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Neutrinos Iin the Standard Model

Fermions (matter)

Neutrinos are elementary particles.

F aCtS . o up quark charm quark top quark
 There are 3 flavors (ve, vy, v¢) matched to charged leptons @‘( {.%.v W

(e, IJ., T) down quark strange quark bottom quark
« They have no charge

* They are massiess nearly massless Lepton
« They are spin %z leptons

« They only interact weakly trough W* and Z° bosons

Gauge
boson

All this makes them basically... INVISIBLE -
boson

https://www-he.scphys.kyoto-u.ac.jp/nucosmos/en/

Higgs boson
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Neutrlnos INn the Standard Model
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60
Cobalt 60 Nickel 60\\ .
27 protons 28 protons €

33 neutrons 32 neutrons

Clyde Cowman

Leon Max
Lederman, Melvin
Schwartz, and

2000

The DONUT
collaboration
at Fermilab
announced

Constraint on the Matter-
Antimatter Symmetry-
Violating Phase in Neutrino

Oscillations

Nobel Prize in Physics to
Takaaki Kajita and Arthur
B. McDonald "for the
discovery of neutrino
oscillations, which shows
that neutrinos have

The Pauli and Federick Jack Steinberger the discovery mass.”
Wolfgang Pauli neutron was Reines detected  showed that more of the tauonic
postulated the renamed the neutrino than one type of neutrino
n . n . :
“neutron” to Fneut_rlnﬁ by experimentally neutrino existed THEMIRROR
ermi when :
compensate for the " I from a reactor when the muon )
apparent loss of € rea source neutrino was first CRA':KD ,
Anindication of matter-antimatter
energy and conserve Neutron was detected T
the momentum of ~ discovered by
decay B- Chadwick
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What's so interesting about neutrinos?

» Discover supernovae and other ENERGY DISTRIBUTION
: OF THE UNIVERSE
astrophysical events.

DARK
ENERGY

* We could explain the matter/antimatter
asymmetry.

DARK
MATTER

* They could help explain dark matter.

NORMAL MATTER

» Geologically study the interior of the
earth.

* Monitor nuclear weapons on earth.

* Method of transmitting information (in
the distant future).
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Neutrino sources

There are two types of neutrino sources:

 Natural:

- Sun ( )

Reactor - Big Bang (relic neutrinos)

Accelerator : :
- Supernova explosions (supernova neutrinos)

Terrestrial
- Cosmic rays interacting in the atmosphere

( )

« Artificial:

MINOS +

2 Atmospheric

NOVA
Hyper-K

LBNO

RADAR

CHIPS Super-K
LBNE MINOS+
MINERv. IceCube
PINGU

—_ —
L 3 9
mTnnnmmTnmr

- Nuclear reactors (reactor neutrinos)

Mini LBNE
ICAR! INO/ICAL
Hyper-K
LAGUNA

=o
N
o

e - Particle accelerators (accelerator neutrinos)
—Big Bang

(=]
3
lI III

e PTOLEMY

P 4 I O N Y WY ey Y e s i Neutrinos cover a wide spectrum of energy and
0* 10* 1 102 10* 10° 10° 10 10” 10" 10° 10" detecting them involves using different techniques and

Neutrino Energy (eV) detectors.
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Relic neutrinos

* Relic neutrinos from the cosmic neutrino Evolucion del Universo -
background (CNB) originating in the early Universe el
let us know: e

- The conditions of the early Universe (neutrino
decoupling ~1 s after the Big Bang)

Could answer basic guestions like:
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 What is the absolute scale of the neutrino mass?

 Are neutrinos their own antiparticle?...

But they haven't been detected yet!!!
Big Bang

@ UNIVERSITY OF
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Supernova neutrinos (SN)

Supernovae bursts are a huge source of neutrinos of all

flavors within ~12 sec.
 Measurement of SN neutrinos will provide information a0 bt | ¢ IMB
aboult: 'oT IO o Kamiokande I
- Supernova physics: Core collapse mechanism, SN o~
: . . = 30k ®
evolution in time, black hole formation, etc. %}
- Neutrino physics: neutrino oscillation, neutrino g 5 ‘1) s
absolute mass, etc. ’Sg 0
LuJ %, ({)
10 + g?
~20 supernova neutrino events were measured in TQ
Kamiokande and IMB from SN1987A. ) T S O N I B B N T
- Beginning of using neutrinos for multi-messenger 0 2 4 6 8 10 12
astronomy. Time (s}

UUUUUUUUUUUU
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Atmospherics neutrinos

p+ X ot + 4X’

L |J.i + Vp_(vp_) 30000 m
\_) ei + Vv, (ve) -+ vu(\)u) ?:)i:w)::hr?\\
L KT + Ax'

Vu
20000 m

L) Pt + Vu(vu)

|—> et +ve(Ve) + iy (vy) T—

Concorde

« Experiments to observe atmospheric neutrinos are built
underground:

- To diminish the effects of cosmic rays and other sources of
stellar noise.

j
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Solar neutrinos

 Most of the neutrinos that reach Earth are solar neutrinos.

« The sun produces electron neutrinos (~2 x 1038 neutrinos/sec).

Why are neutrinos important in the sun?

« The generation of energy in the sun begins with the reaction:

pt+pt o *H+et +v,

« Without the neutrino, angular momentum would not be conserved.

&
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Solar neutrinos

 John Bahcall predicted that the ratio (R = NeXperinrlental) should be

equal to 1.

theoretical

« Number of experimentally measured solar neutrinos is less than

what is theoretically expected!

SSM prediction (BPB 2000)

neutrino flux (x10° cm™ sec™!)

fraction of SSM

Charged Current (CC):
D+ve—-op+pte”

Elastic Scattering (ES):
D+veyr—=>p+pt+e”

Neutral Current (NC):
e T Veur € T Vy

So my
calculations
were right...

...and my
measurements,

11
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Neutrino oscillation

* Neutrinos interact with matter and produce a lepton of the same flavor as the neutrino.

€ H T
Ve Vi Ve V&V Vo
Ve Y V¢
V. V. V.
Detector Detector Detector

Never

UNIVERSITY OF . .
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Neutrino two flavor oscillation
o, e”

+
2] 40}
\\Va / Vi > @ Ve
Long trip (Lysc)

All oscillation experiments live in
the 0.1-10 GeV transition region.

Far detector

The oscillation is described by this equation:

We extract:
Rotation angle

| ) Am2lL = \\/e know:
sin? 26 Posc(vﬂ — Vo ) = sin“4 20 sin? ( length of the neutrino's

\ ﬁ long journey

We calculate:
Note: Which means that at least one of them has to have mass for the oscillation to occur.

Neutrino flux energy
@ UNIVERSITY OF n N
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oscillation probability

We calculate:
Probability of the oscillation

distance traveled [m]




Neutrino three flavor oscillation

PNMS (Pontecorvo—Maki—Nakagawa—Sakata) rotation matrix.

k 4 : =001 T ' ' 1 N b | 5y
Ve)\ [ | (13 (| 513€ WeE 19 519 | l/1> 5 & % 2 1/1> & //r \\\/
W= |0 e sy 01 0 —sp e Of [|m) | =1 « + ||
VT)) _0 —$93 (33, _—3136""’” 0 e L€ u ;) ERE ) N\
Atmospheric Reactor Solar
_ 3 Mass
Where Cjj = CoOsS 9ij1 Sijj = SIn 91] and Am12]= mlz — mlz L 0131 Flavor

The oscillation depends of:

* 3 mixing angles: 8;,, 0,3, 653

« 1 CP violating phase Value still unknown
« 2mass differences: Am%l, Sign still unknown

2 UNIVERSITY OF |
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A neutrino with a
specific mass has
no specific flavor

. a neutrino with a
specific flavor has
no specific mass

Mass hierarchy

normal hierarchy (NH)

Am?

sol

Vs I Vy Vr

V2

141

inverted hierarchy (IH)

)
2
a2,
. V1

ATn’atm

v

L

I

Absolute scale of neutrino masses unknown

 Normal: m; < m, < mj

* Inverted: m; < m; < m,

Hierarchy determines the ordering of
the masses:

The differences have been measured

. atmospheric neutrino
AmZ., = (2.453 £+ 0.033)x1073 eV?

 Solar neutrino
AmZ,= (7.53 £ 0.18)x107° eV?

A m?

https://pdg.lbl.qov/2022/tables/contents tables.html
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CP violation

We assume the world is CPT invariant CP violating phase (dcr) — CP symmetric
can take a value between -180° and 180° \"/ (No neutrino-antineutrino difference)

o
o

C: Particle — Antiparticle
P: Parity - Reversed Parity

T: Time —» Reversed time
Disfavored
-90° region at

the 30 C.L.

Enhance electron
antineutrino appearance

Enhance electron neutrino
CP appearance

Va = Vg - Vg = Vg

https://www.nature.com/articles/s41586-020-2177-0

«— CP symmetric
(No neutrino-antineutrino difference)

180°

|
N>
G
N
— -
—
I+

T2K result excludes most of the 6.p >0 values a 99.7% Confidence Level

UNIVERSITY OF L .
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Why Is it so hard to detect them?

V v
v v
V v
L V
V
s V
v vV

& =
T e

 With E, = 11 MeV the mean free path in lead is 350 billion kilometer

 |n earth ~3 out of 1 billion neutrinos would interact

@ UNIVERSITY OF
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Neutrino interactions

Charged current: Ve ¢

« The incident neutrino/antineutrino interacts through a W= boson,

« Changing its identity L

« Does not change its flavor. - y
Ve Ve

Neutral current:

» The incident neutrino or antineutrino interacts through a Z° Z°

boson,
« Maintaining its identity i~ .

« Does not change its flavor.

B UNIVERSITY OF .
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Neutrino interactions

Interaction modes (nucleon level)

CCRES | ., CCDIS |

[ Vi

vy

d i : d d
g——0 @@
@
i Elastic

Scatteri . .
case™M T Three dominant scattering processes:

* Quasi Elastic,
 Resonant Pion Production,
» Deep Inelastic Scattering

Absorption  As g conseguence of this, the
kinematics and/or interaction
topology can be altered.

Pion Production

o/ E, (10% cm? GeV')

o /E, (10% cm? GeV')

0.8

0.6

0.4

0.2

Neutrino

T2K flux
—— CC Total
—— CCQE
--- MEC

—— CC RES
CC Multi-pi

Antineutrino

T2K flux

—— CC Total

—— CCQE

--- MEC

—— CC RES
CC Multi-pi

—— CCDIS
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vy

CCQE

Neutrino interactions

Interaction modes (nucleon level)

CCRES |,

[ Vi

2]
<

| Nuclear Effects
> and Final State
l' Interactions
y CCIlm w CCOther-
}:\.I
hadrons

Interaction topologies (nucleus level)

CCQE: v, +n - u~ +p

CCRES: v, +p —» u~ + m¥ +p

v,+n > u 4+ +n

20
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Fhotons

What do we see In the detector?

Tracking

Electromagnetic
calorimeter

Hadronic
calorimeatar

Muon detector

1000

1100

500

Candidate Michel Event

e ] 00
»
Electron 1200
- 300
Fositrons
\
Muons
»> » 1300 g
£ F200
'—
Charged e
hadrons 1400
Mautral 100
hadrons
i 1500
Nautnnﬂi '
1600
-100
350 400 450 500 550
Pseudo-Collection Channel ID
2 UNIVERSITY OF u N
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How do we ressf the neutrinos?
detect

2 UNIVERSITY OF N |
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How do we produce the neutrino beam?

- -
-

off-axis ND280 beam

station

off-axis - 0 Ve muon  decay pipe
Super-Kamiokande on-axis INGRID  nonitors
. P, e - |
295 km A\ 280 m 120m 110m

» 30 GeV protons collide with a graphite target and produce pions and kaons

Magnetic horns will focus the pions:
» Forward horn current (FHC): n* - u™ + v,

* Reverse horn current (RHC): ™~ - u™ + v,
All particles except neutrinos stopped in beam dump

Use off-axis beam for narrower energy spectrum.
Off-axis angle flux peaked at 0.6 GeV, which is at an oscillation maximum.
Only one oscillation maximum can be measured at a fixed distance.

(AU)

295km
Vi

o>

0.5

EEEELE

H OA0.0° —
% OA2.0° .
= 0A25° 7

1. .
I
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What do we measure?

Number of neutrino- Detector efficiency

matter interactions o -
Near detector Oscillation probability

A

Ny (E,) ﬁ)(E E(Evl)_‘P(Vu = Vx) The neutrino energy is reconstructed:
. using leptonic and hadronic kinematics,
Far detector * assuming stationary target (a nucleon)
Neutrino qux

Cross-section * massless neutrino.
depends on :
the source It is very small and
depends on the energy o _
Very energe This introduces some biases:

sources go to higher energies

* The detector misses neutral particles,

Due to initial state interactions (Fermi motion),

UNIVERSITY L .
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T2K experiment

* Measure neutrino oscillations: v, /v, disappearance and v, /v, appearance.

. . 2
* Measure the oscillation parameters 63, 6,3, cp and Ams3,,

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. Ikeno-Yama m
1,360 m

1,700 m below sea level

Neutrino Beam

295 km

= Ve)

=U.

@, (AL

P(v

1
E,(GeV)

2 UNIVERSITY OF N |
25 D. Vargas | Neutrino physicist or ghost hunter? | International High School Teacher Programme 2022 | July 13th, 2022 %‘, TORONTO r —— l_zk\



T2K experiment: near detector

« ND280 is used to:
« constrain the flux and cross section parameters.
* measure background processes to oscillation.

Neutrino
beam

ND280 is formed by:
« Pion zero detector (P@D): neutral pion detector, optimized for NC interactions.
« Time Projection Chambers (TPCs): energy, angle and identification

* Fine grained detectors (FGDs): active target
- FGD1: Hydrocarbon
- FGD2: Hydrocarbon + Water

» Electromagnetic Calorimeters (ECals): separate tracks from showers and used | N
as VetO \\~\ u Neutrino
beam
« Side Muon Range Detector (SMRD): energy of muons based on the range and ™ |
as veto. =1

« Magnet: charge of the particles and momentum.

2 UNIVERSITY OF N
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T2K experiment: far detector

|||||||||||||||||||

. _ 80 4 TokData WM v,andv,CC
Off-axis (2.5 degrees) Super-Kamiokande v, andv, CC  Neutral current.

(©)]
o
[

Water Cherenkov detector

» 50 kton of ultra-pure water

« 22.5 kt fiducial volume

* 40 m diameter and ~50 m deep
« ~11000 20 inch PMTs

* 1 km underground

» Operational since May 31,1996 2000

NumberJ> of events
()
[

N
o
1

https://www.nature.com/articles/s41586

-020-2177-0
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https://www.nature.com/articles/s41586-020-2177-0

T2K experiment: far detector

3
|: | Outer Cerenkov
. ./ Deteclor radiation

Super-Kamiokande

Brn 1734 Pwent 354499
SE=-05-25:21:23:05

cone
|
I
Ve |
v“ ) _____
FEesidins)
. oz Muon Muon Electron Electron
. neutrino neutrino shower
:" .::'p roton
o R * = _  Particle identification
D Tt a2sTMevieye, T tug ‘ .
N u-like + 0 gty o » Particle range
« -17- 14 (collapsed rin-;'l'j."' ) ’ . .
: : * |nteraction vertex reconstruction

clécay electron

v « Electromagnetic energy reconstruction

Quasi-elastic 102
1 » Track Multiplicity
Wi 0 » U™ P 1o
> Vi Ve WU’L....IIL_'L. ]l[.

Times (ns)
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DUNE experiment

Sanford Underground

500 miles/1300 km ——

——————

Ve
Vu
Ve . ..-

1600 1400 1200 1000 800 600 400 200

Probabllity of detecting electron, muon, and tau
neutrinos
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Fermi National
Accelerator

Laboratory, lllinois

Iincoming beam:
100% muon
neutrinos
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LAr TPC working principle

Sense Wires
Uuvy V wire plane waveforms
Liquid Argon TPC ' '
11
4‘.’:“:
,mj’.ﬁ |
f Y¥IiA
i
r ar 1 ! I35
Charged Particles A ;:”’“”{
Run 5390, Event 1100 ;:) ’”‘;H“j’;-
”‘ri "‘}15}' 3.'
;athodc “;;:3 ::!):”:j:.‘
ane ] Yiit it
§HI” ,,H’Ig'ﬂ"
. . . . . i } { .'} 1 H
Liquid Argon Time Projection Chamber: 1 ;Ef i j:“;;i”
: : , ]
technology capable of measuring with sub- s i iﬁe;;jiiﬁgn
. . . . . . . . P | Yriisn i1
centimeter precision ionization tracks and Is sensitive ég“,’i‘ j‘iif $; ;f.f;{v i
to energies in the range 5MeV — 100GeV. & gi’ii 4l )
. . . ’ |
 detectors with large fiducial volumes, :i?: i
» high imaging capabilities — excellent kinematic {1”'] '
reconstruction with a mm-scale spatial Fant HIY
resolution. ipl i
Y wire nlsne woavedorme {
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DUNE experiment: far detector

Long-Baseline Neutrino Facility
South Dakota Site Neutrinos from
Fermi National

Accelerator Laboratory
in lllinois

Ross Shaft
1.5 km to surface

Facility
and cryogenic
support systems

One of four
detector modules of the
Deep Underground

Neutrino Experiment
4850 Level of

Sanford Underground
Research Facility

UNIVERSITY OF L .
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DUNE experiment: far detector

First 10 kt module will be Single Phase (SP)
design with Horizontal Drift (HD), LArTPC
divided into 4 drift volumes.

Field cage

UNIVERSITY OF L .
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DUNE experiment: far detector

Second 10 kt module will be Single Phase
(SP) design with Vertical Drift (VD), LArTPC
divided into 2 drift volumes.

2 UNIVERSITY OF N |
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Tau neutrinos

DUNE will be able to constrain the three-massive-neutrino
paradigm by providing complementary measurements to:

_————— Y

_________

Very heavy and
immediately decays

- v, -appearance channel

- v,-disappearance channel.

« Almost all knowledge of v, comes from:
. V’L’
- Lepton universality for cross-sections These assumP:“:"‘“s‘ J
L . be testet**
- PMNS unitarity for oscillations need t0 o LA
' f A++

' Very high energy |

I
\

PR g o R I S——

* The t production by v.CC-nucleus scattering requires
neutrino energies E, = 3.5 GeV.

UNIVERSITY OF L .
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Physics Beyond the Standard Model (BSM)

u—»-’\"‘\,-«\“' A 2 v |
experimental observation of physics beyond the

- W

ining neutrino masses, need extra neutrinos and/or non-
teractions (NSI)

B

2 UNIVERSITY OF N |
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What ar goin

L

VERVIEWL
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SF-HD Control room S
v A :\ ‘v/'- '-.. ‘1 o 4

B S|ow control racks [E ,7.'1.;'-
‘ 2y N R e
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Summary

« Neutrino physics is entering the precision era.
« Most of the parameters measured with <10% precision
« 6,3 mixing angle is known with 15% precision
« Remaining parameters are §.p and mass hierarchy

« T2K result excludes most of the §.p >0 values a 99.7% Confidence Level

« Beyond the Standard Model Physics is being studied in our experiments

« PMNS non-unitarity

What are neutrinos?
How do we detect them?

Why are they important?
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Solar neutrinos

S processes produce neutrinos. 103 . . . . . . .
1012 Serenelli et al. 2011
pp pep bp[+0-6%] Solar Neutrino Spectra (£10)
+p—>d+e v, || | pretp—>dHyV 10"
99.75% 0.25% 10 "Be[ £7%]
| | — 10° ___-L L _Ls:Borexino, SNO+, ...
l I(.I':I 105 '#‘—'_f_fP*EI:LII.L/nJ
d_l_p_}aHeFl_T ‘T‘l I ‘l \l
7 1
¥ ‘l|f 3 hep E 10 _F___--]I---:-Wl Water
x 10° | o | Cerenkov:
‘He+ *He —>*He+2p “He+‘He—'Bet+y | SHe+p—>*Hete'+|v 5 i ok o s
86% ! - L 00 ’:,/’r"/ Kamlokdaqﬂcle,

| |

l 0! | s SNO, Supe
7 : +"Be—>*B S

B et+’Be—>"Lit+|v, P +T 8B 10° Ga: Gallex & SAGE | hep[+£30%]

B | B R R S
l ‘B—>°Be"+e™+|v 10° | | CI Homestake h
+7Li—2%He 10’ 1l NI~ - : : —e—)
P 14% SB*‘L—)'Z“HE 0.1 0.2 0.5 1.0 2.0 50 10.0 20.0
0.015% Neutrino Energy in MeV

m UNIVERSITY oF || =& | -
39 D. Vargas | Neutrino physicist or ghost hunter? | International High School Teacher Programme 2022 | July 13th, 2022 %TORONTO A "(\ - J_zm



Neutrino interactions

Don't Forget Nucleus! - Study Nuclear Effects

Initial State Nuclear Effect Final State Nuclear Effect

y Charge Exchange )
" n Elastic
Scattering

N
!

R

« Short, medium, and long range nucleon-
nucleon correlations on the initial condition,
e.g. “2p2h” effect , “RPA” effect

Signal € Background Migration

pion Production

* Particles created have to work their
way out of the nucleus, e.g.
absorption
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lcecube

Detect Cherenkov light from charged particles.

lceCube Lab
Incoming neutrino produces the associated charged
lepton through charged current.

_ ) . e IceTop Array
-. Al N 81 detector stations
. - e e cmmez_ .
SOMERQY it
- Muon neutrinos leave a track + a hadronic shower
- Electron and (low energy) tau neutrinos produce only a
shower
: IceCube Array
* Neutral currents produces only the hadronic shower Il 86 strings including
l, 1450 m—— 11 8 DeepCore strings
_ Eiffel Tower
2450 m
2820 m

324 m
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ProtoDUNE

ProtoDUNE-I (Sept 2018 to July 2020)

Anode and
" Readout

Large

,ﬁ__i_ e Freovon « Single Phase detector collected hadron data and cosmic ray
AR data
[ 1] \ \__Extraction
“”\ Grid « Dual Phase detector
. l
E \J _
3 /P P\ cahoue ProtoDUNE- Il (will start Aug or Sept 2022)
e e ™ : : : :
S ) s Py - Single Phase with Horizontal Drift
m;,, « Single Phase with Vertical Drift
I provn - Central Cathode Plane Assembly (CPA) hanging at mid-height
Unit = 3m x 3.2m
o Support - Field cage ensures E-field uniformity, 500 V/cm
/
- Electrons drift vertically over 6.5m
Cathode
e - Perforated PCB Anode Plane Assemblies (APAs) on the top and
6.5m drift bottom of the detector
it 2 - Photon sensors on cathode (provide the trigger and timestamp of
— the events)
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Anomalies In oscillations

Gallium anomaly: GALLEX and SAGE
collaborations place detectors besides artificial
radioactive sources producing high fluxes of
electron neutrinos (v,) - 2.9 o deficit of the v,.

(54, 110 1)

s " L
o

Ny o6 8 -"i"-.E ;

e

https://www.sciencedirect.com/science/article/pii/S0370269310000729
https://arxiv.org/abs/nucl-ex/0512041

o 3.80 excess in LSND

1751 ® Beam Excess

15 m pﬁ'u—oi’e.e'}n

Beam Excess

125}

04 06 08 1 12 14
_ _ L/E, (meters/MeV)

 No signal @Karmen

LSND: PRL 75 (1995) 2650, PRC 54 (1996) 2685
PRL 77 (1996) 3082, PRD 64 (2001) 112007
Karmen: PRD 65 (2002) 112001

Gallium: PRC 80 (2009) 015807, SAGE,
Nucl.Phys.Proc.Suppl. 168 (2007) 344, Laveder et al,

Nexp/ Ncal

PRD 78 (2008) 073009 and PRC 83 (2011) 065504, C. Giunti et al

0.90 1.00 1.10 1.20

0.80

o
&
o

o ~30 deficit in Gallium

=+ GALLEX SAGE E
Cr1 Cr
T T Ve _) Ve ]
o
,—3 - 1
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\E' > ? i Cr2 Ar
] > ] B E—
z ° ’ :
I | ]
T 5 | f
o L 3 +
*
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i

« ~30 deficit in reactors |

—=- Bugey-3 —— DayaBay — IL —— PaloVerde = Rovno31
—— Bugey4 —— Double Chooz —=— Krasnoyarsk —— RENO = SRP
[|~% Chooz < Gosgen #*— Nucifer Z- Rovno88

1 : i i

TE ] i T

I u
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Reactor: PRD 83 (2011) 073006. Mention et al. PRC 83 (2011) 054615. Mueller et al. PRC 84 (2011) 024617. Huber

https://oglez.web.cern.ch/oglez/public/EPPSU-CMS-Week-v0.pdf
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Greek 3 &

symbol: nu Antimatter version: antineutring | Dear radioactive ones,
: Noutrinos might be their own antiparticles! : scrutinize and ]Udge. >
e T N e O O T i Sy R SOOI e S S S Z Wollgang Paull, In his letter propasin 3
T : : the neulnng, a "desperale remedy’ :
................. . The Intri uin Ne tr.n S he woened physcits could navar datect 8
Trillions of neutrinos ¥ g g ULFINo RS teianiosdc. o B N T e %
b h vt X ' <
stream through you e P N noa are 2
hand every second DN ’ 2
| 0 @ / \ ' left-handed and Z
(but they're so antisocial, : .; £
only one might actually X G 9 antineutrinos are > "|'37 é
: | @ :
Interact with your body : ' right-handed Mg ‘GC'J'
in your whole lifetime). : g
. S G S, S A AL AL S ESIBIR QLRG0 20 S BN e, u q)
: 5
> TYPEQ :
e
S
\Y A% :
L T i
mu:J“ tau o
................... neugrmO neu[nno E
~ c
' Discovered: %
.. C
S
Grawly weak) 7 R R Rt e R G Y & R R B D (A S T e 5
: . . : : o
o UNKNOWN but incredibly small, Noutrinos oscillate, <
more than one million times or change type, as they travel =
- B e L T R e T o ey s 3
smaller than an electron oy h Pt o 3
: www.fnal.gov aF Fermilab (@EeNERGY 50 JE
e
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https://www.innovationnewsnetwork.com/dune-experiment-unlock-mysteries-neutrino/21061/

