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Neutrino Oscillations

Historical Overview and Determination
Topical Lectures

of the Neutrino Mass Ordering 9 December 2025
Nikhet

Daan van Eijk



Programme

e |ecture 1 (today):
e A bit of history and recap

e A bit (more) of neutrino oscillations
e |ecture 2 (tomorrow):

e Determination of the neutrino mass ordering
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About Me
e PhD@Nikhef, 2012 for LHCb

e TNO

® Postdoc@Nikhef for KM3NeT

® Postdoc@UW Madison for IceCube
e Staff physicist@Nikhef for KM3NeT

3 Nik|hef



Reading Tip

FRANK CLOSE



Listening Tip

Sean Carroll's Mindscape: Science, Society, Philosophy, Culture, Arts, @ ART19
338 | Ryan Patterson on the Physics of Neutrinos

@ SHARE N SUBSCRIBE & DOWNLOAD = DESCRIPTION

00:00 / 01:26:21

https://www.preposterousuniverse.com/podcast/2025/12/08/228-ryan-
patterson-on-the-physics-of-neutrinos/
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Questions

e Why would one need a neutrino?

e How would you discover a neutrino?

e How would you figure out that a neutrino is different from an anti-neutrino?

e How would you figure out that a muon neutrino is different from an electron neutrino?

O O O O

e How would you figure out that a tau neutrino is different from an electron and a muon
neutrino?

e How would you solve the solar neutrino puzzle?
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Questions

e Why would one need a neutrino?
e How would you discover a neutrino?
e How would you figure out that a neutrino is different from an anti-neutrino?

e How would you figure out that a muon neutrino is different from an electron neutrino?

®
®
®
®

e How would you figure out that a tau neutrino is different from an electron and a muon
neutrino?

e How would you solve the solar neutrino puzzle?
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Back to Basics: Back to Early 20th Century

Three known types of radioactivity:
Q,
® Alpha radiation (positive) o
o .Y
. . Qo F
® Beta radiation (negative) E g
Z
® Gamma radiation (neutral)
. . . . < >
1902: Marie and Pierre Curie discover that the Mass Difference between Parent and Daudhter
negative particles in beta decay/'radiation' are Energy
electrons. (Electrons are already known and
named at that time.) /‘\CP adwidk, Ellig, Wodgster
. \ DisTrIBUTION CURVE OF /S-PARTICLES
Question: it beta decay is like the image below, N
what is the energy of the electron? % / Y
i \
i/ N\
:
Beta decay ’;X —>Z+14X' +_?[3 @ — @ — / i \
Parent Daughter Beta g " i E:;GV n°® Vaz‘;'z " 8-0\“5
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One of the Proposed Remedies A

Offener Brief an die Qrunpe der Radiocaktiven bei der
Gauvereins-Tagung zu Tibingen.

Abschrift
P!vaiknliaohen Institut

Eid‘o Technischen Hochachule mmh, ho Des. 1930
Zirich Cloriastrasse

Iiebe Radioaktive Damen und Herren;

Wie der Ueberbringer dieser Zeilen, den ich luldvollst
ansuhtren bitte, Ihnen des nfheren auseinandersetsen wird, bin ich
angesichts der "falschen" Statistik der Ne und Li-6 Kerne, sowie
des kontinuierlichen beta-Spektrums auf cinen versweifelten Ausweg
verfallen um den "Wechselgats® (1) der Statistik und den Energiesats
s retten.

Teilchen, die ich Neutronen nemnen will, in den existieren,
welghe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘sheh von lichtquanten wusserdem noch dadurch unterscheiden, dass sie
m-it Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben Orossenordmng wie die Elektronenmasse sein und
mnm. nicht grosser als 0,01 Protonenmasse.- Das kontimuierliche

Spektrum wire dann verstandlich unter der Amnahme, dass beim
boba-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
Misd, derart, dass die Summe der Energien von Neutron und klektron
konstant ist,.

Nun handelt es sich weiter darum, welche Krifte auf die
Neutronen wirken. Das wahracheinlichste Modell fiir das Neutron scheint
mir sus wellenmechanischen Orlinden (n¥heres weiss der Usberbringer
dieser Zeilen) dieses su sein, dass das ruhende Neutron ein
magmetischer Dipol von einem gewissen Moment ut ist. Die Experimente
verlineen wohl, dass die ionisierende Wirkung eines solchen Neutrons
nicht grosser uin kann, sls die eines pﬂt-&trahh und darf dann
A wohl nicht grosser sein als e * (10°%° om),

Ich traue mich vorliufig aber nicht, etwas Uber diese Ides
su publisieren und wende mich erst vertrauensvoll an Euch, liebe
Radioakt:ve, mit der l"ng‘n, wvie es um den experimentellen Nachweis
eines colchen Neutrons sténde, wenn dieses ein ebensolches oder etwa
mal grosseres Durchdringungsvermogen besitsen wirde, wis ein
gumn-Strahl. |
Ioh gebe su, das~ mein Ausweg vielleicht von vornherein
waaig wahrscheinlich erscheinen wird, weil man die Neutronen, wemn
she existisren, wohl schon Irngst gesehen hatte. Aber mur wer wagt,
ﬁl und der Ernst der Situation beim koentimuierliche beta-Spektrum
durch einen Aussprech moines verehrten Vi in lmte,
Herrn Debye, beleuchtet, der mir Mirslieh in gesagt hat:
"0, daren soll man am besten gar nicht denken, sowie an die neuen
Steuern." Darum soll man jeden Weg sur Rettung ernstlich diskutieren.-
liebe ive, priifet, und richtet.- Lelder kann ich nicht

in da soh eines in Naoht
pereLiah 1o fiisee ey G 1 1ales hom X

bin.- Mt vielen Orilssen an Euch, sowie an Herm nut,
untertanigster Dl“ .

ges. W, Pamld
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Copy/Dec. 15, 1956 PM
Open letter to the group of radioactive people at the
Gauverein meeting in Tiibingen.

Copy

Physics Institute Ziirich, Dec. 4, 1930
of the ETH Gloriastrasse

Ziirich

Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom [ graciously ask you to listen, will explain to you in more
detail, because of the "wrong" statistics of the N- and Li-6 nuclei and the continuous beta spectrum, I
have hit upon a desperate remedy to save the "exchange theorem" (1) of statistics and the law of
conservation of energy. Namely, the possibility that in the nuclei there could exist electrically neutral
particles, which I will call neutrons, that have spin 1/2 and obey the exclusion principle and that further
differ from light quanta in that they do not travel with the velocity of light. The mass of the neutrons
should be of the same order of magnitude as the electron mass and in any event not larger than 0.01
proton mass. - The continuous beta spectrum would then make sense with the assumption that in beta
decay, in addition to the electron, a neutron is emitted such that the sum of the energies of neutron and
electron is constant.

Now it is also a question of which forces act upon neutrons. For me, the most likely model for the
neutron seems to be, for wave-mechanical reasons (the bearer of these lines knows more), that the neutron
at rest is a magnetic dipole with a certain moment p. The experiments seem to require that the ionizing
effect of such a neutron can not be bigger than the one of a gamma-ray, and then p is probably not

allowed to be larger than e * (10-l cm).

But so far I do not dare to publish anything about this idea, and trustfully turn first to you, dear
radioactive people, with the question of how likely it is to find experimental evidence for such a neutron
if it would have the same or perhaps a 10 times larger ability to get through [material] than a gamma-ray.

I admit that my remedy may seem almost improbable because one probably would have seen
those neutrons, if they exist, for a long time. But nothing ventured, nothing gained, and the seriousness of
the situation, due to the continuous structure of the beta spectrum, is illuminated by a remark of my
honored predecessor, Mr Debye, who told me recently in Bruxelles: "Oh, It's better not to think about this
at all, like new taxes." Therefore one should seriously discuss every way of rescue. Thus, dear radioactive
people, scrutinize and judge. - Unfortunately, I cannot personally appear in Tiibingen since | am
indispensable here in Ziirich because of a ball on the night from December 6 to 7. With my best regards to
you, and also to Mr. Back, your humble servant

signed W. Pauli
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One of the Proposed Remedies A

Offener Brief an die Qrunpe der Radiocaktiven bei der
Gauvereins-Tagung zu Tibingen.

Abschrift

* Invent a new particle: the [neutron] vy it S Srian, 1. o, 1%

Zirich Cloriastrasse

Iiebe Radioaktive Damen und Herren;

® S p I n 1 /2 Wie der Ueberbringer dieser Zeilen, den ich luldvollst
snsuhbren bitte, Ihnen des niheren auseinsndersetsen wird, bin ich

angesichts der "falschen" Statistik der Ne und Li-6 Kerne, sowie

des kontinuierlichen beta-Spektrums auf cinen versweifelten Ausweg

® Electrica”y neutral :r:ﬁl‘:.ummmw (1) der Statistik und den Energiesats

Teilchen, die ich Neutronen nemnen will, in den existieren,
welghe d.l‘d. Spin 1/2 haben und das Ausschliessungsprinsip bcfolpn \:.ld
M . ° ° M M ‘sheh von lichtquanten wusserdem noch dadurch unterscheiden, dass s
e Massive (this distinguishes it from a B i Lotz et Tt T e ur hrirons:
von derselben Orossenordmng wie die Elektronenmasse sein und
:m.h nicht grosser als 0,01 Protonenmasse.- Das kontimuierliche
Spektrum wire dann verstandlich unter der Amnahme, dass beim
h OtO n beta-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
p mem, dass die Summe der Energien von Neutron und klektron
t .

e Small mass, not bigger than 0.01 x Mevtrone virkene s vahrachinliones Hooal i da etz soeta

dieser Zeilen) dieses su sein, dass das ruhende Neutron ein
magmetischer Dipol von einem gewissen Moment ut ist. Die Experimente
verlineen wohl, dass die ionisierende Wirkung eines solchen Neutrons

proton mass Cicht griaser 4ein kamn, ris Cia sines gupge-Siranls wnd crt dem

A wohl nicht grosser sein als o * (10*
Ich traue mich vorliufig aber nicht, etwas Uber diese Ides

e The sum of the emitted [neutron] and ey oy mrtrmeroll an Sk, e
| | L B e L
electron is constant and explains the T e p—
she existieren, wohl schon Ifngst p;o:a h:::o .Ab:; mr w::::t,
o und der Erngt der Situation beim kontimuierliche beta-Spektrum
continuous electron spectrum ST Buch st Maeorioh acoss wvrirtes Vorpienrs in etay
"0, daren soll man am besten gar nicht denken, sowie an die neuen
Steuern." Darum soll man jeden Weg sur Rettung ernstlich diskutieren.-
liebe ive, priifet, und rishtet,- Leider kamn ioh nicht
vu6.n¥'nnohﬂr1¢ e g:h _

mtum&d-mmm. oarh-nllm&d,lur
nntcrhnip ener .

ges. W, Pamld
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Neutron discovery and Introduction ot the ‘Undiscoverable’ Neutrino

1932:
e Chadwick discovers the neutron, which bears the same mass as the proton

e Rutherford had conjectured this neutron as early as 1920, but this was not picked up somehow

o 1933:

® Fermirenamed Pauli's [neutron] to neutrino (i.e. ‘little one’) and develops his (effective) theory to

explain the beta spectrum

e Closer examination of beta spectra reveals that the neutrino mass must be VERY tiny indeed:

'‘Possibilité d'émission de particules neutres de masse intrinseque nulle dans les radioactivités
beta’, Perrin, Comptes-Rendus 197 (1933) 1625
o 1934:

e Bethe and Peierls conclude from Fermi’s theory that the neutrino cross section is so small that

‘there is no practical way of observing the neutrino’
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Or is it?
® Bruno Pontecorvo: Bethe's and Peierls’s opinion ‘too drastic’

® Pontecorvo’s idea (1946): a huge neutrino flux can overcome the extremely tiny cross
section

Nik|hef



Questions

Why would one need a neutrino?
How would you discover a neutrino?

How would you figure out that a neutrino is different from an anti-neutrino?

neutrino?

How would you solve the solar neutrino puzzle?

How would you figure out that a muon neutrino is different from an electron neutrino?

How would you figure out that a tau neutrino is different from an electron and a muon

Nik|hef



Or is it?
® Bruno Pontecorvo: Bethe's and Peierls’s opinion ‘too drastic’

® Pontecorvo’s idea (1946): a huge neutrino flux can overcome the extremely tiny cross
section

® Detection method: ?
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Or is it?
® Bruno Pontecorvo: Bethe's and Peierls’s opinion ‘too drastic’

® Pontecorvo’s idea (1946): a huge neutrino flux can overcome the extremely tiny cross

section
® Detection method: neutrino capture on (cheap!) chlorine atoms
v+37Cl = e” 4+°7 Ar
Vy+n—e +9p

® Extract the radioactive argon atoms, and count the number of decays (half-life of 34
days), this equals the number of detected neutrinos

® Raymond Davis took up the experimental challenge

® Brookhaven (1955): ?
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Or is it?
® Bruno Pontecorvo: Bethe's and Peierls’s opinion ‘too drastic’

® Pontecorvo’s idea (1946): a huge neutrino flux can overcome the extremely tiny cross

section
® Detection method: neutrino capture on (cheap!) chlorine atoms
v+37Cl = e” 4+°7 Ar
Vy+n—e +9p

® Extract the radioactive argon atoms, and count the number of decays (half-life of 34
days), this equals the number of detected neutrinos

® Raymond Davis took up the experimental challenge

® Brookhaven (1955): nothing!
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Or is it?
® Bruno Pontecorvo: Bethe's and Peierls’s opinion ‘too drastic’

® Pontecorvo’s idea (1946): a huge neutrino flux can overcome the extremely tiny cross

section
® Detection method: neutrino capture on (cheap!) chlorine atoms
v+37Cl = e” 4+°7 Ar
Vy+n—e +9p

® Extract the radioactive argon atoms, and count the number of decays (half-life of 34
days), this equals the number of detected neutrinos

® Raymond Davis took up the experimental challenge
® Brookhaven (1955): nothing!
® Savannah River (1955): nothing!
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Neutrino Discovery

® Cowan and Reines had a similar but slightly different idea:

® Do you remember what?

® (Hint: how does it differ from vV +1n — € + D)?

) [T
- ‘- "y "; , Yo ) I -~ /
S e F e
g o - T
—— ' B,

N

/
A7 7727,
]

(7Y

e Cd*
/87 7 80 K

At

Y
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Neutrino Discovery

® Cowan and Reines had a similar but slightly different idea:

V+p%e+—|—n

S e . | l 5./ N Liquid scintillator +
el arget: q ,’ 7Cd, surrounded by
w(p (water + “AS ///////// PMTs
- f I 3-10ps
). |Co \ f —
7 \ /
i y y Y :

n 108 Cd —109 Cd* 109 Cd 4 ~
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Neutrino Discovery

Something is wrong here, can you see what?

® Cowan and Reines had a similar but slightly different ide

V+p%e+—|—n

o | |arget:
DML (water +
4l |Cd

/

G,/ R

Liquid scintillator +

f

%////////’ 2

\

/\f

ﬂ

Y

3-10pus

7 Cd, surrounded by
PMTs

n 108 Cd —109 Cd* 109 Cd 4 ~
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Neutrino Discovery

Something is wrong here, can you see what?

® Cowan and Reines had a similar but slightly different ide

V+p%e+—|—n

n 108 Cd —109 Cd* 109 Cd 4 ~

® Hanford: nothing, due to overwhelming background

® Savannah River (1956): DISCOVERY!

® Cross section as tiny as Bethe and Peierls had predicted: 6.3x10-44 cm?

Box 1463
7 et }ﬁ.,

b . 7 N2 Liquid scintillator +
A Target: q ,’ 7Cd, surrounded by
water + AN ///////// PMTs
il |co E' =4
) | / \f = %
) m é NEWVORK g |sns;a;;ramm 5 T
1 Yy ¥ M/ (g st

Fredoeok RENES aun Ay e CovaAnN
LOS Aua or

Naee /?ér

Coerghiisg  conca 3

?%

i A0 Anonw 40’1*/‘ VR,
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Questions

Why would one need a neutrino?

How would you discover a neutrino?

How would you figure out that a neutrino is different from an anti-neutrino?

How would you figure out that a muon neutrino is different from an electron neutrino?

How would you figure out that a tau neutrino is different from an electron and a muon

neutrino?

How would you solve the solar neutrino puzzle?
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Then Why Didn’t Davis See Anything?
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Then Why Didn’t Davis See Anything?

We know now that nuclear reactors actually produce anti-neutrinos, not neutrinos.
So really what Cowan and Reines were seeing was
V+p— et +n
And Davis's sought after
Vv+n—e —+p
Simply doesn’t happen

This shows there is a difference between neutrinos and antineutrinos and calls for the
introduction of a quantity called lepton number

Nik|hef



Intermezzo: Neutrino Oscillations to Explain a Rumour

® Pontecorvo (now in Russia, but that's a different story...) heard a rumour that Davis did observe some
events.

® Based on the rumour, using similar mechanisms as in the kaon-antikaon system, he publishes (in 1957 and
1958) his first ideas for neutrino oscillations:

® ‘If the conservation law for the neutrino charge [that’s lepton number] does not hold, neutrino to
antineutrino transitions in vacuum in principle are possible’

® ‘In the inclusive experiment of Reines and Cowan due to neutrino oscillations a deficit of
antineutrino events could be observed.’

® ‘The cross section of the process [that Cowan and Reines observed] with the antineutrinos coming
from the reactor must be smaller than expected. This is due to the fact that the neutral lepton beam
[i.e. the neutrino beam] which at the source is capable of inducing the reaction changes its
composition on the way from the reactor to the detector.’

® 'Effects of transformation of neutrino into antineutrino and vice versa may be unobservable in the
laboratory but will certainly occur, at least, on an astronomical scale.’

Nik|hef



Questions

e Why would one need a neutrino?

e How would you discover a neutrino?

e How would you figure out that a neutrino is different from an anti-neutrino?

e How would you figure out that a muon neutrino is different from an electron
heutrino?

e How would you figure out that a tau neutrino is different from an electron and a muon
neutrino?

e How would you solve the solar neutrino puzzle?
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Lederman Experiment (1957)

® Cross section rises with energy: use (NEW!)
particle accelerators

® First time an accelerator was used to study
neutrinos

® At Brookhaven, protons on target gives intense
beams of pions, decaying into muon and neutrino

(with opposite spin as the pion is spinless):
I ,LL+ T V()

® At that time, it's still thought that this is ‘the’

neutrino

® The muon then decays into an electron and two
neutrinos; pm — et + V(e) T V(w)
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Muon Neutrino?

® ‘Traditional’ beta decays of nuclear particles produce electrons (or positrons) and neutrinos.

® For pion decays, only one in ten thousand decays is to electrons and neutrinos.
Overwhelmingly though, a pion decays to muons (or anti-muons) and neutrinos (Steinberger,

1958)

® This leads Pontecorvo (there he is again!) to ask in his 1959 Russian paper:

® Are those neutrinos that are produced with muons the same as those emitted in

conventional beta decays?

® Additional evidence for muon neutrinos:

e [t — € +7isnever observed, while it is allowed (but suppressed) if there is only one

neutrino:
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Muon Neutrino!

® | ederman, Schwartz and Steinberger (1962) use Brookhaven's
accelerator again (used in 1957 for establishing that muon is spin 1/2
and violates parity)

® Schwartz's bright idea: use the neutrinos themselves! Higher energy
means higher cross section means an actual chance to see the
(muon?) neutrinos interacting

® |ntense proton beams on beryllium gives large numbers of pions
® Pions decay to muons and (muon?) neutrinos.

® 'Use the neutrinos themselves' -> How? Discuss!

proton
beam

pi-meson '71 _;-:;g, —
beam

target

-

proton accelerator

LRI Loy DD 4==‘-’““

”’steel shield

.. -
e, -

.-
.

e | e :

et ——

detector -
spark chamber

-
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Muon Neutrino!

® | ederman, Schwartz and Steinberger (1962) use Brookhaven's
accelerator again (used in 1957 for establishing that muon is spin 1/2
and violates parity)

® Schwartz's bright idea: use the neutrinos themselves! Higher energy reees T

beam target proton accelerator

means higher cross section means an actual chance to see the QS22 2= 2 == j’g b~

”’steel shield emnctar-

(muon?) neutrinos interacting pi-meson spark chamber
T Q.“
&.:._‘..."m e oo
® |ntense proton beams on beryllium gives large numbers of pions |  I- R e 1!‘ lllll"”'" "
B, *#: ._...... '--. 3 ﬁm |M .
® Pions decay to muons and (muon?) neutrinos. concrete i I R,

® Filter out the muons with thick steel plates and see how every now
and then a neutrino creates either a muon or an electron.

® Ten days and 10" neutrinos later, 51 muons were detected and no
electrons.

® Conclusion: there is a muon-neutrino and it's completely different
from the electron-neutrino.
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Number ot Neutrino Species

® Electroweak theory developed by Glashow,
Weinberg and Salam (GWS) in the sixties
predicts the existence of W+ and Z0

® Discovered in the early eighties at CERN in
the UAT and UA2 experiment

o /O implies neutral current interactions for
neutrinos

® Found in early seventies in Gargamelle at
CERN

® Tau discovered in 1975, predicting the
associated tau neutrino.

® 1989: LEP experiments measure the ‘invisible’
width of the Z°

C,.q (D]

z" qq (uu, dd, s3, cé. bl_))
Z° s (e et pput, 1)
7" = v (Vele,VpVy, ...)

Total width: I' ~ decay probability
Partial widths: I'; ~ branching rate

2v
w| ALEPH [\
. DELPHI
- OPAL //EA\\
20 +

|} average measurements, |/
error barsincreased |/
by factor 10

10 | / '"""':31:::;;.‘__}‘__»

I'z.T';, I'haq - measured
[', - calculated

I‘Z — Fhadronic + SFl

eptonic =+ NI/FI/

N, = 2.99 4

- 0.02
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Questions

Why would one need a neutrino?
How would you discover a neutrino?

How would you figure out that a neutrino is different from an anti-neutrino?

How would you figure out that a muon neutrino is different from an electron neutrino?

How would you figure out that a tau neutrino is different from an electron and a

muohn nheutrino?

How would you solve the solar neutrino puzzle?
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Tau Neutrino Discovery
e Detecting a vz is a challenge:

* V¢ has to produce a T lepton

e One has to track the T

e T lifetimeis 3 x 10-13 s (ct = 90 um)
e How do you measure such a short

ifetime

 Hint:in LHC, you know where and

when to look, here, you don't!

DONUT = Direct Observation of the NU Tau
800 GeV protons produce mesons containing ¢ and s quarks which decay into 7 and v,

DONUT Detector

DONUT Detector for
direct observation of
tau neutrinos (V)
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Tau Neutrino Discovery
e Detecting a vz is a challenge:
* V¢ has to produce a T lepton
e One has to track the T
e T lifetimeis 3 x 10-13 s (ct = 90 um)
e Use nuclear emulsion
e 2000: DONUT experiment at Fermilab
e DONUT searched for decays into 1

charged particle (86% of T decays)

e QOut of 10"3 neutrinos, only 1000 v
interactions recorded out of which

4 (1) were identified as v+

DONUT = Direct Observation of the NU Tau
800 GeV protons produce mesons containing ¢ and s quarks which decay into 7 and v,

DONUT Detector

DONUT Detector for
direct observation of
tau neutrinos (V)
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Questions

Why would one need a neutrino?

How would you discover a neutrino?

How would you figure out that a neutrino is different from an anti-neutrino?

How would you figure out that a muon neutrino is different from an electron neutrino?
How would you figure out that a tau neutrino is different from an electron and a muon
neutrino?

How would you solve the solar neutrino puzzle?
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What Davis and Bahcall were Doing in the Meantime... ﬁﬂm%e**ve A p“@ﬂ)**:HE!
pp-cycle *H+p*—He+ y fz:eﬂf' > 4He +e*tv
® Remember Raymond Davis? [0
V _|_37 Cl % e— _|_37 Ar e+4Hel_;::e;y 01%
® After not finding anything close to reactors, 5152% e 7Be+p+98B+
he turned to the Sun as a neutrino source: 3He+3HH4Hﬁ TLHIﬁ#Heﬁ-& 8]31_)8Be*+e++ve
® "to see into the interior of a star and thus -

verity directly the hypothesis of nuclear

energy generation in stars” -
® Solar neutrino fluxes calculated by Bethe and
later Bahcall i
® Pure Ve ;=: O gl
® Flux on Earth: ~1011/cm2/sec B SUOPTOUTOUSPSUIOR OO OP O L e
® Fnergy: < 10 MeV R

41H + 2¢” - JHe + 2e" + 2e + 2v_ + 3y + 247 MeV — 3He 3y + 26.7 MeV

Neutrino Physics, BND 2019 Nik|[hef




1 1 1
Serenelli et al. 2011
Solar Neutrino Spectra (+10)

Homestake sensitivity

Total Rates: Standard Model vs. Experiment
Bahcall—Serenelli 2005 [BS05(0P)]

= o[+1.2%]
n N
N
-
(@]
~ 8
e ' B[i14%]
= '
L‘_- /
hep[ +30% |
/ cl
: 1 1 1 1 Theory = 'Be H PP, P€ep Experiments =
y S8 ® CNO Uncertainties
0.1 0.2 0.5 1.0 2.0 5.0 10.0 20.0

Neutrino Energy in MeV
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1 1 1
Serenelli et al. 2011
Solar Neutrino Spectra (+10)

Homestake sensitivity

Total Rates: Standard Model vs. Experiment
Bahcall—Serenelli 2005 [BS05(0P)]

= o[+1.2%]
n N
T 81112
-
(@]
~ 8
x ’ B[+147%]
= |
L‘_ /
2.56+0.23
hep[ +30% |
/
: | 1 I 1 Theor ™ "Be W PP, pép Experiments B
y S8 ® CNO Uncertainties
0.1 0.2 0.5 1.0 2.0 5.0 10.0 20.0

Neutrino Energy in MeV
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GALLEX (1991-1998) and SAGE (1990-)

e Vo4 Ga—e” +" Ge Gallium is expensive: SAGE and GALLEX held world'’s entire supply

10" T T T T T
102 Serenelli et al. 2011
. Solar Neutrino Spectra (+10)
10 L
Gallex/SAGE sensitivity
10'° "Be[+7%]
¢ | : Total Rates: Standard Model vs. Experiment
109 | Bahcall—Serenelli 2005 [BS05(0P)]
o | - === 5> cpep[1.2%]
“ 10° - v [
N - : I \|
E 107 I 1
\o/ N R I | CE T -:- ~\: 8
; 10 l I ' B[:t14%]
= . I : /
- / |
1 1
10* T
BN
103 | : : hep| +30% ]
2 s :
10 I ! a
1
1 ™ "Be B P—P. pep Experiments ®
10 L /‘(:/ — : l L Theory 5B ™ CNO Uncertainties
0.1 0.2 0.5 1.0 2.0 5.0 10.0 20.0
Neutrino Energy in MeV

Neutrino Physics, BND 2019 Nik|[hef



GALLEX (1991-1998) and SAGE (1990-)
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Kamiokande (1987-1995)
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Elastic scattering with
any neutrino.

Water-Cherenkov detector in Kamioka mine, Japan

Neutron Decay Experiment, refurbished to

Neutrino Detection Experiment, ready late 1986

e Water purification, better electronics,
installation of outer veto detector

Time, direction and energy

Beginning of neutrino astronomy

e First directional information -> neutrinos
actually come from the sun!

e They got really lucky: SN1987A on 23 February
1987

Hints for atmospheric neutrino deficit (more on that

later)
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Super Kamiokande (SuperK, 1996-)

More on
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SNO e  Sudbury mine in Canada

e Heavy water Cherenkov detector
e  Can distinguish ratio of electron (CC) to all neutrino

flavours (NC) and solve the neutrino puzzle on its own

Charged-Current 77| |Does not
-~ _W.. (( happen for v,
23 /Cherenkov electron | 1,04 quarks and vz due to
\\“® ;?gge;gmwaysy 3“"".:::“' final |epton Total Rates: Standard Model vs. Experiment
neutrino deuteron @prmons j’;ﬂ{ﬁ,",ﬁ’:gj{;‘;ﬂéﬁjﬁ,‘f"' mass threshold Bahcall-Serenelli 2005 [BS05(0P)]
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SNO e  Sudbury mine in Canada

e Heavy water Cherenkov detector
e  Can distinguish ratio of electron (CC) to all neutrino
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The Solar Neutrino Problem and its
Resolution

Total Rates: Standard Model vs. Experiment
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Bahcall's Solar Model had been right all the time!
Pontecorvo had been right all the time, too:
neutrinos oscillate!
But why do the various experiments measure
different deficits?
e They're not all sensitive to the same channel
e CC,NC,ES
e They're not all sensitive to the same solar
neutrino energies
Intriguingly, the decades-old solar neutrino
problem is very subtle:
e Not just vacuum oscillations
e Significant matter effects (MSW) in the interior
of the Sun
e And in Earth’s interior (day-night asymmetry)
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SuperK Revisited: Atmospheric Neutrino Oscillations

* For higher energy atmospheric SK-I+I+II+1V, 4581 Days
neutrinos, SuperK can distinguish

between electron and muon neutrino
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w
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S 400}
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. s =012
Neutrino Oscillations (l) 'a=[[e’ ﬂ] Neutrino: |v;) = Z”a> Vo) = ZUMW

Antineutrino:  [z,) = Uyi|7a) Z *|7)
(@8
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. s =012
Neutrino Oscillations (l) 'a=[[e’ ﬂ] Neutrino: |v;) = Z”a> Vo) = ZUMW

Antineutrino:  [z,) = Uyi|7a) Z *|7)

(2, 0))

Time propagation: |v;(z,t)) = e~ **

|VZ(£E,O)> — €ipiw Vz'>

Relativistic neutrinos: E; = \/mf +p?~p+ - ~E+4
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a=[eu,T]

Antineutrino:  |p,) = Z UnilTo) Vo) = Z UsilVi)

. s =012
Neutrino Oscillations (I) |\~"*°! | Neutrino: ) :Z”a> Va) = Uailt)

Time propagation: |v;(z,t)) = e~ *#i|y;(x, 0))

’V@($,O)> — eip?;ac Vz'>

Relativistic neutrinos: E; = \/mf +p?~p+ - ~E+4

Jan Willem:

The point is, that different mass eigenstates propagate with different momentump; and
therefore the relative phases of the different mass eigenstates vary with distance. This is
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i =[1,2,3]

a = [eu] Neutrino: |y;) = Zya> Vo) = Z UailVi)

Antineutrino:  |p,) = Z UnilTo) Vo) = Z UsilVi)

Neutrino Oscillations (I)

Time propagation: |v;(z,t)) = e~ *#i|y;(x, 0))
’V,,;(SU, O)> — €ipiw Vz'>
L . m? m?
Relativistic neutrinos: E; = \/mf +p?~p+ - ~E+4

Neutrino |[va) emitted by a source at t=0 develops with time into state: |v(z,t)) = Z UqgiePTe™Fit|y) = Z UaiUjieP e "t ug)
i i\
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a=[eu,T]

Antineutrino:  |p,) = Z UnilTo) Vo) = Z UsilVi)

Neutrino Oscillations (I) [~ '** | Neutrino: |V¢>:ZVQ> Va) = Uailt)

Time propagation: |v;(z,t)) = e~ *#i|y;(x, 0))

’V@(SE,O» — €ipiw Vz'>

Relativistic neutrinos: E; = \/mf +pf~p+ L ~FE+

Neutrino |[va) emitted by a source at t=0 develops with time into state: |v(z,t)) = Z UqgiePTe™Fit|y) = Z UaiUjieP e "t ug)
i i\

Time-dependent transition amplitude for a flavour conversion va = vg:  A(a — B)(t) = (vglv(z,t)) = Z UEanieime_iEit
i
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= [e,p,T]

Antineutrino:  |p,) = Z UnilTo) Vo) = Z UsilVi)

Time propagation: |y;(x,t)) = e v;(x,0))
vi(,0)) = e |v)

Neutrino Oscillations (l) ia=[1’2’3] Neutrino: |ui>:2ua> Va) = Unilwi)

Relativistic neutrinos: E; = \/mf +p?~p+ — ~E+

2: >|< zpa:

Neutrino |vo) emitted by a source at t=0 develops with time into state: Z Ugie??

Time-dependent transition amplitude for a flavour conversion va = vg:  A(a — B)(t) = (vglv(z,t)) = Z UpsiUgiePoe ot

2
Natural units: t=x=L and using the relativistic limit: Ala = B)(t) = (walv(z, 1)) = UkUsq eXp(i%@: Ale = £E)
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= [e,p,T]

Antineutrino:  |p,) = Z UnilTo) Vo) = Z UsilVi)

Time propagation: |y;(x,t)) = e v;(x,0))
vi(,0)) = e |v)

Neutrino Oscillations (l) ia=[1’2’3] Neutrino: |ui>:2ua> Va) = Unilwi)

Relativistic neutrinos: E; = \/mf +p?~p+ — ~E+

2: >|< zpa:

Neutrino |vo) emitted by a source at t=0 develops with time into state: Z Ugie??

Time-dependent transition amplitude for a flavour conversion va = vg:  A(a — B)(t) = (vglv(z,t)) = Z UpsiUgiePoe ot

2
Natural units: t=x=L and using the relativistic limit: Al = B)(t) = (vplv(z, 1)) = Y UkUu eXP(’i%@Z Ao — B)(L)

Similarly, for antineutrinos: Al@— B)(L) = Z UpiUqi exp(—t 27’ E)
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Uel Ue2 Ue3 )

The PMNS Matrix o) = S Ualtn) U = s = ( 0

, U U U,
e Pontecorvo, Maki, Nakagawa, Lo

Sakata

Nik|hef



Ue 1 Ue 2 Ue3
U’T 1 U’T 2 U’T 3

The PMNS Matrix Va) =Y Unilts)  Uni = Upains = ( Un Up U

e Pontecorvo, Maki, Nakagawa, ’
Sakata

e Unitarynxn

* 2n-1 relative phases of the 2n
neutrino states -> (n-1)2

independent parameters
e 1/2n(n-1)weak mixing angles
e 1/2(n-1)(n-2) CP violating
phases
e [fn=3:3 mixing angles and 1

CP violating phase
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Ue 1 Ue 2 Ue3

The PMNS Matrix Ve) = Z UailVi) Upi =Upuns = | Uur Uz Ups
: : U1 Uy U
e Pontecorvo, Maki, Nakagawa, ' boom T
1 0 0 C13 0 8136_i5cp C12 S12 0O
Sakata UpMNS = ( 0 co3  So93 ) ( 0~5 1 0 ) ( —s12 c12 O )
. 0 — — ek () 0 0 1
e Unitarynxn $23 €23 s13€ 13
. S12 = sin 09, etc.
e 2n-1 relative phases of the 2n |
. C12€13 | $12€13 | s13€” 0P
neutrino states -> (ﬂ-1 )2 UpMns = | —S12023 — 01282381355013 C12C23 — 812823813615_013 $23C13
S12893 — C12023513€0CP  —C12803 — S12023513€"°CF  cagcis

independent parameters
e 1/2n(n-1)weak mixing angles
e 1/2(n-1)(n-2) CP violating
phases
e [fn=3:3 mixing angles and 1

CP violating phase
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. Uel U€2 Ue3
The PMNS Matrix Vo)=Y Unilti)  Usi=Upins = | U Uz Uss

: Ui Ur Ur
e Pontecorvo, Maki, Nakagawa, boome T

—idcp 0
k 1 0 0 C13 0 S13€ C192 S12
Sakata Uppns = | 0 cog  Sog 0 1 0 —s12 ci2 0

: 0 - —s13€cP () 0 0 1
e Unitarynxn $23 €23 s13€ 13

, = 5in 12, etc.
* 2n-1 relative phases of the 2n TR e

. C12€13 ' 512C13 | S13e” 0P
neutrino states -> (ﬂ-1 )2 Upmns = | —S12C23 — €12523513€°CF 12023 — S12523513€"°0F $23C13
5 5
812823 — €12€23513€"°YFY  —C12893 — S12C23513€"°CF C23C13

independent parameters
The mixing angles can be defined via the elements of the neutrino mixing matrix

e 1/2n(n-1)weak mixing angles
e 1/2(n-1)(n-2) CP violating

(compare the first with the third representation):

phases sty =sin® 013 = [Ues|* i3 =1 — 513 =1 — |Ues/?
° ° 2 2
e [fn=3:3 mixing angles and 1 2y = cos?, = —0l 2 n2g, — Ues| .
1 — |Us| 1 — |Ues|
° ° 2 2
CP violating phase 2 oy = N a g Ul
1 — |Ues| 1 — |U.s|?
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Neutrino Oscillations (I1)

mZQL)
2 b

Time-dependent transition amplitude for a flavour conversion Yo = V3: Ala — B)(t) = Z Uganz‘ exp(—1
)
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Neutrino Oscillations (I1)

m? L
Time-dependent transition amplitude for a flavour conversion Yo = V3: Ala — B)(t Z UﬁzUaz exp(—1 QZ E)
* * —i L (m?—m?
Transition Probability for a flavour conversion Yo = vs. P(a = B)(¢) = |A(a — B)(¢ Z Z UaiU,;UgiUgje 2 (Mg —m;)
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Neutrino Oscillations (I1)

m? L
Time-dependent transition amplitude for a flavour conversion Yo = V3: Ala — B)(t Z UﬁzUaz exp(—1 QZ E)
* * —i L (m?—m?
Transition Probability for a flavour conversion Yo = vs. P(a = B)(¢) = |A(a — B)(¢ Z Z UaiU,;UgiUgje 2 (Mg —m;)

AmZ L
e (2)
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Neutrino Oscillations (I1)

m? L
Time-dependent transition amplitude for a flavour conversion Yo = V3: Ala — B)(t Z UﬁzUaz exp(—1 QZ E)
* * —i L (m?—m?
Transition Probability for a flavour conversion Yo = vs. P(a = B)(¢) = |A(a — B)(¢ Z Z UaiU,;UgiUgje 2 (Mg —m;)

AmZ L
e (2)

Am L
E 12 E : *

1>]
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Neutrino Oscillations: the Master Equation

2 kT T% AmZQJL
P(a — B)(t Z|UMUBZ\ 2Re Y UaiUl;UbUsjexp | —i T

1>]
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Experimental Physicist's View

Am?. [,
__ * |2 * * : 1
Pla—= B)(t) = Y _|UailU3i* + 2Re Y UnilUz,UsUsj exp | —i—L

) 1>

 Physics Parameters: Uai Am?j

e QObervables: L, E

e Any neutrino oscillation experiment measures neutrino oscillations as a function of
(at least) observables L and E, to determine PMNS matrix elements (or equivalently,

3 mixing angles and CP violating phase) and 3 mass splittings
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Neutrino Oscillations without CP Violation
Amgj L
2 b

P(a — B)(t Z|UMUBZ\2 2Re Y UaiUl;UbUsjexp | —i

1>]

IF no CP violation in the neutrino sector, PMNS elements are real. In that case, rewrite as

Am?. [,
Pcpnolas(a — B)(t Z ngi T 22 Uailla;Ugilg; cos < 2 J E)
>
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Neutrino Oscillations without CP Violation
Amgj L
2 b

P(a — B)(t Z|UMUBZ\2 2Re Y UaiUs;UbUsjexp | —i
1>

IF no CP violation in the neutrino sector, PMNS elements are real. In that case, rewrite as

AmZ. [
PCPholdS Oé — ﬁ Z ng + ZZUaanjUBiUBj COS < ; J E)
1>7

Rewrite the cos using cos(28) = 1 - 2sin2(26)

Am?. [
Pepnolas(a — B)(t Z 2UBA2Y UaiUajUsiUgj—4Y " UaiUa;UsiUpg; sin® < ! )

— — 4 K
1> 1>
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Neutrino Oscillations without CP Violation
Amgj L
2 b

P(a — B)(t Z|UMUBZ\2 2Re Y UaiUs;UbUsjexp | —i

1>]

IF no CP violation in the neutrino sector, PMNS elements are real. In that case, rewrite as

Am?- L
PCPholdS Oé — ﬁ Z ng -+ ZZUaanjUBiUBj COS < > J E)
1>7

Rewrite the cos using cos(28) = 1 - 2sin2(26)

Am?. [
) — Z 4ZUaanjUBiUﬁj Sil’l2 < 4” E)

1>]

U2,U%+2 Z UpaiUsiUsiUs;

1>]

Pcpholas(a = B)(

) ] ) 7

5 Am%j L
PCPholds(Oé — 5)(?5) — 504[3 — 42 UazUa]UﬁzUﬁj S11 1 i3
1>
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Neutrino Oscillations Master Equation without CP Violation

5 Am?j L
Pcphoas(a — B)(t) = dap — 42 UaiUajUsiUg; sin T
P>
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Neutrino Oscillations Master Equation without CP Violation

5 Am?j L
Pepholds(a = B)(t) = dap — 42 UaiUa;jUpiUg,j sin T
i>j

Neutrino Oscillations Master Equation including CP Violation

) (=) i i . 5 Am? L + . Trs ) Amf L
P(a — IB)(t) = 5&/8 _4ZRe(Uaz’UaJ’UﬁiUﬂj)Sln ( 4 ’ E) (_) 2ZIm(UaanjUﬂiU’Bj)Sln( 2 : E

i1>7 i>]
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Some Remarks

OO o . Am,%j L i . s [ Am? [
P(a — B)(t) = dap _4;R6(UaanjUﬁiUﬁj)Sln ( 1 B/ (- QZIm(UaanjUﬁiUﬁj)Sln 2 j E
P>

e The transition probability is a function of goniometric functions as a function of L/E. Hence the name neutrino oscillations.
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Some Remarks

2 2
(—) ) * TTH . 2 Amg; L + * T Tk : Amz L
i>]
e The transition probability is a function of goniometric functions as a function of L/E. Hence the name neutrino oscillations.

(-)
. (-) I
o If all masses are zero, so are the mass differences. In that case, P(a — 5 )(t) = dap and no oscillations occur.
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Some Remarks

P(Oz — 5 )(t) — 5046 — 4ZR6(UQanjUﬁiUﬁj)Sln2 1 J i (_) 2ZIm(Ua’iUOéjU5iU5j)Sln

1>] 1>]

Amfj L
2 K

e The transition probability is a function of goniometric functions as a function of L/E. Hence the name neutrino oscillations.

(-)
. (-) I
o If all masses are zero, so are the mass differences. In that case, P(a — 5 )(t) = dap and no oscillations occur.

e |f there was no leptonic mixing, all off-diagonal terms in the PMNS matrix are zero. Then at least one of the matrix elements

in the product of four is zero, resulting in no oscillations. Observing neutrino oscillations implies neutrino mixing.
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Some Remarks

P(a = B)(t) =0ap —4 Y Re(UaUL;UjUs;)sin’ ; / iR 2 " Im(Ua:Ug,;Uj,Usj) sin

1>] 1>]

Amfj L
2 K

e The transition probability is a function of goniometric functions as a function of L/E. Hence the name neutrino oscillations.

(-)
. (-) I
o If all masses are zero, so are the mass differences. In that case, P(a — 5 )(t) = dap and no oscillations occur.

e |f there was no leptonic mixing, all off-diagonal terms in the PMNS matrix are zero. Then at least one of the matrix elements

in the product of four is zero, resulting in no oscillations. Observing neutrino oscillations implies neutrino mixing.
2

i+ SO this is the only quantity we can derive from observing neutrino

e The transition probabilities contain the terms Am

oscillations. One can’t observe the mass of each mass eigenstate explicitly.
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Some Remarks
Am3; L
2 E

P(Oz — 5 )(t) — 5046 — 4ZR6(UQanjUﬁiUﬁj)Sln2 1 J i (_) ZZIm(UaanjUBiUﬁj)Sln

1>] 1>]

e The transition probability is a function of goniometric functions as a function of L/E. Hence the name neutrino oscillations.

(-)
. (-) I
If all masses are zero, so are the mass differences. In that case, P(a — B )(t) = dap and no oscillations occur.

e |f there was no leptonic mixing, all off-diagonal terms in the PMNS matrix are zero. Then at least one of the matrix elements
in the product of four is zero, resulting in no oscillations. Observing neutrino oscillations implies neutrino mixing.

e The transition probabilities contain the terms Am?j, so this is the only quantity we can derive from observing neutrino

oscillations. One can’t observe the mass of each mass eigenstate explicitly.

e  We implicitly used natural units A = ¢ = 1in the derivation. Expressing the argument of the trigonometric functions in real

, L L(km)
. 2 _ 2 /2

Ly
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Some Remarks

P(Oz — 5 )(t) — 5046 — 4ZR6(UQanjUﬁiUﬁj)Sln2 1 J i (_) ZZIm(UaanjUBiUﬁj)Sln

1>] 1>]

Amfj L
2 K

e The transition probability is a function of goniometric functions as a function of L/E. Hence the name neutrino oscillations.

(-)
. (-) I
o If all masses are zero, so are the mass differences. In that case, P(a — 5 )(t) = dap and no oscillations occur.

e |f there was no leptonic mixing, all off-diagonal terms in the PMNS matrix are zero. Then at least one of the matrix elements

in the product of four is zero, resulting in no oscillations. Observing neutrino oscillations implies neutrino mixing.
2

i+ SO this is the only quantity we can derive from observing neutrino

e The transition probabilities contain the terms Am

oscillations. One can’t observe the mass of each mass eigenstate explicitly.

e  We implicitly used natural units A = ¢ = 1in the derivation. Expressing the argument of the trigonometric functions in real

, L L(km)
. 2 _ 2 /2

Ly

e  One can detect flavour change in 2 ways:

e  Start with ve and look for v (‘appearance’)

e  Start with V¢ and see if any disappears ('disappearance’/'survival’)
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Three Neutrino Probabilities are Messy...

- P K T o (Amy LY + * T o (27 L
P(a = B)(t) =das —4) Re(UaiU;U3,Up;) sin ( 1 B/ (- QZIm(UaanjUﬁiUﬁj)Sln > E

1>7]

e When substituting the PMNS matrix elements things get messy very quickly
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Three Neutrino Probabilities are Messy...

- P K T o (Amy LY + * T o (27 L
P(a = B)(t) =das —4) Re(UaiU;U3,Up;) sin ( 1 B/ (- QZIm(UaanjUﬁiUﬁj)Sln > E

1>7]

e When substituting the PMNS matrix elements things get messy very quickly

 Due to all the sums of products of four PMNS matrix elements
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Three Neutrino Probabilities are Messy...

- ) « T . 9 Am?j L) + « TrH - (Ame L

1>7]

e When substituting the PMNS matrix elements things get messy very quickly
 Due to all the sums of products of four PMNS matrix elements

* So let's make some assumptions and simplify
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Simplifications

) (—) ) . 9 Am? [ + . . . Am? L
P(a = B)(t) = dup —4;R€(UaanjUﬁz‘Uﬁj)Sm ( . E) () 2ZIm(UaanjUﬁiUﬂj)Sm< ) B

yi AN

)
e Assumption 1: no CP violation (U P(oz SN ﬁ) (t) = 0aqp — 4 Z UaiUajUpgiUg; sin? (Amij L)

4 Fk

elements are real) P>
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Simplifications

) (—) ) . 9 Am? [ + . . . Am? L
P(a = B)(t) = dup —4;R€(UaanjUﬁz‘Uﬁj)Sm ( . E) () 2ZIm(UaanjUﬁiUﬂf)Sm< ) B

yi AN

2
e Assumption 1: no CP violation (U P(oz — ﬁ) (t) = 504[3 —4 Z UaanjUﬁiUﬁj sin” (ATZ'J' é)

elements are real) P>

| Am?. T,
e Assumption 2: appearance P(a — 5) (t) — —42 Uoinoszﬁ’iUﬁj sin” ( 4 - E)
1>
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Simplifications

) (—) ) . 9 Am? [ + . . . Am? L
P(a = B)(t) = dup —4;R€(UaanjUﬁz‘Uﬁj)Sm ( . E) () 2ZIm(UaanjUﬁiUﬂf)Sm< ) B

yi AN

)
e Assumption 1: no CP violation (U P(oz SN 5) (t) = 0aqp — 4 Z UaiUajUpgiUg; sin? (Amij L)

4 Fk

elements are real) P>

| Am?. T,
e Assumption 2: appearance P(a — 5) (t) — —42 UoinoszﬂiUﬂj sin” ( 4 - E)
1>

* Assumption 3: neglect (small)
Am%z
, L
e Assumption 4: Am3, ~ Am3, Pv. — vg) = —4sin’ (Am§2 E) (Ua1Up1Un3Ugs + Un2UpaUqysUpgs)
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Simplifications

) (—) ) . 9 Am? [ + . . . Am? L
P(a = B)(t) = dup —4;R€(UaanjUﬁz‘Uﬁj)Sm ( . E) () 2ZIm(UaanjUﬁiUﬂf)Sm< ) B

VA AN

)
e Assumption 1: no CP violation (U P(oz SN 5) (t) = 0aqp — 4 Z UaiUajUpgiUg; sin? (Amij L)

4 Fk

elements are real) P>

| Am?. T,
e Assumption 2: appearance P(a — 5) (t) — —42 UoinoszﬂiUﬂj sin” ( 4 - E)
1>

* Assumption 3: neglect (small)
Am%z
, L
e Assumption 4: Am3, ~ Am3, Pv. — vg) = —4sin’ (Am§2 E) (Ua1Up1Un3Ugs + Un2UpaUqysUpgs)

: Assumption 5: PMNS Unitarity P(va — vg) = 4sin? (Am§2ﬁ) U§3U§3
> " UailUsi = UarUp1 + UaaUps + UasUps = 0
1=1
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Uel UeQ UeS
_ Uswi =Upvns = | Ui Up2 Ups
((){7 /B) T (M’ 7-) UTl UTZ U’7'3

C12C13 512C13 s13e” P

_ X0} Xo)

Upnvmns = | —S12C23 — €12523513€"°CF c12Ca3 — S12523513€"°CF 523C13
is is

S$12823 — C12C23S813€°°YF  —(C12893 — S12C23513€ °CF C23C13

, L
P(Va — l/ﬁ) — 4SIH2 (Am§2E) U§3U§3

L
1K

L
23€2 1E = 13

(o, B) = (p, 7) = P(v, — 1) = 4cj3853¢53 sin® | Am3, sin®(20,3) sin” | Ams3,
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Ue 1 UeQ UeS

(C\f ) — (6 ) Uawi =Upmns = | Uur Upz Ups
Y] Y M UTl UTZ U’7'3
C12C13 512C13 s13€e” '0cr
_ X0} Xo)
Upnvmns = | —S12C23 — €12523513€"°CF c12Ca3 — S12523513€"°CF 523C13

dcp

i )
512823 — C12€23513€ —C12523 — S12C23513€°YF C23C13

, L
P(Va — l/ﬁ) — 4SIH2 (Am§2E) U§3U§3

L L
(o, B) = (e, ) = P(ve = v),) = 48330333%3 sin’ (Am§2ﬁ) — 333 Sin2(2913) sin? (Am§2E>
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Ue 1 UeQ UeS

Uawi =Upmns = | Uur Upz Ups
UTl UTZ U’7'3
(057 5) T (67 T) —idop
C12C13 512C13 S13€
_ X0} Xo)
Upnvmns = | —S12C23 — €12523513€"°CF c12Ca3 — S12523513€"°CF 523C13

dcp

i )
512823 — C12€23513€ —C12523 — S12C23513€°YF C23C13

L

P(vo — vg) = 4sin® | Am3,—
(v v3) sin M3 7

2 2
UQSUBB

L L
(o, B) = (e,7) = P(ve — v;) = 4c3ac255%, sin” (Am§2E) = (34 5in%(26;3) sin” (Am§2E)
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Uel UeQ UeS
Uawi =Upmns = | Uur Upz Ups

Two-Neutrino Appearance Un Un U
1 HiAac: C12€13 512€13 s13e” "°F
PrOpa Ol | ities: Summary UpMNs = | —S12C23 — C12823813¢Z(SCP C12C23 — 812823313€Z§0P 523C13
$12523 — C12C23513€"9CF  —C19893 — S12C23513€'0CF C23C13

L
P(v, — ;) = cj55in®(2023) sin” (Am§2 E)

L
P(v. — v,) = 855 sin*(2613) sin” (Am§2E>

L
P(ve — v;) = c53 sin” (201 3) sin” (Am§2E>
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Uel UeQ UeS
Uawi =Upmns = | Uur Upz Ups

Two-Neutrino Appearance Un Un U
1 HiAac: C12€13 512€13 s13e” "°F
PrOpa Ol | ities: Summary UpMNs = | —S12C23 — C12823813¢Z(SCP C12C23 — 812823313€Z§0P 523C13
$12523 — C12C23513€"9CF  —C19893 — S12C23513€'0CF C23C13

L

P(v, — ;) = cj55in®(2023) sin” (Am§2 E)
2 2 . 2 , L

P(ve — v,,) = s5335in”(20;3) sin (Ame)

L
P(ve — v;) = c53 sin” (201 3) sin” (Am§2E>

e \What about numerical values?
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Global Fit tfor Neutrino Oscillation Parameters: NuFIT 6.0 (2024)

NUFIT 6.0 (2024)

Normal Ordering (Ay~ = 0.6)

Inverted Ordering (best fit)

. 2
sin” a3

B23/°

. 2
sin” #13
| O
013/

4 +0.012
0.5617 6015

48.5+(" i

-0.9

0.02195+0.(NN)5J

—0.00058

[ il "'l’. ll
8.1)2_“.11

0.430 — 0.596
41.0 — 50.5

0.02023 — 0.02376

8.18 — 8.87

+0.012
0.562Z5 015
10 o+0.7
48.6Z4 9
a0 4+0.00056
0.02224 4 40057

el
8.98 _0.11

bfp £1leo 3o range bfp 1o 3o range
sin® 12 0307 ta oat 0.275 — 0.345 0.30813:01% 0.275 — 0.345
012/° 33.6810- 73 31.63 — 35.95 33.6810:53 31.63 — 35.95

0.437 — 0.597
41.4 — 50.6

0.02053 — 0.02397

8.24 — 8.91

Mnemonic:

612 = 34° (count up)
623 = 45° (count up)

013 = 9° (geometric series)
9

PS: JUNO paper from last month, 59 days of data-taking (!):

sin? 0;, = 0.3092 + 0.0087
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Substitute Mixing Angle Values to Further Simplity

L L
P(v, — ;) = cj55in®(2023) sin” (Am§2 E) 813 = small P(v, = v;) = sin’(203) sin’ (Am§2 E)
, . L o
Pl = 1y) = sysin (0o (A ) 0= 45" (1,0 = o) (And )

L
P(ve — 1) = ¢35 5in%(26:3) sin” (Am§2E> 0,5 =45°  Pve = v,) = P(ve — vy)
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PMNS Numerical Values

C12C13 512C13 s13e” P
_ X0} Xo)
Upnvmns = | —S12C23 — €12523513€"°CF c12Ca3 — S12523513€"°CF 523C13

is i5
S$12823 — C12C23S13€¢°“FY  —C12S893 — S12C23S813€ °CF C23C13

i 2 2 2 2
S%g — Slﬂ2 913 = |U63‘ 613 — ]. - 813 — ]. - ‘Ue?)‘
2 2

2 2 |Ue1| 2 .2 |Ue2|

1— |Ue3’2 I — |U63|2

Uss|? U,sl”

633 — cos? Bos = ‘ 7'3| . 833 _ Slﬂ2 92 _ ‘ ,UJ3‘ .

1 — [Ues 1 —|Ues

Udi| |Ue| |Uds] 0.83 0.55 0.15
Uni = Upnins = | |Up1|  |Usio 0.37 0.61 0.70
Uri|l |Ura| |Uss 0.42 0.58 0.69

£
|
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Flavour Content in Mass Eigenstates

Uet| |Uea| |Ues 0.83 0.55 0.15
Ui = Upnins = | Ui |[Use| |Uus| | = | 0.37 0.61 0.70
Uri| |Urs| |Urs 0.42 0.58 0.69

= ov,
m v
1 V9 V3
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NuFIT 6.0 (2024) Mass Splittings

NuFIT 6.0 (2024)
| Normal Ordering (Ay” = 0.6) C Inverted Ordering Thest fit)
Ip 3o range bfp £T7 3o range
Sl 7.4910-19 6.92 — 8.05 7.4910-19 6.92 — 8.05
10-5 eV* e v
Am3, 0% . PR, 2. .
T ;\--"2 ($2.53410023 42,463 — +2.606 | (=R.5101992¢  _2.584 — —2.438

e PS: JUNO paper from last month, 59 days of data-taking:

Am2 = (7.50 £ 0.12) x 1075 eV?
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The Big Unknown: Neutrino Mass Ordering (NMO)

We do NOT know the sign
of Am232 (= Am231)

E — ()

(Am°)

alm

—m— (1,)’

(A]nz )sol
s (1)’

Normal Ordering (NO)

(m,)” E———
(Am:)soI

(M) e———

We do NOT know the sign
of Am232 (= Am231)

(Am:) <

alm

(mB)Z*

Inverted Ordering (NO)
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But: m> > mjq!

We DO know the sign of
Am2q5 from the MSW
effect in the sun!

B — (), )’

(Am°)

alm

—m— (1,)’

(Am°)

sol

s (1)’

Normal Ordering (NO)

(m,)” E———
(Am:)soI

(M) e———

(Am:)

alm

(mB)Z*

Inverted Ordering (NO)
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Solar Neutrino Puzzle and the MSW Effect

* |f we assume 2 neutrino approximation for solar neutrinos: ve €
e L~108km, E~1 MeV

o Naively expect oscillations to be sizeable for Am?* ~ E/L = 10~ HeV?

. 2 —5 72
e |nstead, we observe oscillations at Ami, ~ 10™°eV

e Thisis caused by the MSW eftect (Mikheyev—-Smirnov—Wolfenstein)
e (Coherent forward scattering via W-boson exchange leads to an extra

interaction potential energy in the Hamiltonian:
o Uy . +\/§GFN€
o U, —\/iGpNe

e Gristhe Fermi constant, N¢ is the electron density in the medium

e This raises the effective mass of Ve and lowers that of Ve
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MSW effect

e Fractional importance of matter effects on oscillations with vacuum mass splitting

: V2Gr N,
Am?2 is -

T = B (this definition will start making sense later)

e The matter effect:
e grows with neutrino energy E and electron density
® s sensitive to the sign of Am2
e Affects neutrinos different than antineutrinos

e Note: this last effect can 'fake’ CP violation and therefore needs to be taken into

account in searches for genuine CP violation
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Experimental Physicist's View

e The matter effect:

e |s sensitive to the sign of Am?2

e The signs of the mass splittings are determined using the MSW effect!
e Therefore, the NMO can be determined using the MSW effect!
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Intermezzo: Hamiltonian for 2-Neutrino Oscillations

Zi ‘Ve> :Hvac ‘Ve>
In the mass basis (11, 15, 1/3), the Hamiltonian H,,, is diagonal, as the mass eigenstates de <|”“>> <|”“>>
. 2
propagate independently: o <E1 0 ) B (p 4 % 0 )
al =

m?
0 B 0 p+3 E

p

The oscillation probability P(v, — v3) depends only on the difference in phase accumulated
by the two mass eigenstates, A¢ = (Ey — E4)t. A phase that is common to all components of

the state vector will cancel out when computing the probability.

We can factor out and subtract the term p (since 2 = p) which is common to both eigenstates.

We define the oscillation-relevant Hamiltonian H,,, by subtracting the term pI:

Nik|hef




o . , ,1(0 o0
Hamiltonian for 2-Neutrino Oscillations in the flavour basis Hn =98 (0 Amz)

The Hamiltonian in the flavor basis H is obtained by the similarity transformation:

H; = U,,,H,, U] - ( €08 0 —sinf
o sinf cos6

Let's write this out explicitly:

o 1 [ cos@® sinf) (0 0 cosf@ —sinf
I~ 9 \—sinf cosf) \0 Am?) \sinf® cos@
To do this, we often subtract an overall multiple of the identity matrix, Aél—’gl, which does not
affect the oscillation probability.

Am? ((2sin®0 sin(20) Am?
=g ((sin(29) 2 cos? 9) _I> et

H. _ Am21  Am® (2sin’0 -1 sin(26)
774 -~ 4B \ sin(20)  2cos?6 — 1
Applying 2sin’ 0 — 1 = —(cos? 6 — sin’ 6) = — cos(260) and 2 cos? 6 — 1 = cos(26), we get This matrix governs the flavor evolution according to the equation:

the standard, oscillation-relevant vacuum Hamiltonian:

Hvac —

zi |Ve> = Hyac |Ve>
Am? [— cos(20) sin(26) dz (|V">> <|V“>)
4F \ sin(20)  cos(20)
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The MSW Effect for 2-Neutrino Oscillations

oo Am? —cos 26 sin 260
vac U E sin20  cos 26

Now including matter effects in the Hamiltonian:

H :Hvac+\/§GFNe< L0 )

0 O
1 0\ V2 1 0
HM—Hvac‘|‘\/§GFNe<O O)_7GFN6(O 1)
Can subtract any contribution proportional to identity matrix as that doesn’t change the eigenvalues.
Am? [ —(cos20 — x) sin 26
Hy = .
AFE sin 26 (cos260 — x)
. - \/iGFNe
with = Am?2E 23 before
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The MSW Effect for 2-Neutrino Oscillations 1, = 2™ ( s (cozi;ﬁ z) >

4FE
T = \/ﬁGFNe
- Am?/2F
_ 2 2 ) 2 ) L Sin2 20
. Then, defining Am3, = Am \/sm 20 + (cos 20 — x)? and sin” 20y = 290+ (cos20 — 2)?
o« Hu— Am3, [ —cos20y; sin 20y
M= B sin260y;  cos 20,
e And all 2-neutrino approximations are adapted accordingly:
L
.2 .2 2
o PM(Ve — Vu) = sin“ 207 sin (AmME) Even if sin2(20) is

small, sin2(26,,)
can be maximal
if x~cos(28). This
is called the
MSW resonance
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So how was the 'Solar Mass Splitting' measured?

E — () (m,)” —
(Am:)soI
(170 )” I —
H v
(Am”)
Vv -
H (Am7)
m v
We DO know the sign of * (m,)’
Am24, from the MSW - (Amz)mI ]
effect in the sun! —m— ()’ (M,)” E —
Normal Ordering (NO) Inverted Ordering (NO)
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MSW effect in Solar Neutrinos

 Inthe Sun things are even more subtle due to changing electron density as the neutrinos travel out from the

Sun's core, leading to energy-dependent MSW-modified oscillation probabilities

PDG 2011 (https://pdg.lbl.gov/2011/reviews/rpp2011-rev-neutrino-mixing.pdf):

0.8_ I I ol
075— pp —f
C 7 3 =2 ~ 1 1
™ 3 Be E P (Ve — Ve ts, tg) = 5~ 500320.

T ol e— I ,,,,,, oL =

P — - i , ) .

505; B : data. We see that depending on the sign of cos 26 # 0, P (Ve — Ve)
04t l | 3 is either bigger or smaller than 1/2. It follows from the solar neutrino
03 ~ data that in the range of validity (in E/Am?) of Eq. (14.59) we have
E am e PN : P‘z"(ut3 — Ve ) = 0.3. Thus, the possibility of cos 20 < 0 is ruled out by

! Energy MeV] the data. Given the choice Am? > (0 we made, the data imply that
Am? cos 26 > 0.
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https://pdg.lbl.gov/2011/reviews/rpp2011-rev-neutrino-mixing.pdf

Takeaways Solar Neutrinos and Solar Mass Splitting

e Matter effects in the Sun become signitficant for higher energy solar neutrinos.
e They 'teel’ a varying electron density as they travel outwards to vacuum
e (Can redefine mixing angles and mass splittings to take matter effects into account

* Using these, the 2 neutrino approximation holds again, this time for oscillations

including matter effects

e Benefit from matter effects: allows to determine the sign of Am2y;
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Atmospheric Neutrinos, where the 2-Neutrino Approximation Works

L
P(v, — v;) = sin®(2603) sin” (Am%Q E)

L
P(v, — v,) = 1 — sin®(20y3) sin” (Am%Q E)

Multi-GeV u-like + PC
5068 Events

cos zenith

Up-going Down-going
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The Atmospheric Neutrino Deficit Explained with 2-Neutrino Oscillations

1000 Y

== .
-+

500 -

5068 Events
0

- 0 1
1\mgenith

rvival probability for £, =
(note log scale for baseline)
1.0 n

. . L
Multi-GeV u-like + PC P (V“ — V”“) =1- 51n2(2923) sin® (Am§2ﬁ>

0.8 4

. 0.6 1

|
L 1 1 1
< Ilm P(v, — v,) = 1—sin®(2043) sin” (Am%QE) o~ 1—5 sin?(20,3) ~ 1—5 =5

0.4 - i

02- h

0.0 i T ™TrTrTT T T T ™TrTrTrT T T T ™TrTrTrT T T T ™TrTrTrT
10! 10% 10° 10¢
L (km)
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Takeaways Atmospheric Neutrinos

Contirmed neutrino oscillations through muon neutrino disappearance

Maximal mixing between muon and tau neutrinos found for atmospheric neutrinos (the electron

neutrinos do NOT disappearl)
Easy to explain using two-neutrino approximation

But if you use the full three neutrino picture including matter eftects:

e Day-night asymmetry shows electron neutrino regeneration confirming matter effects inside

the Earth

Future experiments: the matter effect is sensitive to the sign of Am?2,3 and solve the neutrino

mass ordering question
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Neutrino Physics isn't so Simple (Anymore)

We've entered the phase of precision measurements
2-neutrino approximation not sufficient anymore
Need 'higher-order' terms from full 3-neutrino oscillations

ncluding matter effect

ncluding CP violation

Nik|hef




3-Neutrino Oscillations Including CP violation and Matter Effects

P(ve = vu) = Py + Psins + Peoss + P35 Up to order a2 Am3; = aAm3; Amj, = (1 —a)Am3,
sin” 26,3

Py = sin 92‘(.4 1) 51112((A — 1)A) ,
sin d cos @3 sin 2615 sin 26,3 sin 26 . ~ 2 Al
Pins = o —0CO8718SRTI2 S ETI8 T 2725 Gin(A) sin(AA) sin((1 — A)A) |
A(l—- A)
08 0 cos B3 sin 26015 sin 26,3 sin 264, - o A A A
Poss = « - T TR TS cos(A)sin(AA)sin((1 — A)A)
A(l - A)
2 0 226019 A A
Py = 2= 23 SIN” 2612 sin®(AA)

A2

A = Am2,L/(4E,) A=A/Am?, =2VE,/Am2, V = V2G N,

Taken from https://arxiv.org/pdf/hep-ph/0103300.pdf
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B — (1)’ (mf*
NMO Determination o e
e MSW effect:
e  Accelerator neutrinos oy, m v
e Currently: NOvVA, T2K m v, Ay,
e Future: DUNE, HyperK m
* Atmospheric neutrinos
e Currently: KM3NeT/ORCA, IceCube DeepCore, SuperK oy
e Reactor neutrinos: amd,, 3 ,,
e Currently: JUNO S——— (0, ) ()" e —
e Non-oscillations: Normal Ordering (NO) Inverted Ordering (NO)

e Neutrinoless double beta decay: If OV is detected, the measured value of {(mee ) can constrain the mass

ordering

e Cosmological bounds: a strong upper limit on ) mv from cosmology can put pressure on or potentially rule

out the inverted ordering.
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Focus on NMOQO Determination in KM3NeT/ORCA (Nikhet's Involvement)

114 Nik|hef



‘ Electron Neutrino
. Muon Neutrino
. Tau Neutrino

BAL =~ 12740 km
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Atmospheric Neutrinos

1.00

cosf@

0.75
0.50

0.25
Propagation
PMNS P9 /\o 00

A
P(v, — v,) ~ sin® (203) sin ( ™3 ) -0.25
-0.50

-0.75
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Atmospheric Neutrinos

oscillation maximum ~ sin2(20,;

1.00

cosb@

0.75
0.50

0.25
Propagation
PMNS P39 /-\o 00

P(v, — v,) ~ sin? (26,3) sin (Am ) -0.25

Neutrino eneray (GeV)
-7
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Atmospheric Neutrinos: Matter Effect in Neutrino Oscillations

. Electron Neutrino
. u Neutring

Distortions in regular neutrino oscillation patterns —-0.2
due to 'MSW' matter effect in dense materials

10° 101 102
Neutrino eneray (GeV)
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2,m

N P,, sy, = sin® 053 sin® 2075 sin
O 4F
’ 6) At resonance: sin” 2073 — 1
@) The ve appearance probability is strongly enhanced for NO.
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2m
Amgy L

P,
4F

i

~ 4 aom _:. .2 i .2
v, = 1 — cos™ 673 sin” 20,3 sin ( ’

Am2"L
— (small solar term) P, _,,. ~ sin® 6,3 sin’ 207 sin2 31

4F

At resonance, 075 — 7/4 = cos* 0} ~ 0.25

. At resonance: sin” 207 — 1
The amplitude of vu disappearance changes from sin® 2693 ~ 1 down to ~ 0.25,

The ve appearance probability is strongly enhanced for NO.

1.00 Neutrino energy (GeV)

D
3 1.00
0.50 0.50 - 0.8
0.25 0.25 .
0.00 2 0.00 - @
S S
—0.25 —-0.25 - _ —oé
-0.50 -0.50 - _
_0.75 —0-75 1 . —
—-1.00 — -1.00 — —_—rr =
10° 10! 102 10° 101 102

Neutrino eneray (GeV)

The NMO sensitivity comes mostly from ve appearance, because the MSW matter

resonance selectively enhances ve appearance for Normal Ordering (and 7, for 10).

NMO Sensitivity: Event Topologies

Therefore: NMO sensitivity mostly in showers
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Am?;, > 0: normal ordering (NO)

NMOQO Sensitivity: Neutrino Energies and Directions
Am?;, < O: inverted ordering (IO)

@ 1.00 1.00
° 0.75 0.75
0.50 0.50
0.25 0.25
0.00 0.00
-0.25 -0.25
-0.50 -0.50
-0.75 -0.75
~1.00 C -1.00

10° 10! 102 10° 101 102

Neutrino enerayv (GeV) Neutrino energy (GeV)
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Am?;, > 0: normal ordering (NO)

NMO Sensitivity: Neutrino Energies and Directions
Am?;, < 0: inverted ordering (IO)

@ 1.00 1.00
° 0.75 0.75
0.50 0.50
0.25 0.25
0.00 0.00
-0.25 -0.25
-0.50 -0.50
-0.75 -0.75

-1.00 -1.00 ——

10° 10? 102
Neutrino enerav (GeV) Neutrino energy (GeV)

NMO sensitivity in energy range 3-10 GeV and -1< cos(theta)< -0.8
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NMO Sensitivity: Neutrinos vs Anti-

1

eutrinos

v
o
(¥

0.75 0.75
0.50 0.50
0.25 0.25
0.00 0.00
-0.25 -0.25
-0.50 -0.50
-0.75 -0.75
-1.00 - ' ~1.00 N
- 10° 10! 102 10° 10! 102

Neutrino enerav (GeV) Neutrino energy (GeV)

1.00 = 1.00
0.75 ¢ 0.75
0.50 0.50
0.25 0.25
0.00 0.00
-0.25 -0.25
-0.50 -0.50
-0.75 -0.75
-1.00 & -~1.00 - v
10° 10! 10? 10° 10! 102
Neutrino energy (GeV) Neutrino enerav (GeV)

If this would all, there would be no sensitivity to NMO!
(Because KM3NeT can't distinguish (well) between neutrinos and anti-neutrinos)
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NMO Sensitivity: Fluxes and Cross Sections

Neutrino Anti-Neutrino

TOTAL

Cross section higher for neutrinos

v cross section / E, (10° cm?/ GeV)

v cross section/ E, (10°* cm?/ GeV)

Flux higher for atmospheric neutrinos

ox EJ (ni%sec's7 ' Gev?)

—— This Work
- - - HKKMO04

- Fluka

10" 10° 10° 10° 10’
E, (GeV)
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NMO Sensitivity: Neutrinos vs Anti-Neutrinos

2 1.00 1.00
o
0.75 0.75
0.50 0.50
0.25 0.25
0.00 0.00
-0.25 -0.25
-0.50 -0.50
-0.75 -0.75
~1.00 - T -1.00 \
- 10° 10! 10? 10° 10! 102
Neutrino enerav (GeV) Neutrino energy (GeV)
1.00 @2 1.00
8
0.75 0.75
0.50 0.50
0.25 0.25
0.00 0.00
-0.25 -0.25
-0.50 -0.50
-0.75 \ -0.75
-1.00 k -~1.00 v v
10° 10! 10? 10° 10! 102
Neutrino energy (GeV) Neutrino eneray (GeV)

Asymmetric fluxes and cross sections for atmospheric neutrinos and antineutrinos saves the NMO sensitivity
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Summary NMO Sensitivity (for atmospheric neutrinos)

 NMO sensitivity in energy range 3-10 GeV

* NMO sensitivity for -1< cos(theta)< -0.8

* NMO sensitivity due to MSW effect (asymmetric between NO and 10)
* NMO sensitivity mostly from shower channel

* NMO sensititivity due to unequal neutrino/antineutrino cross sections

* NMO sensititivity due to unequal neutrino/antineutrino fluxes
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(NO-10)/10

asymmetry

1 O
E oco [GEV]

(b) cascade channel

Figure 4.1: The asymmetry as defined in Equation 4.2 for an operation time of 3
years. The simulation chain has been set up as described in chapter 3. The two
hypotheses being compared are the NH and IH reference parameter values as given
in Appendix A. Note that the colour axis range is not the same in the two figures.

The x?-sensitivity (see Equation 4.3) is 2.16 (track channel), 3.58 (cascade channel),
4.18 (combined).
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Summary from Frank Close’s Neutrino

>

Muon discovered in 1937 (p72) (‘found, but not predicted’ (p74): discovered first, anticipated as the pion)
Pion discovered in 1947 (p72) (‘predicted, not yet found’ (p74))

Wou: P violated in beta decay

Lederman: P violated in muon decay. See Niels's lectures (https://www.nikhef.nl/~h71/Lectures/2015/ppll-cpviolation-29012015.pdf, pé): As an aside the curves also show an asymmetry in the height of the
oscillation caused by the violation of parity in the muon decay.

Lederman at Brookhaven (see below): P violated in pion decay.

Brookhaven accelerator (1957) (p80):

> protons on target gives intense beams of pions, 20% decays (the others semileptonically) into muon and neutrino (of which at that time, it's still thought that it's ‘the’ neutrino), both in the forward
direction of the pion, but with opposite spin. The ‘gift of nature’ (Frank Close) is that the muon then decays into an electron and two neutrinos (*). So: stop the muons and see which direction the
electrons emerge. If parity is violated, you expect more electrons in the direction the muon was originally moving. This measurement of Hmu+)=+1 (p8 of Zuber) establishes maximal parity violation.

> (*)This was proven by Steinberger in 1948 (p75) (before the neutrino discovery!), who showed that the muon did NOT decay into an electron and a photon (then the electron energy would have
to be fixed), but instead, energy was carried away by two additional particles! The mu->e+gamma was expected if the muon was ‘just’ a heavier version of the electron.

>  Also, it's all an indirect measurement of the neutrino helicity (it was the chirality of the electrons in Wu and the chirality of the muons in Lederman). Goldhaber proposes a direct measurement of

the neutrino helicity.
Steinberger 1958 (p76): pi+->mu+ + nu >50000 times, pi+ -> e+ + nu six times -> consistent with parity violation (as already found by Lederman, see above).

All this leads Pontecorvo to ask: are these neutrinos somehow different from each other (p76)? That's his 1959 paper that only appears in English in 1960. It contains two important points: 1) higher energy
neutrinos have a higher cross section (in fact, in Fermi’s effective theory it rises continuously), so use accelerator neutrinos. 2) there might be a difference in the type of neutrinos!

Schwartz, Steinberger and Lederman (1962) (p81) take up the challenge (sort of independent from Pontecorvo). Use the high energy neutrinos themselves: intense proton beams on beryllium gives large
numbers of pions, which then decay to muons and neutrinos. Filter out the muons with thick steel plates and see how every now and then a neutrino creates either a muon or an electron. After ten days
and 100e12 neutrinos, 51 muons were found and no electrons. The conclusion: there is a muon-neutrino and it's completely different from the electron-neutrino.

Schwartz was onto the neutral current interaction, but his follow-up experiments never got funded and he left physics! (082)
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https://www.nikhef.nl/~h71/Lectures/2015/ppII-cpviolation-29012015.pdf

Remarks On A Confusing Naming Convention

Maury Goodman: “Despite the ( 10 0 ) ( €13 0 sige"oor ) ( ciz  s12 0 ) Boris Kayser: “The ‘solar’ matrix dominates the
Upmns =

| fh 0 c23  S23 0 1 0 —S12 c12 O . f <ol i The mixi e in th
arge Ve component of the 0 —593 Cos _spaeior c1s 0 0 1 mixing of solar neutrinos. The mixing angle in this

l l matrix, 812, is approximately the solar mixing

angle Bsol determined by treating the solar

atmospheric neutrino flux, it is
difficult to measure Am?51 effects.

neutrino problem as a two-neutrino problem. This

This is because of a cancellation
between vy = ve and ve = vy

together with the fact that the ratio

Atmospherlc Reactor Solar is a very good approximation, since the solar

neutrinos are born as ve, and IUe3|2, the v3

of Vi and ve atmospheric fluxes, fraction of ve, is quite small. Thus, ve is
which arise from sequential mand p approximately a mixture of just v1 and v2, and it
decay, is near 2. will remain so as it propagates.”

* Only makes sense under certain assumptions
* 2-neutrino approximations

e Mostly due to (numerical) coincidences

e Small Ami, ~ 107%eV?

® Small B3

e Near-maximal ‘atmospheric’ mixing
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The third, Solar, matrix on the right-hand side of Eq. (40) dominates the mixing of solar neutrinos. The mixing

angle in this matrix, 812, is approximately the solar mixing angle 8sol determined by approximating the solar neutrino
problem as a two-neutrino problem. This is a very good approximation, since the solar neutrinos are born as ve, and

IUe3I2, the v3 fraction of ve, is quite small. Thus, ve is approximately a mixture of just v1 and v2, and it will remain
SO as it propagates.

The Significance of P(v, = v,)

For SNO-energy-range solar neutrinos,
there 1s a very pronounced solar matter effect.

(Mikheyev and Smirnov)
At these energies —

A solar neutrino is born in the core of the sunas av,.

But by the time it emerges from the outer edge
of the sun, with 91% probability it is a v,.

(Nunokawa, Parke, Zukanovich-Funchal)

Then P(ve —>ve) at earth =‘<ve‘v2>2=|Ue2‘2.
v, 2N
Ll ['=03.
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So What Does Uppns look like?

o Lii(Ve — ve) . i.e. the measured solar electron neutrino =75
| 13
flux is roughly 1/3 l {Bounded by reactor exps. with L ~ 1 km
v

e Neutrinos in the sun start out as the higher-energy From max. atm. mixing, v = - il
eigenstate v of Hy(r=0) where electron density is high V3 Il v
e The neutrino propagates outward as the slowly moving .
eigenstate of the slowly changing Hamiltonian. When it Am?,, ‘_{Frlg)li?::((gg&zjcégiti
leaves the Sun it's still the higher-energy eigenstate. But now 1 In LMA-MSW, P_(v.—>v.)
the electron density is zero and the Hamiltonian is just the {= v, fraction of v,

vacuum Hamiltonian. We called that higher-energy V2m

eigenstate v»

e Thus, solar neutrinos leave the Sun as v,

e So electron content of v, is 1/3

e  Solar neutrino flavour change is ve to vy, where in vy, the
flavour content v, - vt is governed by the maximal

atmospheric mixing again
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So What Does Uppns look like?

e The v, content of vy follows from unitarity: 2/3

sin” O
e The v,and v content of vq follows again from l {Boumlfed by reactor exps. with L ~ 1 km
A
v

: . . vV, +V
maximal mixing From max. atm. mixing, vy =-*_—"

V2

 v;and v, contain the neutrino for (v,-v1)/\/2, the V3

50% mixture that is orthogonal to the one in v3
From v (Up) oscillate

2 P —
Am atm { but v (Down) don't

(mass)?
A In LMA-MSW, P_ (v.—v,)
Vi Vo Vs i = v, fraction of v,

7 1 - V2 m Am?2 From distortion of v (solar)
P 3 0 vV, v, T } L i, and v, (reactor) spectra

1 1 1 T | {From max. atm. mixing, v,+v,

U=| - g 5 5 VH includes (vu—vt)/ V2

L L L Y v, 10,121 NNV, [1U,12 v, [1U,12]
6 3 2 t

Nik|hef



. : o AmZ 1\ + R . [ AmZ L
CP violation P(a = B)) 5a5—4ZRe(UaiU;jU§iU5j)sin2< TJE> O QZIm(UaanijUgj)Sm< ‘ 3E>

i>7 1>]

e |f CPisconserved: Pva — vg) = P(Ta — Up)

o Ami; L
e CP violation if: P(va = v3) — P(Wa — 7s) #0 = 4ZIm(UaiU§jU5iUﬂj)Sm< 5 E)

1>
* |f a=p, the imaginary part is always zero due to UgUsi"=IUqil2

e Can only find CP violation in appearance experiments!

o Defining the so-called Jarlskog invariant Jas = Im(Ua1U,Uj1 Upa) = £c12812¢23523¢13513 800 \yjith
the +(-) denoting the cyclic (anticyclic) permutations of («, 8) = (e, 1), (1, 7), (7, €)

® P(va—vs)—PW,—vs) =APS = —16J,5sin (Am@%) sin (Am%%) sin <Am%3%)

e Note the signs of the Amj; and how the sum of sines became a product using

trigonometric identities
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Neutrino Oscillations including CP Violation Both imaginary!

P(a — B)(t Z|UMU52|2 +2Re Y (UaiUL;U5Us; @
1>

2Re(A exp(—ix)) = 2Re((a + ib) exp(—ix)) = 2Re((a + ib)(cos(z) — i sin(x))

= 2Re(acos(x) + bsin(x) 4 (b cos(x) — sin(x))

= 2(acos(x) + bsin(x)) = 2(ReA cos(x) + ImAsin(x))
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Neutrino Oscillations including CP Violation Both imaginary!

2Re(A exp(—ix)) = 2Re((a + ib) exp(—ix)) = 2Re((a + ib)(cos(z) — i sin(x))

= 2Re(acos(x) + bsin(x) 4 (b cos(x) — sin(x))

= 2(acos(x) + bsin(x)) = 2(ReA cos(x) + ImAsin(x))

2
Pla—+ B)(0) = S IUniU3* + 23 Rel UaiU;jUsiUﬂ»cos( it ) +2 ) Tm( UaanjUﬁiUﬂj)S’l“( > JE)

1> 1>
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Neutrino Oscillations including CP Violation

2
Pl — B)(t Z|U(MU5,L|2 +23 " Re(Ua,Uz,U3:Us; ) cos ( ) +2 ) Im(UaiUs;U5;Us;) sin ( = E)

1> 1>
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Neutrino Oscillations including CP Violation

2
P(a — B)(t Z|UMUBZ|2 + 23 Re(UasUz;U5:Us;) cos ( ) +2 ) Im(UaiUs;U5;Us;) sin ( = E)

1> 1>

For Re term: rewrite the cos again using cos(20) = 1 - 2sin2(20).
For Im term: use 2sin(28)=4sin(B)cos(0).

Am L Am?. L AmZ; L
* * - 2 * * . 1) 1]
Pla — B)(t) = dap — 4ZR6 (UaiUq;UpUp;) sin ( ) +4) Im(UaiUs;U5Us;) sin ( 4 E) cos ( 4 E

1>] 1>]
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Neutrino Oscillations including CP Violation

2
P(a — B)(t Z|UmU5z|2 +2) Re(UaiUj;Uj,Us;) cos ( ) +2 ) Im(UaiUs;U5;Us;) sin ( 5 : E)

1> 1>7

For Re term: rewrite the cos again using cos(20) = 1 - 2sin2(20).
For Im term: use 2sin(28)=4sin(B)cos(0).

Am L Am?. L AmZ; L
* * -2 * * . (] (%]
Pla = B)(t) = dap — 4ZR6 (UaiUq;Up:Ug;) sin ( ) +4) Im(UaiUs;U5Us;) sin ( 4 E) cos ( 4 E

1>7 1>

Antineutrino: all Uy — U,

P(a— B)(t) = dap — 4ZR6 (U anjUgiUBj)smz ( 1 J ) —|—4ZIm (U, iUosz,BiUﬁj)Sln< 1 J E) cos( 1 ]E>

i>j 1>
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Neutrino Oscillations including CP Violation

2
Pla = 8)(t) = > UaiU%|> +2  Re(UaiUs;UjUg,) cos ( ) +221m (UailUq;UgiUs;) sin ( 9 ] E)

i i>7 1>7

For Re term: rewrite the cos again using cos(20) = 1 - 2sin2(20).
For Im term: use 2sin(28)=4sin(B)cos(0).

Am L Am?. L AmZ; L
* * -2 * * . (] (%]
Pla = B)(t) = dap — 4ZR6 (UaiUq;Up:Ug;) sin ( ) +4) Im(UaiUs;U5Us;) sin ( 4 E) cos ( 4 E

1>7 1>

Antineutrino: all Uy — U,

P(a— B)(t) = dap — 4ZR6 (UaiUajUpiUg;) sin? ( 1 ) —|—42>;Im (UaiUaiUpiUg;) sin < 1 J E) oS ( 1 J E)
1> ¢
Equivalently
o 9 Am?j L o [ AmE L AmZ; L
P(a — B)(t) = 6ap —4 ) Re(UsUZ,;UsUg;) sin T 4;Im(UaanjU,6iUﬁj>Sm TRl R
1> ’
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Neutrino Oscillations Master Equation including CP Violation

Neutrinos
(a —> B = 5@6 — 4ZRG U iUOéjUBiUBj)Sln2 ( 1 ) +4§Im U anjUﬂz'Ugj)Slﬂ< 1 E) COS < 1 J E)
1>7 t
Anti-Neutrinos
Am?2. L A 2.
P(@— B)(t) = up — 4ZRe UaiUa;UgUsj) sin” ( ZL” E> 04ZIm(UmU§jUE7;U5j)Sin ( T ]L5> cos (AT” é)
1> 1>]
Combining and using 2sin(x)cos(x)=sin(2x)
Am?- L Am?2. L
P((oz — 5 = 0ap —4ZRe (U, iU;jUEiUgj)SiHQ ( 1 / E) T ZZIm UaiU;jUEiUﬁj)Siﬂ< 2” -
1>7 1>
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SM Particle Masses e stecond I |
10° Generation Generation Generation
Top quark Higgs
@ -0
w
10° Bottom quark
Charm quark
10° Tau
2 ’trange quark
g 10
= Muon
s Down quark
2 107
@
B
= Up quark
o (1
@ )
114
= Electron
1074
N T R T o vy MASSLESS
1071 BOSONS
Muon- )
neutrino Tau- ) Photon
10 Electron- ) neutrino
neutrino ° Sluon
10-12 )

Nik|hef




Properties of the Weak Interaction

® 1956: Question from Lee and Yang following the 8-T puzzle: everyone assumes parity is
conserved in weak interaction, but did we actually check???

® Parity (P) transformation:

® Similarly, P is 1) reflection in a plane, 2) 180 degrees rotation around the axis
perpendicular to that plane

e P(A) =B
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Reflections on Reflections

® Feynman: “"Never mind [...mere conventions]. Let us talk about phenomena.”

( - — _ Never mind (the convention of) the vector. Would you
be shocked to find the wheel rotating in the other
direction???

Fig. 52-3. A-rotating wheel and its mirror image. Note that the angular velocity
“vector” is not reversed in direction.

) X i A —
G e
)
. 7 o
S N Never mind the conventions (like north and south).
T oo R eo Would you be shocked to find the electron
- ‘ - deviation to be in the same direction???
a I l a'
B B'Fr—quxB
Fig. 52-4. A magnet and its mirror image.
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Weak Force Parity Experiment it P is Conserved

Reflect Rotate 600 60 . —_ -
. ' /* 57Co =9 N1+ €7 47,

Assuming P-symmetry holds, would you be shocked to
find more electrons being emitted downward or upward?
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Weak Force Parity Experiment it P is Violated

Reflect Rotate 600 00 . — _
. ' /" 57Co =9 N1+ €7 47,

Mirror-image A and B do NOT look the same -> P symmetry is violated!!!

atoms
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Wu Experiment (1956)

l 1 l
.20 (AT PULSE m
x HEIGHT 10V)
a EXCHANGE
wl A 110 GASl IN
= |
<t |-
ac é .X
© .00 ax P~ o
<O X
E(Z
3|5 090 sl
3|13
Scintillator (for f 8
measurement o Photomultiplier
ammara v - —
ﬁolarizati:n)x I;Light pipe 0.80
Ly /e W SO I T S S RN T T
‘ : polarization) O 2 4 6 8 ' 0 . 2 l 4 ' 6 | 8
Scintillator (for TlME lN M'NUT ES
, { ;n::::;er:;ent of
polarization)
| | Parity is (maximally) violated in beta decays!

liquid helium liquid nitrogen
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Intermezzo: (Neutrino) Helicity

e Helicity is the projection of the spin along the direction of the momentum:

—

J-p_

"=

+1

® Particle with h=+1 is called right-handed (spin and momentum parallel)

® Particle with h=-1 is called left-handed (spin and momentum anti-parallel)

® hisa pseudoscalar (dot product between ordinary polar vector and an axial or pseudovector)
® As a result, h changes sign under the parity operation

® his invariant only for massless particles

e Explanation that fits all observations of parity violation: the weak interaction only couples to left-handed fermions or
right-handed antifermions.

® Note that none of the mentioned experiments measured the neutrino helicity directly
® Goldhaber did just that in 1958 in an experiment that is far too difficult to explain here...

® Neutrinos are left-handed and antineutrinos are right-handed
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Pseudovectors and Parity

The cross product of two (‘'normal’ or ‘polar’) vectors is a pseudovector
So orbital momentum r=#x7 is a pseudovector, just like spin 7
Parity of a pseudovector (like J_i) is even; see picture below

Parity of a normal vector (like p_i) is odd; see picture below

Reflect

Any scalar (=dot) product between a pseudovector and an ordinary vector is a pseudoscalar. Pseudoscalar is odd
under parity. Example: helicity, which is J_i dot p_i

Neutrino Physics, BND 2019
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V - A Structure of the Weak Interaction

® Fermi’s effective theory for beta decays /7/
M x GF [%0%] [%OA%] : —c
® Only left-handed fermions contribute \p\

e Left-hand operator: Pp= %(1 —7°)

® So operator O must be proportional to P to form a combination with other y matrices to
create a parity-violating interaction

® After a huge experimental effort it was found that the correct combination is

1 5% 5%

Name Symbol | Current | Number of components | Effect under Parity ’ylu 5 (1 - ) X /Y’u o fy'u’)/

Scalar S ) 1 +

Vector \Y% PyHap 4 (4,-4-5-) / T

Tensor T Yot 6 .
Axial Vector | A | 970 1 (rtt ) V (vector) - A (axial vector)
Pseudo-Scalar P Py5Y 1 -

Table 1: All possible bilinear covariant combinations of ymatrices
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Reactor Neutrinos

e \Were used to discover the (anti)neutrino (1950)

First dip sensitive to 813

* Are used to measure reactor flux and spectrum

e \Were used as a cross-check for solar neutrino -

oscillations parameters

o
jo
e

* Are sensitive to neutrino mass ordering

-

=

o
1

= Full expression

Oscillation probability

Am:: .
_——— L1
" A’fl.' .
0.4 4——ccees ll‘.'“ L = 1
024 (B =3MeV] v “
3
v v v LENNL I AL L | v v v v AL | v v v LA M | L
1(]_1 l(]“ 1“" IU.’
Baseline (km)

Second dip sensitive

(B3 L (am3y)
Py sy, ~1 Sm2 8 ) (os" 013 201 in? (N2 0 01
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Takeaways Reactor Neutrinos

e Sensitive to both ‘solar’ section of PMNS matrix (‘'second dip’) and the ‘reactor’ section
('tirst dip’)
e \Were first to measure non-zero 943

* That opens the door to CP-violation

- | L\ | L . L
P(vq — v3)—P (T, — Tg) = APSBP = —16.J,4 sin (Am%2ﬁ> sin (Amgg)ﬁ) sin (Am%g@)

Ja5 = Im(UalU;QUglUﬂg) = i6128126238236%3®ﬁl5
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Long Baseline Neutrino Experiments

* Accelerator complexes create intense muon neutrino beams
e \Were used to discover the muon neutrino (1962)
 Were used as a cross-check for atmospheric neutrino oscillations parameters
 Measuring neutrino oscillation parameters
* Are sensitive to neutrino mass ordering (through MSW effect) and CP violation effects
 Main players:

e Historic: K2K, MINOS, OPERA

e Current: T2K, NOVA
e [uture: DUNE
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Detection Mode 1: v, Disappearance

2
o Amy,, L

41F

P, = Pip ~ 1 —sin*20,,sin
.2 2 . 2
sin® 6, = cos” 013 sin” ta3
A 2 2 A 2 2 A 2 5 . . A 2
my,, = sin 012Ams; + cos® 012Am3, + cos d sin 013 sin 2012 tan 023 Ams,

2 Amwa o Am3, L

- . 9 . N 2 . 9 .
P,,, =~ 1-sin”20,,, sin ~ 1—c75sin” 2023 sin

+0O(s75, Am3,)

* |ocation (in L/E) of maximal disappearance gives sensitivity to |Am3¢2l = [Am3,?|

e Survival probability at minimum gives sensitivity to 823 up to the octant due to

T

P (023) ~ P, (5 — 623)

* |n particular, in case of maximal mixing, at oscillation minimum

Puu(fas = —) ~ 0

-
4
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Results v, Disappearance

NuFIT 4.1 (2019)

Neutrinos

Events / GeV
w PN
g€ 8 8

8

Ratio to No Oscillations
o
o

-
o

MINOS PRELIMINARY

Neutrino beam (10.71x 10” POT)
contained-vertex v,

—e— MINOS data
- Best fit (3v)
- No oscillations
I NC background

MINOS PRELIMINARY
Neutrino beam (10.71x 10”° POT)
contained-vertex v,
- MINOS data
— Best fit (3v)
l Best fit (2v)

T
{ hi

o
(=)

0

2 4 6 8 10 12
Reconstructed v, Energy (GeV)

Events / GeV

Ratio to No Oscillations

Anti-Neutrinos

g

40

20

MINOS PRELIMINARY

Antineutrino beam (3.36 x 10” POT)
contained-vertex V,

—e— MINOS data
- Best fit (3v)
- No oscillations
I NC background

i

MINOS PRELIMINARY
Antineutrino beam (3.36 x 10%° POT)
contained-vertex ¥,
—e- MINOS data
— Best fit (3v)
----- Best fit (2v)

.

+

0 2 4 6 8 10 12 14

Reconstructed v, Energy (GeV)

FT T I T T T T [T T T T [ TIAZ2T T T [1
| N PARRN
— Minos NS 7| e, vV
—— NOVA - o
— T2K ===V

.... | IR S A s,

\ i 27 3
i L ¥/ 7]

IN% e 3 -

| - — = .

~\ Ve ,/ »
N - N0 /-
B \\ ....."'--\-..h:- - m-q—-.../---{ """"" / .
— / —
— N / —_
B Mo Pid _
NEREENE AT RN <
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Detection Mode 2: v, Appearance

P(VM — Ve) = PO ""‘Psiné —I_Pcosé +P3 Am%1 — aAmgl Am§2 — (1 —a)Am%l

Py = @i"‘f;; sin?(@)-14) .

@os 013 sin 26019 sin 2605 sin 26094

Pins = o ~— - - sin(A) sin(AA) sin((1 — A)A :
ut i (&) sin(AA) sin((1 - A)A)
08 0 cos 013 sin 2645 sin 26,3 sin 265 A o A A A
Poss = « adididd bl Lol Ll cos(A)sin(AA)sin((1 — A)A) ,
Al — A)
s2 B3 sin® 26,5 -

A2

A =Am2 L/(4E,) A= A/Am2, =2VE,/Am?, V = V2GEpN.
e CP odd phase can result in asymmetry P(v, — ve) # P(D, — Te)

® sin® 0,3 as opposed to sin 2653 allows to disentangle the 8,3 octant

® Sensitivity to mass ordering is in A through the matter effect: enhancement of ve (anti-ve) in normal (inverted) ordering
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Neutrino Parameter Degeneracies

Total events - antineutrino beam

S

S

-y
o

_NOVA Preliminary

8 ]

| ! !
- NOvA FD

I sin220..=0.082 _
| 8.85x10°° POT-equiv (v) T
| 12.33x10% POT (v) . i

— /1 Am3=+2.48x107eV? .

0 0,4=0 ®d ,=m/2 ]

| 08gp=n @ 8p=3/2 :

7 l L L l L 1 L l 1 1 L

20 40 60 80

Total events - neutrino beam

e CP odd phase can result in asymmetry P(v, — ve) # P(7, — 7.)

® sin” 0a3 as opposed to sin 2653 allows to disentangle the 823

/ octant

® Sensitivity to mass ordering is in A through the matter
effect: enhancement of ve (anti-ve) in normal (inverted)

ordering
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I_Qng Baseline Neutrino Results ® |tlooks like CP violation and matter effects are
constructively contributing

NOvVA Preliminary
e

[NowAFD ® Both pulling to ‘lower-right’
| 8.85x10°° POT-equiv (v)

123310 POT () : ® But very large errors still

sin20, =0.082 |

8

8 1 T T

- Lo
| sinf0,,=0.48

|H NH NuFIT 4.1 (2019)

IH
[ Am2,=-2.54x107eV?

8

Total events - antineutrino beam

NH |||||||||||||||||_
AmZ,=+2.48x10eV? .
— R + Minos -
ol dcr=0  ® dcp=/2 1010 ¥ /X \\ [ IlE /N o\ R+ NOvA v .
. ?cpz x ® 6CP=?"/2 1 1 —— R+ NOvVAvV 7
20 40 60 80 . R + NOVA (v & v) 7
Total events - neutrino beam R + T2K ]
Pl ysematis pendig T2K Run1-8 Preliminary R + LBL-comb
@ e e L S L R
= - . : N
2 ) i " = o
g F . - —
g 10p ‘ E _
2 o E I
: - —sinfu:;u.su 3 |
- sin® 0,,=045 = -
g 8 - —— sin® 0,,= 055 - === >a -
E 7:_—Am31=2.4oxw‘ev1/c‘ )t . 0 I | | [ |‘l’4.L|_L++'|—IT1‘1" | Aol [
g " am =240 eV 3 0 90 180 270 360 0 90 180 270 360
S 6 w o= =
5 F ool T2 ﬁa ] Ocp Ocp
= S5F @ b =-n2 =
é E ¢ Data (stat, errors only) 7 . NO A | h, h -F d t 1 9 .
O b v by b v by by s by a by °
T R I I I TR T VA. normal nierarcny prererrea a .7 SIgma
Neutrino mode 1Re candidates e T2K: normal hierarchy preferred at 89%
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Do Neutrinos Violate CP?

Future Long Baseline Detectors H-““I“I“ “

e SuperK -> HyperK:
Large volume, 258kt total volume: two 74 x 60 m tanks

e (Construction 2019, beam 2026
DUNE/LBNF: new high-energy beam line from Fermilab to Lead,

South Dakota and LAr TPC detector
Higher energy means stronger matter effects, hence good

[

capability to resolve mass ordering
e (Construction 2019, beam 2026

Mass Ordering CP violation

30 DUNE Sensitivity 7 years (staged) 10 DUNE Sensitivity

Normal Ordering [0 10 years (staged) m:m _— Y :::::m)

P | Sanford Underground
Fermilab

6,51 NuFit 2016 (90% C.L. range)

8in'20,, = 0.085 + 0.003
seeeee gin'e,, = 0.441 + 0.042
Research Facility I o
- [ TREL \\ R
3

6,,: NuFit 2016 (90% C.L. range)

Ve

c=

10

1
Neutrino Energy (GeV)

Q1 -08-06-04-02 0 02 04 06 08 1
Sep/n
Nik|[hef

0060604020 02040608 1
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Takeaways Long Baseline Neutrinos

* Two detection modes: electron neutrino appearance and muon neutrino disappearance
* These are all precision measurements: higher order expansion of three neutrino

oscillations gives sensitivity (and degeneracy) to octant of 8,3, mass ordering and CP

violation
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lce/Water Cherenkov Neutrino Detectors Around the Globe

ANTARES [7

Deep water
0.01 kms3

| Baikal-GVD {
- Deep water '
P 1 kms3
- Under construction

KM3NeT

Deep water
1 km3
Under construction

.
2 Deep ICe
7 . « 1 km3
7
/L —_— 4
X e g gt
. & e g . 2011
S S A& = > -
——oT = _ 4 .
=5 S=a w— _ p &
e == ( 2 il 5.
o — - =5 2 s ’
— — —
~
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KM3NeT ORCA Physics Projections (2)

1.0, .
< V: normalization
i
— Q.
° o I\ . .
S 0.8f 8 g Neutrino Mass Ordering (NMQO),
~ N . .
X z z depending on the true ordering and true
>
Z 06} S value of sin2(B3):
P )
= o =
© O (%‘ >
£ . — : :
g 04} . 8 < ® [ceCube Upgrade: 3 sigma in 3-8 years
o g > & e KM3NeT ORCA: 3-6 sigma in 3 years
= @ = 4
‘Tj 0.2 v
0.0 .—.—-.

e KM3NeT ORCA: under construction, scheduled completion by 2022
* |ceCube Upgrade: funded, deployment in 2022-2023

KM3NeT ORCA has a very competitive physics case!
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Neutrino Oscillations in KM3NeT and IceCube

e Both KM3NeT and IceCube have 0.30
. S . ~ 90% CL
an aggressive (timeline-wise) and < mmr 68% CL
.. _— ! N
competitive low-energy (few GeV) ° 0.25 . <
o l
neutrino oscillation physics o — 2 A "~
° (QN O QN
program ?g 0.20 N gé 82 .
e KM3NeT ORCA (under > nw 3 50 > O
c S O © ¥y N M
construction) m 015T NG s 8V Q ®
+ ! ! @) ~ N '8 (%x
e |ceCube DeepCore (running) g N - - ~ -y é <«
d IceCube Upgrade (und o 010} N %< - S g
and lceCube Upgrade (under 0 > 0B Y 3 ng
construction) © <« o0 < VA
o  0.05 3 5 I 4
e Determination of 8,3 octant, = > é vY
mass ordering, vV appearance, I “
. 0.00
BSM physics Am?Z, sin’(f,3) sin?(6,3)
(at maximal) (off maximal)
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Neutrino Detection

® Neutrino-induced charged particles emit Cherenkov radiation

® Backgrounds from atmospheric muons reduced via timing,
direction, energy and vetoing techniques

“tracks” “cascades”
(v, CC) (everything else)
interactions with nucleons in water/ice

\\Mé B

! W, Z
Angular resolution: < 1° Angular resolution:/10° above 100 TeV %
Energy resolution: factor of ~2 Energy resolution: £15% : \\

Charged-current and neutral-current

) .
> hadronic

\ shower

NB: 0(100 TeV) events shown for clarity...
DIS dominates above a few GeV

R (essentially detector threshold)
early time late
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Lectures
Resources

Web: ® Joachim Kopp, Theoretical Neutrino Physics:

® https://indico.fnal.gov/event/19346/
contribution/55/material/slides/1.pdf

® History (and much more) of the neutrino:

® https://neutrino-history.in2p3.fr

® Steve Boyd:

® |nternational Neutri hool:
nternational Neutrino Summer Schoo ® https://warwick.ac.uk/fac/sci/physics/staff/

® https://indico.thal.gov/event/19346/timetable/ academic/boyd/warwick week/
#20120805 (2019 edition) neutrino_physics/
® Slac Summer Institute 2015 ‘The Universe of Books
Neutrinos’:

® Neutrino, Frank Close

® https://www-conf.slac.stanford.edu/ssi/2015/ e Neutrino Physics, Kai Zuber

o A wikipedia list of t all tri
W |.pe a list of (many, not all) neutrino ® Nuclear and Particle Physics, Burcham and Jobes
experiments:
® Multimessenger Astronomy (free ebook), Imre
Bartos and Marek Kowalski: https://

iopscience.iop.org/book/978-0-7503-1369-8.pdf

® https://en.wikipedia.org/wiki/
List_of neutrino_experiments
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