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The (Mass)? Spectrum

V3 A V2 2
Vl A } Am sol
(Mass)? AInzatm or 5
Am atm
Vs Y 2

Am? _ =75x105eV2, Am?,  Z24x 103 eV?2



The Mixing Matrix U

Atmospheric Reactor (L ~ 1 km) Solar
1 0 01| ¢35 O s3¢| [ep s O
U=1|0 Cr3 §$93 X 0 1 0 X =812 Cpp 0
0 =853 o3 —31381(S UK 0 0 1
eia1/2 O O
Cjj = COS 03 < 0 Jinl2
S;; = SIn Oij
0 0 1
Note big mixing! = ~— -
Does not affect

oscillation

AN
/ (©) (©) O\ (©)
0,, = 33°, 0,; =36-42° or 48-54°, 8,;=8-9° No more worry!
0 would lead to P(v,— V) # P(v,— vy). CP violation

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



m far detector
013

was recently

determined by

the Daya Bay,

RENO,

and Double CHOOZ

reactor neutrino
experiments,

and by the T2K*

accelerator neutrino o T

experiment. M- NA

A

P ———-:::BQQI'\ a'eﬁector

*Most recent results
last Friday




The Reactor — Neutrino
Experiments

Reactor Far Detector

® = - [
T « ~15km —»

Near 1
Detector

1

Expectation Observation
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Reactor v, have E ~ 3 MeV,soif L ~ 1.5 km,

Sin

1.27Am

» L(km) |

E(GeV)

but not to —

Am? = Am2; =7.5x10eV? =

will be sensitive to —

1
Am? = Am2, =24 x107%eV? =——eV?
400

1
e
13,000

V2



V3 A V2 2
Vi y'y } Am sol
2
Am~,, or A2
atm
Vs ¥ 2

the solar splitting is invisible. Then —

L(km
1.27Am2,, - ((Ge\z)}

P(v, =V,)=1- 4\Ue3\2(1 - \Ue3\2)sin2

L(km)
E(GeV)

1.27Am2,,

=1 -sin” 2013 sin’




There Is Nothing Special
About 0,

For example —

P(\_/ — \76) - P(v — ve) = 2co0s0;351n20;3s1n20,, sin20,3 sino

. > L. > L. > L
x Sinf Am =31 —— |sin| Am~30 — |sin| Am 21 ——
( 3 4E) ( 4E) ( 4E)

u u

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



The Meaning of
the Mixing Matrix Elements

means that when a v, creates a charged lepton,

the probability that this charged lepton will be,
in particular, of flavor  is —

2

Ug

From the measured mixing angles —
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The Probabilities of
Making e, u, and t
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A linear version of the same information 1s —

(Mass)?

A

2
lism 0,5

atm

\e17 ///W
VN

v v, [1U, 2]

NN

v,/ NI } A2
v, 22222222? M~
or
AInzatm
v

Vi NN |

sin®0;

v [1U,;17] I v [1U.12]
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(Mass)?

Measured by reactor exps. with L ~ 1 km

v, +Vy

From max. atm. mixing, v; =
& V2

M

From v (Up) oscillate

2 e
Am atm { but VM(DOWH) don’t

In LMA-MSW, P_(v.—=v,)
=v, fraction of v,

\ 4 \ 4
AN

From distortion of v_(reactor)

2 I
}Am sol and v, (solar) spectra

NV 77/,

T {From max. atm. mixing, v+ v,
includes (VM—VT) /v 2

v 11U, 12] Y v, [1U,;17] v [1U_12]
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e What i1s the absolute scale
of neutrino mass?

e Are neutrinos their own antiparticles?
* Are there more than 3 mass eigenstates?

*Are there non-weakly-interacting
“sterile” neutrinos?

*What are the neutrino magnetic
and electric dipole moments?

15



*How close to maximal (45°) is 0,,?

o[s the spectrum like — or — ?

Do neutrino 1interactions

violate CP?
Is P(vy, = Vvp) = P(v, = vg) ?

16



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

* Is CP violation involving neutrinos the
key to understanding the matter —
antimatter asymmetry of the universe?

*Where does neutrino mass come from?

*What 5urprises are 1n store?

17
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- Does vV =v?



What Is the Question?

For each mass eigenstate v, , and given helicty h

(h = Spin -Momé\ntum), does —

e v.(h) =v.(h) (Majorana neutrinos)
or
e v.(h) = v.(h) (Dirac neutrinos) ?

Equivalently, do neutrinos have Majorana
masses? If they do, then the mass eigenstates are
Majorana neutrinos.

20



Majorana Masses

They are not what you normally think of
when you say the word “mass”.

We start with neutrino states v and v that are not
mass eigenstates and are distinct from each other.

Majorana Majorana
mass mass
The effect of the | |
Majorana masses: v v
— X — or —> X —
V Y% V Y%

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

L(v)=L(¢)=-L(v)=-L(/") =1

21



A Majorana mass for any fermion f causes f <> 1.

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

Neutrino Majorana masses would make

the neutrinos very distinctive, because —

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

22



Fermion Masses
Without Field Theory
According to the Standard Model —

Quark and charged lepton masses arise
from an interaction with the Higgs field.

Neutrino masses could arise in the same way.

But not Majorana neutrino masses.

Majorana neutrino masses are from
physics way outside the Standard Model.

23



A Majorana neutrino mass can arise
without interaction with any Higgs field,

— or through interaction with a Higgs-like field
which 1s not in the Standard Model,
and carries a different value of the “weak 1sospin”
quantum number than the Standard Model Higgs,

— or through interaction with the Standard Model Higgs,
but not the same kind of interaction
as would generate the quark masses.

The study of neutrino masses is part of the quest
to understand the origins of all mass.

24



Why Majorana Masses s Majorana Neutrinos

As a result of KO «— K° mixing, the neutral K
mass eigenstates are —

Kgp =K+ KOV2. Kg =K, .

Majorana masses induce v < v mixing.

As a result of v« VvV mixing, the neutrino mass
eigenstate 1s —
V.=V+V. V.=V, .

1

25



SM Interactions Of
A Dirac Neutrino

We have 4 mass-degenerate states:

Conserved L
= )
A% » makes / +1
— )
\Y » makes /7 —1
Y, — >  These states, when Ultra
> Rel., do not interact.
— The weak 1nteraction
Vv > L ( is Left Handed. )

26



SM Interactions Of
A Majorana Neutrino

We have only 2 mass-degenerate states:

=

V » makes /-

Vv » makes /+

The weak interactions violate parity.
(They can tell Left from Right.)

An incoming left-handed neutral lepton makes /-.

An incoming right-handed neutral lepton makes /.



To Determine




The Promising Approach — Seek

Neutrinoless Double Beta Decay [0vBf]

Nucl Nucl’

We are looking for a small Majorana neutrino mass. Thus,
we will need a lot of parent nuclei (say, one ton of them).

Note that 0vp violates conservation
of lepton number L by AL = 2.

29



Whatever physics causes Ovp[3, its observation would
imply the existence of a Majorana mass term:

(Schechter and Valle)

<l

Vv — v : A (tiny) Majorana mass term

SOV wmmp V. =V,

30



Do Neutrino Interactlons
Vlatate CP'?

. Are we descended
from heavy-neutrinos?




The Challenge —
A Cosmic Broken Symmetry

The universe contains baryons (nucleons),
but essentially no antibaryons.

Standard cosmology: Any initial
baryon - antibaryon asymmeitry
would have been erased.

HOW dld nB =npg - n << I’ZB

32



Sakharov: ng =ng - ng << ng requires £P.

The &P in the quark mixing matrix, seen in B and K
decays, leads to much too small a B-B asymmetry.

If quark CP cannot generate the observed
B-B asymmeftry, can some scenario
involving lepfons do it?

The candidate scenario: Leptogenesis.
(Fukugita, Yanagida)

33



Leptogenesis — A Two-Step Process

Leptogenesis 1s an outgrowth of the most popular
theory of why neutrinos are so light —

The See-Saw Mechanism

Familiar
light
neutrino

and
Very
heavy
neutrino
M y & 1/ M N

Yanagida; Gell-Mann, Ramond, S lansky;)

Mohapatra, Senjanovic; Minkowski
34



In standard leptogenesis, to account for the
observed cosmic baryon — antibaryon asymmetry,
and to explain the tiny light neutrino masses,
we must have —

This puts the heavy neutrinos N far beyond LHC range.

But these heavy neutrinos would have been made
in the hot Big Bang.

35



In the see-saw picture —

_ (—)
N—/t+H* and N-—-%+H’

SM Higgs particle
Assume 3 heavy neutrinos N, to match the

number (3) of light lepton (¢, v,) families.

By SM weak-1sospin symmetry —

D(N; = (g + H*) =T(N; = v, +H°)

There are 3 x 3 =9 independent “coupling constants”

(lowest order decay amplitudes) y_,

forming a matrix y.
36



_ (—=
The decays N —¢T+ H* and N =%+ H" occur

when the temperature 7'~ m, . When T >> 100 GeV,
all particles are massless, except the N.

When the v, are massless, they are 100 % polarized.

et 100%
¢ .
W+ V;
and
e / 100%
=)

W

whether the neutrinos are Dirac or Majorana.
37



This 100% polarization completely determines
how the neutrinos will interact.

The distinction between Dirac and Majorana
neutrinos has disappeared.

We will think of the light neutrinos as Dirac
in what follows.

38



P phases in the matrix y will lead to —
D(N =0+ H*)=T(N =" + 1)
and

F(N v+ HO) » F(N SV + HO)

This produces a universe with unequal numbers
of leptons (¢~ and v) and antileptons (/* and v).

In this universe the lepton number L, defined by
L(Z‘) = L(v) = —L(F’) = -L(v) =1, is not zero.

This is Leptogenesis — Step 1

39



Leptogenesis — Step 2

The Standard-Model Sphaleron process,
which does not conserve Baryon Number B = n; — ng,

or Lepton Number L, but does conserve B — L, acts.

Sphaleron

Process

Initial state Final state
from N decays

There is now a nonzero Baryon Number.

There are baryons, but ~ no antibaryons.

Reasonable parameters give the observed ng/n, .
40



SCCIANS S LT IC I IION0OS G

s nowa WOy l yraereoal.

The search will use long-baseline

accelerator neutrino beams to study
v, = v,and v, = V,, or their inverses.




Q) : Can CP violation still lead to
P(v, — V) #?(VM —v,) when v =v?

A : Certainly!

Compare Vi = Ve

M+ o

S /§ 1 Detetor
+ *
! U, .
with

w et

Ei Detector

42



This 1s today’s version of comparing —

o
5
N
H+
with —
e+
>
N

43



Are There
~ erile Neutrinos?



qn
)

terile Neutrino

One that does not couple
to the SM W or Z boson




The Hint From LSND

The LSND experiment at Los Alamos reported a

rapid v, —v, oscillation at L(km)/E(GeV) ~ 1.
. ’ L
P(VM — ve) = sin” 20 sin” 1.27Am2(eV2) (km) ~0.26%
T _ E(GeV)
| From u* decay at rest; E ~ 30 MeV
=) -~ leV? incontrast to lAmzzz = 24x107eV?
l ——> Am?,, = 7.5x 107 eV?

P At least 4 mass eigenstates
P {from measured I'(Z — vv)} At least 1 sterile neutrino

46



The Hint From MiniBooNE

In MiniBooNE, both L and E are ~ 17 times
larger than they were in LSND,
and L/E is comparable.

MiniBooNE has reported both

v, —> V,and v, — V, results.

u u

47



Events/MeV

Events/MeV

Antineutrino

e Data (stat err.)
(3 v, fromu* -
3 v, from K* 7
- Ve from K° 1
0 ° misid -
CA—- Ny

1.0 -

0.8 + Backgrounds <
0.6 +

0.4 i

0.2

2ol T
1.5 +

1.0

—

0.5

0.0
0.2 0.4 0.6 0.8

N dirt .
. = other 1
—— Constr. Syst. Error

Neutrino

1.0 1.2 14 15 3.0
E%E (GeV)

MiniBooNE
1303.2588

784 + 28.5
excess Vv events,
and 162.0 = 47.8
excess v events
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The Hint From Reactors

The prediction for the un-oscillated v, flux from reactors,
which has (E) ~ 3 MeV, has increased by about 3%.

(Mueller et al., Huber)

Measurements of the v, flux at (10 — 100)m from reactor
cores now show a ~ 6% disappearance.

(Mention et al.)

49



Oscillation with only 3v
\and both Am? << 1 eV?

1.2 [ 1 [ [ [ 11 ‘ N~ : | : : —— !
1.15— f Qg s 3 Y i
B 27 8 _§ § Io ¢ 8¢ § ' 8 N ]
we o BE A 1B e
B : §§ % s ¥ 6o 6 ¥ O v & 5 —
;1.05—““ B T g ]
3 f l T 3 v i
& 1 ; 1] $ = ]
& B : l . |

4 0.95— 3 1 Iy 1 —+
2 r | 1 -
2 09— 5 1 —
z L = € . ]
0.85— : "o - —
— : TR —
T -
| 1 I—4—| | | | | 1 [—{ r— } |  —— O l —]

10’

10° { 10°
Distance to Reactor (m)
Oscillation with 4v
and one Am? >> 1 eV?

Disappearance at L(m)/E(MeV) 21 suggests oscillation
with Am? =1 eV?, like LSND and MiniBooNE.
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The Hint From 21Cr and 3/Ar Sources

These radioactive sources were used
to test gallium solar v, detectors.

Measured event rate _086 + 005

Expected event rate
(G1unti, Laveder)

Rapid disappearance of v, flux
due to oscillation with a large Am???
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