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Fundamental questions about the universe
and forces of nature define the path ahead for
particle physicists:

Are there undiscovered principles of nature?

How can we solve the mystery of dark energy?

Are there extra dimensions of space?

Do all the forces become one?

Why are there so many kinds of particles?

What is dark matter? How can we make it in the lab?
What are neutrinos telling us?

How did the universe come to be?

What happened to the antimatter?
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Fundamental questions about the universe and forces of nature define the
path ahead for particle physicists:

Are there undiscovered principles of nature?
How can we solve the mystery of dark energy?
Are there extra dimensions of space?

Do all the forces become one?

Why are there so many kinds of particles?
What is dark matter? How can we make it in the lab?
What are neutrinos telling us?

How did the universe come to be?

What happened to the antimatter?
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Big questions
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Robert Hooke 1665

Every age confronts its own scientific questions and develops its
own tools and techniques to address them. In the 17th century,
microscopes and telescopes revealed for the first time aspects of

the universe invisible to the naked eye.



2013

Origin of Mass

Origin of Universe

Unification of Forces

New Physics
Beyond the Standard Model

Proton Decay




|dentified drivers for BSMp in 2013

1. Use the Higgs Boson as a Tool for Discovery,

2. Pursue the Physics Associated with Neutrino Mass,

3. ldentity the New Physics of Dark Matter,

4. Understand Cosmic Acceleration: Dark Energy and Inflation,

5. Explore the Unknown: New Particles, Interactions, and Physical
Principles.

The science drivers

C C

Use the Higgs Pursue physics Identify the new Understand dark Explore the
Boson as a tool associated with physics of dark energy and unknown
for discovery neutrino mass matter inflation




The Snowmass process 2021

The Snowmass Process is a particle Energy Frontier
physics community planning exercise
sponsored by the Division of Particles and Neutrino Physics Frontier

Fields of the American Physical Society.
Rare Processes and Precision Frontier

Cosmic Frontier

e Theory Frontier

PHYSICS
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COMMUNITY . .
PLANNING Computational Frontier

Accelerator Frontier

Instrumentation Frontier

Underground Facilities Frontier

Community Engagement Frontier



How to snowmass... (Chris Quill) August 2020
(1983, 1988, 2005, 2013)

Continue to think about what you have heard and done at Snowmass.

Talk with your particle physics colleagues about what you have seen and heard and done here.

Arrange seminars to share the experience with all your students and colleagues.

Talk with your colleagues in other fields of physics and astronomy. Share your enthusiasm!

Give a colloquium early in the school year about the future of particle physics.

Talk with your colleagues in other fields about their excitement and aspirations.

Help your students appreciate the exciting futures all across physics and astronomy.

You will meet many gifted, articulate, and inspiring colleagues: Invite them to visit your department. Hire them!

In the meantime, work hard, have fun, make yourself a better scientist, and help create a bright future
for particle physics.



Outline

The 3 neutrino oscillation picture

Hints for sterile neutrinos

CEVNS Coherent Elastic Neutrino Nucleus Scattering
Direct Detection Dark Matter Experiments

What neutrinos have for us in the road ahead



Neutrino physics today

Neutrinos have mass (Noblel Prize 2015)

Origin of the neutrino mass

Is there a theory of flavor?

Neutrino nature: Dirac or Majorana

3 Mixing angles and 2 mass splittings from oscillation experiments
Are there sterile neutrinos?

What is the mass ordering

Violation of CP in the Lepton sector
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Global oscillation parameters fit
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Normal Ordering (best fit)

Inverted Ordering (Ax? = 2.3)
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Nobel 2015, Oscilaciones de neutrinos

2015 NOBEL PRIZE IN PHYSICS
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El Super Kamiokande, una piscina de 50,000 toneladas de agua
ultra-pura donde se midié la oscilacion de neutrinos
05:59 - 6 oct 2015



PDG back in 1996

R T

Review of Particle Physics: R.M. Barnett et al. (Particle Data Group), Phys. Rev. D54, 1(1996)

Massive Neutrinos and
Lepton Mixing, Searches for

For excited leptons, see Compositeness Limits below.

See the Particle Listings for a Note giving details of neutrinos, masses,
mixing, and the status of experimental searches.

..

No direct, uncontested evidence for massive neutrinos or lepton mixing }
has been obtained. Sample limits are:

— " -

v osallation: ¥, /A 7,
A(m?) < 0.0075 eV?, CL = 90% (if sin®26 = 1)
sin“26 < 0.02, CL = 90% (if A(m?) is large)
| v oscillation: v, — v, (8 = mixing angle)
A(m?) < 0.09 eV?, CL = 90% (if sin?28 = 1) ;
si_n220 < 25x1073, CL = 90% (if A(m?)is large )




Neutrino oscillations evolution

~20 years ago Now O( < 1%)

2 flavor 3+ ? flavor

Detectors size, sensitivity, better simulation and analysis tools, neutrino sources, etc.



Since 2020 we have...
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Leptonic CPv from NOVA and T2K

RESULT: COMPARISON WITH
INDIVIDUAL EXPERIMENTS

The joint result disfavors (slightly) the Normal Ordering where the individual experiments

preferred differing phase-spaces in &cp.

Provides tighter constraint in the Inverted Ordering where there was good agreement
between NOvA-only and T2K-only fits.
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» A strong constraint on | Am232 |.
- Mass Ordering remains inconclusive. Mild
preference for upper octant.
« OCP = /2 lies outside 3-sigma credible interval
for both mass orderings.
- CP conserving values for the Inverted Ordering fall
outside the 3-sigma
range.
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Nova and T2k on CPv
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First Direct Experimental Evidence of CNO neutrinos,
Borexino Arxiv:2006.15115
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cpd/100t corresponding to a flux of neutrinos on e

The Borexino Collaboration

Earth Of 7.0 (_1.9 +2.9)x108 cm_2 S_l 14k Accesses | 142 Citations | 901 Altmetric | Metrics

2020 Jun 23

G. Ranucci - First detection of solar neutrinos from CNO cycle with Borexino Abstract

For most of their existence, stars are fuelled by the fusion of hydrogen into helium. Fusion
proceeds via two processes that are well understood theoretically: the proton-proton (pp)
chain and the carbon-nitrogen-oxygen (CNO) cyclel2. Neutrinos that are emitted along such
fusion processes in the solar core are the only direct probe of the deep interior of the Sun. A
complete spectroscopic study of neutrinos from the pp chain, which produces about 99 per
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Explore content v  About the journal v  Publish with us v Subscribe

nature > articles > article

Article | Published: 10 March 2021

Detection of a particle shower at the Glashow
resonance with IceCube 6.3 PeV

The IceCube Collaboration

Nature 591, 220-224 (2021) | Cite this article

17k Accesses | 80 Citations \ 501 Altmetric | Metrics

© A Publisher Correction to this article was published on 31 March 2021

O This article has been updated




nature physics
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Article | Open access | Published: 14 February 2022

Direct neutrino-mass measurement with sub-
electronvolt sensitivity

The KATRIN Collaboration

Nature Physics 18, 160-166 (2022) | Cite this article

43k Accesses | 183 Citations | 633 Altmetric | Metrics

Abstract

Since the discovery of neutrino oscillations, we know that neutrinos have non-zero mass.
However, the absolute neutrino-mass scale remains unknown. Here we report the upper
limits on effective electron anti-neutrino mass, m,, from the second physics run of the
Karlsruhe Tritium Neutrino experiment. In this experiment, m, is probed via a high-precision
measurement of the tritium -decay spectrum close to its endpoint. This method is
independent of any cosmological model and does not rely on assumptions whether the
neutrino is a Dirac or Majorana particle. By increasing the source activity and reducing the
background with respect to the first physics campaign, we reached a sensitivity on m, of 0.7
eV c 2 at a90% confidence level (CL). The best fit to the spectral data yields m?2 = (0.26 + 0.34)
eV2 ¢4, resulting in an upper limit of m, < 0.9 eV c¢2 at 90% CL. By combining this result with
the first neutrino-mass campaign, we find an upper limit of m, < 0.8 eV ¢ 2 at 90% CL.
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Transition from a discovery era to a precision era
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Transition from a discovery era to a precision era

* Increased knowledge on nu-N X Sections is required.

 QE, DIS, Minerva experiment measurements, generators and theory
Improvement
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Deep Underground Neutrino Experiment (DUNE)

Deep Underground Neutrino Experiment
Precision neutrino program

Sanford - = — Fermilab

Underground e Tepe—— New physics potential
Research g . e -
Facility = :

20287?
2031?

Incoming beam:
100% muon neutrinos

INTERNATIONAL 28/02/2024 alas 06:22pm

1600 1400 1200 1000 800 200 0k ~ : i i e o
S ' d u l Scientists are building tunnels under
robability of detecting electron, muon and tau neutrinos w / aggm

: ’ South Dakota for a $3 billion

experiment that could solve some of
DEEP UNDERGROUND the universe’s grandest mysteries

NEUTRINO EXPERIMENT




Unsolved anomalies or Hints for a 4th neutrino

heory driven..

Data driven..




Sterile neutrinos

* Short Baseline neutrino program +

« Beam dump experiments, high photon flux, ALPs
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other scientific p033|b|I|t|es such as supernova neutrinos, geo-neutrinos, solar neutrinos,
atmospheric neutrinos, and exotic searches.










CEVENS Coherent Elastic Neutrino Nucleus
Scattering

Principles and applications of a neutral-current detector
for neutrino physics and astronomy

A. Drukier and L. Stodolsky
Max-Planck-Institut fiir Physik und Astrophysik, Werner-Heisenberg-Institut fiir Physik,
Munich, Federal Republic of Germany
(Received 21 November 1983)

We study detection of MeV-range neutrinos through elastic scattering on nuclei and identification
of the recoil energy. The very large value of the neutral-current cross section due to coherence indi-

PHYSICAL REVIEW D VOLUME 9, NUMBER 5 1 MARCH 1974 cates a detector would be relatively light and suggests the possibility of a true *“neutrino observato-
ry.” The recoil energy which must be detected is very small (10—10° eV), however. We examine a
Coherent effects of a weak neutral current realization in terms of the superconducting-grain idea, which appears, in principle, to be feasible
through extension and extrapolation of currently known techniques. Such a detector could permit
Daniel Z. Freedmant determination of the neutrino energy spectrum and should be insensitive to n.eutrin.o oscillati9ns
National Accelerator Laboratory, Batavia, Ilinois 60510 since it detects all neutrino types. Various applications and tests are discussed, including spallation
and Institute for Theoreticak Physics, State University of New York, Stony Brook, New York 11790 sources, reactors, supernovas, and solar and terrestrial neutrinos. A preliminary estimate of the
(Received 15 October 1973; revised manuscript received 19 November 1973) most difficult backgrounds is attempted.
If there is a weak neutral current, then the elastic scatter rocess v+ A —v+ ops . .
have a sharp coherent forward peak just ase+ A —e+ A tszeisl?g gxpef'i:wnts to obs:r::(::ig DeteCta bl | |ty Of Certa 1M d d rk‘matter Cd nd |d ates
peak can give important information on the isospin structure of the neutral current. The
experiments are very difficult, although the estimated cross sections (about 10~*® ¢m? on Mark W. Goodman and Edward Witten
carbon) are favorable. The coherent cross sections (in contrast to incoherent) are almost Phys. Rev. D 31, 3059 — Published 15 June 1985

energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi-
coherent nuclear excitation processes v + A —v + A*provide possible tests of the conservation of

the weak neutral current. Because of strong coherent effects at very low energies, the We consider the possibility that the neutral-current neutrino detector recently proposed by Drukier and
nuclear elastic scattering process may be important in inhibiting cooling by neutrino Stodolsky could be used to detect some possible candidates for the dark matter in galactic halos.
emission in stellar collapse and neutron stars.

This may be feasible if the galactic halos are made of particles with coherent weak interactions and
masses 1-10" GeV; particles with spin-dependent interactions of typical weak strength and masses 1-
10* GeV; or strongly interacting particles of masses 1-10" GeV.

Received 7 January 1985

DOI: https://doi.org/10.1103/PhysRevD.31.3059

©1985 American Physical Society



scintillation

CEVENS - NC SM Interaction
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CEVENS cross section

Barranco, J. et al. JHEP 0512 (2005) 021
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Cross Section
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Sensitivity to the weak charge and N2 dependence

Image credit: COHERENT Collaboration.
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Non Standard neutrino interactions (NSI)

Barranco, J. et al. JHEP 0512 (2005) 021
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T. Ohlsson, Rept. Prog. Phys 76 044201 (2013)
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http://inspirehep.net/author/profile/Barranco%2C%20J.?recid=691040&ln=en
http://inspirehep.net/author/profile/Valle%2C%20J.W.F.?recid=843925&ln=en

COHERENT Collaboration
First detected in SNS neutrinos 2017

Breakthrough of the year, smallest neutrino detector ever build
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News from COHERENT in 2020

P 10.1103/PhysRevD.100.115020
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first detection of coherent elastic neutrino-
nucleus scattering on argon



Reactor neutrino experiments in the quest for
CEVNS




Sensitivity(reactor CEVNS) to Weak Mixing Angle

Physics Letters B 761 (2016) 450-455 Physics Letters B 784 (2018) 159-162
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Non standard interactions

B.C. Canas, E.A. Garces, O.G. Miranda, A. Parada, G. Sanchez Garcia
Published in: Phys.Rev.D 101 (2020) 3, 035012

Expected: Connie + Covus
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https://inspirehep.net/literature?q=a%20G.Sanchez.Garcia.2

Sterile neutrinos

Physics Letters B 776 (2018) 451-456
The reactor antineutrino anomaly and low energy threshold neutrino
experiments

B.C. Cafias **°, E.A. Garcés?, 0.G. Miranda®*, A. Parada®

4 Departamento de Fisica, Centro de Investigacion y de Estudios Avanzados del IPN, Apdo. Postal 14-740, 07000 Ciudad de México, Mexico
® Universidad Santiago de Cali, Campus Pampalinda, Calle 5 No. 6200, 760001, Santiago de Cali, Colombia

Sensitivity in Xe, Ge, could exclude BFP
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Direct Detection Dark Matter Experiments

Direct Detection pdll ‘
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Isospin violating scenarios

Violacion de isoespin y supresiéon a la seccion eficaz

ey : ; Maxima supresion.
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ON1T Electron recolil data

ArXiv:2006.09721
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Some anomalies tend to go away

Tritium backgrounds
https://www.particlebites.com
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Sometimes anomalies go away and the models built to explain them don’t hold
together.

SU(2).horizontal symmetry

and many more..........



BSM neutrino physics

Oscillation parameter precision input for Flavor models
Neutrino near detectors for beam dump type experiments
New physics searches in existing and upcoming data

Many opportunities for model building and phenomenological tests



Neutrino physics potential of future DD DM

1ME BEST

* Neutrino - electron scattering of solar neutrinos

: ‘-;

* Coherent Elastic Neutrino Nucleus Scattering

* Neutrinoless double beta decay

,.
 Sterile neutrino searches in the beta decay spectrum ' ' '

inist P ist Physicist
e Potential to observe Geoneutrinos o essms -

o Will benefit of the progress made by xsections experiments (Minerva,
Nova, T2K, Coherent.)
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Summary

Future accelerator and reactor Long Baseline experiments, joining a
growing ensemble of experiments, the 3nu paradigm.

Current and future reactor and accelerator-neutrino experiments will
provide an indispensable input for understanding neutrino physics.

CEVNS Coherent Elastic Neutrino Nucleus Scattering, from theoretical
predictions to first observation, to studying new interactions.

Dark Matter detectors might become the neutrino observatories of the
future.
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Reactor antineutrino anomaly

G. MENTION et al. PHYSICAL REVIEW D 83, 073006 (2011)
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FIG. 5 (color online). Illustration of the short baseline reactor antineutrino anomaly. The experimental results are compared to the
prediction without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron mean lifetime, and the
off-equilibrium effects. Published experimental errors and antineutrino spectra errors are added in quadrature. The mean averaged ratio
including possible correlations is 0.943 = 0.023. The red line shows a possible three-active neutrino mixing solution, with
sin®(26,3) = 0.06. The blue line displays a solution including a new neutrino mass state, such as |AmZ. z| > 1 eV? and
sin®(26 .., ) = 0.12 (for illustration purpose only).



Events/MeV

MiniBoone (After neutrino 2020)
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Neutrinos from the sun

126+ 1. Astrophys. J. 835, 2, 202 (2017
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Experimento SNO

Sudbury

Neutrino Observatory

NEUTRINOS FROM
THE SUN

Electron-neutrinos
are produced in the
solar core.

SNO
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TRINO: A Neutrino Experiment in México
Investigador responsable: EVJ (IFUNAM)

TRIGA MARK [l @ 3m
Ve +p—et +n

AV 100kg Scintillator 0.2% Gd
SiPMs
To be upgraded to 500kg

Instituto de Fisica
UNAM

3 Postdocs and 5 graduate students (4 PhD)



CONNIE Light vector mediator searches

(A. Aguilar-Arevalo et. al. JHEP 04 (2020) 054 )

USING DATA!
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Figure 2. Exclusion region in the (Mz:, ¢’) plane from the CONNIE results assuming quenching
given by the fit to the measurements in Ref. [25] (orange) and the expressions in Ref. [26] (red). The
COHERENT limit curve [5] (blue) and the 20 allowed region to explain the anomalous magnetic
moment of the muon (Aa, = 268 + 63 x 10~!1) [27, 28| (green) are shown for reference.
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cintillating Bubble Chamber

LAr bubble chamber: instrumentation

< ERGIDAD NACIONAL AUTONOWA b iy >

g 2

. _ e Collaboration with Northwestern U., Fermilab, Drexel and Indiana
e Design of high pressure testing system for SiPM

e Simulation of backgrounds

e Possibility to merge prototype into LAr chamber
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Scintillating Bubble Chamber Collaboration
@SBCcollab

We build bubble chambers that also scintillate. It's pretty cool. Cryogenic,
technically.
~WIMPS & Neutrinos ~
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‘:\ Followed by McDonald Institute, SNOLAB, and Pietro Giampa



