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2012)«?major discovermparticle physics

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

* 0,5~ 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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Summer Schools (if existed) were VERY short

B decay was supposed to be a two body decay
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Studies of 3 decay revealed a continuous energy spectrum.
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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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...deb,oe'cate 'cemed# to save the law of conidexvation of en.e'z‘%(...

Fermi postulated a theory for 3 decay in terms of spinors




A Dirac field is described by a four component spinor

Standard Model of Particle Physics

Gauge Theory based on the group:
SU(3) x SU(2) x U(1)

SU(3) = Quantum Chromodynamics
Strong Force (Quarks and Gluons)

SUL(2) x U(1) = ElectroWeak Interactions broken to Ugas(1)

by HIGGS
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S[:::(Q) X [T}’(I) = [vEJI(I)

Force Carriers: W=E, Z% and ~ masses: 80, 91 and 0 GeV

) u c
quark, SU(2) doublets: ( d )L. ( < )L. ( ' )L

up-quark, SU(2) singlets: ug,cp.tp

T

down-quark, SU(2) singlets: dp,sp.bp

lepton, SU(2) doublets: ( Ve ) ( G ) ( Jf )
[ I 1 L [ L

neutrino, SU(2) singlets: — — —

charge lepton, SU(2) singlets: eg, pg, Tr

Absence of vp
forbids such a mass term (dim 4)

for the Neutrino
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Sterile Neutrinos don't couple to Z°
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Standard Model

lo Va
W= M/vw\/< Z"

Ve -~

couplings conserve the [.epton Number L
defined by —
L(v)y=L(/")=-L(v)y=-L (/") =1.
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There exist three fundamental and
diserete transformations in nature:

e Parity P E > —&
e Time reversal T t— —t
e Charge conjugation c q — —q

P, T and C are conserved in the classical
theories of mechanics and electrodynamics!
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Summary of v's in SM:

Three flavors of massless neutrinos
W= =17+,
W+ — 1t 4+ v,
=€, orT
Anti-neutrino, 7, has +ve helicity, Right Handed
Neutrino, 1, has -ve helicity, Left Handed
vy, and Ui are CPT conjugates

massless implies helicity = chirality

Beyond the SM
What if Neutrino have a MASS?

speed is less than c therefore time can pass

and

Neutrinos can change character!!!

What are the stationary states?

How are they related to the interaction states?
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1)

| Vo)

Detection:
cos f|v,) — sin B|v;)

sin 0|v,) + cos O|v)
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P(v, — v.) = |cosf(e™P1")(—sinf) + sin B(e~'P2°") cos 8|2

2
Same E, therefore p; = /E2 — m? =~ E — 5

P(v, — v.) = |cosf(e”"P17)(—sinf) + sinB(e~'P2°7) cos 8|?

Same E, therefore p; = \/E2 — m? =~ E — 3

|L.ro

=

.2 ‘ 21 1o 2T IO
P(V'u . '-’r) — Hl]l'(‘)('(lﬁz Hl(,—zmzl./;’f —e 1?771!./2E|2

e 2
e a2 2n20m L
P(v, — v;) = sin” 26 sin” 2
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Appearance:
P(Vp — ) = sin? 26 sin? 5’;';‘5
Disappearance:
PU’,N — ) = 1 —sin?26 hi]l2%

’ - 200 o2 dmPL
PU’},U — V) = 1 — sin® 26 sin —TE
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flavour fractions |v,) and |v, ) during
propagation remain unchanged
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Probability for Neutrino Oscillation
In Vacuum

P(va — vg) = [Amp(va — vg)|? =
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Probability for Neutrino Oscillation
iIn Vacuum

. \ 112
Plrg — vg) = |‘i‘1111]')[\pf,1_ — ,r;_lﬂ|“ =

1.27

L/E becomes crucial !!!
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Am, 2 = 2.4103eV?

sin220,, ~1

atm—
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https://globalfit.astroparticles.es/
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. - -5 12 . 11
A = — 197 8x1077 eV< . 1.5x10°" m
- 4E 1.27 0.1—10 MeV

Vacuum v, Survival Probability:

(Pec) = f1cos? 0 + fasin® b

where fi and fs are the fraction of 11 and 15 at production.
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pp and "Be

(P.e) ~ 0.6

f1 ~ 69%

f2 ~ .;] {X

f3 = sinQ 913 < 4%

What about *B ?

= (0.35 — 0.31)/0.4 ~ 10
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Neutrino Evolution:
%
v = Huy
ot

in the mass eigenstate basis

e

in the flavor basis

v — Uvand H — UHUT
where = (2 ) ana = (

cos .
—sinf;

: £y
ie. ( 0

0
Es

) -
mass

sm?
41FE

(

— cos 20
sin 260

sin 20,
coOs 2[7‘,/_3,

sin @
cos .

) flavor

)
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Masses and Mixings in MATTER: 1% and 67

- anN - 92 - o mr nT
()mf\; cos 20N = m? cos 200 —2V2GEpNE,
~ ) . . N - 2] . =

0my sin 20N = dm?*sin26,

Notice:
(1) Possible zero when §m? cos 26, =2V2GFN.E,
(2) the invariance of the product dm? sin 24
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The Solution:
e

5m?\r = \/ om2cos 20, — 2v/2GpN.E,

- 2 aN - sm2 cos 20 —22GpN.E,)
Sin 95‘\ . % (1 o ( = =V FiNeliy)

2
dm N

Quasi-Vacuum: 2v2GpN,E, < dm?cos 20

dm3, = om? and 0~ =6,

+ (dm?2sin 26.)?

) 0N > 0,

pp and “Be
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Ve &3 U
for °B
[ ]

2 I
| I

at birth

Solar Center

Life of a Boron-8 Solar Neutrino:

Once a 12 always a 1!

toddler

1

[ °
.| . 2 - ]
| | . | I
teenager adult

Exit Core

In Vac

Vg F2 %Ue

L ———

senior

¥

Exit Sun

Borexino results
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Solar Pair Mass Hierarchy:
‘- I
| .
1— P(v. — v.) = sin® 20, sin® A

Who cares ?

SNO does !l for neugt‘iin_? i; matter
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Summary:

The low energy pp and "Be Solar Neutrinos exit the sun as

two thirds 11 and one third 15 due to (quasi-) vacuum oscillations.

fi =65+ 2%, fo =35 F 2% with P, = 0.56

The high energy ®B Solar Neutrinos exit the sun as
"PURE" 15 mass eigenstates due to matter effects.

fa=914 2% and fi = 95 2% with P.. = 0.35.

Testing solar neutrino oscillations with reactors

10 eV?
sm2 L 10°m =100 km
A = 1E
1 MeV
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expected no-oscillation neutrino event rate at KamLAND

9/12/2022

30



Summary:

The low energy pp and "Be Solar Neutrinos exit the sun as
two thirds 11 and one third 12 due to (quasi-) vacuum oscillations.

f1=65+2%, fo = 35F 2% with P._ = 0.56

The high energy "B Solar Neutrinos exit the sun as
"PURE" 15 mass eigenstates due to matter effects.

fa=9142% and f; = 9F 2% with P.. = (.35.

;sin?8,,
2 . —— dm2 = 8.0+ 0.4 x 10~ 5%eV?
Am;al -
| - sin® . = 0.310 & 0.026
at 68% CL
Vel Vu Vi

SNO, KamLAND, SK/K, GNO/Gallex, SAGE, Cl

Three-neutrino oscillations

Neutrino mixing matrix

1 0 0 C13 0 813C_i6 Ci2  S12 0
U= 0 C23 S93 0 1 0 819 C12
0 823 Ca3 —313(:“s 0 13 0 0 1
LI -y Ve

Am3, >0
L.
v, I
L. L.
v, I 13T — btid
NO 10

Am%ll
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Anomalies

Need extra states !l!
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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

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
referred by MiniBooNE

P Y 2201.01724
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The Gallium anomaly

BEST coll., 2109.11482

The Gallium anomaly is now at more than 5¢ significance

Berryman et al, 2111.12530, JHEP 2022

Can not be explained due to cross section mistakes
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We determined that m(K,) > m(Ks) by
*Passing kaons through matter (regenerator)

«Beating the unknown sign[m(K, ) -m(Ks)] against the known
sign[reg. ampl.]
We will determine the sign(Am?;,) by

*Passing neutrinos through matter (Earth)

*Beating the unknown sign(Am2,,) against the known
sign[forward v,e — v, e ampl]
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Sterile neutrinos
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Non unitarity
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In and Beyond the Standard Model:

Neutrinos,

g
£

vy B v, 2
’ Vi —i AT
@
g v
Al‘l‘lzmm E Am atm
v
2
M —: AmZ, v .
Normal mass hierarchy Inverted mass hierarchy
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Planck Coll. A&A20

Planck
TTTEEE+lowT+lowE+lensing

+ BAO

+ BAO + SNIa

+ BAO + SNIa + Ho=73.45 +1.66 km/s/Mpc

eBOSS Coll. PRD'21

Riess et al, APJ'18
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Fermion Masses:

electron  positron
Left Chiral er, €R

Right Chiral epR er,

CPT: e;, «— ér and eg — €1,

Mass couples L to R:

SU(2)xU(1)
U(1)

er, to ep AND also ér to €7, Dirac Mass terms.
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Seesaw / Dirac Neutrinos / Light Sterile Neutrinos

Ne 7 Anti-Nu
Left Chiral vy = Ur
) ¢ Dirac Masses
Right Chiral wvg < vy
Majorana
Masses

Coupling of

e v to vp AND Ui to 7y, are the Dirac masses.
e v, to 7p forbidden by weak isospin.

e vp to 71, allowed and coefficient is unprotected. (— M)
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Types of see-saw mechanism

Type I see-saw mechanism  Type II see-saw mechanism

Vi «_| Heavy
triplet
Vi Vi '
Vi Vi
s
Mee Ve Vi A
2
I o _ LT II— ¢ v
m ~—mMem, m;vv =Y, -4
M,
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Naturalness may be over rated ..

Does this look natural ?2?

How Can We Demonstrate Thatv; = v,?

An Idea that Does Not Work
[and 1llustrates why most 1deas do not work]

Produce a v, via—

Spin .
X . Pion Rest Frame
V. < < > Ll
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The SM weak interaction causes —

u*

Recoil

at rest

p.(Lab) > B (m Rest Frame)

= E_ (Lab) . E (m Rest Frame)

m, m,
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Not Observed

m? —2C
BUT Suppressed by =% ~ 10 201

> How we can find out ?

=3
o < o

S

P
SM double weak process
4 body decay: continuos

spectrum for the e
energy sum
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> How we can find out ?

S

o < o

S

P
SM double weak process
4 body decay: continuos

spectrum for the e
energy sum

o

n
Z
A%
VS

£

Only allowed for Majorana v

e

e

2 body decay: e energy
sum is a delta

v; is emitted (RH + O(m./E) LH )

p
" é Amp[v; contribution] ~ m;

e

<l

e

Q

effective mass
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g
g

vy E -

2
Am?,

Vo .

—

Normal mass hierarchy

v: .
2 2
v, by Amn

2
Am?

R

Inverted mass hierarchy
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SUMMARY |

1z 512 1
—513  C12 €

VT I ) \T
|V€ v s Py flavor — U at |V1 » Y2y V3)imass
1 13 spge~0
E;"vm' = (R 823 y 1
—s23  C23 —s13e” ci3

Atmos. L/E pp — 7
500km/GeV

Atmos. L/Ep e Solar L/Ee — p,7

1 i3

O 33 decay

15km/MeV
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