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Neutrinos are a key to understanding a range of physics.



What's so interesting about neutrinos?

Neutrinos are a key to understanding a range of physics.

@ Neutrino sector expected to give clues to beyond the standard model
physics and grand unification theories

@ Neutrino nature is related to lepton number violation, which may be
important for generating the matter/antimatter asymmetry in the
early Universe

@ There is a cosmic neutrino background (like the CMB) of
336 v/cm3 which affects the Universe's evolution and large scale
structure formation

@ Neutrinos are a unique cosmic messenger, able to escape from dense
regions and unaffected by magnetic fields
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Introducing neutrinos...

@ Three neutrino flavours corresponding to the three charged leptons

D ® D

electron neutrino muon neutrino tau neutrino

@ And three flavours of anti-neutrinos

electron anti-neutrino  muon anti-neutrino tau anti-neutrino

e Neutrino flavour and antiparticle/particle distinction determined by
the interaction vertex and Iepton flavour conservation
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Introducing neutrinos... parity violation

@ Parity refers to the relative orientation of the spin and momentum
vectors of a particle

@—. momentum -@» momentum

~¢— spin —= spin
Left-handed Right-handed

@ All neutrinos are left-handed and all anti-neutrinos are right-handed

\Y Vv
@_» momentum .@. momentum

~¢— spin — spin
Left-handed Right-handed
Neutrino Antineutrino
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Introducing neutrinos... parity violation

@ All neutrinos are left-handed and all anti-neutrinos are right-handed

\") A"
@-» momentum @» momentum

~— spin — spin
Left-handed Right-handed
Neutrino Antineutrino

@ Pion decay - pion has spin 0,
in rest frame of pion, ;1 and v, emitted back to back eg

u I Y
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@ Mirror process not allowed.
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Introducing neutrinos... sterile neutrinos

@ Three active neutrino flavours corresponding to the three charged
leptons

7 @ »

electron neutrino muon neutrino tau neutrino

@ It is possible that there are sterile neutrinos - neutrinos which do not
interact by any force other than gravity

@ Sterile neutrinos could oscillate with the active neutrinos - in that
case the PMNS matrix would not be unitary (more later...)
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Neutrino - Majorana or Dirac particle?

What is a Majorana particle?

@ A Majorana particle is its own antiparticle, ie it is self
charge-conjugate ¢ = )¢ = Cy)T where C is the charge conjugate
. . T
matrix which has the property Cy,\C~1 = —~*

@ A Majorana neutrino is described by the Lagrangian

. m , - -
LM =iy — 0 (I/EI/L + I/LI/E)
compare to the Dirac Lagrangian

LP = v idv + VRrivr — m (VrvL + VLVR)

@ Majorana particles imply lepton number violation
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@ Neutrino mass eigenstates are not neutrino flavour eigenstates

muan neutr;k .

i tauneutrino
——  heutrino-3

Mass ﬁ

\ . anti-muon

/

. anti-tau
o

- electron neutrin‘cx .
——  neutrino-2 \

——  neutrino-1 positron

{anti-electron)

M. Strassler 2011




Neutrino masses

Pontecorvo-Maki-Nakagawa-Sakata Matrix relating flavour and mass

eigenstates
Uaa Ue2 Ues\ (11

m = Uul U#Q U#3 %]
Ui U Ug V3

vi IO 2 A 3
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Neutrino masses

Ve Uel Ue2 Ue3 V1
vyl = U U Usg Vo
vr UT]. U7'2 U7'3 V3

This 3 x 3 unitary mixing matrix can be expressed in terms of four physical
parameters conventionally chosen as three mixing angles 612, 623, 013 (like
3 Euler angles describing rotation in 3D space) and one phase 13

1 0 0 ci3 0 si3 g 013 cip sip O
U= 0 C23 523 0 1 0 —S12 C12 0
0 —S523 (23 —S513 0 C13 0 0 1

: 0
Cap =C0OSO,  Sap =sinfyp 0<0, <

> _5 0<di3<2r
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Neutrino masses - 2 flavour oscillations

Ve\ [ cosf sinf V1
vu) \—sin@ cosf) \1»

Amplitude for oscillation from flavour state « to state
Alve — vg) = Z [A(neutrino born flavour a is a v;)
i

x A(v; propagates) x A(when vj interacts it makes flavourf3)]

In terms of time t and position L each mass eigenstate propagates as
e i(Eit=pil) and where t = L it becomes e (Ei=P)L \where
pi = \/E?—m? = E — m?/2E so

A(v; propagates) = e~ i(m?/2p)L

and

Am?,L
P(ve — vg) = |A(Va — v5)|? = sin?(20) sin? ( T; )
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Neutrino masses - 2 flavour oscillations

2
P(vo — vg) = |A(Va — v3)|* = sin®(20) sin? (5;"EL>

4 Probability v, = v,

Oscillation 47E - E eV?
Length sm2 7 MeV
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Oscillation of reactor neutrinos at KamLAND

Oscillation pattern for anti-electron neutrinos from Japanese power
reactors as a function of L/E

e Data-BG-GeoV,
— Expectation based on osci. parameters
+ determined by KamLAND
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Neutrino masses - 3 flavour oscillations

Oscillation probabilities for an initial muon neutnno
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Neutrino masses - 3 flavour oscillations

Ve 1 0 0 C13 0 e_i6513 C12 S12 0 V1
Vu | ={0 ¢35 S23 0 1 0 —S12 €1z 0| V2
Vr 0 —s33 C33 —616513 0 C13 0 0 1/ \V3

P LPud 5T T LBE<S 3% < B et 37°
Atmospheric/LBL-Beams Reactor Solar/KamLAND
Normal Inverted

3 Am?
o] 2
70-80 meV Ongoing
e Precision for all angles
Atmosphere ¢ CP-violating phase 8?
ing?
Atmosphere  2350-2620mev2 © Mass ordering?
| (normal vs inverted)
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Oscillations in matter - MSW effect

@ The Mikheyev Smirnov Wolfenstein effect or matter effect describes a
change in oscillation parameters for neutrinos propagating in matter

@ Charged current coherent forward scattering of the electron neutrinos
off electrons in matter changes the neutrino energy levels and
oscillation amplitudes

Vee = V2GeN,

@ Propagation amplitude determined by Hamiltonian which is modified
H = Hoy + H,
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Sources of neutrinos

Reactors Particle accelerators Geo-neutrinos Atmospheric neutrinos —
interactions of cosmic rays in
the Earth’s atmosphere

= 4

Sun Supernova Astrophysical Cosmic neutrinos —
accelerators prediction 337 v/cm?
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Solar neutrinos

8.3 light minutes

- Solar radiation: 98 % light (photons)
' 2 % neutrinos

Fluxat 1 AU (m 2 s 'MeV™!) [for lines, em 2 s71]
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At Earth 66 billion neutrinos/cm? sec
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Atmospheric neutrino source
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Atmospheric neutrino oscillations

Observation by SuperKamiokande - 2008
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Atmospheric neutrino oscillations show characteristic L/E variation

Neutrinos!
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