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Neutrino History

1914 Electron spectrum in 8 decay is continuous
1930 Pauli postulates that a new particle is emitted

1933 Fermi names the new particle neutrino

and introduces four-fermion interaction
1956 Reines and Cowan discover the neutrino

1956 Lee and Yang suggest that parity is violated
Wu discovers parity violation 6 months later

1957 V-A theory
1962 At least two neutrinos: v, # v,

1969 Davis begins measurements of solar v flux,
result smaller than solar models

1973 Discovery of neutral currents at CERN
1983 Discovery of the W and Z at CERN
1986 IMB discovers the atmospheric v deficit

1998 SuperK reports strong evidence for v oscillations

in atmospheric vs
2001 SNO reports strong evidence for v oscillations in solar vs

2002 7 neutrino discovered



Pauli’s letter (1930)

Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen,
will explain to you in more detail, how because of the ”wrong” statis-
tics of the N and %Li nuclei and the continuous beta spectrum, I have
hit upon a desperate remedy to save the ”exchange theorem” of statis-
tics and the law of conservation of energy. Namely, the possibility that
there could exist in the nuclei electrically neutral particles, that I wish
to call neutrons, which have spin 1/2 and obey the exclusion principle
and which further differ from light quanta in that they do not travel
with the velocity of light. The mass of the neutrons should be of the
same order of magnitude as the electron mass and in any event not
larger than 0.01 proton masses. The continuous beta spectrum would
then become understandable by the assumption that in beta decay a
neutron is emitted in addition to the electron such that the sum of
the energies of the neutron and the electron is constant...

Your humble servant,
W. Pauli

e Pauli is trying to solve to problems at once, nuclear statis-
tics (solved by the neutron) and energy conservation in
decay (solved by the neutrino)

e in today’s notation

which corresponds to a nuclear transition

® energy conservation



Properties

® mass’

—my, < 2 eV from tritium 8 decay
—my, < 170 keV from 7 decay
—m,_ < 18 MeV from 7 decay

® spin s = 1/2
o type?
— Dirac v # v

— Majorana v = v

e charge 0
e interactions: weak (and gravitational) only
e flavors

— 3 active flavors (from Z width)

— sterile flayors?



Standard Model

e the standard model contains 3 left-handed lepton doublets

(<), (%), (%),

and 3 times 3 (color) left handed quark doublets

), 5, G,

e all these fermions have right handed partners,

€rR, WR, TR, UR, dR7 CR, SR, tRa bR

e interactions are mediated by gauge bosons

v, 98), W=, Z

e fermions acquire mass by interacting with the Higgs field

e no right handed neutrinos



Weak Interactions in the standard model

e the weak gauge bosons W= act on left handed doublets
“ LM "
d. Ve
this is called a “charged current interaction”

e the simplest example is 5 decay

proton

udu Ve
>> W
udd

neutron

L

since my = 80.4 GeV> m,, decay is governed by

Fermi coupling Gr = gz
V2 8miy
go 1s the W gauge coupling. The ratio
£ sin By = 0.48
92

is called the Weinberg angle



Neutral Currents

e the neutral partner of the W=, the WY, mixes with the
hypercharge gauge boson B to form a massless photon ~
and a massive neutral gauge boson Z

7 = cos Oy W' — sin 6y B

e this means that the Z couples to both left and right handed
quarks and charged leptons

dL,R >\/\J\/\Zﬂﬂ/\f< h
d r Ve
this is called a “neutral current” interaction

e neutral current couplings

Z, couplings gL Jr

Ve, Uy, Vr % 0
€, b, T —% +sin?Oy  sin? Oy
u,c,t %— gsm2 Ow —gsm26’
d,s,c —% + %sm2 Ow %Sim2 Ow



The CKM matrix

e The Higgs mechanism that gives masses to the fermions
need not be diagonal flavor

e weak eigenstates are related to mass eigenstates via a 3 X 3
matrix

Q} — (Su>fg dq f)g — (’LL,C, t)
Q}:(Sd)fQQQ f,g:(d,s,b)
}:(Sl>f9l9 f?g:<67:u77->

e this does not affect neutral current interactions, because in
and out states are rotated in the same way (SST = 1)

e It does affect charge current scattering, but only the rela-

tive rotation of up and down type quark matters. This is
called the CKM matrix

‘/;Ld Vus %b
Vfg — [(Su)wsd)]fg = | Vea Ves Vi
Via Vis Vi

V _ V _
ud Ve e, us Ve e
d SL

neutron (3 decay hyperon (3 decay

L



CKM continued

e remarkably, the CKM matrix is close to diagonal, e.g.

Viud = 097, Vs =~ 022, Vi =~ 0.005
nobody knows why

e in the SM model neutrinos are massless

= any linear combinations of v, , , are mass eigenstates
= can eliminate lepton matrix by rotating v
= no CKM matrix for leptons

we now know that this is wrong

e neutrinos have mass: weak eigenstates # mass eigenstates

|Ve> Uel Ue2 UeS |V1>
V) | = | U Upe Uz || 1)
|V7'> UTl U7'2 U7'3 |V3>

the analog of the CKM matrix in the neutrino sector is
called the MNS matrix

VNS  ((S1)i(")



Majorana vs. Dirac

e we can define (L/R) projections

ViR = PLrY = 1(1 + v5)0

and projections

Ve = Hyt) = (1iZ p)Y

helicity = projection of spin on the direction of motion
e for a massless particle

helicity = chirality

e also note that

(V)T = Y1 = ¥ Pr

e the W boson only interacts with left handed fields

L = Wy,

right handed neutrinos do not couple to W, Z



Majorana vs Dirac

helicity - helicity +
massless neutrino
Vi VR
particle anti—particle
h=— h=+ h=—
Dirac neutrino
W M
Vi VR Vi
h=— h=+
Majorana neutrino
e — |
Vi VR

momentum T spin yo— mixing




Majorana vs Dirac

e Dirac mass (¢ = hT)

L =m (VLR + vRyr)

<H> <H>
X _ X
VL VR VR VL
o o

e Majorana mass (¢¢ = ¢1C)

L =m(vivy+ h.c.) =m(vCv + h.c.)

<H> <H>
XX
V L ""\_‘ ,,i;l V L
‘




Example: Neutrino Electron Scattering

e consider Ve — Ve

Vuw e
Vl-l e

G2 2 = —1+2sin*O
oc=-2m.E, (g% + gR) - . 9 "
A7 gr = 2sin” O

and v.e — v.e

Ve W e Ve Ve e
e >\me< 5 Ve>wwm¢< e

G 9%
o=—"=2m.E +2)* 4+ 70
47T e—v ((gL ) 3
note o =0% o0 4 gUO-NC
e also note . Follows from dimensional analysis:

o ~ (area) ~ (mass)_2

g’ N2 g'
ﬁNmi%V(?Wﬁ) = UNS(m%V)

with s = E%,, = 2m.F,



Direct Measurements: Tritium [ decay

e tritium beta decay
SH > 3He+e + 1,
E() = 18.6 ]CGV, T1/2 = 12.3a

e neutrino mass modifies electron spectrum near end point

m=0

dE m>0

N

Ee

e Mainz neutrino mass experiment (1998-2001)



Double Beta Decay

e 2020 vs Ov25 decay

(my"y = [SpUZmy|
where U, 1s the MNS matrix
e need nucleus which is 8 stable, but 25 unstable




e look for events with E! + E* = Q

2v2p3 ov 2B
Vv

1 2
Ee+ Ee

e Heidelberg-Moscow (1999-2000)

603 TLO/]/Z >1.9-10°yr (m,) < 0.35eV



Neutrino Oscillations

e neutrinos come in different flavors v,, v, v;, . ..

Pontecorvo (1957)
the rest is just quantum mechanics . ..
e consider two flavors v, v,
lve) = cosd + sin6

lv,) = —sinb + cosf

Flavor eigenstates |v.,) <> Mass eigenstates

What does that have to do with oscillations?

ol
|Vu>
e what is the Hamiltonian H?

Hlvy) = (p° +m7)"?|u)
Hlv) = (p* +m3)'?|un)

e consider Schrodinger equation

Ld o d (v
zhazﬁ—}hp = Zhdt( )

V)

H is diagonal in basis of mass eigenstates

e write |v,) = cos@|vy) + .... The rest is algebra.



e wave equation

ihci ve) ) 0m® [ —cos26 sin26 ) ( |ve)
dr\|v.) | 4FE sin 20 cos26 )\ |v,)

| v » > propagate

|v,> source |v,> detector

P — 1)) = 1 — sin(26) sin’ (1'275m2L)

E

6  mixing angle
dm? mass difference
L path length

E  neutrino energy

o/

e real world: 3 x 3 (or more) mixing — MNS matrix

|Ve> Uel Ue2 Ue3 |V1>
V) | = Un Upz Ups || [12)
|VT> UTl UT2 U7'3 |V3>

3 mixing angles, CP violating phase

Uel — COS (912 COS (913
U, = sinfqgcosbis
Uz = sin (9136_25



Atmospheric Neutrinos

e cosmic rays collide with O, N and produce 7, K, ... which
decay to v, v,

nm———=Hu VH
g N(vu):N(ve)m 2:1
ev_v
e u

e SuperK finds a deficit of v, no enhancement of v..

e SuperK also finds azimuthal dependence of v, suppression
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cosmic
ray

L =100 km

cos(6- 1 Explanation: v, — v, oscilla-

tions

S 2 C. - 110—3 72
dMmys or 0mszy, ~ 1077 eV
L = 10000 km .

cos(§ = -0.85 S111~ 2@23 ~ 1



Solar

Neutrinos

e sun produces v, through nuclear burning: pp cycle

p - Dee
(PP: 99.75%) |

‘p+e'+pa D+ V,

| (pep: 0.25%)

!

‘D+p — %He + y‘

1

*He + He —=0(+2p

|

*He +'He —= 'Be +Y *He+p —= 0 + €%+ V,

(Pp-1: 86%)

!

!

7 7 - [
('Be) Be+eHL|+Ve

‘Be+p—=B+Y

Li+p —=2

(pp-II: 14%)

(HeP: 0.00002%)

8 8 * +
B — Be+e +Ve (BB)

|

*Bé——~ 2

(pp-lll: 0.02%)

CNO cycle (small)

15 16
p+ N —>O+y
p+160 —»17F+ y
17 +
F—'
O+e + Ve

17 14
p+o—> N +




e SuperK can see the sun in neutrinos

X,

Ve +€ —UV+ €



o v, flux predicted by standard solar model (Bahcall and
Pinsonneault, pp chain only)

i SuperK, SNO
1Gallium (Chlorine I P C
1012 ¢ -
Bahcall
1
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Experiments measure deficit of v,
(Homestake, Gallex, Sage, Kamiokande, SuperK, SNO)

% 1288

Theory ™8 'Be mm P~P P€P  Experiments pm
B B CNO Uncertainties

Homestake v, +Cl — e + Ar
SAGE, GALLEX v, + Ga — e~ + Ge

Superk Ve + €~ — U+ e~



e SNO can measure both the total v, + v, + v, flux and the

v, flux

~ 8

7

~ 6

g,

7 4 (CC) ve+D = p+p+e”
3"
of (NC) v+ D —wn+p+u,
OF——————

@, (10° cm2 5%

Total flux matches prediction!

e Eixplanation: v, — v, v,. Survival probability

om2ctL
4hcFE

P(v,) = 1 — sin*(26) sin” (
oscillation length Ly = % < L (if 0m?c* > 107%eV)
®B vs have broad spectrum — oscillations average to 1/2
1.
Pv,)=1— 5 Sin (20)

But: suppression is factor 3



Matter Enhanced (MSW) Oscillations

e neutrino propagation in matter: forward scattering on elec-
trons leads to effective potential

e e

\/ CC+NC
Ve Ve
G F
e e electron density N,(r)
\/ NC Wolfenstein (1978)
VH,T VH,T Mikheyev-Smirnov (1985)
G

e modified wave equation

2 m? .
e k(1)) < (V5 3 cnl2) S0 ()

54% sin(20) + 54% cos(20) V)
e consider eigenstates of RHS (“matter eigenstates”)

e start at high density

matter eigenstates ~ flavor eigenstates



e resonance occurs if diagonal element vanishes. Possibilities

1) ve = 11 non — adiabatic  P(v.) ~ cos” 0, P(v,) ~ sin? @

2) v, — 1y adiabatic P(v,) ~sin*0, P(v,) ~ cos?6
~|ve
m? —
2E

MSW
resonance

p
e Landau-Zener method
1 1
P(v,) = 515 cos(26) cos(26;)(1 — 2e~™/2)
0; local mixing angle at production point
X VE

20;) = — X =—— 20

cos(26) /X2 +sin?(26) om? cos(26)

v. adiabaticity parameter

Ve =

cos(20) 2F

sin®(20) 6m? 1 dp(z)
pe dx

Te

e resonant conversion requires

1. resonance (level crossing) exists

2. adiabatic parameter v, > 1



e resonant conversion of neutrinos in the sun (py(sun) =~

150 gr/cm?)

10

sm” (er_/\M eV)
o




MSW
o
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global fit

10-3§ \\HHH‘ \\HHH‘ \\HHHl \\HH%
10 BPOO, Free B & E
‘g\ o’ ]
1070 .
N T
~_ 10° o
E = ]
<10° =
1029 Active
Lol Ga+Cl+SK(Sp, Zenith)
+CCH+A(CC)+NC

10-12 \\HHH‘ \\HHH‘ \\HHH‘ \\HHHI [ |
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e neutrino fluxes from BP solar model (but: ®B treated as
free parameter)

e Cl and Ga experiments (Homestake, Gallex, SAGE)

e SuperK zenith angle-recoil energy spectra

e CC and NC fluxes from SNO, SNO day-night effect.

J. N. Bahcall, M. C. Gonzalez-Garcia and C. Pena-Garay, JHEP 0207, 054 (2002)



Checking Solar v Oscillations at KamLAND

e KamLAND looks for v, disappearance

nuclear reactors

N
N N n
KamLAND
~200 km
1.4F
1.2
1.0 e bt £2. .._..._..._g#_..m..m.,_._m _____
% ’00.“‘
ZCD 0.8+ ':“ ,:
i A ILL y H
© 0.6 x SavannahRiver +‘
Z O Bugey F
X Rovno
0.4+ o Goesgen
A Karllasr\l;)y?jry
0O PaoVerde
0.2 = Chooz
e KamLAND
0.0, | | | |
10" 10 10° 10* 10°

Distance to Reactor (m)

e results favor LMA solution to solar neutrino problem

e Checking atmospheric v oscillations: K2K, MINOS



Global Fit

e Have to account for solar and atmospheric neutrino oscil-
lations (ignoring LSND). T'wo possible schemes

— e
0 mz(atmos)
o mz(atmos)
Y Vg Y Xi
Inverted normal

e experimental results determine

e unknown parameters



More evidence for v, oscillations

e LSND

beam of v, — detect v,

e LSND parameters
om* = (0.2 —2)eV* sin®20=10""— 107"

e cannot be accommodated in 3 X 3 mixing scheme

> om* = (m5 —mi) + (m% —m3) + (m? —m%) =0

e possibilities

1. experiment(s) not interpreted correctly

2. new neutrino physics (sterile v, CPT violation, . ..)



BoolNe

(Booster Neutrino experiment)

LMC
J ?
" - W=y
g Deca¥  absorber 450 m Detector
ocu Sl..ﬂg hOl’ﬂ nglOR d].lt

higher statistics

higher energy
will provide 5o check on LSND



What is a Sterile Neutrino?

e A sterile neutrino doesn’t couple to the W or Z boson, but
mixes with the other neutrinos

— AR LA RAE RS LRI ARE LARLEEES LEARBEEN B
A L .
- =
. LT OPAL -
30— M2 o 4
| M.=4 . | v
" Ta% _ et
_ 7\ 1 z
L L v 4
e | i . _
L= ‘I. ‘.. -
i J f 1 euT
i y % ] <H>
10 I E N4
| H%!-_\ d E
- ""--,_‘ - Ve’u,'[é VS
r g ©
D el iiiii L i i iiii L iiiii L iiiiis |
36 88 S0 a2 g1 96
vs (GeV)

e Mixing matrix is at least 4x4!

(]él (]éQ l]éB (]é4
l]ﬁlr l]ﬁQ‘ l]ﬁB l]ﬁ4
U Uy Urs Upg
[];1 (];2 (];3 l]g4

e

e Also, it’s not really sterile...



Theories of neutrino mass

e simplest possibility: right handed singlet neutrino

L =yvrHvy, + h.c.

<H> <H>

<l
<l

e Higgs expectation value

(H") = 246 GeV

why so small?



Theories of neutrino mass

e Majorana mass

£ = LB H)(Hvp) + hc.

A
<H> <H>
P hd
Loy
~ o —

e dim 5 operator characterized by scale of new physics

unnaturally large scale?

A ~ 103GeV scale of new physics (?)
A ~ 109 GeV scale of grand unification (?)
A ~ 10" GeV Planck scale



Seesaw mechanism

e introduce right handed singlet neutrino
L = (05 Ng) 0 m v
L7\ m M)\ Ng,

SM Dirac mass

SM singlet Majorana mass

e diagonalize mass matrix

get the right mass scale for light neutrino

L
e




Large Extra Dimensions

e Study of extra dimensions is motivated by string theory
which requires 10 dimensions for consistency

e old idea: all but 4 dimensions are compactified with sizes
on the order of the Planck length

e new idea: extra dimensions could be large as long as stan-
dard model fields are confined to 3+1 dimensional brane

Arkani-Hamed, Dimopolous, Dvali,. . .

gravity
<
o
« 60@936«\ singlet neutrinos?
o
D3 brane bulk

e important constraints

(1/r law of gravity)

(no evidence for new physics at the Tevatron)



Kaluza Klein Modes

e particles in 4 + n dim looks like a tower of states in 4 dim

Example: 1 extra dim which looks like a circle of radius R
Oz, y) = k:%io @k(x“)eiyk/R
e consider scalar field
(0,0" — 9 +m?) (z,y) =0

2

k
% (8,}9” + B2 + m2) $p(x) =0



Neutrino Mass from Extra Dimensions

e introduce SM singlet neutrino field in 4 + n dim = tower
of states

1/2
my,, = ki + k, T k_,%
T\m TR TR
e couple to SM doublet neutrinos v, » on the brane
yv o _ _

pre-factor comes from coupling (4 + n) dim field vg to 4
dim field v,

® mass matrix

mp V2mp V2mp V2mp ... V/2mp

1/R
2/R
3/R
k/R
= |1 = ]1[ vy + (mpR)|UM) + ..+ (mZR>|1/£4>

mass eigenstates, mg ~ mp, mi ~ k/R

e small neutrino mass from small overlap between 4-dim and
higher dimensional neutrino



Signature: Energy dependent v magnetic moment

e m, # 0 = v has a magnetic moment. SM Dirac v

my

l1eV

Wt = 3-107 ()

current limits: p, < 1.8-107"up  veescattering
- 1.0-1072up  supernova

e extra dimensional scenario

Effective Magnetic Moment

—22 | | | | | |

1
10
Available Energy (MeV)

&)

McLaughlin, Ng (1999)



Type II Supernova

massive star

Oxygen
C He
S H

e core unstable
Meore ~ 1.5Msyn

e collapse to nuclear
density

e core bounce
e shock produced

e shock stalls

e neutrinos diffuse

John Blondin, NC State Out Of CO]:'e7 energlze
shock



Supernova Neutrinos

e Most neutrinos emitted during the first ~ 10 sec.

e Galactic supernovae estimated to occur ~ 1 ev-
ery 30 years.

e Supernova neutrinos detected from SN1987a:
~ 20 events observed in Kamiokande and IMB.

+ p T

e Current detectors will record 1000’s of events.

SuperK: ~ 8000 7, +p — e* + n events
SNO: ~500v+d —>v+p+n

SNO: ~80ve+d—e +p+n
KamLAND: ~ 300 v +p = n +e™
KamLAND: ~ 100s v+ p — v +p

Beacom and Vogel



Supernova Neutrinos

e All types of neutrinos emanate from the core. They travel
through the outer layers of the SN, then to earth.

long mean free
path

core Ve SN neutrinos pro-
Vg V%de unique opportu-
- nity to “see” the cen-
Vu Vu VeV
ter of a SN.

short mean free
path

e neutrino spectra determined by surface of last scattering in
SN core

flux

1

I/EI/N
JulEy) exp(%—I—n,,)%—l

Fermi — Dirac distribution

(approximate)

11 MeV 16 MeV 25 MeV E

e large uncertainty in spectra

ky,, = By, = E, = E; =20 —30MeV

B, = 13— 19MeV
E, = 8—13MeV

n, = 0—3



Supernova Neutrino Oscillations I

e The MSW resonance that affects solar v’s also occurs in
the supernova

No problem!

e We have everything we need

e Conclusion:

core



Supernova Neutrino Oscillations 11

Yes! 13-resonance (does not occur
in the sun)

Big problem!

e We do not have everything we need

unknown

e oscillation depends on 63, hierarchy

~—pat Vv, Vy not v,

V3
core
N VaVaVaVaUaUes =
V2 V2V Va3
N VaVaVaUE NV VaVaVUa s =
Ve V V

S part Ve Vy \,



Supernova Neutrino Oscillations I1I

include sterile neutrino

C/He shell

proto

neutron
star
( > 6-7 3
> (10" gr/cm 3
YeS ;3 P 9 resonance 11
f\ 5m%3
p ~ 10% gr/cm®
All possible

Ve <> Vg Tesonances
om2, ~ 107 eV?

Adiabaticity for v, <+ v?

e Depends strongly on Oq4

e Density profile changes with time

e Unique to supernova,

e no feedback in the sum

H shell

\

resonance I
6m%2
p ~ 10 gr/cm’



Feedback in Flavor Transformations

Vet+tN —D+e€

Vo +p—n+e’

p

Y, =
n-—+p

MSW potential oc p(Y, — 1/3)

Ve 4 Vg

U, <> U,



Electron neutrino spectrum

for ve <> v¢ solution to r-process
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Summary

Compelling evidence for neutrino oscillations

e SuperK atmospheric neutrinos
e SNO CC and NC measurements

e standard solar model vindicated: sun produces energy via
the pp chain

Many questions remain

e what precisely are the masses and mixing angles? (what
are the elements of the MNS matrix?)

e is CP (or even CPT) violated? are neutrinos Majorana or
Dirac? do they decay? do they have a magnetic moment?

e what about LSND? (= BooNe). do sterile neutrinos exist?

e where does the neutrino mass come from? why are neutri-
nos so much lighter than quarks and charged leptons?

Neutrino astrophysics

e supernova produce neutrino bursts. detailed observation
will provide constraints on supernova and neutrino physics

e neutrinos figure crucially in the r process. are sterile neu-
trinos the solution to the r process problem?



