. 2 - contained-vertex v, |
b o | N
e . id3 —— Best Fit % 1.5 i +M|NOS datg . i
912 | = | | — Best fit oscillations i
() O i 1
°f | V,disappedrance S | Bi
el T 19 o | 1
ol I E 05| .
2 - .:",._ o [ 1
0 1 2 3 4 5 0 2 4 6 8 10 12
Ey’ GeV Reconstructed v, Energy (GeV)
3.5
7. B8 klon-years Almasphenic H e
336 ¢ 10% POT 3 omarond boam MINGQOS final result (2013, arXiv:hep-ex/1304.6335)
10,71 = 107 POT + ~domingted beam d.
< 3 v, disappearance
[ o
% [Am?| = 2.4] *0009 | x |03 eV2
S BENSNS ‘ sin2(20) = 0.950 *0035
= | mosa T sin2(20) > 0.890 (90% C.L.)
2.0 Suberk Zenith S0 \\5 .
T TR * MINOS Hest Fi ]

0.80 i0.85 0.90 0.95
sirr{20)

100 Precise atmospheric oscillation parameter determination!


http://arxiv.org/abs/1304.6335

Appearance 2
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KamLAN D_ results
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Oscillation parameters

First instinct is to assume that neutrinos leave the sun as v,
and oscillate on their way to the earth. Assuming this

L~10"km,E <10 MeV » Am”~{7 x 10° e\

Oscillations come from phase difference between mass
states. In a vacuum the phase diff comes from free particle
Hamiltonian. In a material there are interaction potentials
as well

2

~ . 2 -'~.2
U,; , C'w:[E+V_)uJ= h 1J,J

) X ot ' 2m DX

T

o — A
=EwE
ot b 2m

Ty

Ez—pz:miﬂc—)(E+V‘]z—p =m>_ m wxm S42EV

mat mat

c.f. effective mass of an electron in a semiconductor or light in glass
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Matter effects (MSW)

Electrons exist in standard matter - p/t do not. Electron
neutrinos travelling in matter can experience an extra charged
current interaction that other flavours cannot.

A P \E
Interaction /\ )/'\
Potential V V V

Amy, L Oscillation probability modified by

)

P(v,»v,)=1-sin’(28,,)sin’(

matter effects

Amy=Amy\sin®(28)+(cos26—C)° 242 G-N_E
. 2 —
sin“28, = sin”28 > A 2
" sin?26+(cos26-T ) ny,
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Matter effects (MSW)

sin2 0 I:_zﬁiGFN;E
sin“20+(cos20—-¢)* Ay,

sin“20,,=

ol f Amzm = 0 or matter is very dense,{ = »x and 6 =0

«Similarly, if 6 =0, then 6 = 0 = need mixing in vacuum

«|f there i1s no matter, then ¢ = 0 and we have vacuum

mixing

«At a particular electron density, dependent on Am?,
2V2G.N_E

= — =cos26 = sin‘26,=1
m

Even if the vacuum mixing angle is tiny, there is a density
for which the matter mixing angle is maximal
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sng(Am?,,) > Mass hierarchy

. 2 —
. SiIN“26 2V2G.N_E
SiN®2 Oy =—— — =T

Sin“2 0+(cos2 6— ¢ Amy,

If mass of V., < mass of V., Amf=m12-m22<:0

. 2V2GgN_.E . ,_ sin%20

C=— ———=SIN"20,=———— >

IAmM? sin“20+(cos20+|7)

Positive definite - no resonance

If mass of vV, > mass of 2 /_\m2=m12-m22:>0

_ 2J2G.N.E
C= >
Am?

sin®20
sin®20+(cos20—z|)°

»sin’20,,=
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Mass hierarchy

. 7 '
. sin“2 6 2V2G.N E
sin?2 6, = e Sl il

sin“2 0+(cos26-¢)*  ~  |Amy

The effect of matter on neutrino oscillations can be used to
measure the mass hierarchy.

This is about the only way we know how to do this.

Maximiliano Sioli - Flavour Physics in the lepton sector
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CPV In the lepton sector

» U+#U* = CP Violation (CPV)

» General conditions for CP violation (14 conditions):

1. No charged leptons or neutrinos are degenerate in mass (6 conditions)

2. No mixing angle is equal to 0 or 7/2 (6 conditions)
3. The physical phase is different from 0 or 7 (2 conditions)

» These 14 conditions are combined into the single condition
det C 7é 0 with C = —j [Mfy Mf.u'i‘ ! Mf!f Mﬁff]

det C = —2J (m2, — m?2,) (m2 = m?2,) (m2 — m?2)
(mj; = mZ) (m2 = mZ) (mZ — my;) # 0

» Jarlskog invariant: J = Im [Ueg Uz Uﬁg U,u3:|

Maximiliano Sioli - Flavour Physics in the lepton sector
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CPV In the lepton sector

Since physics in invariant under reparameterizations of the mixing
matrix, all physical quantities can be expressed in terms of
reparameterization-invariant quantities.

Simplest invariants: |UQ;<\2 = UakUsk s Uak Ug Ui Ug;

Simplest CPV invariants:  Im|Uqak Uy Uz Usj| = +J

Jarlskog invariant:  J = Im[UegU:3Uﬁ2Uﬁ3} =Im|- x o

In standard parameterization:

2 . -
J = 1251223523 C13513SIN 013

=3 sin 2115 sin 2153 cos )13 sin 2113 sin 013

For CPV all mixing angles must be different from 0 and 7 /2!
The Jarlskog invariant is useful for quantifying CPV in a
parameterization-independent way.

All measurable CPV effects depend on J.
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THE KNOWNS AND THE UNKNOWNS

fi1o = 33.6 £0.8

Ams, = +(7.54£0.2) x 107°eV?

923 = (38 — 50)0(30) Octant

Am2,| ~ (2.5 £0.4) x 107 3eV?

Mass Hierarchy

05 = 8.4+ 0.2°

ocp = 0,27

CP violation

from NuFit 2016

Solar parameters

P(v. »v,,)  SNO, SK, BOREXINO,
' GALLEX, SAGE..

P(ve — ve) KamLAND
Atmospheric parameters
Plvy —v,) Kamiokande, SK, IMB,
K2K, MINOS, T2K, NOVA
P{D‘# — !JT} {Op{—!ra)

P(ie —+ Ue) Daya-Bay, RENO,

Double Chooz

Pvp — ve) T2K, NOvA

T2K, NOvA



THE KNOWNS AND THE UNKNOWNS

Accelerator- based experiments

L
P(v, — vy,) ~ 1 — (cos” 013 sin® 2053 +sin® 2ng|5'1112 64)) sin® Am?2, B
. 2
Py ) ~ it ]
x sin 2019 sin 2613 sin 2653 x sin AZHES dm[{ll__:)}&]
sin[zAl sinE[l—m}f'_\.] matter

+acosd xsin2f1osin2fi3sin2fas X cos A— =

effects
_Hr:)( &2) / (
Am3, 1 A= Ami L 2v2GpN.E

v = ‘ xr
a2
Amg,

~ 30 = T 4E AmZ,

M. Freund, Phys.Rev. D&4 (2001) 053003

s il =

Reactor- based experiments

P(7. — 7e) = 1 —|cos” f13sin® 26012 5in” Ay

— sin? 2013 ('.E:l‘;)!‘.ﬁ2 f12 sin? Az + sin® 012 sin? &32)



HOW DO WE MEASURE 6¢p?

» 6cpcan be measured only by accelerator-based

neutrino -

| 38 [| — Normal hierarchy L=295km, $in?26,3=0.1
LBL experiment. Reactor experiments do NOT ‘ e —

have access to this parameter

» The measurement is (in principle) simple: looking :
for a different behaviour (shape and Fam
normalisation) between neutrino and anti- 'y S B,
neutrino oscillations

e.g.ifdcp=": o anti-neutrino
» 0,7 :noCPviolation Plvy 2ve) =Py, 2ve)

L=295km, §in?28,5=0.1

» -x/2 :enhance P(y, =v.) suppress P(\/_H —v.)

» +x/2 :suppress P(v, 2v,) enhance P(\Z—'\Z)

» Matter effects, if significative, make the
measurement more complicate

» dcestrongly correlated with 613. dcp can be

extracted using reactor constraints



Am”
solar |

[B¥)

HOW DO WE MEASURE THE MASS HIERARCHY?

Am?y)
_'im:
Two approaches: i 3
- - - ¢ ‘i
Oscillation interference: | Matter effect:
Spectral distortion on medium baseline || v/anti-v oscillations enhanced depending
reactor experiment (3% effect) from the MH (need LBL)
P(9, —+ 0.) =1 — cos® 03 sin® 26,5 sin® | QﬁGF'NEE +forv
— f‘j]_[] 2&13 CCB E]_ sin H]_. A == &mﬂ - TOF aﬁtl-"u'
_ Normal Hierarchy Inverted Hierarchy
B arxiv:1507.05613v2 ~
% """ Do oseillivion ‘ h ;‘
g —— 8, ezeillation =
5 —— Mormal hierorchy @
3. Inverted hiegr—"-
. ~ B T e e T
1 E, (GaV)
15 20 5 30
L/E (kiMeV) _ NOvA, DUNE, HK ..

JUNO



Global analysis of the three-flavor

neutrino oscillations
arXiv:2111.03086v2 [hep-ph]

www.nu-fit.org

Normal Ordering (Best Fit)

Inverted Ordering (Ax? =7.0)

bfp +1c¢ 3¢ range bfp £1c 3¢ range
=1 <2 +0.012 +0.013
sin® 5 0.304+0:012 0.269 — 0.343 0.304 10013 0.269 — 0.343
g | 612/° 33.451577 31.27 — 35.87 33.457072 31.27 — 35.87
ks
E sin? 623 0450190 0.408 — 0.603 0.5707 095 0.410 — 0.613
o | 6x/° 2.1+ 39.7 — 50.9 49.0793 39.8 — 51.6
Q
E sin” f13 0.0224679:99092  0.02060 — 0.02435  0.02241759%97%  0.02055 — 0.02457
% | 61a/° 8.62012 8.25 — 8.98 8.61 013 8.24 — 9.02
i
Z | dcp/° 230738 144 — 350 278128 194 — 345
Amy +0.21 +0.21
=g 74202 6.82 — 8.04 7.427038 6.82 — 8.04
Am3, +0.027 +0.026
4251079927 12430 — 42593  —2490+002  _2574 — —2.410

103 ev?




(Fresh news from Moriond)

NOVA Preliminary

0.7 <
3 Nx 30_' T T T T | T T T T I T T T T | T T T T T T T T T T T T ]
48 4 - T2K Run 1-10, 2022 preliminary .
"""" Q 25 :_ — Normal ordering _:
% L Inverted ordering ]
......... = 20F oo —
«Q - [ s0% cL :
o [ ]2scL —
15:_ [ J3ocL _:
C N
10 =]
15 5 <
1<
1@
vy r_;‘ 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
18 03 -2 -1 0 1 2 3
40 Scp
1Q
B
4@ dcp best fit at -2.18 (-0.6947), CP conserving
i values 0 and 7 are outside of 90% CL intervals
0.3 Bayesian Cred.Int.. —16--26--30 .
2 T 3n 21
Ocp =
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Majorana mass In the EFT approach

M*=9 is a strong suppression factor which limits the observability of the
low-energy effects of the new physics beyond the SM

The difficulty to observe the effects of the effective low-energy
non-renormalizable operators increase rapidly with their dimensionality

Os == Majorana neutrino masses (Lepton number violation)
0s = Baryon number violation (proton decay)

Majorana neutrino masses provide the most accessible low-energy
window on new physics beyond the SM.

Indeed, the existence of neutrino masses is the first and so far the only
well established phenomenon beyond the SM.
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Majorana mass In the EFT approach

» The only SU(2); x U(1)y invariant dim-5 Lagrangian term that can be
constructed with SM fields:

4= [(19) (5711)  (19) (510

» Electroweak Symmetry Breaking:

~ 1
&= io b* EW S}fmmetr}f} L (V + H(X))
Breaking \/i 0

2
EW Symmetry M 1 grve c . —=
> L s L e = —— Vi v[ + Ui
’ Breaking Mmass 2 M ( LYL L f—)
| . | gs V2
> MaJDrana neutrino mass: m = M
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NOVA on 0,,



NuMI Off-axis v, Appearance Experiment

* Long-baseline, two-detector
v oscillation experiment Ash River

* Looks forv, in v, NuMI beam
* 14 mrad off-axis

« 2 liquid scintillator detectors
 FD (14 kton), ND (0.3 kton) owa Fermilab
* Cooled APD readout (live)
« Appearance & disappearance
» Exotics, non-beam...

@ Filip Jediny - NOVA neutrino experiment 7
Ivi\



The NOVA detectors

NOVA Cell

P
[ 1 /_Y‘A;J Jf.‘éj ]_:i_ﬂil‘:r < 1
| A A
el To APD b . . aw  {
o | Readout P A v ﬂ?ﬂfjf: ? i
o :
— "l o ——
|
e Scintillation
i 4
= (4
.“' "’ —
T /I .
o /
» Detectors are fine-grained, low-Z, highly-active tracking 3 rom
calorimeters Particle
Trajectory
» Cells are PVC, filled with liquid scintillator
. L . Waveshifting
* Read out via wavelength shifting fiber to APD Fiber Loop.
A
« Orthogonal layers of cells = top and side view for each event —»’{Zcm
3.9cm ©°



Electron neutrino appearance
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Moariond BEW 2019

NOvVA: L=810 km, E=2.0 GeV

Diana Mendez
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Opposite effects

CP phase 5CP

Hierarchy NH, IH

Similar effects

Symmetry 923
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_NOvA Neutr_ino Event Topol_ogies
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v, and v, data at the Far Detector

-

v-beam NOvVA Preliminary v-beam NOVA Preliminary
I I I | T 1 1 T LI B | T 1 1 T | T 1 1 T ] [ T 1T | T T T T 1T | 1T 17T | T T ]
r 4-FD data r <+ FD cata
[ 10 ]
>201 — 2020 Bestit >0 —2020 Bestfit |
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~ H u - ]
W L w 4
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Events / 13.60x10°° POT-equiv

23

v, and v, data at the Far Detector

v-beam NOVA Preliminary F-beam NOVA Preliminary
30 T T T T T T T ! T T T T T T T T T T - T T T T T T T T T T T T T T T T T T T
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: - Signal 59.0+25  19.243% ’gf“";’ e,

n i Background 268116  14.0%93 a0l
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Erika Catano-Mur (William & Mary, NOvA) Rencontres de Moriond EW. March 16, 2022



Results: v./ v, appearance + d.p

NOVA Preliminary 82 candidates (27 bkgd.) 2 v, appearance v/
i L '_

A R
60[-NOVA FD : _
e [ 13606107 POT-equiv ) 1 33 candidates (14 bkgd.) 2 v, appearance v
S 12.50x10%° POT (v)
2 | ]
o 0 NOVAFD  13.6¢x10% POT equiv v + 12.5x10%° POT v
E [ C I I ---NH Lc:wer octant
= - i
o F i T — NH Upper octant -
I 4 » N ]
£ a0 We don't see a strong o - Lower octant.
Ig : asymmetry between 3 .E — IH Upper octant
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C 30 o [ ]
g - “Exclude H6=m/2at>3c 2
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Erika Catano-Mur (William & Mary, NOvA) Rencontres de Moriond EW. March 16, 2022
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Results: Am3, and sin? 0,

* Best fit:
Normal hierarchy
Am3, = (2.41+0.07)x 103 eV?2
sin? 0,5 = 0.57+0-04 .
Scp =0.82m

* Precision measurements of
Am3,(3%) and sin? 8,5(6%)

(107 eV?)

32

AmM

3.0

—
- Normal Hierarchy 90% CL

— NOVA
— ---- 12K 2020
- SK 2020

— - MINOS+ 2020
lceCube 2018

NOVA Preliminary
————

Atmospheriq




NOvA: Future 3-flavor measurements

NOvVA is expected to take data through 2026, for a
projected total of 60-70 x102° POT

We're half way there!

Expect increasingly precise measurements of Am3, and
sin? 6,5

We can reach 36 hierarchy sensitivity for 30-50% of ¢
values, and ~56 in the most favorable case.

We can also reach a ~20 determination of CP violation.

AMG,= +2.40 (-2.44) x10°eV?, sin*2s, =0.085

100 T lII T | T T T T | T T T T T T T | T T T T | T T T T
= * Hlerarchy resolutlon -
e —— NH sin’6,,=0.60 |
s _
g 80— v N, i e NH sin’s,,=0.45 —
® [ —— IHsife,,=060 |
= A T N IHsif6,=045
- L ]
(5] - a
:c — —
S 40— —
= i
S + -
15 _ _
© 20 —
e I~ 2020 analysis technigues 7]
L 31.5x10% POT(v)+31.5x10”° PAT(¥) by 2025 ]
B
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T2K experiment
Super-Kamiokande_

Mt. Noguchi-Goro
2924 m

Mt. Ikeno-Yaina YN P — AL

1360 m_ Y N

pove-Sl e 10 L

§ = Lt .)-J.:: i
| 400MeVUNAC
— :

.

T2K Neutrino Beamline
— =

Barrel ECAL

» Off-axis detector
| : ND280

50 kt Water Cherenkov detector
(Fiducial 22.5 kt) @ underground
(2700 m water equivalent)

Events on the beam timing are selected using GPS.

On-axis detector
: INGRID




J-PARC neutrino beam

Narrow band beam by off-axis method.
v-beam and v-beam can be switched by changing the field polarity of horns.

Neutrino flux is estimated from beam MC using the hadron production of 30
GeV p-C measured by CERN NA61/SHINE experiment, etc.

|-PARC Super-K

30GeV

decay volume

proton bean

sin 26, = 1.0
snr"i-‘l ;=01
_"ur] __.-134](] eV

target & 3horns

beam dump
muon monitor
On-axis ND (INGRID)
—_

v-beam

Flux {{em®/50MeV/1{F p.o.t)
Flux I:."-L‘I11!-'ﬁ”‘h"|l.'.“~"-"|”’: Pt}

8 10 ] B 10
E, iGeV) E, (GeV)




SK data fit results T2

Currently 5 samples at SK

* 1 muon-like ring; neutrino mode and anti-neutrino mode samples
* 1 e-like ring; neutrino mode and anti-neutrino mode samples

* 1 e-like ring and 1 michel electron; only neutrino mode

c C £ = .
9 25 Neutrino mode 1 p-like ié‘ 6 m cﬁlrgllnglljgén:i)ng
c - . -
= ring = F
2 v 5
£ 318 data events T F 16 data events
¢ I =
ITT W f
3
10— E
a2l —— —t ——
I 1“ J‘HHI g FE
olLLLI . v oL [ Lt | . |
g 18F 8 =F
5 .k AT L] sl
2 0BE ke B +
& 03 Fﬁwﬂq—“ﬁ ﬂ .“*T".-l-l" e L !-L'-L M . : :
GII] 02 04 08 08 1 1.2 14 16 1.8 00 0.2 0.4 0.6 0.8 1 1.2

Reconstructed Neutrino Energy [GeV] Reconstructed Neutrino Energy [GeV]
London % Edward Atkin, Moriond 2022 10



V_appearance results T2/

« T2K prefers value of o _, = -11/2

X
1=

>, 2 -
] . Z 160 S 0% Credible Intorval
* Disfavour CP conserving S = 6 Credile el
values of 0 and Tt at 90% =i -
confidence 5100 | E
2 80 F —
= 60 =
A : C | w ’ll“?.K Runl—llﬂ Prcliminlary | _E % 40 E =
@J o) :_ |:| PDG BHUonmalm _: g 20 .
E T2K only 90% E = 0
1 :_ ...... T2K only 68% _: =3 =2 — 0 1 2 3
0 f T2K oaly Best Fit f 6CP (rad-)
r T2K+Reactor Preliminary 0% n
| E_ T2K+Reacmrl=1'eliminary63% | _E e T2 K_Only measurement Of
- :_ T2K+Reactor Preliminary Best Fit _: 913 Compa'“ble Wlth PDG
5B T average.
10 50 60 70
)
sin" 0,

e iy Edward Atkin, Moriond 2022 11



v, disappearance results T2\

T2K prefers Normal Ordering.
T2K prefers Upper octant of sin?6__ and slight preference for non-maximal

sin%0,..
Results shown here are using the PDG reactor constraint. .
. 2D credible intervals
%107 xo” for Normal Ordering
f‘il-\ b I _I_-I_._I_—_I__'_I_l_l___‘l e l."‘~l"1--‘H 2,9 . -----I-- 625 credible mierval
> t‘.‘:—-_—:‘::':—_-_r‘—.‘_':_-;-;-; mememen s = > ——— 90% credible interval
\‘G;J{ 2 - — \93/ 2.8 — ===~ 999 credible interval —
o S i o4 i A MaCh3 best fil ]
E ] . ] E 27 - T2K Run 1-10 Preliminary _
T2K Run 1-10 Preliminary |
<] i s===es- 68% credible mterval q 26 B ‘
0F ——— 90% credible interval | “Ur ]
- = == 99% credible interval | _F ]
— A  MaCh3 best fit _ 25 :_ _:
- ] 2.4 =
-2 - ] : ]
i SIS =T 231 E
% L 1 1 L L | Il Il 1 | A l 1 L 1 Il Il 1 L L i : 1 1 1 I 1 1 1 1 | 1 I 1 1 1 1 1 1 1 :
0.4 0.45 0.5 0.55 0.6 0.65 0.4 0.45 0.5 0.55 0.6 0.65
. 2 .2
sin“0,, sin“0,,

imperial College Edward Atkin, Moriond 2022 12



- Higher energy and broader neutrino flux

Comparison of results to NOVA T2\

 NOVA experiment is a long-baseline neutrino experiment in the USA.
See Erika’s talk next!

Baseline of 810 km

_NOvA Prehmmary

60{-NOVA FD |
| 13.60x10%° POT-equiv (v)

24
22
20
8
16
14
12
10

Antineutrino mode e-like candidates

— sin’0,, = 0.45,0.50, 0.55, 0.60
— ﬂ.m_z,1= 2.49x107 eV?
-Am;, = -2.46x107 eV?

e m O |
=2
|

689 syst err. at best-fit
v Best-fit

—=— Data (68% stat err.)
| L 1 1 |

T2K Runl-10 Preliminary
1 T I T | I T 1

- 12.50x10%° POT (v)

4]
o

— IH
[AM2,=—2.44x107eV?

B
(o]
| I I 1

W
=
|

§in°0,,=0.46

Total events - antineutrino beam

n
(=]
I

(R
=

Imperial College
London

40 60

Neutrino mode e-like candidates
Edward Atkin, Moriond 2022

| ! ! 1
S|n22813=0.085

uo
5in"0,,=0.57

NH
r*1 —12.40x10%eV?

w2020 best fit 1
Lo by b

120 20 40 60

80 100 120

Total events - neutrino beam
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Comparison of results to NOVA T2\

« T2K prefers 0_= -1t/ 2 and NOVA disfavours this region slightly.

* In Normal Ordering slight disagreement. Inverted Ordering agrees well.

 Reminder: both experiments have different sensitivities and both
experiments still statistics limited.

E FAE I LI l ' | ". ot | LT -I. LI L ol | LI rr_p I L l e | I LI I o L_.J— T T "'I\\I L l T _]
l 8: Normal \ - / T Inverted - AY ]

I.Oa ‘OF ordering - \ - "+ ondering S D =
L6E | ) 3 | E

| 4F T =

- : / T .

1.2 i / \ -+ —

E f \\ = =

c Lo\ T - 3

0.8~ \ * | g -
0.6F- ) | + =
0.4F /‘f . Ii F — TKmunl-10 --- Super-K 2020 :;5:{,;‘5; E
02F T2K / / F+  —— NOvVA 2020 +  Best fits both mass

"“E Preliminary + orderings

(}'_I 1 I | I T I l( 1 0 1 | T bl | I | I I I e | | Il"l L1 1 I 1 I__I | I | T | I [ | | | | I I I | | [ | I 1 T | I | I_

0.35 04 0.45 0.5 0.55 0.6 0.65 0.35 0.4 0.45 0.5 0.55 0.6 0.65

sinlez ; sinlej \
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Matter/antimatter asymmetry in the Universe
requires CP violation

Jarlskog invariant:

* s Rl B . :
J = [Im(Ua1Uz, U5, Us2)| = siaciasoscassiacis sind = J™2%sin §

Je* = (3.33 +0.6) x 1072
LU Jquarks = (3.18 £0.15) x 1073

Quarks are ruled out, neutrinos not necessarily

With such a huge 6.5, can BAU be explained by early lepton

imbalance “transported” in baryon imbalance by sphalerons?
(Fukugita and Yanagida, 1986)



Future long-baseline programs
+ DUNE

— Near Detector at Fermilab
— Far Detector at SURF in South Dakota (USA)
— Baseline ~1300 km
— M ~40 kton of LAr
— Astrophysical neutrinos and proton decay
— Beam in 2026

» Hyper-Kamiokande

— Kamioka mine (near SK location)
— 1 Mton of ultra-pure water
— Similar physics program of DUNE (complementarity)

101
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Four halls located underground, each with a massive
Liquid Argon Time Projection Chamber (LArTPC)

17 kton (10 kton fiducial volume) for each module
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Four halls located underground, each with a massive
Liquid Argon Time Projection Chamber (LArTPC)
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Single Phase
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Single Phase

2 EM showers and a Pion Interaction with 4 prongs

Single Phase PROTO

Collection Plane




Dual Phase

GAr

Double-phase for charge readout to achieve electron amplification:
long drift distances, low energy detection thresholds, improved S/N ratio
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Comparing long baseline experiments

T2K: L=295 km, E=0.65 GeV
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Hyper-Kamiokande
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Accelerator-driven
source of
(anti)neutrinos




CPV significance for dcr=-90°, normal hierarchy

Significance [0]

10 =
33 HK
;— (single tank)
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3v mixing paradigm

Ve V), Vr
'??12 -nr;r.:2
i
V3 19
| I 2 |
Amg
i oo m
3
2 .-"H ‘
Amiy ':'x Am3
Uo
II". | 9
\ Amg
N ]
24 3
Normal Spectrum Inverted Spectrum

absolute scale is not determined by neutrino oscillation data



Absolute neutrino masses

1 b L L I T T IIIIII| T T IIIIII| |I T IIIII_
| Normal Sp‘j“““m Quasi-Degenérate /
— a 1 i
— | .
30 ! :
107 F I E
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Lightest mass: my; [eV]

ma2 = m? + Am3,

mi + Am3,

m;

Quasi-Degenerate for my ~ my, >~ m3 ~ m, >

m? + Am?

m; + Amj
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Lightest mass: msy [eV]
2 2 2 2 2
mi =m3 —Am3; = m3 + Amj
2 .2 2 2 2
m; = m; +Amy; >~ m3 + Amjy

Amy ~5x 107%eV



Approaches to the neutrino mass scale

Cosmology
| m? m?
e ACDM . — N
. Zim¢<0.12—1e\/ _— v,
-V

) solar~7x102eV?2
e Majorana phases -m,

atmospheric
e Matrix elements ~2x1073eV?

L }ZE Ui-mg'

atmospheric
~2x1073eV?2

< 0.2—4¢eV m. 2
i

B-decay & EC

e Final states

. \/Zi |Uei|2mi2 < 2V

0 0




vV, mass from tritium 3 decay




Predictions in the 3v framework

10 ¢
- » Quasi-Degenerate:

95% Mainz and Troitsk Limit ] 2 L 2 2 2
| 7 mlﬁ—vaHUek‘ = m

» Inverted Hierarchy:
2 2 2 2
mj == (1 — si3)Amy =~ Amy

» Normal Hierarchy:

2
mp =~ Sty Ci3Amg + sj3Amy

~2x107°+6 x 10 °eV?

> If ms<4x1072eV
|

-3 —p =
10 10 10 1 10 Normal Spectrum




Working principle

« Main requirements: * |deal choice: gaseous Tritium
— Large enough number of — Endpoint at 18.547 keV
electrons close to the endpoint — No molecular excitations above
— Excellent energy resolution 18.547 keV
— Small energy loss in the (thin) — Ideally large sources
target

Analyzing plane

MAC-E spectrometer
(AE/E ~ 0.03%)

H=E, /B =const.
adiabatic conversionE. - E



Upper limit on v, mass

Easiest way is to use pion decay at rest

¢.

v ‘( H m’ =m’ + mi —-2m_ \ pi + mi
m,=139.57037=0.00021 MeV
m, =105.658389=0.000034 MeV | m’=(=0.016=0.023) MeV"
p.=29.792+0.0001 1 MeV

m,, < 190 keV (90 % CL) |

Phys. Rev. D 53 (1996) 6065




Upper limit on v_ mass

1.
Two body decay: £
] ) 8
T (ETﬂlJT)_}h’ (Eh:ph)—'_yT(El-"npv) \\1'05
i
for
1
T = 31 27 (7 s
Energy of the hadronic system in the lab: 0.95 |
e
Ey, = Y(E}, + Bpj, cos ) os | |
where Outer line: m,=0 MeV/c?
2 2 2 . : “Inner line: m,=23 MeV/c’
By — mz +my —m, 0.85,% 164  1.68 172 176 1.8
h 2m.- M, (GeV/c?)

depends on the neutrino mass
m,. < 18.2 MeV (95 % CL) |
Eur. Phys. J. C 2 (1998) 395
118
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Majorana fermions

Dirac Equation:  (i7*9, — m)¥ =0
Chiral decomposition of a Fermion Field: 1 =) +1p

Equations for the Chiral components are coupled by mass:
% E'}‘u W = MUR
i O, hr = miy

They are decoupled for a massless fermion: Weyl Equations (1929)
fz-}..l'-‘r' a,‘_i .«{i".«.. | = U
fz-}..l'-‘r' a,‘_i .«{i".«.. R = U

A massless fermion can be described by a single chiral field v/, or vp
(Weyl Spinor), which has only two independent components (half the
number of degrees of freedom of a Dirac field, which has four
independent components).



Majorana fermions

» Can a two-component spinor describe a massive fermion?

Yes! (E. Majorana, 1937)

» Trick: vr and 1, are not independent: VR = [ = Cor’

. . . n-T -1 o ,.
charge-conjugation matrix:  C~, C7° = —v,

Proof:

. . . —T .
» There is only one adequate relation (/g = C; ) that can be derived
from the chiral Dirac equations: consider iv#0,,1p = my

Hermitian conj. x 4 = —r'(")ﬁn"'fL(-jf”)TﬂyO = mi

U -~ .-O —_ > ..'I.i i f— T
PP =4 = —idubry* = miy

. . —T — T
C x transpose —> —rC(ﬁ,--”)Tc)ﬂ-?;;R = mCiyy
_ . —T —T
C(")'C = —* — iv*9,Cr = mCiy
Identical to iv*0,1 = mig for Yp =Cip =1 =Cir  (Majorana)



Majorana fermions

» Mo =mrvg  —  |in#0uvp = mrp|  Majorana equation

» Majorana field: V=V +VR =V + VE

v =1 Majorana condition

» v = 1 implies the equality of particle and antiparticle
» Only neutral fermions can be Majorana particles

» For a Majorana field, the electromagnetic current vanishes identically:

_ — . _ T _

» Only two independent components: in the chiral representation

/J}C
X2

= (."0'2\:1) — _\:zl
XL X1

XL2
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Such interactions are chiral ( = not mirror-symmetric):

Neutrinos are created in

a left-handed (LH) state v

Anti-nus are created in —_—

a right-handed (RH) state v

Neutrinos couldn't see themselves in a mirror... like vampires!



For massless neutrinos: handedness is a constant of motion

V.

V:

2 independent d.o.f.: massless ("Weyl") 2-spinor

1
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But: massive v can develop the “"wrong” handedness at O(m/E)
(the Dirac equation mixes RH and LH states for m,,#0):

B vadiein v

® O(m/E)
If these 4 d.o.f. are independent: massive ("Dirac”) 4-spinor
[= Distinction between neutrinos and antineutrinos, as for
electrically charged fermions. Can define a “lepton number”]

V.

V:
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But, for neutral fermions, 2 components might be identical !

® O(m/E) @

V.

V: ® O(m/E)

Massive ("Majorana”) 4-spinor with 2 independent d.o.f.

[No distinction between neutrinos and antineutrinos, up to a phase:
A *very* neutral particle: no electric charge, no leptonic number...]




Exercise 1. Define the electron neutrino as the neutral particle
emitted in B+ decay, and the electron antineutrino as the neutral

particle emitted in - decay. Reactions which have been observed:
Vet —p+e Pe—l—p—>n—|—e+
while the following reactions have not been observed:

Ve +N —p+e zfe—l—p—>'re,—|—e+

If neutrinos and antineutrinos are different (Dirac case), that's
easy to understand. Try to understand the same (non)observations
in the case of Majorana neutrinos.

14



Solution 1

) 1{. v's are Dirnc , them % #ve ) awd ome com attach
a lptowsc mwmber fo the deuwblets (v, e) amd (e, et),
whidh. s Couserved in the observed reackious (AL=0)
amd would be Wolated, v the oHvier two (AL=2).

e 1L v's are MMJO'{M, Hhem Ye=Ve , aid We MJLM’VIAM%@:
“Ye "= LH comFovuwf" O.F v Shate
“Ye! = RR componeut o{ v shde
The imiial " is LH, being poduced im o ka(.?*)o({w/ﬂ.
While propagakimg, it wmains dowvimently LH , buk cam oleweop
& SWull RH componeut (+Ve") at O(m/€). Theu also Hie
reackion ¥e+n—> p+e& comt fake place n primaiple but (s
S0 prrassed to be Pmd-smuﬂ wvwogervolole - l-qvl-au Wikimbes
wiolakion (AL=2) is aMowed in principle. , bt Suppressed ad-
G(m/e) m prachce .



Summary of options for neutrino spinor field:

m=0, V=Yg massless field
Weyl: or ¥ =y with 2 d.o.f.
mz0, Y =Yp+9Yi =9Y° massive field
Majorana: or 1 = qu + qpi = € with 2 d.o.f.
mz0, - massive field
Dirac: Y =Yr+YL F Ve with 4 d.o.f.
Conjugation operator: wc =C (T,b) = i’}’zli’* ' wantipa,rticle — C(wparticle)

Appendix: Majorana masses and "see-saw" mechanism to explain their smallness

Experiments: A unique experimental handle >



OvB3B decav

Requirements

w .
_ 5 ®Neutrino must have
v (LH chiral ®
v+ ° LH helical) mass
(RH chiral = *
LA he'ca;; - ®Neutrino is Majorana
o
oViolation of lepton
" Ep humber conservation
B m
Vi>=| V= >+E|\"h:+1 >

? helicity st«atesf

I/Tl/zov = 6%(Q,2) | MOV |2 |<mﬁﬁ>|2, <mﬁﬁ>:|ziuei2 m'-|

Maximiliano Sioli - Flavour Physics in the 129
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Number of Electrons

Ovpp decay

Double beta decay Double beta decay
with neutrinos without neutrinos

'||I ‘1

|
]

Sum of Both Electron Energies (MeV)

Maximiliano Sioli - Flavour Physics in the
lepton sector
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Ovbb decay for 3v mixing

d -
.
3
k=1
\
d .

Maximiliano Sioli - Flavour Physics in the

131
lepton sector



Effective Majorana v mass

mgg = Z ng my complex U., = possible cancellations

mpg = \Ue1|2 my + |U92|2 e’ m, + |Ueg|2 e'®3 my

Xy — 2/\2 X3 — 2 ()\3 — {513)

Iﬂl[?’ﬂ.ﬁﬁ] a Im [?nﬂﬁﬁ} |'.?T1.3 3| =0
UZms
megg
Qg
U%m; " Udam:
U2m, U2n g
fe1 1M1 RE[TH—_BS] e RE"[mSj]

Maximiliano Sioli - Flavour Physics in the lepton sector 132



[eV]

Mg

Ovpp decay predictions

mgg = ‘Uellz my + IUe2|2 gl mo —+ IUe3|2 elas ms

» Quasi-Degenerate:

KamLAND—Zen PRL 117 (2016) 082503

-90% C.L. UPPER LIMIT Imﬁ.ﬁ‘ = Mmy \/1 521? 52
107 \ \ \
\ » Inverted Hierarchy:
M| =~ \/AmA (1 — 539,58,
107 E
» Normal Hierarchy:
1 |mgg| ~ |st Ami + e'*sta/Am3|
107° E ‘
~ 2.7 + 1.2e'%| x 10> eV
— G
— 2 —2
) - ga > If |m§§\ 5 107 eV
10
107 107 1077 107" 1 Y

Normal Spectrum
[eV]
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Experimental requirements

Extremely slow decay rates
(OvBB T12 ~ 1026 - 10?7 years)

) Mi
Tl x a9\ Bag
A

Requires 0 05 1 15 2
Large, highly efficient source mass N
- detector as source
Best possible energy resolution
- minimize OvBB peak ROI to maximize S/B
- separate from 0vBB from irreducible 2vBp (~ T1z ~ 10" - 10%' years)
Extremely low (near-zero) backgrounds in the OvBB peak region
- requires ultra-clean radiopure materials
- the ability to discriminate signal from background

= 2vpp
w OVBB (M =T /100)
1% resolution

Arbitrary Units

Maximiliano Sioli - Flavour Physics in the lepton sector 134



90% C.L. experimental bounds

33~ decay experiment TI[];’Q Iyl maa [eV]
50Ca — 35Ti ELEGANT-VI > 1.4 x 10 < 6.6 — 31
Heidelberg-Moscow > 1.9 x 10> < 0.23 — 0.67
) IGEX > 1.6 x10® < 0.25-0.73
32Ge — 345e Majorana > 4.8x10% < 0.20 - 0.43
GERDA >8.0x 10 < 0.12-0.26
22Se — 92K NEMO-3 >1.0x 10 < 1.8—47
%Mo — 199Ru NEMO-3 >2.1x10% < 0.32—0.88
179Cd — 115Sn Solotvina >1.7x 10 <15-25
12%Te — 128Xe  CUORICINO >1.1x10% <7.2-18
139Te — 139Xe  CUORE >1.5x10® < 0.11 —0.52
EXO > 1.1 x 10 < 0.17 — 0.49
saXe = geBa o AND-Zen > 1.1x10% < 0.06—0.16
ONd — 129Sm  NEMO-3 >21x10® <26-10

Maximiliano Sioli - Flavour Physics in the lepton sector
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<m, > (eV)

Moore’s law of DBD

Historically, there are
> 100 experimental
limits on T,,, of the
Ovpp decay. Here are
the records expressed
as limits on <myp>.
Note the approximate
linear slope vs time

on such semilog plot.
However, during the
last decade the
complexity and cost
of such experiments
increased dramatically.
—'="223 The constant slope is
- no longer obviously

I | | | | | | | | | I Y visible.

101950 1960 1970 1980 1990 2000 2010 2020
Year

I T TTTIT
1 11Ul

T T
Lol

T TTIT]
L1l
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Sterile neutrinos and
Heavy Neutral Leptons



mass -

The quest for RH neutrinos

nuMSM

SM

charge - |24

name -

Quarks

Leptons

2.4 MeV 1.27 GeV 171.2 GeV
] (EC |
up ~ charm 1op
4.8 MeV 104 MeV 4.2 GeV
Y S D
down strange bottom
0eVv OeV
Vy oV
‘8
mugn 1a
Ino neutyino
0.511 MeV 105.7 MeV 1.777 GeV
BT L (U
electron muon tau
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-] |EC |
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2 s d =Y S =3 b
©
=3 )
O down strange bottom
<0.0001 eV /10 key | ~0.01eV [/ ~GeV || ~0.04eV [/ ~GeV
0 0
OVe N]. V NZ VT | %
muo tau sterile
e nsttéeurtinenc r%euigleno PeUting  neditrino
N 0.511 Mev 105.7 MeV 1.777 GeV
N
o |1 -1 -1
s © l it
- electron muon tau




The see-saw mechanism

&7 o

. - e e e -
. . . e e e .

-
e ¥ VR Mir VR ¥ VL

LOM = L + LY+ LP = -2 (7 wr) (m‘[' mD) (”’) hue,

mp Mg Vg

If we diagonalize the mass matrix, we obtain two Majorana neutrinos with masses
mp?/mg and mg. If the last is at the GUT scale, the first is in the ballpark of the active
neutrino mass scale.

Seesaw models called type I, type |1, and type Il introduce heavy states

of mass my, that involve, respectively, weak-isospin singlets, scalar triplets, and
fermion triplets.



Seesaw mechanisms

P The simplest parametrization to obtain v mass in the SM is through dim-5 operator: %Lg‘HLjH
+ A

“Open up” of dim-5
A operator in all
minimal tree-level
l ways

H-_ - H
o
H H k4 B~ ,H
Ma | A N Be
¥, o P ' Yy E
My /\\ /_\/—_\
L L L L L L
1 _ v KA 5 _r L 2
m, = YI\T;M—NYNUZ m, = YA Mi v m, = ry M—ZYEU
Type-l: Fermion singlet Type-Il: Scalar triplet Type-lll: Fermion triplet
(1 RH neutrino) (no RH neutrinos) (1 RH neutrino + 2 charged heavy leptons)

07/07/2018 M. Sioli - ICHEP 2018

Transform as:  (1,1,0) (1,3,2) (1,3,0)



Searches at colliders

Clean signature provided by same-sign

leptons pairs

* Good sensitivity to “high” mass scales

« Poor sensitivity to small mixing angles

« Enhance the sensitivity by looking for
“displaced” vertices (in the same
detector of outside?)

i ,qq’

.

10~ 10
X = Scc.\'u W Ocm ™
10° 12 = = - N <
0.1 1 10 \ 100 -
. N Future
M (GeV) N 4
Based on arXiv:1504.04855v1 ‘SHIP physics paper’ Laecay ¥10M  Lgecay=1mm

And Pilar Hernandez, HEP-EPS Vienna



Heavy v searches in minimal Type-| seesaw

= E T T T T T T T T . = e B = e e
& F i€ uu channel ~»-Data 2012 3 .3 FaTLas
HE 'm,, = 120 Ge' = c
@ i1 ATLAS .. Signal MC |:I\I’I-2 o002 | [ 5-8Tev, 203 1"
(= ! ! =0 - [
3 s 1 EeeTev,203m " o
i Erd i 2= Total background E| 1ok |
Foe | O Prompt 3 E E
; [] Non-prompt - E
- E I 05% CL Observed imit |
= - [im
= 107
------- 95% CL Expected limit
I o052 oL Expected limit < 15 |
g2 i 055 CL Expected limit = 2=
o | A G i s = PTes) P I S W I W S B
O=55 700 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
myGeVl my [GeV]

Run 1 searches at+/s = 8 TeV (20.3 fb?)
* Only SS lepton pairs considered in /ljj final states . (MR-
* Background from prompt SS leptons (diboson) and o
prompt OS leptons (e.g. ttbar + charge-flip)
* mjas discriminant variable
* Limitsin the mixing-m, plane

high-mass
short-lived

|Uul |2

low-mass
long-lived 5w

-12 i S—
L) 0.1 1 10 100

JHEPQO7 (2015) 162 . . Mi(Gen) .
energy / intensity frontier complementarity

07/07/2018 M. Sioli - ICHEP 2018




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 77,

t rest
2 [ p + target — 7+ =525 Taae. v,
o 17.5
h
£ 15
> + n _
@ 725 fL———e' T Ve TV,
A at rest
0 - L~30m

Ve +p—nt+e”

Well-known detection process of i/,

o A » ~ 3.80 excess

04 06 08 , 12 14 » But signal not seen by KARMEN at
L/E, (meters/MeV) [ ~ 18 m with the same method
[PRD 65 (2002) 112001]

C. Giunti — Oscillations Beyond Three-Neutrine Mixing — Moriond EW 2017 — 24 March 2017 — 3/23



Effective 341 SBL Oscillation Probabilities

Appearance (a # 3) Disappearance

Am? L 2
F{)ESFL{—J ~ sin? PAVIN sin? ( M ) F{’E’FL{_J ~ 1 —sin®24,,., sin’ (Amua’_)

Vo —g 4E Vo — Vo / 4E

sin? 205 = 4|Uqa|?|Usal? sin® 20 ne = 4| Una|? (1 — |Uaa|?)

» CP violation is not observable in SBL
experiments!

» Observable in LBL accelerator exp.
sensitive to &miTM [de Gouvea et al, PRD 91 (2015)

SBL
053005, PRD 92 (2015) 073012, arXiv:1605.09376; Palazzo et al, PRD
» 6 mixing angles 01 (2015) 073017, PLB 757 (2016) 142; Gandhi et al, JHEP 1511
» 3 Dirac CP phases (2015) 0309] and solar exp. sensitive to Am%OL

C. Giunti — Oscillations Beyond Three-MNeutrine Mixing — Moriond EW 2017 — 24 March 2017 — 13/23



Gallium anomaly

Gallium Radioactive Source Experiments: GALLEX and SAGE

Ve Sources: e~ +°1Cr — VvV + 4, e~ +3Ar = 37Cl + 1,
E ~ 0.75 MeV E ~ 0.81 MeV
Test of Solar 1. Detection: Ve MGa = MGe+ e~
= £+ GALLEX SAGE —
Cri Cr 3
> GALLEX SAGE |
_""‘:% o T L ] [ ] Crz Ar _E : B
2 o
1] tk!nﬂﬂ
T 5 f E -

i)

R=0.84+0.05

~ L
o T

~ 2.90 deficit

(UGALLEX =19m (QSAGE = 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) 0730009,
Amgg 2 1eV° > Ampy PRC 83 (2011) 065504]
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Appearance vs disappearance

ve DIS | ’ v, DIS “*
sin? 20 pe 4‘Ue4‘2j kSInz 20 >~ 4‘ Uuzl‘zj
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ve DIS ’ v, DIS
sin? 21) o ~ 4|Ue4\2j ksinz 20y, =~ 4 Uw_r;\zj

Appearance vs disappearance
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