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Neutrino interaction and detection: v, + /N — [+ X

(Mostly) turning the neutrino into the lepton (/) of the same flavor (e or u or 1) --- “charged current”
When interacting with a nucleon (), the nucleon recoils, often accompanied by more particles (X)

penetrating

showering 4, muon
Ve \ V,U ‘(

Recoiling hadrons
(maybe single nucleon)

Unless we have a neutrino beam or know the location of the source,
we infer the neutrino direction from the final state particles using conservation of momentum.

Below a few GeV the pointing resolution between the lepton and v direction is poor: 10’s of degrees.
At the highest energies, 10 GeV and above, the neutrino direction is well determined.

At the highest energies, more hadronic particles are in accompaniment.



Neutrino interaction and detection: v, + /N — [+ X

(Mostly) turning the neutrino into the lepton (/) of the same flavor (e or u or 1) --- “charged current”
When interacting with a nucleon (/), the nucleon recoils, often accompanied by more particles (.X)
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Example event displays from a beam neutrino experiment (NuTeV at Fermilab)
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The key point is here --- no record of a particle entering, the neutrino appears in the middle of the detector




Cosmic ray muon intensity
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DETECTION OF THE FIRST NEUTRINO IN NATURE
ON

23k> FEBRUARY 1965
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EAST RAND PROPRIETARY MINE

THIS DISCOVERY TOOK PLACE IN A LABORATORY SITUATED
TWO MILES BELOW THE SURFACE OF THE EARTH ON
76 LEVEL OF EAST RAND PROPRIETARY MINE, MANNED
BY A CROUP OF PHYSICISTS FROM THE CASE INSTITUTE OF TECHNOLOCY U.S
AND THE UNIVERSITY OF THE WITWATERSRAND JOHANNESBURC.

THE PROJECT WAS SPONSORED BY :-
UNITED STATES ATOMIC ENFRCY COMMISSION
E.R.P.M. AND RAND MINES CROUP
CASE INSTITUTE OF TECHNOLOCY
UNIVERSITY OF THE WITWATERSRAND
IVL. & O.F.S. CHAMBER OF MINES
AND CONVERTED FROM PROPOSAL TO REALITY
WITH THE HELP OF THE OFFICIAIS AND MEN
OF THE HERCULES SHAFI OF E.R.P.M.
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Neutrino interaction and detection:

core of Earth p = 13 g/CHl3

Anucleon =1 g/mOI
n =Ny x p=8x 10** nucleon/cm?

o(1 GeV) ~ 107 mb = 10~ *®cm?

sS ceadi

, a
mean free path A= — ~ 100 x 1()9 m “e\,\“\“ospa“er\.
no ““ou%“m

atmospheric v flux b~ 1 Cm_2S_1

N (1 kton) = 6 x 10°* nucleons

. . . 1\
rate = & o0 N ~ 1 interaction/day (or oTES



Neutrino Oscillation

Neutrino Absorption

Neutrino Tomography — Learning About The Earth’s Interior Using The Propagation Of Neutrinos
W. Winter https://doi.org/10.1007/s11038-006-9101-y



https://doi.org/10.1007/s11038-006-9101-y
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Relative flux of muon/electron neutrinos is
well predicted. Expect 2:1 at low energy.




JENITH Flux of atmospheric neutrinos is

(perpendicular to up-down symmetric
earth surface)
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Atmospheric neutrinos travel
15 km to 13000 km.
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Atmospheric neutrino anomaly (circa 1996)
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SCIENTIFIC AMERICAN  August 1999

Neutrino Oscillation

MUON-NEUTRINO CREATED IN TWO WAVE PACKETS OF DIFFERENT
THE UPPER ATMOSPHERE MASS TRAVEL AT DIFFERENT VELOCITIES
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42 m high, 39 m diameter

50000 tons of water (22.5 kton fiducial)
11000 50-cm PMTs

Outer detector (1900 smaller PMTs)

1 km under a mountain

Energy threshold (solar) ~ 5 MeV

10 atmospheric neutrinos per day

—
$ Y @ 2015 Nobel Prize in Physics
B A o1 B
| g , \\“l\é‘ Super-Kamiokande (atm. nu)

v ( :
Ny ) ,"ﬂ‘%_ ‘ SNO (solar neutrinos)
. 2k A o .o
ﬁ/ T. Kajita, A. McDonald

© David Fierstein, originally puIi

Med In Scientific American, August 1999



Cherenkov Radiation
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Figure 13.5 Cherenkov radiation. Spherical wavelets of fields of a particle traveling
less than and greater than the velocity of light in the medium. For v > ¢/Ve, an
electromagnetic “‘shock” wave appears, moving in the direction given by the Cherenkov
angle 0.

J.D. Jackson, Classical Electrodynamics 3e



http://www.erbe.hu/products-and-services/
http://www.erbe.hu/products-and-services/
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Contemporary Super-Kamiokande Atmospheric Neutrino Data

E, ~1GeV E ~ 10 GeV
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How is this Neutrino Oscillation?

P.. ., =sin220 sin2 127 Am2L,
vV £

no electron neutrinos

appear here, so c 3Gy
not vy < ve survival -
W probability
electron 71— 0T """ muon
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100 - 7 2 1 have
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Neutrino travel distance(L): 12800 6200 700 40 15km



The Neutrino Matrix

Pontecorvo-Maki-Nakagawa-Sakata Matrix (PMNS or MNS) + normal inverted
V;IT v, I
: v,
PMNS matrix z
5
2
Ve Usr Uegs Uegs % = v, I
_ v, I v,
Vr Ui Ura Usrs V3 ’L ’u ,{
flavor mass
1 C13 size” " Ci12  S192
C23 S$23 1 —S12 C12
X
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atmospheric interference solar



Three Flavor Neutrino Oscillation in Matter

P(l/#, — Ve) = T1 SiIl2 2913 — TQCL/ sin 2913 -1- Tng Sin 2913 -1- T4042

2
Ams,

, sin” [(1 — z)A)] Q 2
atmospheric 1y = sin” 03 (1— :1‘)2 Amg,

sin(zA) sin [(1 — x)A]

15 = sindcpsin 261, sin 26055 sin A
. x (1 —x)
interference . .
, , sin(zA) sin [(1 — z)A]
15 = cosdcpsin 20, sin 2655 cos A
T (1 —x)
.9
. sin“(xA
solar Ty = c0s°fyssin® 26,5 (2 )
x

A = Am3,L/AE r = 2V2GpN.E/Am2, = E/12 GeV

matter effects: for anti-neutrinos, sign of x and sin 6., is changed
hierarchy inversion also exchanges rol of anti-neutrinos and neutrinos



Primary Goals of Neutrino Physics:
understand the parameters of nature

Parameter best-fit ﬁé%lrlt;i?lty
leass Ordgrlng a.’I’<.a. Amgl 10-5 eV 2, 7 a7 1017 (2.3%)
Mass Hierarchy 5 = 5 I 2.4
. , |Am2||[1073 eV 2] 2.50/(2.46) 0.06 (2.4%)
or sign of Am?? : +0.017 (5.7%)
sin® 019 0.297 o
+3870
“Octant”: is 0y, sin? B3, Am? > 0 0.437 —5%
different from 45°? sin? 03| Am? < 0 0.569 fgé’)
sin2 B3] Am2 > 0 0.0214 } +0.0012 (5.5%)
sin? 013, Am? < 0 0.0218
CP violation? §/m 1.35/(1.32) 0 21 at 1o

f From 2016 RPP by PDG, based on 1601.07777 (Bari group)
M

any next generation experiments using beam, reactor, natural neutrinos: see Snowmass 2022 Seattle



Cosine Zenith Angle

Cosine Zenith Angle

Oscillograms: Graphical representations of neutrino mixing probability

Energy [GeV]

Cosine Zenith Angle

Cosine Zenith Angle

P(v, = ve)

Matter effect
Resonance
inv,—v,for
Normal Ordering

Energy [GeV]

You will be seeing a lot of these
during this workshop ©

Important theorem:

Oscillogram switch pattern
between neutrino and antineutrino
if the mass ordering changes
between “normal ordering”

and “inverted ordering”
Remember:

Statistics is lower at high energy

Pointing is better at high energy



State-of-the-art Super-K Analysis
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Cosine Zenith Angle
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Message: we are barely sensitive
to the highest priority unknown
parameters of nature: CP-violation
and mass ordering, using our best
techniques and 20+ years of data.
This relies on our treatment of
matter effects (i.e. tomography).



More Atmospheric Neutrino Experiments

Category Examples

Water Super-K
Cherenkov Hyper-K

Magnetized Iron  ICAL@INO

Neutrino IceCube/KM3Net
Telescope (w high density)

Liquid Argon TPC  DUNE

e

and DUNE

Cosine Zenith Angl
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DEEP UNDERGROUND

OOOOOOO

ArgoNEUT

Visible proton: v/v—bar tagging
Final state hadrons: excellent v direction determination
Visible gap for EM shower: NC rejection
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Kilometer-scale arrays

KM3Net
ARCA (1BB)

1 ~700m

T

kilometer-scale ice/water Cherenkov detectors
Huge statistics, specializing in highest energy neutrinos

High density infill to achieve lower energy thresholds (below 10 GeV is the challenge)
Will be covered in more expert detail by others in the workshop.



Artice Relevant highlight |

Detection of a particle shower at the Glashow
resonance withIceCube

https://doi.org/10.1038/s41586-021-03256-1 The IceCube Collaboration*
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N, data /Nno att

Relevant highlight 2

Neutrino tomography of Earth, Donini, Palomares-Ruiz, and Salvado
NATURE Physics| VOL 15 | JANUARY 2019 | 37-40 | www.nature.com/naturephysics
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* *

Congratulations are in order, for these expected signatures of neutrino interactions
plus rich high energy neutrino astrophysics including multi-messenger astronomy



Concluding thoughts

Atmospheric neutrinos are freely given by nature.
They are background for some physics (proton decay, dark matter).
They provide signatures for some physics (oscillation, BSM physics).

Statistically, atmospheric neutrino oscillation yields a few-c-level window into the
the unknown parameters of nature (CP-violation, mass ordering).
This requires sensitivity to matter effects.

With sufficient statistics and flavor identification, matter effects
may allow neutrino oscillation to play a role in tomography.

Kilometer-scale arrays have demonstrated that absorption tomography is in reach.
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