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What Are Neutrinos Good For?

Energy generation in the sun starts with the reaction —

p+p—d+e +v
L1, L 1

Spin: 5 5 5 5

Without the neutrino, angular momentum
would not be conserved.




The Neutrinos
Nelitrinos and photons are by-far the most abundant

. knowp elementary particl in the.universe.
V. v There ar€340 neutrinosice. *'*

The neutrinos are spin — 1/2, electrically neutral, leptons.

The only known forces they experience are
the weak force and gravity.

This means that they do not interact
with other matter very much at all.
Thus, neutrinos are difficult to detect and study.

Their weak interactions are successfully described
by the Standard Model.



The Neutrino Revolution
(1998 — ...)

Neutrinos have nonzero masses!

Leptons mix!



The 2015 Nobel Prize in Physics went to
Takaaki Kajita and Art McDonald

for the experiments that proved this.

Sudbury
Super- Neutrino
Kamiokande, Observatory,
Japan Canada




The Origin of Neutrino Mass

One of the most fundamental questions we ask
in elementary particle physics is:

‘What is the origin of mass?

The fundamental constituents of matter
are the quarks, the charged leptons,
and the neutrinos.

The discovery and study of the Higgs boson at
CERN’s Large Hadron Collider has provided strong
evidence that the quarks and charged leptons derive
their masses from an interaction with the Higgs field.



Most theorists strongly suspect that the origin of
the neutrino masses is different from the origin of
the quark and charged lepton masses.

The Standard-Model Higgs field 1s probably still involved,
but there i1s probably something more —
something way outside the Standard Model —

Majorana masses.

More later ........



The discovery that neutrinos
have masses and leptons mix
comes from the observation of
neutrino flavor change
(neutrino oscillation).



The Physics of
eutrino Oscillation

- Preliminaries



The Neutrino Flavors

There are three flavors of charged leptons: e, n, T

There are three known flavors of neutrinos: v,, v , V.

e’ Y u

We define the neutrinos of specific tlavor, v, v , v,
by W boson decays:
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As far as we know, when a neutrino of given flavor
interacts and turns into a charged lepton, that charged
lepton will always be of the same flavor as the neutrino.

c L T
B % A
o I = =

“ Detector : '
e Lederman
7 Schartz
but not N S Steinberger

The weak interaction couples the neutrino of a given
flavor only to the charged lepton of the same flavor.
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Neutrino Flavor Change (“Oscillation™)

If neutrinos have masses, and leptons mix,
we can have —

e®
v ®

Detector
Long Journey

Give a v time to change character, and you can have

for example: v, -V,

The last 20 years have brought us compelling
evidence that such flavor changes actually occur.
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Flavor Change Requires Neutrino Masses

There must be some spectrum
of neutrino mass eigenstates v;:

(Mass)?

V3

Vs
Vi

Mass (v;) = m;
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Flavor Change Requires Leptonic Mixing

The neutrinos v, . _of definite flavor

e, L, T

(W—ev,or uv,or zv)
must be superpositions of the mass eigenstates:

— K
Iva>_Zl_lU >

Neutrino of flavor [ LNeutrino of definite mass m,
“PMNS” Leptonic Mixing Matrix

o=e,Uu,o0rT
Note: The charged leptons of definite flavor are
mass eigenstates, but the neutrinos of definite
flavor are not mass eigenstates.
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Notation: ¢ denotes a charged lepton. /,=¢,( =, =1

Since the only charged lepton v, couplestois ¢, ,
the 3 v, must be orthogonal.

To make up 3 orthogonal v, , we must have at least 3 v;.
Unless some v; masses are degenerate,
all v; will be orthogonal.

Then —

This says that

O, =<Va“’ > <EU v, EU;fvf> U is unitary,

but note the
= EUaiUZ’ <
l’]

unitary U may
> E not be 3 x 3.

15



Leptonic Mixing In the
Extended Standard Model

The Standard Model (SM) of the weak and
electromagnetic interactions, by Glashow, Salam,
and Weinberg, neglects any nonzero neutrino mass.

For the moment, let us neglect all lepton masses.

Then we can think of the Left-Handed and
Right-Handed leptons as different particles.

In the SM, these massless particles are put into multiplets
of a Weak Isospin I, that is conserved until the Higgs
field develops a nonzero vacuum expectation value.

16



! 0 0 0
+1/2 | Ve Viu Vit
0) 0)
172 \ €L ug L
L Left-handed
With — ; ;
e | | {Le
0 0 0
L =1L |=| Ly
0
L] ! %T _

the lepton — W coupling, which conserves Iy, 1s —

Semi-weak
coupling

&

V2

Lsy=-

17 Weak-Isospin eigenstate

LT

0 0
0 ¢ MHUHR TR

There are no
RH neutrinos

~NO
i

and v

0
Vie
0)
0)

(Z%Y)“V?J)W;t_ + h.

Vit

C.
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£SM = —%(Z%)ﬂvg)wl_ +h.c.

When the lepton masses are turned on,
the charged lepton weak-1sospin eigenstates are linear
combinations of the charged lepton mass eigenstates:

1 3 X 3 matrices

0
UL R=AL RUL.R

[ [ fColumn vectors including
the 3 generations

These are the
t=l;+lgr=|U| familiar mass
eigenstates.

=

18



Vie These are the
"=\ Vi neutrinos of
definite “flavor .

A
4 )

Mass eigenstates

Note that this way of writing the interaction does not
treat charged and neutral leptons on a par.

The interaction is written in terms of the charged lepton

mass eigenstates, but not the neutrino mass eigenstates.
19



When the lepton masses are turned on,
the neutrino weak-1sospin eigenstates are linear
combinations of the neutrino mass eigenstates:

1 3 X 3 matrix
Vi =Brvr

x fColumn vectors including
1 the 3 generations

These are the
V> | neutrino mass

Vi eigenstates.

This could be W
“/

This depends
on the model |

20



All mass eigenstates

Lsy= —E(EU/LALVL)W[ +h.c.= _%(ZLY/IAEBLVL)W/I_ +h.c.

This 1s the leptonic mixing matrix U
Explicitly —

Lsy= ) ) (zLoﬂ’/l UpiVLiWy + ‘7Li7’/l Ugi ! LaW/1+)

o=e,UT

21



The Meaning of U

e & Vi 4 \5
« 2 Ui 0\' o
A\
o
0 V. V3
€$157e Ueo PFase talk about
‘@3“ ut Uyo L ic mixing,
o.. T |Uy Uy 2not GIYLrino mixing.
0\\0 e e row of U: The linear combination of
C‘b neutrino mass eigenstates that couples to e.

The v, column of U: The linear combination of

charged-lepton mass eigenstates that couples to v, . ”



How Neutrino
Oscillation In
acuum Works



Amp

Z Amp

Neutrino Oscillation
(Approach of B.K. and Stodolsky)

Za(e. Q) tg(e.g. 1)
s v, >V, A
\%
>
W (v) (vg) W
Source Target
7. 0 -
A A
Xi
Y %
Source Target

24—



7 /
A A
=3 Amp U, 2 Uy
i
w i(p,L~E t) W
e N 1 /ﬂ 1
Source R [ Target
D //:// T

Momentum an
energy of v,

/,
d:|_/’

_{C

oordinates of detection point,
taking source point as (0, 0)

25



Neutrino sources are ~ constant in
time.

Averaged over time, the

~iEt  —iEt
e — e Interference
1S —

e_i(El_Ez)t =0 unlessE,=E,.

Only neutrino mass eigenstates with
a common energy E are coherent.

(Stodolsky)

26



For each mass eigenstate v,,

Then the plane-wave factor @

|

ei( pL-Et) el

1N

/\

2
F——L
2

i(pl.

m
]L—E t
E

Vv

Irrelevant overall phase factor

27



Then —

2 Amp

Source

l, 14
A A
Uoci ;’, U,Bi

—im.zi

' 2E

" —im.zi
=NU'e %Y

Target
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Probability of Neutrino Oscillation
INn Vacuum

2

P(va —> vﬁ):|Amp(va —> vﬁ)

=G, —4) Re(U;,U U Uy )sin2 (Am; ﬁ)

>]

* . L
+221m(UmUﬁanjUﬁj)sm(Am;,i)

where Am* =m*—m*.
ij I j

Neutrino flavor change implies neutrino mass! ‘
29




Neutrinos vs. Antineutrinos
v, (RH)—> ¥, (RH) |=CP| v, (LH) > v, (LH)

A difference between the probabilities of these
two oscillations in vacuum would be
a leptonic violation of CP invariance.

Assuming CPT invariance —

[ ), ] v, ]

30



P((\_/) aVﬁ)

L\ L L
=0 —42Re( ﬁan]Uﬁ])smz(Am;Ej

i>j

L
(_)ZZIm( mUﬁan]Uﬁj)sm(Am;E}

i>]

In neutrino oscillation, CP non-invariance comes
Jrom phases in the leptonic mixing matrix U.

31



TIEL

i g
i

"M  Must we assume all mass eigenstates
have the same E?

No, we can take entanglement into account,
and use momentum-energy conservation.

The oscillation probabilities are still the sam




For Some Applications,
the Plane Wave Treatment of

Neutrino Oscillation Is Wrong.

B e a0V b7
oy

ERiine




The probability of neutrino oscillation depends on the distance
L between the neutrino source and the point of detection.

To determine L, we must know where the neutrino started,
and where 1t was detected.

A plane wave has a definite, precise momentum p.
Heisenberg: AxAp >H/2.

If we know precisely the momentum with which a neutrino
was born, we know nothing about where it was born.

34



The Wave Packet Picture

Each mass eigenstate 1s described by a wave packet.

Suppose v, 1s heavier than v;,.

V2 Direction of motion Y2
.

t=0 t>0

Eventually the wave packets will separate.
No more oscillation.

35



How soon do the wave packets separate??

For accelerator neutrinos with energy £ =1 GeV,
and a wave packet width equal to the length of the pion
decay region where the neutrinos are born, the bigger
Am?=2.4x 107 eV?leads to wave packet separation in

1029 km.

This separation may be safely ignored!

However, for supernova neutrinos from SN 1987A, with energy
E ~ 10 MeV, and a wave packet width equal to an estimated
inter-nucleon distance within the star, separation occurs in

103 km.

36



Supernova neutrinos are no longer oscillating
when they reach us.

Different mass eigenstates produced at the
same instant arrive at separate times,
depending on their individual speeds.

The arrival time difference for the SN 1987 A
neutrinos could have been ~ 10~ sec.

37






1. If all m; = 0, so that all Am;;* =0,
—)
PV o= Vp) = Oup

Flavor change = v Mass

2. If there 1s no mixing, /
o

W W

but
Vi

talways same v,

=U UB#X =0, 0 thatP(V)ae(V)B

Flavor change = Mixing

)

=6OC

39



3. One can detect (v OL%VB) In two ways:
See VB0 n av o beam (Appearance)

See some of known v o flux disappear (Disappearance)

4. Including 7 and c

L L(km)
Am?— = 1.27TAm*(eV?
" 4R e )m(e ) E(GeV)
sin?[1.27Am?(eV)? B GZ;.)] becomes appreciable when

1ts argument reaches O(1).

An experiment with given L/E 1s sensitive to

Am?(eV?) R EL((CEZX)

40



5. Flavor change 1in vacuum oscillates with L/E.
Hence the name “neutrino oscillation”. {The
L/E 1s from the proper time 7.}

6. P (\7;%(7[3) depends only on squared-mass

splittings. Oscillation experiments cannot

tell us
A

(mass)?

41



7. Neutrino flavor change does not change the
total flux 1n a beam.

It just redistributes 1t among the flavors.

ZP(V_;%(V_)B 1
All B

active

¢V€ + ¢VM + ¢V7- < ¢Original

42



Important Special Cases

Three Flavors
For 8 = «,

2 L

e_iml ﬁAmp*(Va — Vﬂ) — Z UazU*ze'Lm

x _21A x _21A
= Ua3Upge™ ™% + UnoUpgoe™ 21—(UQ3U53 + Ua2Ups)
N—— —
Unitarity

= 2i[Ua3U§36m31 sin Agq + Ua2U528?:A21 sin Ag; |

L L
where A;; = Am?jE = (m? —m3)— .

43



P (v, — vg) =

~im} 3% Amp* (7 — s,ﬁ>)|

= 4[|UQ3U/33|2 SiIl2 A31 —+ |Ua2U/32|2 SiIl2 Agl

+2|Ua3U[33Ua2Uﬁ2| Sin A31 sin A21 COS(A32 (—l—) 532)] .

Here 032 = arg(Ua3Upg3U52Upz) , a CP — violating phase.

Two waves of different frequencies,

and their CP interference.

44



When the Spectrum Is—

Vs - V2 T " InviQSiLble if
Am2 or Am2 Am IR O().
§$ y Vg L

For B = «,
P(ve — V) 2 4|U3Ugs)? sin?(Am? L) .

For no flavor change,

P(ve — vi) 21— 4Uas|?(1 — |Uas|?) sin®(Am2 &) .

Experiments with Am? % = (O(1) can determine the

flavor content of V..
45



When There are Only Two Flavors
and Two Mass Eigenstates
V2 *

Arz Majorana

or lphase

[ Uasi Uan2 | cosf sin6 et 0
| Ugr Upy | | —sin€ cosé 0 1

T— Mixing angle

V4

_ _ L
For B # o, P(v), < vp) = sin? 26 sin2(Am2E) .
L
For no flavor change, P((D()X — (ﬁ()x) — 1 — sin® 26 sinZ(Am2E).
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