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VWhat will you learn from these lectures?

® The basics of neutrinos: a bit of history and the basic
concepts

e Neutrino oscillations: in vacuum, in matter,
experiments

® Nature of neutrinos, neutrino less double beta decay

® Neutrino masses and mixing BSM

® Neutrinos in cosmology (if we have time)
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Today, we look at

® A bit of history: from the initial idea of the neutrino to
the solar and atmospheric neutrino anomalies

® The basic picture of neutrino oscillations (mixing of
states and coherence)

® The formal details: how to derive the probabilities

® Neutrino oscillations both in vacuum and in matter

® Their relevance in present and future experiments
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Useful references

e C. Giunti, C.W. Kim, Fundamentals of Neutrino Physics and
Astrophysics, Oxford University Press, USA (May |7, 2007)

® M. Fukugita,T.Yanagida, Physics of Neutrinos and applications
to astrophysics, Springer 2003

e Z.-Z.Xing, S. Zhou, Neutrinos in Particle Physics, Astronomy
and Cosmology, Springer 201 |

® A. De Gouvea, TASI lectures, hep-ph/0411274

® A. Strumia and F. Vissani, hep-ph/0606054.
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® A bit of history: from the initial idea of the neutrino to
the solar and atmospheric neutrino anomalies
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A brief history of neutrinos

® The proposal of the “neutrino” was put forward
by W. Pauli in 1930.

B Dear radioactive ladies and gentlemen,

der Eidg. Technischen Hochschule Tirich, L. Des, 1930
Arich Oloriastrasse

1aebe Radioaktive Dumen und Herren, ...l have hit upon a desperate remedy to save the
Wie der Ueberbrin (A , den ich mldvollst o o

ensubiiren bitte, Thnon des niheren sussinandersetasn vird, bin foh ... energy theorem. Namely the possibility that

angesichts der "falschen" Statistik der Ne und li-6 c:rmn:' sowie L . ]

verfulien un gen Meoheslasia® (1) dar Stavistik uwd den Horgiesats there could exist in the nuclei electrically neutral

su retten. Mimlich die MGglichkeit, es kinnten elekirisch neutrale

Teilohen, e ich Nestronen nemen will, in don Kemen existieren, particles that | wish to call neutrons, which have
welohe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘dheh von lichtquanten musserdem noch dadurch unterscheiden, dass sie

Liohtgeschwindt " “Die Hasso der Neutron spin /2 ... The mass of the neutron must be ... not
ztdv:l dersalben m‘.ﬁmﬁ. ?i: n::mn:;o a:n und P

7= ierliche I
godmtuile nicit geser sls O, Frotonemasme. It koot larger than 0.0 proton mass. ...in B decay a

e e o mervion v Mectron uad dlekeren neutron is emitted together with the electron, in

asuisay Auke such a way that the sum of the energies of neutron
and electron is constant.

® Since the neutron was discovered two years later by
J. Chadwick, Fermi, following the proposal by E. Amaldi,
used the name “neutrino” (little neutron) in 1932 and
later proposed the Fermi theory of beta decay.
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® Reines and Cowan discovered the neutrino |n
956 using inverse beta decay.

The Nobel Prize
in Physics 1995

® MadameWu in 1956
demonstrated that P is
violated in weak interactions.

. ® Muon neutrinos were discovered in 1962 by L.
Lederman, M. Schwartz and J. Steinberger.

The Nobel Prize in
Physics 1988
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® The first idea of neutrino oscillations
was considered by B. Pontecorvo in 1957.

® Mixing was introduced at the beginning Eil7a &
of the ‘60 by Z. Maki, M. Nakagawa, S. Sakata, 5 juue Mouweuopir

e First indications of V oscillations came from solar V.

® R. Davis built the Homestake
experiment to detect solar

V, based on an experimental
technique by Pontecorvo.

Raymond Davis Jr.
@} 1/4 of the prize
A

University of

Pennsylania
Phiadaphia, PA, USA

U ERE
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e Compared with the predicted solar neutrino fluxes
(J. Bahcall et al.), a significant deficit was found. First
results were announced

® This anomaly received further confirmation (SAGE,
GALLEX, SuperKamiokande, SNO...) and was finally
interpreted as neutrino oscillations.

0. (10" cm?s7)

S = N W A U N N 0
AL

e T 4
A

The Nobel Prize

b2 30 0 in Physics 2015
SNO, PRL 89 2002 ¢ (10" cm™s™)
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An anomaly was also found in atmospheric neutrinos.

® Atmospheric neutrinos had been observed by various
experiments but the first relevant indication of an

anomaly was presented in 988
subsequently confirmed by MACRO.

® Strong evidence was presented
in 1998 by SuperKamiokande
(corroborated by Soudan2 and
MACRO)

. This is considered the

start of “‘modern neutrino

physics”! The Nobel Prize
in Physics 2015
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® The basic picture of neutrino oscillations (mixing of
states and coherence)
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Neutrinos in the SM

® Neutrinos come in
3 flavours,
corresponding to the
charged lepton.

® They belong to SU(2) doublets:

s Ve 4 7
€ H

electron

electron antineutrino
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Neutrino mixing

Mixing is described by the Pontecorvo-Maki-Nakagawa-

Sakata matrix: |yz) = Y Uil
1 i

Flavour states

Mass states

which enters in the CC interactions

Loo = —=N (UL oy lanW, + huc)
\/5 ko

This implies that in an interaction with an electron, the
. corresponding (anti-)neutrino will be produced, as a
superposition of different mass eigenstates.

Positron

W\

electron neutrino = E Ueiv;
p



Neutrino mixing

Mixing is described by the Pontecorvo-Maki-Nakagawa-
Sakata m

Do charged

© which en fi leptons mix?

\/ikoz
-

This implies that in an interaction with an electron, the
corresponding (anti-)neutrino will be produced, as a
superposition of different mass eigenstates.

Positron

wW .
electron neutrino = E Ueiv;




® )-neutrino mixing matrix depends on | angle only.
The phases get absorbed in a redefinition of the
leptonic fields (a part from | Majorana phase).

cosfl —siné
sinf  cosf

® 3-neutrino mixing matrix has 3 angles and |(+2)
CPV phases.

el P ~ /. elPe e
(v v, v, ) ew( 0 e"‘%z 8) (CKM') ( 0 679)“ 8) (u)
0 0 1 type 0 0 1 T

Rephasing e — e "P<™)¢  the kinetic, NC and mass
w — e deut¥), terms are not modified:
o e these phases are unphysical.

N




For Dirac neutrinos, the same rephasing can be done.
For Majorana neutrinos, the Majorana condition forbids
such rephasing: 2 physical CP-violating phases.

1 0 0 C13 0
U = 0 C23 S923 0 1 J

0 —S23 cCo3 —8136 —0

ci2  S12 0
—S12 c12 0 7’0‘21/2
0 0 1 2%1/2

For antineutrinos, [/ — U™

CP-conservation requires Uisreal =0 =0,m




Plan of lecture |

® The basic picture of neutrino oscillations (mixing of
states and coherence)
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Neutrinos oscillations: the basic picture

Contrary to what
expected in the SM,
neutrinos oscillate: after
being produced, they
can change their

flavour.

s electron
1% neutrino

Neutrino oscillations imply that neutrinos

have mass and they mix.
First evidence of physics beyond the SM.




Neutrino oscillations and Quantum Mechanics analogs

Neutrino oscillations are analogous to many other
systems in QM, in which the initial state is a coherent

superposition of eigenstates of the Hamiltonian:

® NH3 molecule: produced in a superposition of “up”
and “down’ states

.| ® Spin states: for example a state with spin up in the z-
direction in a magnetic field aligned in the x-direction
B=(B,0,0). This gives raise to spin-precession, i.e. the state
changes the spin orientation with a typical oscillatory
behaviour.




Neutrino oscillations: the picture

Production Propagation Detection
Flavour Massive states Flavour
states (eigenstates of the states

Hamiltonian)

At production, coherent superposition of massive states:

vu) = Ui|v1) + Upzlvz) + Ups|vs)




electron

A - | A neutrino
Vo V2 V2
Production Propagation Detection:
. —iEqt rojection over
V) = E :Um"Vi> si- € e
1 Vo . 6_ZE2t <V€‘
Vo« e Bt

As the propagation phases are different, the state
evolves with time and can change to other flavours.
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'@ The formal details: how to derive the probabilities
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Neutrinos oscillations in vacuum: the theory

Let’s assume that at t=0 a muon neutrino is produced

v, t=0) = |v,) Z Ui|vs)

The time-evolution is given by the solution of the
Schroedinger equation with free Hamiltonian:

v, t) = ZUW-@ )

In the same-momentum approximation:

Elz\/p2+m% EQZ\/p2+m% EgZ\/pQ—Fmg

Note: other derivations are also valid (same E formalism, etc).




At detection one projects over the flavour state as these
are the states which are involved in the interactions.
The probability of oscillation is

Py, —vr) = (vl t)]”

= ZU 10 e il v |vy)

2

_ Z U,uzU* —i1F;t

~ Typically, neutrinos are very relativistic: E; ~ p

Exercise
Derive




Implications of the existence of neutrino oscillations

The oscillation probability implies that

2

2
. Am7y L

P(vy, — 1/5) — ZUalUgle—z 3 E

® neutrinos have mass (as the different components
of the initial state need to propagate with different
phases)

® neutrinos mix (as U needs not be the identity. If
they do not mix the flavour eigenstates are also
eigenstates of the propagation Hamiltonian and they
do not evolve)



General properties of neutrino oscillations

® Neutrino oscillations conserve the total lepton
number:a neutrino is produced and evolves with times

® They violate the flavour lepton number as expected
due to mixing.

® Neutrino oscillations do not depend on the overall
mass scale and on the Majorana phases.

e CPT invariance: Pva —v3) = P(Ug— Uy)

e CP-violation:

P(va — vg) # P(Va — Vg) requires U # U™(6 # 0, )

20



2-neutrino case
Let’s recall that the mixing is
Vo \ [ cosf —sind /1
vg )\ sinf cosé Vo

We compute the probability of oscillation

2

Am21 T

Plva —vs) = |UaiUps + UnaUbpe " 55"

Am21 T
— |cosf@sinf — cosfsinfe ' 2E

A2
sin?(26) sin?( a1y,

1K )




1 | | [ | | | B II | | P
"short" "long" "very long"
distance distance distance

P(vq — vp) % sin®(26)

0.8
Py — vg) >~ 0

0.6—— A | M“Hh

m% i o ‘ l I
04
0.2
O : | llllll | | llll U Hl hli “l#.bl'l
0.1 1 10 100

L /EV (4rb. units)

Thanks to T. Schwetz

First oscillation maximum




Properties of 2-neutrino oscillations

® Appearance probability:

A 2
P(vq — vg) = sin®(20) sin*( a1 L)
1F
® Disappearance probability:
. D . D Am%1
P(v, — vy) =1 —sin”(20) sin®( W L)

® No CP-violation as there is no Dirac phase in the
mMIXing matrix
P(Va — Vg) = P(ﬂa — 55)

e Consequently, no T-violation (using CPT):

P(va — v3) = P(vg — va)



P(vy — vg) = Ua1Upzy

3-neutrino oscillations

Ams, < Am3,

In general the formula is quite complex

2
) Am21 7

UnsUfjpe™ 22"

They depend on two mass squared-differences

CAm

UagUgge_z

Interesting 2-neutrino limits

2
31L

2F

For a given L, the neutrino energy determines the
impact of a mass squared difference.Various limits are

Amg, L <1

of interest in concrete experimental situations.

AF , applies to atmospheric, reactor (Daya
Bay...), current accelerator neutrino experiments...




The oscillation probability reduces to a 2-neutrino limit:

2
Am31 T

P(Va — Vﬁ) — UalUﬁ*l -+ UO‘QUEZ —+ UOzSU;ge 1 2F

We use the fact that U.iUj; + UaaUps + UasUjs = dag

2
Am31 T

— UagUﬁg + UagUﬁge_z 28

Am
—"31
1 } e_z 2F L

U

The same we have encountered in the 2-neutrino case

Am%l 7

2 ‘UagUﬁg‘z SiIlQ(

) Exercise
Derive

1F




Amgﬂ -
B L > 1] for reactor neutrinos (KamLAND).

e oscillations due to the atmospheric mass squared
differences get averaged out.

4F

Ams, L
P(U, — Uest) ~ iy (1 — sin”(26,2) sin? Tal > + 574

Am; =0.0025eV", sin'® =005, Am, =8e-5¢V", sin® =03

I | lllllll ||||||| I lllllll | R I
08 . :
:Z:e Am,,, O,
5061 -
5 1L
S04 -
02l : ‘y. |
. E =3 MeV Am,, 0, ]
O | | lllllll | | lllllll | | lllllll | | lllllll |
0.01 0.1 1 10 100

baseline [km] Thanks to T. Schwetz



CP-violation will manifest itself in neutrino oscillations,
due to the delta phase. Let’s consider the CP-asymmetry:

P(vq — vgit) — P(Uy — Up;t) =
9

* * —iAm%lL * —z’Am%lL *
— UalUﬁl -+ UagUﬁQB 2B + UagUﬁge 2B — (U — U )
.Am%lL .Am%lL
— alUB]_U*QUﬁQeZ —l_ U*]_UﬁlUOéQUEQe_Z 2E — (U — U*) —I—

Am3, L Am3. L Amz L\
_4312(31@1332302.8111( 22} ) | ( 223 >—|—< 2E3]1 >_

® CP-violation requires all angles to be nonzero. %=

Derive

e |t is proportional to the sine of the delta phase.

e If one can neglect Am3,, the asymmetry goes to zero as
we have seen that effective 2-neutrino probabilities are
CP-symmetric.

33



Further theoretical issues on neutrino oscillations

Energy-momentum conservation
Let’s consider for simplicity a 2-body decay: w — u v,

Energy-momentum conservation seems to require:

E.=E,+ E; with By = \/p? + m7
E.=E,+ Ey with Ey = \/p% + m?

; How can the
@

picture be
consistent?




Further theoretical issues on neutrino oscillations

Energy-momentum conservation
Let’s consider for simplicity a 2-body decay: w— u v,

Energy-momentum conservation seems to require:

E.=E,+ E; with By = \/p? + m7
E.=E,+ Ey with Ey = \/p% + m?

These two requirements seems to be incompatible.
Intrinsic quantum uncertainty, localisation of the initial
pion lead to an uncertainty in the energy-momentum and
allow coherence of the initial neutrino state.




e [f the energy and/or momentum of the muon is
measured with great precision, then coherence is lost

and only neutrino VI (or V2) is produced.

® In any typical experimental situation, this is not the
case and neutrino oscillations take place.

= ® However for large mass differences, e.g. in presence
of heavy sterile neutrinos, this situation could arise.

For a detailed discussion see, Akhmedov, Smirnov, |1008.2077.




The need for wavepackets

® |n deriving the oscillation formulas we have implicitly
assumed that neutrinos can be described by plane-
waves, with definite momentum.

® However, production and detection are well localised
and very distant from each other. This leads to a

momentum spread which can be described by a wave-
packet formalism.

Typical sizes:

- e.g. production in decay: the relevant timescale is the
pion lifetime (or the time travelled in the decay pipe),

At ~17. = AF = Ap Ax



Decoherence and the size of a wave-packet

® The different components of the wavepacket, vl, v2
and V3, travel with slightly different velocities (as their
mass is different).

e |f the neutrinos travel extremely long distances, these
components stop to overlap, destroying coherence and
oscillations.

® |n terrestrial experimental situation this is not
relevant. But this can happen for example for
supernovae neutrinos.
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® Neutrino oscillations in matter
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Neutrinos oscillations in matter

® When neutrinos travel through a medium, they
interact with the background of electron, proton and
neutrons and acquire an effective mass.

® This modifies the mixing between flavour states and

propagation states and the eigenvalues of the

Hamiltonian, leading to a different oscillation probability
_ W.It. vacuum.

e Typically the background is CP and CPT violating, e.g.
the Earth and the Sun contain only electrons, protons
and neutrons, and the resulting oscillations are CP and
CPT violating.




Effective potentials
2

Inelastic scattering and absorption processes go as Gr
and are typically negligible. Neutrinos undergo also
forward elastic scattering, in which they do not change

momentum.

Electron neutrinos have CC and NC interactions, while
muon and tau neutrinos only the latter.

VAVAVAN
h

Ve

M




We treat the electrons as a background, averaging over
it and we take into account that neutrinos see only the
left-handed component of the electrons.

(o) = N | (eFe) = (5) {ernse) = (P (ese) = (@

For an unpolarised at rest background, the only term is
the first one. Ne is the electron density.

The neutrino dispersion relation can be found by solving
the Dirac eq with plane waves, in the ultrarelativistic limit

E~p
medium Acc for ve, V. only Anc for Ve yr, Ve p ~
e,e +v2Gp(N, — N.) *=vV2Gp(N. — N.)(1 — 4s3y)/2
p. D 0 +v2Gg(N, — N;)(1 — 4s3,)/2
n,n 0 +v2G¢(N, — N;)/2
‘dinarv matter 2Gv N =V 2GwvN.. /2 : . :
ordinary matter +v/2GrN. =\/2G} Np/2 Strumia and Vissani




The Hamiltonian

Let’s start with the vacuum Hamiltonian for 2-neutrinos

Zi V1> _ E1 O V1>
dt Vo) 0 FEo V)
Recalling that  |v,) = Z Uni|lvi) ,one can go
into the flavour basis

ali) =008 ) (i)

_ ﬁﬂéz cos 20 Aﬁ% sin 26 < V) >
Am” gin g  Am 5520 vg)

4E

We have neglected common terms on the diagonal as
they amount to an overall phase in the evolution.




The full Hamiltonian in matter can then be obtained by
adding the potential terms, diagonal in the flavour basis.
For electron and muon neutrinos

A4'”E12 cos 20 + /2G » N,

2 °
Aﬁ% sin 26

For antineutrinos the potential has the opposite sign.

¥ In general the evolution is a complex problem but there
are few cases in which analytical or semi-analytical
results can be obtained.




2-neutrino case in constant density

Zi( ‘Ve> ) _ Alfg COSQH—I—\/_GFN A4E ( ’V€> )
dt \ |vu) Am’ AmZ 4590 v,)

4F 4E

If the electron density is constant (a good
approximation for oscillations in the Earth crust), it is
easy to solve.VVe need to diagonalise the Hamiltonian.

® Eigenvalues:

Am? : Am? :
Er— FEp = \/( Yo cos(20) — \/iGpNe) ( Yo 5111(29))

® The diagonal basis and the flavour basis are related by

Exercise

a unitary matrix with angle in matter Darie

Am? 20
tan(20,,) = 25 Sn(29)

AQ%Q cos(20) — vV2G N,




Am?
o If 2G - N
V2GrN, < 7

case and 6~ 0

cos 260, We recover the vacuum

o If V2GpN. > cos(26), matter effects dominate
and oscillations are suppressed.




2-neutrino oscillations with varying density

Let’s consider the case in which Ne depends on time.
This happens, e.g., if a beam of neutrinos is produced
and then propagates through a medium of varying
density (e.g. Sun, supernovae).

Al = (e g ) ()

4F 4E

8 At a given instant of time t, the Hamiltonian can be
diagonalised by a unitary transformation as before.We
find the instantaneous matter basis and the instantaneous
values of the energy.The expressions are exactly as

before but with the angle which depends on time, O(t).




We have
Vo) =U®)vr),  U'(t)Hpm,pU(t) = diag(Ea(t), Ep(t))

Starting from the Schroedinger equation, we can
express it in the instantaneous basis

Lu() - ( ~A con 20+ VAGENL(1) A sin20 )zfm(t)( )

L—Um
dit lvB) Aﬁ; sin 260 W cos 26

Sd o va)y N [ Ea(?) —i0(t) V)

di VB> Z@(t) EB(t) VB>
The evolution of va and Vs are not decoupled. In
general, it is very difficult to find an analytical solution

to this problem.




Adiabatic case

In the adiabatic case, each component evolves
independently. In the non adiabatic one, the state
can “jump”’ from one to the other.

If the evolution is sufficiently slow (adiabatic case):
0(t)| <| Ea — E5]

we can follow the evolution of each component
independently.

Adiabaticity condition

1 2\9\ B sin(20) = Am
~ |Ea— Ep \EA—EB\S
In the Sun, typically we have Y~

‘VCC| <1
Am? MeV
10_9€V2 El/

~




Solar neutrinos: MSVV effect

The oscillations in matter were first discussed by L.
Wolfenstein, S. P. Mikheyev, A. Yu Smirnov.

® Production in the centre of the Sun: matter effects

dominate at high energy, negligible at low energy.
VA 1S cos® 0,

The probability of Ve to be

VB S sin? 0,,,
If matter effects dominate, sin®6,, ~ 1

® Py > 1) =1— 131112(29) (averaged vacuum

oscillations), when matter effects are negligible (low

energies)
® P(v, — v.) =sin’f (dominant matter effects and

adiabaticity) (high energies)




| SuperK, SNO

Solar neutrinos have
energies which go from
vacuum oscillations to

adiabatic resonance.

. - — 8 -
o (-] o o
- - © [ = s

Neutrino Flux
e

- . e .- - e
o (=3 o =] =] =1
o~ ~ “ - > -

l L] L] | L] L) L) L) | L] L) L] L] | L] L) L) L)
) Adiabatic matter Non-adiabatic
Vacuum
S resonance matter effects
oscillations y y
y=*1 Pc=0 Yy < 1, Pe =cos°#

Borexino

GALLEX--- .-;-------------";----
SNO SuperKamiokande

b : 10 10° 10° lo"Strumia zltgil Vissani
Neumno enerevy in MeV




3-neutrino oscillations in the crust

There are long-baseline neutrino experiments which look
for oscillations Vvu= V. both for CPV and matter effects.

For distances, 100-3000 km, we can assume that the

“  Earth has constant density, but we need to take into

account 3-nu effects. For longer distances more complex
s Matter effects.

Long Baseline Neutrino Experiment.
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One can compute the probability by expanding the
full 3-neutrino oscillation probability in the small
parameters 013, AmZ,/Am?.

1 . (1 — ’I“A)AglL
Pe _402@1 ) sin” o

@ 1 — TA)AglL A31L
+ sin 26015 sin 2(92 W5 COS W5

A3 L° > 4 .20 —7Ta)AzL
lopz  2st1ash AE 5

—I-Sgg sin” 2015

L = 1300 km |

. = ‘ o 0.00! ‘ ‘ ‘
0.5 1 5 10 0.05 0.10 0.50 1
E (GeV) P Coloma and SP, in press World Scientific E (GeV)
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® Their relevance in present and future experiments
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Neutrinos oscillations in experiments

Neutrino production

In CC (NC) SU(2) interactions, the W boson (Z boson)
will be exchanged leading to the production of neutrinos.

p (u quark)
n (d quark)
\'A"

electron
Beta decay.

electron

antineutrino

\'A"
pion
Pion decay

Decay into electrons is suppressed. antineutrino



Neutrino production

In CC (NC) SU(2) interactions, the W boson (Z boson)
will be exchanged leading to the production of neutrinos.

u quark
n (d quark) P (ug )

electron
Beta decay.

electron

antineutrino

, Why?

pion 9
Pion deca’

Decay into electrons is suppressed. antineutrino




Neutrino detection

Neutrino detection proceeds via CC (and NC) SU(2)
interactions. Example:

electron electron
neutrino

n p

Notice that the leptons have different masses:
me = 0.5 MeV < mmu = 105 MeV < mtu= 1700 MeV

A certain lepton will be produced in a CC only if the
neutrino has sufficient energy.

S7



Neutrino detection

Neutrino detection proceeds via CC (and NC) SU(2)
interactions. Example:

electron electron
neutrino

Can a 3 MeYV reactor neutrino

Notice t the produce a muon in a CC

: . 5
me = 0.5 MeV < Interaction: MeV

A certain lepton will be produced in a CC only if the
neutrino has sufficient energy.

58



We are interested mainly in produced charged particles as
these can emit light and/or leave tracks in segmented
detectors (magnetisation -> charge reconstruction).

Super-Kamiokande
detector

- T2K experiment

=7 NOVA
~V detector MINOS experiment

Date : 20 Mar 2005 Time : 11:56:32 Run: 29470_5‘ Snarl : 63498 EventType : Upward Muon Cand

15 i m e s !




Neutrino sources

p— 1
B 100
£ . P Extra-Galactic
= 10 |
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O 40" SuperNova
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Neutrino Energy (eV)
J. Formaggio and S. Zeller, 1305.7513
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100
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Solar neutrinos

Electron neutrinos are copiously produced in the

Sun, at very high electron densities.
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http://www.sns.ias.edu/~jnb/

e Typical energies: 0.1-10
MeV.

o MSWV effect at high

energies, vacuum
oscillations at low
energy (see previous
discussion).

® One can observed CC

Ve and NC: measuring
the oscillation
disappearance and the
overall flux.
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Solar neutrinos
Electron neutrinos are copiously produced in the
Sun, at very high electron densities.
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Atmospheric neutrinos

Cosmic rays hit the atmosphere and produce pions

(and kaons) which decay producing lots of muon and
electron (anti-) neutrinos.

e Typical energies: |00 MeV - 100 GeV
e Typical distances: 100-10000 km.
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Atmospheric neutrinos

Cosmic rays hit the atmosphere and produce pions

(and kaons) which decay producing lots of muon and
electron (anti-) neutrinos.

. ® Typical energies: |00 MeV - 100 GeV
e Typical distances: 100-10000 km.
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Reactor neutrinos

Copious amounts of electron antineutrinos are
produced from reactors.

e Typical energy: |-3 MeV;
e Typical distances: |-100 km.

e At these energies inverse beta decay interactions
dominate and the disappearance probability is

Am3, L
P(0, — .:4) = 1— sin? . 2 31
(Ve — Vs t) sin Sm WS

Sensitivity to B13. Reactors played an important role in
the discovery of Bi3and in its precise measurement.




In 2012, previous hints -
(DoubleCHOOZ,T2K, Theory:The.

MINOS) for a nonzero third e
mixing angle were confirmed
by Daya Bay and RENO:

important discovery.

»

= T VLG Daya’Bay: reactorneutrino © = .,
’ . eXPeI”Iment’I,.' | I ic Courtesy of Roy _Kal;schmidt |

X

Chooz Reacto 2]

This discovery has very important implications for the future
neutrino programme and understanding of the origin of mixing.




Accelerator neutrinos
Conventional beams: muon neutrinos from pion decays

Proton

Beam

Neutrino production.
Credit: Fermilab

e Jypical energies: S
MINOS: E~4 GeV; T2K: E~700 MeV NOvA E~2 GeV.

OPERA and ICARUS: E~20 GeV.

e Typical distances: 100 km - 2000 km.
MINOS: L=735 km; T2K: L=295 km; NOvVA: L=810 km.

OPERA and ICARUS: L=700 km.




Accelerator neutrinos
Conventional beams: muon neutrinos from pion decays

Focusing Decay Pipe |< A

Beam — f

T, K Why a muon

neutrino beam?

Neutrino production. T2K event

Credit: Fermilab

at U mar SwWo n 1 0

vate . € 115052 AU . 29410 3 Snar - 03438 EventType : Upward Muon Cand
f- E —MINGS event.
® Jypical energies: S

MINOS: E~4 GeV; T2K: E~700 MeV NOvA E~2 GeV
OPERA and ICARUS: E~20 GeV.

e Typical distances: 100 km - 2000 km.

MINOS: L=735 km; T2K: L=295 km; NOvA: L=810 km.
OPERA and ICARUS: L=700 km.




At these energies, one can detect electron, muon (and
tau) V via CC interactions.

. 5 Am3, L
MINOS: P, —vuit) = 1—dsyscig(l — spscrs)sin® Zlg
2
TZK, NOVAI P(V,u — Ve, t) — 8%3 Sin2(2913) Sil’l2 AZLE}L
8 OPERA (and N
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Sensitivity to  Am3y, 6as, 613




Conclusions

® Neutrino oscillations have played a major role in the

study of neutrino properties:
8 their discovery implies that neutrinos have mass and

MmixX.

® They will continue to provide critical information as
_ they are sensitive to the mixing angles, the mass
hierarchy and CP-violation.

® A wide-experimental program is underway. Stay
tuned!




