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The only SM | know of... Eps@

THE SM IS A REMARKABLE THEORY BUT...

How do we know the SM is
incomplete?

Experimental observation!

(although from the theory point of view some aspects
electron e-neutrino Of the SM are llnot elegant")
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6.1 Introduction
The discovery of neutrino oscillation proves that neutrinos have non-zero masses. This is one
of the few solid experimental proofs of physics beyond the Standard Model, as new interactions
or new elementary particle states are needed to introduce this mass term in the Lagrangian.
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Although this is introductory QM...

It opens a window (or actually the front door) to physics
beyond the SM
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6.1.1 The big questions related to the neutrino masses L B B R e I ]
Thanks to the recent discoveries in the sector of neutrino oscillations we have now a clear & a Enn _:
zeroth-order picture of neutrino properties, which however, raises a number of theoretical and ”% r 1r .
phenomenological questions: 'Why are neutrino masses many orders of magnitude smaller than 2 75 2 JF B
any other fermion mass in the Standard Model? Are neutrinos their own antiparticles? ‘What = r 1r 7
are the actual values of neutrino masses (absolute mass scale and mass ordering)? Is the CP NEN 7 - -
symmetry violated in lepton mixing? What are the precise values of the mixing angles and why - 1F .
is lepton mixing so much different than quark mixing? Are there observable deviations from the 6.5 | | I LLAE L | ‘ I
L1l L1l L1 L1l L1l L1 | | L1 1
standard three-neutrino picture (e.g., non-standard interactions or non-unitarity of the mixing 02 025 03 035 04 0.015 0.02 0025 003
matrix)? Answering these questions is the main focus of the present and future neutrino exper- sin291 ) sinze13

imental program. It is of paramount importance as it offers a unique window on the physics
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Remarkable measurement of neutrino oscillation parameters
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“A unique window to BSM Physics” Ep®
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6.1 Introduction

The discovery of neutrino oscillation proves that neutrinos have non-zero masses. This is one
of the few solid experimental proofs of physics beyond the Standard Model, as new interactions
or new elementary particle states are needed to introduce this mass term in the Lagrangian.

Moreover, the extremely low mass of the neutrinos, well below the eV scale, sets them
far apart from the other fermions. This extraordinary lightness might be related to new physics
at a very high scale, as proposed by the see-saw models. There is the tantalizing possibility
suggested by the leptogenesis hypothesis that the phenomena at these high scales could explain
the baryon asymmetry in the Universe. Moreover neutrinos could be a completely new kind
of particle, a Majorana fermion, identical to its antiparticle. If this is realised in nature, new
processes violating the conservation of the lepton number are possible. (For all these reasons,
neutrinos are therefore widely considered as a unique window to BSM physics.

These considerations have triggered a very vibrant experimental program world-wide that
has made rapid progress in the last years. With the discovery of the third mixing angle 6,5 the
three neutrino mixing framework has been established.

A new exciting phase of experiments and discoveries opens up, that will be covered in this
chapter. Moreover, as neutrinos are also a special probe of dense astrophysical systems, there is
a strong synergy at many levels with astroparticle physics that will be covered in Chapter 7.
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fO I eV neutrinos double beta decay Schechter & Valle' 82
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Complementary neutrino studies

European Strategy,
Update

Neutrino masses by themselves do not provide guidance towards the energy scale of new
physics responsible for generating them. There is a vast range for the scale of new physics
extending from sub-eV up to the GUT scale of 10'® GeV. In order to make progress in view of
this multitude of possibilities a wide range of complementary observables needs to be explored.
These include (i) the search for sterile neutrinos at various different mass scales including oscil-
lations at the eV scale and heavy neutral leptons at collider and beam dump experiments, (i) lep-
ton number violation in neutrinoless double-beta decay or at high-energy colliders, (iii) charged
lepton-flavour violation, (iv) precision measurements in the neutrino sector, and (v) search for

non-standard neutrino properties such as exotic interactions or non-unitarity of the 3 x 3 mixing
matrix.
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Neutrino masses by themselves do not provide guidance towards the energy scale of new
physics responsible for generating them. There is a vast range for the scale of new physics
extending from sub-eV up to the GUT scale of 10'® GeV. In order to make progress in view of
this multitude of possibilities a wide range of complementary observables needs to be explored.
These include (i) the search for sterile neutrinos at various different mass scales including oscil-
lations at the eV scale and heavy neutral leptons at collider and beam dump experiments, (ii) lep-
ton number violation in neutrinoless double-beta decay or at high-energy colliders, (iii) charged
lepton-flavour violation, (iv) precision measurements in the neutrino sector, and (v) search for
non-standard neutrino properties such as exotic interactions or non-unitarity of the 3 x 3 mixing

matrix. Physics briefing book, Input for the European Strategy for Particle Physics Update
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Neutrino masses by themselves do not provide guidance towards the energy scale of new
physics responsible for generating them. There is a vast range for the scale of new physics
extending from sub-eV up to the GUT scale of 10'® GeV. In order to make progress in view of
this multitude of possibilities a wide range of complementary observables needs to be explored.
These include (i) the search for sterile neutrinos at various different mass scales including oscil-
lations at the eV scale and heavy neutral leptons at collider and beam dump experiments, (i) lep-
ton number violation in neutrinoless double-beta decay or at high-energy colliders, (iii) charged
lepton-flavour violation, (iv) precision measurements in the neutrino sector, and (v) search for
non-standard neutrino properties such as exotic interactions or non-unitarity of the 3 x 3 mixing

matrix. - : :
Physics briefing book, Input for the European Strategy for Particle Physics Update
1 T — T T T — T T T T T T — T T T T T
90% C.L. range origin Ref.
NSI with quarks
-1
etk [—0.023,0.023] accelerator [112] [165] 10
525 [—0.036,0.036] accelerator [112][165]
ey [~0.073,0.044] oscillation data + COHERENT  [127] 5
edy [-0.07,0.04] oscillation data + COHERENT 10 . 4
eal | iR [~0.5,0.5] CHARM [128] - - Saedl "
ey [~0.15,0.13] oscillation data + COHERENT  [127] o s Fexe Moy, Wt 5"“\:": ke
v [—0.13,0.12] oscillation data + COHERENT 3 10 by Ve ‘ti}{‘ 24N ,:v‘\ Sefab
etk [—0.023,0.023] accelerator =] . :‘;’ i X £ e ’ L R SJ," !
P e L5 e P e

el [—0.036,0.036] accelerator [165] Ng 4 {3 By W My ‘) ’ 2 Y p
e [~0.006, 0.0054] TceCube [143] ‘w107 b BA ',',' "':i"" ¢ n v 233
et [—0.039,0.039] atmospheric + accelerator 165 B~ A ¢ Sy h 3 L5

[ ) 5

NSI with electrons 1075 p ﬁ .'&""’f 50 e 1{’ . °

i - ] ) - (] L]
ek, ek [<0.13,0.13] reactor + accelerator [162] & M2 - M3 ® ‘.Q :"”.‘,: o
eck [—0.33,0.33] reactor + accelerator [162] L * =
ek [—0.28,—0.05] & [0.05,0.28] reactor + accelerator 162 1()_6 e * 8v oo s % @

[-0.19, 0.19] TEXONO 163 14v ° »

el _eR ’ . . - - ® e . °
€5ty € [-0.10,0.10] reactor + accelerator [128] [162] o 20w °
eV [~0.018,0.016] IceCube [143) 10°7 L PP | ® e M | . L

-4 -3 -2 -1
“ Bound adapted from sfx. 10 10 10 10

TABLE III. Bounds on Flavor changing NC NSI couplings mmin (ev)
1
Farzan & Tortola’18 Branco et al.’20

F. Joaquim, J. Maneira Particle Physics for the Future of Europe (28 Sept. 2020, IST)



Update

Neutrino Physics @ CFTP Ep®

» The role of symmetries (predictions for neutrino oscillations, neutrinoless
double beta decays,...)

» Non-unitarity effects in the neutrino sector

> Neutrinos and LFV (SUSY, seesaw frameworks, ...)

> Sterile neutrinos and oscillations

» Neutrino physics at colliders (LR models, seesaw messengers,...)

» The role of neutrinos in the early Universe (leptogenesis, connection high-
low energy CPV)

» Neutrinos and Dark Matter in the context of neutrino mass generation
mechanisms — multi-Higgs models
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Neutrinos at the intensity, energy and cosmic frontiers  euopen fraeoy
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The physics involved in neutrino mass generation explores synergies among the three
frontiers of particle physics:

Intensity Frontier

Experiment Theory

*  Neutrino nature (Dirac/Majorana)

*  Ov2pB decay searches _
*  Flavour symmetries
*  Neutrino oscillation experiments . . . )
> «  Oirigin of leptonic CP violation
e LFVsearches
*  New sources of flavour

Particle |
Physics

Energy Frontier Cosmic Frontier

Experiment Experiment

* LHC searches «  Cosmological observations

Theory Theory

*  Models with new fermionic

Leptogenesis
and/or scalar content

, , , New leptonic CP violating effects
*  New interactions resulting from

*  New dark matter candidates
extended gauge groups
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Open questions and the road to get there e fraes)

ey | 1. What are the absolute neutrino masses ?
e 2. Are neutrinos Dirac or Majorana ?
o 3. Measure the full 3-flavor mixing matrix
< e % _GeV .. . 0
e W 4. |s there new-new physics in oscillations?
. . B 5. Use neutrinos in astro and geo-physics
== MeV
[

Qur tools: Sources:

» Accelerators and Nuclear Reactors
keV | ¢ Nuclear decays

* Astronomical objects

SEPaPe
I 17 2V | Ourtools: Detectors
w * Dedicated small detectors
« Mid-range liquid scintillator detectors (~ kton scale)
meVl . Massive H,O or LAr detectors (> 40 kton)

aaaaaaaaaaaaaaaa
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* New ideas: Cyclotron radiation emission « Far future: direct detection of CvB 77

spectroscopy. Project 8 sensitivity: 40 meV
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Neutrinoless Double Beta Decay
* Implies Lepton number violation, can only

9 Ju-w
-7/, é happen if neutrinos are Majorana

] 0.90 1.00 1.10
K,/Q
1.0
. Not
**1 Observed '\ vyet..v
0.0 T T T l T
0.0 0.2 0.4 0.6 0.8 1.0

K./Q

Experimental Search for DBD

Very long half-lives (>10% yr), very rare decay

Many experiments worldwide
* Cryogenic (good resolution)

* Liquid Scintillators (high mass)

Next generation aiming to cover

NO region a big challenge (~ 10% yr) B DY . o
« My bias: big LS detectors with high loading 10 w 107

* Rate depends on effective Majorana mass, i.e.
» Absolute neutrino masses
» Neutrino mixing matrix, incl. Majorana
phases
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Sensitivity
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good ideas...
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[M. Agostini et. Al, 2017]
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U > = E U* . |y > | sin2(655) = 0.307 + 0.013 PDG 2020
l flavor ai | mass Uer Uez Ues Am32, = (7.53 % 0.18) x 105 eV?
, U= |Uu Uua U,z || sin20x)=0547+0021 (inverted order)
sin2(f3) = 0.545 + 0.021  (Normal order)
|J| — |IIII(U U* U U ) | Ur1 Ur2 Ur3 /| am2, = (-2546+09%) « 10-3 V2 (Inverted order)
ar™= aj :B'I' ‘BJ Am3, = (2.453 £+ 0.034) x 10~3 V2 (Normal order)
sin?(fy3) = (2.18 + 0.07) x 102
— U - pMNS 8, CP violating phase = 1.36 &+ 0.17 7 rad
U v, [ ] (Am3; — A3,) < 1.1x107%eV2, CL = 99.7%
l CKM 7 . . (Am3, —Améz) = (—0.12 4 0.25) x 1073 eV?
ol cB- | vl = |
. ’ =N * Least well-known is 6 phase
e | v | "N .d - CP effec’zs,bpon&lblli/ Iea!dmg. to baryogenesis,
m r r Invarian
d a2 B V, Vs Vs easured by Jarlskog invariant

« Can be much bigger for neutrinos
Crucial goal for upcoming experiments

Jguarks = 3X105 Jiepions = 0.03 sin 8¢p

Deep Underground Neutrino Experiment

P(va = v3) # PV = U3), 0. f =€, 1.7, a # 3

If 6% 0, 1t

« Oscillations for neutrinos and
antineutrinos are different

How to measure ?

«  Make beams of muon nu and anti-nu

*  Make detector 1300 km away

* Observe appearance of nu and anti-nu e i e ot

Sanford Fermilab
Underground

Research

F. Joaquim, J. Maneira Particle Physics for the Future of Europe (28 Sept. 2020, IST)



4 — |s the 3-tflavor mixing matrix complete? Ewop%%gasyategy

Sterile neutrinos " =T se7awcL)
Anomalies in electron neutrino appearance (LSND and g <= 2 dof
MiniBooNE) and disappearance (reactor, Ga solar) results 2 =
can be explained by oscillations with a fourth “sterile” state & ——
with ~eV mass difference = ——

. . £ 10°F Appearance
But other muon neutrino disappearance results are strongly < wio D)
incompatible —
Unclear picture -> many new experiments looking for this Disappearance
10 gi'fid"éiﬁ;l | |
107 1073 102 107!
1 0 0 cO3 0 sO5-¢" c®, 50, 0)(1 0 0 sin® 26,
0 cOy 5Oy 0 10 ~50,, @, 0|0 @2 0 [P. Machado,
0 =50y cOy)|-50,,-¢77 0 O 0 0o 1Jlo o e Neutrino2020]

Non-unitarity

U1 Ue2 Ue3 Ue4\ * Above parametrization assumes 3x3 PMNS matrix is unitary
*  What if PMNS is a subset of a larger dimension matrix ?
Upt Up2 Upz| Upa « Searching for non-unitarity in the neutrino mixing matrix is
U U Urs|U-y searching for new physics at a higher energy scale
] B B * Need to measure Uai elements independently
Usi Us2 Uss U34) « High precision is needed: measure oscillation with

O(1%) uncertainties. DUNE and HK needed.

F. Joaquim, J. Maneira Particle Physics for the Future of Europe (28 Sept. 2020, IST)



5 — Neutrino spectroscopy Europsan Srateoy

Update

Neutrinos from Stars and the Earth

» Solar neutrinos gave the first hints of oscillations. All
fluxes measured now and constraining solar models.

» Geo-neutrinos observed in Italy and Japan, prove that a
large fraction of Earth’s heat is radiogenic

*  Observation of Supernova Bursts with modern detectors

would provide a wealth of data on neutrinos and SN

40 kton argon, 10 kpc
i Neutronization Accretion Cooling |

80
70
60
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40
30
20
10

1
EX
£

—4— No osclllations

—+nomaioreing~ SNB neutrinos

—+— Inverted ordering

[DUNE TDR] N DUNE

Events per bin

b T l

| —— 1T ] [
AT H—

1 | L ! ! 1 L L L L | L 1 ! ! 1 L L L
0.05 0.1 0.15 0.2 0.25

Time (seconds)

IIIIIIIII|IIII|IIII|IIII|IIII|III

Neutrino Astronomy

* lceCube detector in Antartica observed high-
energy (PeV) astronomical neutrinos

* Some correlated with gamma, X-ray, telescope
observations — multi-messengers

* New observatories in the Mediterranean and
lake Baikal

F. Joaquim, J. Maneira Particle Physics for the Future of Europe (28 Sept. 2020, IST)



2.1 — SNO+ S
urop%%rdlatera eqy,

* Re-furbishing the SNO solar neutrino detector ‘5 0155 100
* New purification, hold-down ropes, calibration % Lok
systems, trigger and DAQ g S chuin
« Repairs in cavity, PMTs, electronics m———s
«  Currently half-filled with liquid scintillator. Te to be OvBp signal @
loaded early 2021. Sensitivity 2x10% yr 0.5% Te loading
* Loading DBD isotope in LS allows very large
masses: 0.5% Te-loading now, can increase to 2.5%
« Very promising technique for future experiments T T R e
aiming smaller nu masses: Theia? JUNO ?
1000 — = -
e J1
o I AU S S R
780 tons mg R L (I S R
~ liquid scintillator meV) 4 } ! il
1.3 tons of 130Te i i A A
; Inverted ; ? A . o
j Hierarchy | ¢ ? st
10 3 #l14 - - - ti
101 1012 1013
T?/lé X GOv

New Physics Sensitivity: Phase-Space Weighted Half-Life

Particle Physics for the Future of Europe (28 Sept. 2020, IST)
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2.2 — Portugal in SNO+ cuopen frae)

Update

* LIP a founding member of SNO+
* Signed the 2004 LOI, participated in first
meeting, hosted 2010 meeting
* Detector calibrations
* Hardware: optical fiber array for PMT
calibration, internal deployment mechanism

5 o Aborion Coollidents of Water - * Analysis of optical and neutron sources
N - —— [T - Data analysis and Physics
E |Optical calibration in water phasejf E e Anti-neutrinos from reactors (oscillations)
2.4Ana Sofia Indcio o |2 and the Earth (G-eoph'ygcs)
2ol L —— * Measure the radioactivity backgrounds,
g J41 pjarEtr .
L : nl f@ﬂrﬂ} crucial for all analyses
e ; H{Hnﬂ._ﬁin—! ——tia
0000 = ﬂHg;HH{ H—z?: - 0 3 70 5 E . H
Wavelength (am) Radon decreasing in LS run
= g L I I I I I I I BiPo214_Rate;
i = — Total events 3 g B Entries 712
£ N [C] 44 MeV ys (fitto data) ] im:_ L Mean 4.928
% 10 o 2,'2 Mevrs (ﬁm,‘m) = ?,“01 N Szhfﬁdf 14.33';a ?2
& Sofia Andringa: © aof \\ ¢ 5551+ 2275
I ] voob TN Valentina Lozza
15 = C
g E soF \\ Backgrounds
i ] sof %EF L.....coordinator
“E | Neutron calibration E o N\\ o
C | in water'phase . uf - :[;I=j;l
L I A I R T C y i },:
PMT hit 0 2 4 6 8 10 12 14 16
PRC102, 014002 (2020 " Time (daye)
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3.1 - DUNE copenn L)

Update

Deep Underground Neutrino Experiment d Neutrino oscillation experiment with
most intense beam from Fermilab
oot . m— « Deep underground location allows rich

‘ program of non-beam Physics

« Complementary to HK in Japan.

* Higher energy, wide-band beam

* LAr TPC technology instead of

water Cherenkov

Fermilab

Incoming

1600 1400 1200
Probability of detecting electron, muon and tau neutrinos CP Violation Sensitivity
12
L DUNE Sensitivity (Staged) — G, =02
L All Systematics m :" :ccp ::m
- Normal Ordering —— Nominal Analysis
10}~ sin20,, = 0.088 + 0.003 s 3 UnCONStrained

L sin’0,, = 0.580 unconstrained

18 m

19 m
Beam event display SERSE RN e Fry

One (of 4) 17 kton from ProtoDUNE CP violation

far detector module @CERN sensitivity
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DUNE and the European Strategy Ep®

140

Major developments
from the 2013 Strategy

B. The existence of non-zero neutrino masses is a compelling sign of new
physics. The worldwide neutrino physics programme explores the full scope of the rich
neutrino sector and commands strong support in Europe. Within that programme, the
Neutrino Platform was established by CERN in response to the recommendation in the
2013 Strategy and has successfully acted as a hub for European neutrino research at
accelerator-based projects outside Europe. Europe, and CERN through the Neutrino
Platform, should continue to support long baseline experiments in Japan and the
United States. In particular, they should continue to collaborate with the United
States and other international partners towards the successful implementation of
the Long-Baseline Neutrino Facility (LBNF) and the Deep Underground Neutrino
Experiment (DUNE).

F. Joaquim, J. Maneira Particle Physics for the Future of Europe (28 Sept. 2020, IST)



3.

W &

S « |

ProtoUE

\
Single Phase

Neutron transmission
experiment @ Los Alamos

F. Joaquim, J. Maneira

CERN Neutrino Platform

European Strategy,
Update

2 — Portugal in DUNE

« Two 1 kton prototypes built and exposed
i to test beam at the Neutrino Platform
o * ProtoDUNEs -I stopped operations this

summer, PD-Il will follow in 2022

« Great opportunity to strengthen CERN
connection

« We contributed to trigger of PD-SP-I and
purity monitor analysis of PD-DP-|

« We are developing the calibration systems

that will be tested at ProtoDUNE-II soon,
strong collaboration with Los Alamos

lonisation Laser
Design of “periscope”
DAQ and Slow
Controls Interface

i Secondary
Conceptual operation
p P rotary flange
“Fire calibration C1, intensity C and direction D Run Control and mOtor
Hardware 1 attime t”
Calibrations Primary rotary

Cal Interface
Software

Gi(t,C,D)

t,C,D) allowed flange alld motor

i Calibration
| Hardware N

=" Timestamped
calibration

information (tf,C,D)

Trigger Dispatcher

Validate calibration

request Optical
Trigger(t,C,D) —> Record data from TPC in [tfitf+dt] feedthrough
[ e EBvatasutterf—=] & | i  Stored |
Calibration Dat: . .
Data from [tfitf+dt] aoraton b Callbl‘atlon pol't
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Update

right handed
currents

SUSY particle

Higgs
triplet

neutrinos

Same-sign leptons at hadron colliders
Convolutional Neural Networks at DUNE

Underlying mechanism of DBD ?
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European Strategy,
Update

Thank you for your attention!
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