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ZOIZ}M?major discovery in particle physics

* A SM-like Higgs boson (ATLAS, CMS)
The key to EWSB and a possible window to the BSM world

* 0,53~ 10°(T2K, MINOS, Daya Bay, RENO)
about as large as it could have been !
The door to CP Violation in the leptonic sector
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Spring Schools (if existed) were VERY short

[} decay was supposed to be a two body decay
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Studies of § decay revealed a continuous energy spectrum.

Another anomaly was the fact that the nuclear recoil was not in
the direction opposite to the momentum of the electron.

The emission of another particle was a probable explanation of

this behaviour, but searches found no evidence of either mass
or charge.
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...cleA,oe’cate zemetg to save the law of conservation of energy...

Fermi postulated a theory for  decay in terms of spinors

A Dirac field is described by a four component spinor
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Absence of vp
forbids such a mass term (dim 4)

for the Neutrino

Therefore in the SM neutrinos are massless

and hence travel at speed of light.
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Sterile Neutrinos don’t couple to Z°
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Actually L., L,, and L;

separately
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P(v, — v;) = |cosf(e~"P17)(—sinf) + sin B(e~P2*) cos 6)?

Same E, therefore p; = \/E2 — m? ~ E — 1
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P(v, — v;) = |cosB(e™"Pr7)(—sinf) + sin B(e™"P2) cos 4|2

Same E, therefore p; = \/E2 — m? =~ E —
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Oscillation Length

L() = —LT.'E/’J()-HIQ

W+ — ut + vy probability cos?#

W+ — ut + 11y probability sin® 6

flavour fractions |v4 ) and |v,) during
propagation remain unchanged

probability 11 contains v, is cos? 6

aps . . " 2
brobability 1 contains v, is sin“ #
| !
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1.27

L/E becomes crucial !!!
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Atmospheric Neutrinos

Detector

Cosmic ray

Isotropy of the > 2 GeV cosmic rays + Gauss’ Law + No v, disappearance
v, (Up)
¢y, (Down).
But Super-Kamiokande finds for E, > 1.3 GeV
v, (Up)

5 Dowy— = 0542004,
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Am, 2 = 24103 eV?

sin220.. =1

atm—
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https://globalfit.astroparticles.es/
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1 v, for every 13.4 MeV (=2.1 x10712 J)

at earth’s surface 0.13 watts/cm?

013 _ 10 Dk
= s1o50-z = 6 X 1077 /em /sec
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y 2 =4 W
Ag = u 1.27 §x10~% eV?2 . 1.5x101 m
) 4E ' 0.1—10 MeV
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In vacuum f; = cos? 6 and fo = sin” 6.

Note energy independence

. . 1 .« 9
(P..) = cos*0y + sin® 6, = 1 — 1sin? 26,
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What about 3B ?
SNO's CC/NC

CCrvo+d—e +p+p
NC : l/,.+f/%1/, -+ 2041

ES: va+e  — v +e”
€C = (Pee) = ficos2lg + fasin?bp

fi= ((\—(( — sin® 0. ) / cos 26
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c 9 2 2
om* =mj—mj >0
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and therefore in flavor basis

H— 5”{2 —cos 260, sin 26
4E sin 26 cos 26

; E, 0 sm2 [ —cos20;  sin26;
he 0 £ = 4E sin 26 cos 20
2/ mass - © 2 2Y@ / flavor

Same for all active flavors,
therefore overall phases
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Resonance (Mikheyev + Smirnov '85): 2v/2GpN.E, = ém? cos 26,

dm3, = dm?sin 26, and 8N = 7 /4
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Borexino results

Solar Pair Mass Hierarchy:

Who cares ?
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Testing solar neutrino oscillations with reactors

4 i ¢ » P
] — P(v, — v,) = sin® 20, sin®* A

10 eV?
5 10°m =100 km
sm? L
A =5
1 MeV
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expected no-oscillation neutrino event rate at KamLAND

5/12/2024

30



Neutrino mixing matrix

1 0
U= 0] Ca3
0 503

Three-neutrino oscillations
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Anomalies

Need extra states !!!

MiniBooNE
MiniBooNE was built to check the LSND results with a different
baseline, but similar L/E

MiniBooNE has no near detector

MiniBooNE sees an excess
at ~50 at low energies
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MicroBooNE

MicroBooNE was built to check the MiniBooNE
results!
Looking for signals using several final state
channels
The collaboration did not perform an oscillation
analysis
A combined analysis shows that MicroBooNE can
not exclude the region of parameter space

ferred by MiniBooNE
preferred by MiniBoo 2901.01724

The Gallium Anomaly

Tests of the solar neutrino detectors GALLEX (Crl, Cr2) and SAGE (Cr, Ar)

ve Sources: R o JECL VT
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The Gallium anomaly

BEST coll., 2109.11482

The Gallium anomaly is now at more than 5c significance
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