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BreakThrough Prize 2015

The era of neutrinos !

THE YEAR IN SCIENCE
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Morphing neutrinos provide clue to antimatter
mystery
Excitement rises over chance of new physics from particle-du-jour.

Elizabeth Gibney

New Evidence

§ for Flavor-
Switching

Neutrinos

by Gregory Mone
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An accelerator
experiment
confirms that
neutrinos can
mysteriously
morph from
one type to
another.




Why neutrinos?

+ Similarly, to the discovery of Fermi scale with nuclear 3-decays, we are now on a
fishing expedition to the next energy scale of the (hecessary!) New Physics:
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Neutrino oscillation are sensitive to very tiny effects similarly to mterferometry
Unique tool to study very high energy scale (today A~10*%GeV)

+ Search of Charge-Parity violation in the leptonic sector E 2 i B
) ) . : T2K results made thes

(related with matter/antimatter asymmetry in the Universe) April 2020

Independently on model: a new fundamental source of CP violation! FENEUEIERell g

— Major next discovery of HEP

THEMIRROR
CRACKD

+ What is the New Symmetry hidden behind the mass
and flavour mixing?




Neutrinos as door to New Physics

1
= Expansion of Lagrangian in terms of NP energy scale (A, ): £ = Lqyy + —L5 +

Av
Lqy SM as effective theory valid until UV cutoff ot
1 02 ) The only 5™ order operator possible
P e £ &GeVN 10 %eV according to fundamental
Ayy Apv 10" symmetries: neutrino (Majoranal)
mass is the first order effect of NP

- New type of fundamental particle

— Discovery of lepton number violation (accidental conservation in SM: no symmetry
supporting it)

— Naturally emerging in leptogenesis scenarios to create matter/antimatter asymmetry

m Peculiar nature of v and being in direct contact Va g
with A : natural to expect new type of '

interactions for neutrinos: Non Standard
Interactions




A neutrino life

roduction

@@

Neutrino sources

* astrophysics : sun,
CcOsSMmics rays

e artificial : nuclear reactors,
accelerators

The topic I will focus on

2 - oscillations

&

3 - detection




A neutrino life

1 - production 2 - oscillations 3 - detection

Path traveled by neutrinos



A neutrino life

1 - production 2 - oscillations

€00 &)@

@ 3 - détection

Charged current interactions used to - , i il
identify the flavor of the neutrinos 1

Detectors typically composed of e

- active targets (large mass needed) e ) @ M
s Ny il

- possibly additional detectors (eg Time proton
Projection Chambers) to identify and
measure outgoing particles

- external veto to reject background

With neutrino from accelerators measure oscillation by comparing v flavor at near detector
nearby the source (before oscillation) and at far detectors far away (after oscillation)



A bit of (recent) history...

SuperKamiokande Sudbury Neutrino
1996 - today! Observatory (SNO)
1998 Discovery of v oscillation 1999 - today!

from zenith angle dependence 2001 Solution of solar

of atmospheric v_rate puzzle: v_/Zv_~1/3




A bit of (recent) history...

SuperKamiokande Sudbury Neutrino
1996 - today! Observatory (SNO)

1998 Discovery of v oscillation 1999 - today!

from zenith angle dependence 2001 Solution of solar
of atmospheric v_rate puzzle: v_/Zv_~1/3

Need confirmation from accelerator experiment:
high purity and tunable neutrino flux
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2003 - 2015 MINOS (- MINOS+)
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A bit of (recent) history...

- SuperKamiokande Sudbury Neutrino
1996 - today! Observatory (SNO)
1998 Discovery of v oscillation 1999 - today!
from zenith angle dependence 2001 Solution of solar
of atmospheric v_rate puzzle: v_/Zv_~1/3
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Neutrinos with beams around the world

Neutrino oscillation physics with accelerators entered the precision era with NOVA and
T2K - next generation experiments will be worldwide efforts comparable to collider
experiments

N'Uclear theory
CERN

- KEK (JPARC)
FNAL beams N . .
Platform O
- NOVA - R&D - T2HK O
- DUNE (NINJA, ...) °
(SBND, MicroBoone, MINOS,
Minerva, ...)

... and many other experiments
and new facilities
(mentioned later)

Neutrino physics has a rich present and a bright future!
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Full 3-flavors formalism: Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

Ve 5 Ul Ux v\ U are expressed in terms of
Ve) z UZ.|vi) vy, = :1 ;2 :‘;3 Vs 3 mixing angles (0, 6_,, 0,)
Vr A Uiy UZis v3 / and aphase o,

3 mass states - two dm?: solar (small) and atmospheric (large)




v /v_appearance: o_,and MH

o, parametrizes different oscillations for v.and v -~ new fundamental source of CP
violation (and first in leptonic sector!)

Mass Hierachy : is the mass ordering the same for charged and neutral leptons? (- what is
the fundamental symmetry hidden behind neutrino oscillation)
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Extruded PVC cells filled with [ =
N O VA 10.2M liters of scintillator
instrumented with

wavelength-shifting fibre and
APDs
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NOVA: 6CP and MH
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ND280 near detector

K Side Muon Range Defector

UAT Magnet

Electromagnetic

Calorimeter (ECal) POD ECal - FU ” traCk| ng

T2K experiment

Super-Kamiokande and particle
Mtlemogaima Near Detector | @ defector | reconstruction
I O T " (magnetized!):
.n 1,000m
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: <1l ==\ neutrino and
“W” e antineutrino rate

before oscillation
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cherenkov detector
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identification to narrow-band flux
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12K - T2K-"2" - T2HK

- Beam upgrade from 500kW to 750kW in 2022 for T2K - 1.3MW in HyperKamiokande era
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Hyper-K preliminary
True normal hierarchy (known)
sin’(@,;) = 0.0218 sin’(8,;) = 0.528 |Am3,| = 2.509E-3 &, =-/2

Year

- Seamless program of neutrino beam

- Hyperkamiokande: huge water

cherenkov detector on JPARC beam - T2K-"2" will push further the study of

systematics at % level with upgrade of near
- 190kTon fiducial mass (x8.4 SuperKamiokande)  detector ND280.

- PMTs with double sensitivity of SuperKamiokande - ND280 upgrade will be ported from T2K to

_. more than x20 SuperKamiokande beam HK: robust path to calibration/systematic
neutrino rate understanding from day 1 of HK

18
- enabling very fast CP-violation discovery



HyperKamiokande sensitivity

CP-violation sensitivity with known Unknown MH: combination of atm and
mass hierarchy: ™ beam neutrinos to measure §CP and MH
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DUNE

New wide-band neutrino beam at Fermilab: 1.2MW - 2.4MW with a 1300km baseline

Sanford —__________ —_—
Underground mmm—— —
Research e
Facility = =
" .

Fermilab

- engagement of US in neutrino physics: _
huge enlargement of neutrino
oscillation community and resources!

11 - -
0 T e T - Cover two oscillation
g_) —Vu _fu ] Neutrinos Do, = -2 maXima - a lOt Of Shape
S 10'0k deeshon Moo =0 information to exploit for
o Normal Ordering .. .
T oep = w2 precision physics on PMNS
- paradigm

- To exploit full sensitivity a

shape analysis is needed

- nheed extremely good
resolution on neutrino

1 2 3 4 5678

_ Neutrino Energy (GeV) energy reconstruction
Neutrino energy (GeV) 20




DUNE technology

(Relatively) new technology to be deployed to unprecedented scale:
huge LAr TPCs with charge readout

-4 LAr TPC: 4 x 10kTon fiducial mass

Long-Baseline Neutrino Facility Wlth Staged apprOaCh

South Dakota Site Neutrinos from
Fermi National

/‘ Accelerator Laboratory
2 in lllinois

- Full reconstruction of final state particles
(~bubble chamber)

Ross Shaft
1.5 km to surface

Facility
and cryogenic
support systems outgoing particles

ArgoNeut (~250 kg LAr) ICARUS (~500 Ton LAr)

~

One of four
detector modules of the
Deep Underground

Neutrino Experiment
4850 Level of

Sanford Underground
Research Facility

ProtoDUNE-SP demonstrator (17.5 kTon LAr)
o - S Ry, -
N f:c:'l—; _::_‘__‘_”__‘i'_.-f-fﬂ-\‘

nmMBooNE

g

UTC Mon Oct 22. 2 308]
20:40:7. 115441848

n
1000
MuMY DATA: RUN 18811, EVENT Z2549. APARTL @, Z617



LAY

measurements

Proto-DUNE prototypes at CERN to

validate the technology on large scale
(1:20 scale to the final detector)

NS W U T TP P Y

Not only R&D for technology but also measurements to control nuclear model in Argon

- MicroBoone:

15}

10 ¢

PHYSICAL REVIEW LETTERS125,201803 (2020)
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DUNE sensitivity

Mass Ordering Sensitivity CP Violation Sensitivity
35 12
- DUNE Sensitivity . G = -2 _ DUMNE Sensitivity (Staged) — 23.;?';: :
N i i o values
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25

- Very fast MH
determination at 50

20

- Precision physics:
prospects for 3_,, Am

resolution
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Importance of systematics

Q Precision physics will be dominated by systematics
- ~2000 of v_(v ) and ~10000 events v, (VM)
- first order systematic is the normalization of v_/v_for CPV and MH

— precision measurements require very good control of neutrino energy
spectrum shape

—= 1061171 e
£ [HKflux& — 18°5__ Shift ]
g 1,04/ beamline —— 4 MeV Removal Energy Shift |
Z B — 05%E Scale Shift - :
Sl [ YRR 1 Measurement of 0, <15deg and of Am? ~ 1% require
L e — 1 . .
§ —= L. 1 controlof energy scale (calibration + nuclear effects) <1%
: — 7
0.98} —'}: 1 -
P S SN R N TR SR RN SO SO N VAN ST SN NN T SRS N
L 0.2 04 0.6 0.8 1 1.2
E... (GeV)

Q Crucial role of present experiments (T2K - NOVA) to open the road to % systematics
and indicating analysis strategies and detector design enabling such precision

O Crucial role of near detectors

Without forgetting crucial ancillary measurements like EMPHATIC, ANNIE, 2

electron-scattering at JLab...



Near detectors and nuclear theory

ND measures rate vs neutrino
energy before oscillation
- characterize flux and xsec

Ryp=|

do’

= dE
de,| "

®'(E, )

Rip=[ ®"(E,)

do"
—I|dE
dE. |

P (E,)

\
~same flux at ND and FD

v

what we want to measure:

oscillation probability

Flux simulation and tuning
(NAG1/SHINE + MIPP)

Horns :
n ""._L
Target n
Decay volume
Target D -
ecay Pipe
\ Target Hall y Hp »
120 GeV
protons N —
Main Injector Horns 7zt \

10 m

%

cross-section must be extrapolated from
ND to FD:

- different neutrino energy distribution

- ND measure flux times xsec

Need nuclear theory models!

SK: Neutrino MOd’e’ Vu T2K Work in Progress
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Near detectors and nuclear theory

ND measures rate vs neutrino

energy before oscillation

- characterize flux and xsce

R)p=

v’ Y dO'V'
Ry,=|d (E,)—|dE
ND f ( V) dEV d A%
v vV’ d(j\/,
o (E,)P E  )——dE
( V) 0SC ( V) dEV d \

\
~same flux at ND and FD

what we want to measure:
oscillation probability

v-nucleus interaction
modeling and tuning

) b

v

» ; @
a3
[ o 0 9

Free Imtlal Nuclear
Nucleon State

Extra Nuclear
Effects

(and similarly for pion(s) production)

%

cross-section must be extrapolated from

ND to FD:
- different neutrino energy distribution

- ND measure flux times xsec
Need nuclear theory models!

o
../:1
“« ¢

[

o 9

Final State
Interactions (FSI)

- Nuclear theory

- External data (eg e-scattering)

- v-nucleus xsec measurements at
near detectors and dedicated
experiments (Minerva, ArgoNeuT, ..)

— fundamentally the name of the 26

game: precise Ev reconstruction



New generation of near detectors

* T2K is preparing an upgrade of ND280 to be installed in 2022 to cope with
increased statistics after beam upgrade and for HyperKamiokande

Horizontal TPCs to enlarge angular
acceptance

Scintillator with 3D track
reconstruction capabilities

— low threshold on
proton, pion momentum

-~ measurement of
neutrons with ToF

* Full exclusive reconstruction of final state for best
) t neutrino energy ‘reconstruction’ from outgoing
S * interaction particles

- for the first time neutron reconstruction event by event!

. |8 s

* ....... R

p\ 27




Opening the road...

- Hadron-muon transverse
momentum unbalance for
‘direct’ measuring of nuclear
effects

(ND280)

- First usage of neutrons in
neutrino-nucleus scattering
(Minerva)

percent

10 107 Phys.Rev.D 98 (2018) 3, 032003 Phys.Rev.D 103 (2021) 11, 112009
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New approach

to near to far extrapolation

Extract Ev dependence from off-axis angle

HyperKamiokande Intermediate
Water Cherencov Detector (IWCD)

29



New approach
to near to far extrapolation

Extract Ev dependence from off-axis angle

DUNE LAr and GAr TPCs as movable near detectors: DUNE-Prism

i,
é':? On axis
Qaﬂ 1 2z
ﬂ/\
& .
5 —— Neutrino
& beam
f -

Far off axis

1 F 3 r} :30m
Neutrino Energy (GeV)

=
&
w
I~
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New approach
to near to far extrapolation

Extract Ev dependence from off-axis angle

My

=

- Nuclear-level systematics becomes ‘second order’
- quantification on-going (acceptance, finite statistics, ...)

- Need to control well flux systematic uncertainties vs angle and flux stability vs time
(DUNE SAND, T2(H)K INGRID)
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Beyond PMNS

- The ‘standard’ oscillation paradigm (PMNS-based) is very strict and not motivated by

fundamental symmetries (mixing angles and neutrino masses are ‘accidental’ numbers).
- minimal 3-flavour scenario

In particular it assumes

- standard neutrino interactions for production and detection
- standard matter effects along propagation

Steriles: new neutrino states with different Dm2 -

oscillations at different L/E

MINOS/MINOS+/reactors
results
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BSM surpises?

Steriles (of many different types) — inventive ways of use near detectors

- DUNE tau v Sensitivity depending on energy shape
appearance at near o Excluded at 20 uncertalnty
detectors \ |
{\-., : ===+ No shape error 5% shape error
E(Jl:]::l i \""‘"--_.:._::::"" Stmermeemed —--=- 2% shape error 10% shape error
0.006 Il T
oo02)  Neutrino Antinentrino | High energy
maode : mode : mode :
Y Pt Phys. Rev. D 100, 052006 (2019)
- Heavy Neutral Leptons from | . _Phs. Rev. D 101, 052001
K decays in the beam i J
O
Kt - ttN - ND280: decay of N = . -
b | dum in TPC gas volume % M|
e Sr— o - =
. . (~no background) E 100
station ~ decay n N—E_.\
pipe . =
Eir"él‘ifgfityi? P Y 0.1 0.2 0.3 0.4
e { - MicroBooNE: HNL mass [Gev]
ooV - SIN —— NA62 —— NuTeV
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Beyond PMNS

- The ‘standard’ oscillation paradigm (PMNS-based) is very strict and not motivated by
fundamental symmetries (mixing angles and neutrino masses are ‘accidental’ numbers).

In particular it assumes - minimal 3-flavour scenario
- standard neutrino interactions for production and detection
- standard matter effects along propagation

Non Standard Interactions: a door to new physics. (And more: CPT-violation, ...)
Need to able to disentangle from “standard” oscillation effects

Eg: new sources e iiasaaas moving to = ————————— 0
of CP-violation in ol oy  BOECL different X = ~0.20 >
NS| from . Glarve {varics 513} v 6, =n | (LNE g
non-diagonal 001 ' > | 5

terms in matter 7 .
potential

V
[yd-day] 82TTT 608T Uld

T | S
.04 ; .06 0.07 8 ;



Most general paradigm

- Expand the oscillation study with a more general paradigm: with next generation of
experiments we will look at oscillations with a much more open-mind approach:

we want to characterize the L/E dependency of flavour mixing

Eg: can we search for fundamental CP

violation in a more model-independent way?

- allow for arbitrary (non-standard) matter effect -

- allow for arbitrary (non-unitary) mixing between
flavour and energy eigenstates (even different for

production and detection)

- search for T-violation - look for L
dependency of oscillations at fixed energy
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https://arxiv.org/abs/2106.16099

New Ideas

and new facilities

Improved beams for more
precise control of neutrino flux

- EVBET: instrumented decay tunnel
for precise (1%) measurement of v_

from K decays

- vSTORM: muon storage ring giving

very well known v_and v, fluxes
(R&D toward Neutrino Factories)

- ESSvSuperBeam: 2" oscillation + HIFI
(demonstrator for low energy vSTORM)
Next-to-next generation detectors:

- THEIA: water based (doped) optical detector for comprehensive
neutrino program (scintillation + Cherenkov)

"

Neutrinos at LHC: FASER

in forward region after
defocusing charged particles —
Ev~TeV

~20m 40m long decay tunnel

~50% of K* dec

n the Hadron dump

-

Chap W

to proton dump
40m
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Summary Natire o

* Oscillation measurements made the cover of Nature in April 2020 it .
with a statistically limited measurement: join us for interesting

physics ahead! THE MIRROR
* Neutrino oscillation physics with “neutrino beams” entering the e
precision era with NOVA and T2K - next generation experiments
are worldwide efforts comparable to collider experiments

* Next generation of experiments (DUNE, HK) relies on control of systematics at % level
- crucial role of near detectors: a new generation coming

- T2K and NOVA are opening to road to exercise new near detectors, new analyses
techniques, ...

- ... long term work in collaboration with nuclear theory community

- Important R&D involved (CERN Neutrino Platform)

* A vibrant community ready to react to the ‘unexpected’: new systematics and/or
BSM signs — inventive in the usage of near detectors and in the exploration

of complementarity between HK and DUNE 37
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