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What Are Neutrinos Good For?

Energy generation in the sun starts with the reaction —

p+p—>d+e +v
1 1 L1

Spin: - 5 5 5 >

Without the neutrino, angular momentum
would not be conserved.




The Neutrinos

Neiitrinos and photons are by far the most abundant

. knowp elementary partlclés in the- universe.
%' v Therearf340 neutrinos/ce. *'*

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 successtully 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

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 is probably still involved,
but there 1s probably something more —
something way outside the Standard Model —

Majorana masses.

More later ..........



The discovery of neutrino mass
and leptonic mixing
comes from the observation of
neutrino flavor change
(neutrino oscillation).



The Physics of
cutrino Oscillation

— Preliminaries



The Neutrino Flavors

There are three flavors of charged leptons: e, u, 7

There are three known tlavors of neutrinos: v, v, v,

We define the neutrinos of specific flavor, v, Vs Vo,
by W boson decays:

10



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.

V€
Detector

Lederman
Schartz

but not Steinberger

The weak interaction couples the neutrino of a given
flavor only to the charged lepton of the same flavor.

11



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 19 years have brought us compelling
evidence that such flavor changes actually occur.

12



Flavor Change Requires Neutrino Masses

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

(Mass)?

V3

Mass (v;) = m;

13



Flavor Change Requires Leptonic Mixing

The neutrinos v, , , of detinite tlavor

(W—ev,or uv, or zv)

must be superpositions of the mass eigenstates:

— K
Iva>—lZ U*_lv> .

Neutrino of flavor [ I—Neutrin() of definite mass m,
“PMNS” Leptonic Mixing Matrix

I— Pontecorvo

oa=e,U,0rT

14



Notation: ¢ denotes a charged lepton. (,=e, [ = p, [ =

Since the only charged lepton v, couples tois 7, ,
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

0,5 = <Va“’ > <EU V. EU;].VJ.> U 1s unitary,

but note the
- E UU /3 <
L,J

unitary U may
> E not be 3 x 3.

15



Leptonic mixing 1s easily incorporated into the
Standard Model (SM) description of the /vW interaction.

For this interaction, we then have —

Semi-weak : Left-handed
coupling r

g ~ A - A
Loy =" (ZLaV VeaWi + ViaY fLaWAJr)

Taking mixing into account

The SM interaction conserves the Lepton Number L,
defined by L(v) = L(Z‘) = —L(V) = —L(€+) =1

16



The Meaning of U

/0 &/ V3 _
Ql:bfe Ueo Pleasd talk about
g @dﬁt ut  Uyo ldptpyiic mixing,
.&X\ t U, U,Jot yggtrino mixing.
=\ | '

0\\ e e row of U: The linear combination of
0‘3 neutrino mass eigenstates that couples to e.

The v, column of U: The linear combination of
charged-lepton mass eigenstates that couples to v, .

17



How Neutrino
Oscillation In
acuum Works



Amp

> Amp

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

Za (e.g. 1) lg(e.g. 1)
s v, >V, A
\
>
W (Vo) (vp) W
Source Target
7, 0, -
A A
;i
W Y
Source Target

19—



l, 14
A A
- Z Amp Uoci ;’i U,Bi
i
w i(p,L-Et) w
e N 1 , x 1
Source s, [ Target
o ) /:/ A T

Momentum an
energy of v,

d:|_, ¢7

_{C

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

20



Neutrino sources are ~ constant in time.

Averaged over time, the

—1E1t —1E2t

interference

e — e

1S —

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

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

(Stodolsky)

21



For each mass eigenstate v,,

Then the plane-wave factor @

l

/\

2

= |EP-mt=E-TL
p=F =5
i(p,L-Et) L
m? ‘
E—L |L-Et ;
2E ] iE(L—t)
J : e

ei( pL-Et) 0

1N

|

Irrelevant overall phase factor

22



> Amp

\\

Source

l, 14
A A
Uoci ;’i U,Bi

—im.zi
' 2E
" —im.zi
=Y U' e "2%U

Target

23




Probability of Neutrino Oscillation
In Vacuum

2

P(va —> vﬁ):|Amp(va —> vﬁ)

=G, —4) Re(U;,U U Uy )sin2 (Am; ﬁ)

>]

* . L
+ZZIm(UaiUﬁanjUﬁj)sm(Am;,i)

where Am; = mi2 — m]2 :

Neutrino flavor change implies neutrino mass/! ‘

24



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 —

P| v (RH)—> ¥, (RH) |=P| v, (LH) - v, (LH)

|vPr0bability



PV, >7,)-

L\ L L
=0 —42Re( ﬁan]Uﬂ])smz(Am;Ej

>]

_ L
(_)ZZIm( mUﬁan]Uﬁ])sm(Am;E]

i>j

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

L(km)

Note: Including 7 and ¢, Am’ ﬁ =1.27Am’ (evz) E(GeV)

(Lectures by Gary Feldman)

26



T

Ve The plane-wave treatment of neutrino
oscillation 1s not completely correct,

since AXAp 2; :

The expression for the oscillation probability
resulting from this treatment is wrong at very large







1. If all m; = 0, so that all Am;;* =0,
)
P (V avﬁ) 0 ob
Flavor change = v Mass
2. If there 1s no mixing,

ba
W W

but
Vi

talways same v,

=U UB#X =0, so that P (V' avB)—SB

29



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)

30



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)?

31



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

32



Important Special Cases

Three Flavors
For B # o,

2 L

. 2 L . 2 I
e tm 2EAmp ( Vo — V,@) = E UaiU*iezm’i 2B~ """ 2E
)

o x 21 YA ZA *
— a3U,836 vas1 -+ Ua2Uﬁ2e ’ 21_(Ua3Uﬁ3 + Ua2UE2)
————
Unitarity

= Qi[Ua3UE36iA31 sin Ag; + l.']olz(],(}kzeiA21 sin A21]

L L
where A;; = Amw@ = (m? — m2)4E .

33



P(0}, — vg) =

—im3 5% Amp ((Va — Sjﬁ))|

— 4[|Ua3Uﬁ3|2 SiIl2 A31 -+ |Ua2Uﬁ2|2 SiIl2 Agl

+2|Ua3UggUa2Ug2| sin Agl Sin Agl COS(A32 (—l—) 532)] .

Here 033 = arg(Ua3Upg3U52Upz) , a CP — violating phase.

Two waves of different frequencies,

and their C¥ interference.

34



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..
35



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

Arz Majorana

or lphase

[ Uasi Un2 | 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).

36



Neutrino Flavor Change In Matter

VAWES
Earth C V,
Accelerator =" — — =~ .

—— »>— Detector  1nvolves or W
= ——————— EN W
e — e \ Ve € L

— ) e = .Ve e

Coherent forward scattering via this
W-exchange interaction leads to

an extra interaction potential energy —

/‘
+\2G,N,, v,
Vi =<
1%
N~
Fermi constant T T Electron density

This raises the effective mass of v,, and lowers that of
37



The fractional importance of matter effects on an
oscillation involving a vacuum splitting Am?is —

Interaction Vacuum
energy energy

A A
( A )
[N2G;N.] / [Am?/2E] .

The matter effect —
— Grows with neutrino energy E

— Is sensitive to Sign(Am?)

— Reverses when v 1s replaced by v

This last is a " fake CP violation~ that has to be taken

into account 1n searches for genuine CP violation.
38



Evidence For Flavor Change

Neutrinos

Solar

Reactor
(Long-Baseline)

Atmospheric

Accelerator
(Long-Baseline)

Accelerator, Reactor,

and Radioactive Sources
(Short-Baseline)

Evidence of Flavor Change

Compelling
Compelling

Compelling
Compelling

“Interesting”

39
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(Mass)?

The (Mass)? Spectrum

atm

V) 2
Vl 7' }Am sol
Which way? )
AIIl atm
2
}Am sol V3

Am?  =7.5x 105 eV?,

Am?,  =2.5x 1073 eV?

Are there more mass eigenstates?

41



Constraints On the Absolute Scale

“(v,)+0.29m* (v,)+0.02m* (v;) <2 eV

Cillation mmm) Mass[Heaviest v;] > VAm?;, > 0.05 eV

42



Measurements of the tritium  energy spectrum
bound the average neutrino mass —

(mg) \/E\Ue,\ m? (Farzan & Smirnov)

Presently: (mg)<2eV

(Mainz & Troitzk)

(Lectures by Igor Tkachev & Loredana Gastaldo)

43



Leptonic Mixing
Mixing means that —

— K
I\T/a> —Eil U*_ lv> .

Neutrino of flavor LNeutrino of definite mass m;
oa=e€,U,0rT

Inversely, lv.> = > U, lv, >. (if U is unitary)
aq

Flavor-« fraction of v, = U > .

When a v; interacts and produces a charged lepton,
the probability that this charged lepton

will be of flavor a is IU >
44



Experimentally, the flavor fractions are —

(Mass)?

v3 A\

v, [ZA

v Nl

v, [ U, 17]

Am

or

2
sol

N v [T, 12]

v, N\l
qa @\

e

V3

M - [0 12]

}Am

2

45



Observations

We Can Use

To Understand
The Flavor Fractions




The Disappearance
of Atmospheric v,

— Detector

Cosmic ray

Isotropy of the > 2 GeV cosmic rays + Gauss’ Law + No v,, disappearance
(I)VM (UP)
(I)VH(Down)
But Super-Kamiokande finds for E, > 1.3 GeV —

—

=1.

47



Numbper of Lvents

0
N
-

W
S
—

)
U
f—

9
S
—

-
&
&

i
f—

Half the long distance
traveling v, disappear

The v, from nearby
do not disappear

-0.5 0 0.5 1
cosO,
i

48
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AtE,> 13 GeV,in —

V3 A Xz
1
2
AIII atm or
V2 FAm?_

the solar splitting 1s largely invisible. Then—

P(vu %vu)sl—4‘U
\ l

u

[ (1=[0,af Jsin’

\

1.27Am?

L(km) -

. (GeV)

J\
|
1 ‘ ‘U/ﬁ

|
1
2

At large L/E

2 1]

|
b
2. 5

49



Reactor — Neutrino Experiments
Reactor V, have E ~ 3 MeV, soif L ~ 1.5 km,
L(km) -

E(GeV)

sin” |1.27Am”* (eVz) will be sensitive to —

1
Am‘=Am* =25x10"eV?*=—eV*
o 400

but not to —

1

eV* .
13,000

Am*=Am’ =7.5x107eV’ =

50



Then —

sin’ (1274, L {km)
E(GeV)

P(V %178)51—4

e

Ue 3

-

Ue3

Measurements by the Daya Bay, RENO,
and Double CHOQOZ reactor neutrino experiments,
(and by the T2K accelerator neutrino experiment)

) (U =002

(Lectures by Yitang Wang)

51



The Change of Flavor
of Solar v,

Nuclear reactions in the core of the sun produce v,. Only v..

The Sudbury Neutrino

Observatory (SNO) measured, for the

high-energy part of the solar neutrino flux:

Vi d—2>epp =«

Dve

Vi d=>vnp =

Dve + (I)Vu + ¢y, (v remains a v)

From the two reactions
Dy

b

= 0.301 = 0.033

Gve+ Py,

T (I)Vr

For solar neutrinos, P(v, = v.) = 0.3

52



The Significance of P(v, = v,)

For SNO-energy-range solar neutrinos,
there 1s a very pronounced solar matter effect.

(Lectures by Alexe1 Smirnov)
At these energies —

A solar neutrino 1s born in the core of the sun as av,.

But by the time it emerges from the outer edge
of the sun, with 91% probability it is a v,.

(Nunokawa, Parke, Zukanovich-Funchal)

Then P(ve %ve) at earth =‘<ve‘v2>2 =‘U€2‘2.

v, I
2
L U, =03.

53



Constructing the Approximate
Mixing Matrix
(A Blackboard Exercise)

The result —

ViV, V3
2 \ﬁ 0o |V,
3 3

U~| — l l l VM
6 3 2
1 1,
6 3 2 T

54



(Mass)?

V3
2 o,y
3 3
AInzatm 1 1 1
U=| - [— — — |V,
6 3 2
2\ A2 l _ l l v
sol
Y N 6 3 2 _ ’

v 10,121 v, (10,12 [ v.[10,12

55



The Lepton Mixing Matrix U

- B —l6 - -
1 0 0 c;3 0 s3€ cip Spp O
U=|0 Cr3 §173 | X 0 1 0 X|1=812 Cp»p 0
0 -sp3 e |-s3¢° 0 a3 | O 0 1
 iay /2 |
c;; = Cos 0; e 0 0
— ol o, /2
S;; = sin 0;; x[ 0 72" 0
Note big mixing! X 0 0 lJ
/\ Majora?g phases

C O .
0,=34° ,0,3=38-53° , 0,3=84" < Not very smalll
The phases violate CP. 6 would lead to P(v_,— V) # P(v,— vp).

But note the crucial role of s;; = sin 0;. P

There is already a hint of &£F (sino # 0).

56



The Majorana GP Phases

The phase ¢;1s associated with
neutrino mass eigenstate v;:

U, =U°,exp(ia,/2) for all flavors a.

Amp(v,— vg) = % U, exp(— im?LI2E) Uy,
1s 1nsensitive to the Majorana phases ¢; .

Only the phase o0 can cause CP violation in
neutrino oscillation.

57



There Is Nothing Special
About 0,

For example —

P(V — \76) - P(v — ve) = 2cos0;3sin20;35in20;, sin2053 sino

u u

: » L. > L. > L
x sin| Am~31——|sin| Am~32 — |sin| Am 21 —
( 4E) ( 4E) ( 4E)

In the factored form of U, one can put
0 next to 0,, instead of 0, ;.

58
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o[s the physics behind the masses of neutrinos
different from that behind the masses
of all other known particles?

* Are neutrinos their own antiparticles?

*What 1s the absolute scale
of neutrino mass?

o[s the spectrum like — or — ?

60




*[s 0,; maximal?

Do neutrino interactions

violate CP?
Is P(V, = Vg) # P(vy, = vp) ?

[s CP violation involving neutrinos
the key to understanding the matter —
antimatter asymmetry of the universe?

61




*What can neutrinos and the universe
tell us about one another?

e Are there more than 3 mass eigenstates”?

eAre there “sterile” neutrinos
that don’t couple to the W or Z.?

* Do neutrinos have Non-Standard-
Model interactions?

62



* Do neutrinos break the rules?

* Violation of Lorentz invariance?
* Violation of CPT invariance?

* Departures from quantum mechanics?

63
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Is the Origin of Neutrino
Mass Different?
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Neutrino Masses Without Field Theory

We will describe what the quantum field theory does,
but without equations.

For simplicity, let us treat a world with just one flavor,
and correspondingly, just one neutrino mass eigenstate.

We start with underlying neutrino states v and v
that are distinct from each other, like other familiar
fermions, and are not the mass eigenstates.

We will have to see what the mass eigenstates are later.

65



We can have two types of masses:

Dirac Mass

Dirac mass
A Dirac mass l
has the effect:
as the e — % or
AY AY

Majorana Mass

Majorana
. mass
A Majorana mass l
has the effect: IRV

Dirac mass

l

—- —-
Y X v

Majorana
mass

l

66



Majorana Mass

Majorana Majorana
, mass mass
A Majorana mass l l
has the effect:
— X — or — X >
V V A% V

Majorana masses mix v and V, so they do not
conserve the Lepton Number L that distinguishes
leptons from antileptons:

L(v)=L(/)=-L(F¥)=-L(/") =1

67



If there are no visibly large non-SM interactions
that violate lepton number L, any violation of L
that we might discover would have to come
from Majorana neutrino masses.

68



A Majorana mass for any fermion { causes f<— f.

Quark and charged-lepton Majorana masses
are forbidden by electric charge conservation.

But neutrinos are electrically neutral,
so they can have Majorana masses.

Neutrino Majorana masses would make

the neutrinos very distinctive, because —

Majorana neutrino masses have a different origin
than the quark and charged-lepton masses.

(Lectures by Steve King)

69



The Mass Eigenstates When
There Are Majorana Masses

For any fermion mass eigenstate, €.g. v, the action

of 1ts mass must be —
M The mass eigenstate must
ass . .
. be sent back into itself:

Vi Vi H|v,)=m|v,)
Recall that —
Majorana Majorana
, mass mass
A Majorana mass l l
has the effect:
-} or —X—

V V V V
70



Then the mass eigenstate neutrino v, must be —
Vi=V+V,

since this 1s the neutrino that the Majorana mass term
sends back into itself, as required for any
mass eigenstate particle:

Mass
X —

vV+YV V+V

Consequence: The neutrino mass eigenstates v,, v,, v,
are their own antiparticles.

V; =V; For given helicity

71



The Terminology

Suppose v;is a mass eigenstate,
with given helicty h.
e v.(h) =v,(h) Majorana neutrino

or
e V.(h) = v.(h) Dirac neutrino

We have just shown that if the underlying
neutrino masses are Majorana masses, then
the mass eigenstates are Majorana neutrinos.
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SM Interactions Of
A Dirac Neutrino

We have 4 mass-degenerate states:

Conserved L

Vv > makes ¢/~ +1

v > makes /+ ~1

Vv : s " These states, when Ultra
Rel., do not interact.

_ - (The weak 1nteraction

v > _ 1s Left Handed.

74



SM Interactions Of
A Majorana Neutrino

We have only 2 mass-degenerate states:

(=

V > makes /~

—p

Y, > makes /*

The SM weak 1nteractions violate parity.
(They can tell Left from Right.)

An incoming left-handed neutral lepton makes /~.

An incoming right-handed neutral lepton makes ¢+.

75



—

Note: “ v " and “ v are produced with opposite helicity.

— Spin
TR n - ~
V e - P -V Makes /
W+
— Spin
‘i 9 _ I —
V € - o -V Makes /7t
W_

The weak interactions violate Parity. Particles with left-
handed and right-handed helicity can behave differently.
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For ultra-relativistic Majorana neutrinos,
helicity 1s a “substitute” for lepton number.

Majorana neutrinos behave
indistiguishably from Dirac neutrinos.

However, for non-relativistic neutrinos,
there can be a big difference between the behavior
of Majorana neutrinos and Dirac neutrinos.

77



To Determine
Whether
Majorana Masses
Occur 1n Nature,
SoThatv=v



The Promising Approach — Seek

Neutrinoless Double Beta Decay [0vB}]
(Lectures by Alexander Barabash and Petr Vogel)

e_A A e_

Observation at any non-zero level would imply —

» Lepton number L is not conserved (AL = 2)
» Neutrinos have Majorana masses

» Neutrinos are Majorana particles (self-conjugate)
79



Whatever diagrams cause Ov[3f3, its observation
would 1mply the existence of a Majorana mass term:

(Schechter and Valle)

<|

V — v : A (tiny) Majorana mass term

S OVBP ey Vo= v

80



The Search fer\CP Vlolatlon_~
When It Mlghthe That

J .
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A major open question is whether neutrino
interactions violate CP invariance.

The experimental approach to testing for this violation 1s
almost always described as the attempt to see whether —

P(v,—>Vv)#P(v,—>Vv,).

This description 1s valid if v# v, but notif v= v.

However, the present and future experimental probes
of leptonic CP-invariance violation are valid probes
of this violation whether V# vor vV = v.

These experiments are completely insensitive

to whether v# vor v=v.
82



For any process i — f, and 1its CP-mirror image
CP(i ) — CP( f ) , CP invariance means that —

(i) =|(ce(r) rlce(s)

So, compare two CP-mirror-image processes.

2

If they have different rates, CP invariance is violated.

Acting on a particle ¥ with momentum p and helicity 4,

Rotation(ﬂ)CP‘ t//(ﬁ,h)> = n‘y?(ﬁ,—h»
L Irrelevant phase factor

83



Compare

e

Detector

If these two CP-mirror-image processes have
different rates, CP invariance is violated.

84




I portant Notlce

To correct for our not using an 8
anti-detector, we must know how
the cross sections for left-handed and
right-handed neutrinos to inferact
In a deftector compare.

Experiments to determine these
cross sections are very important.

(Lectures by Jan Sobchj
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