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Ored/ine

introduction to what we know about neutrinos

= mass
% Majorana vs Dirac
= mixing
= oscillation
= matter effects
critical open experimental questions
the neutrino portal
neutrinos in cosmology and astrophysics
= cffects of sterile neutrinos
= dark energy coincidence and MaVaNs

Introductory
level

more
advanced




YV Mass



Nectdrinos in the Standard Mode/

e Standard Model was formulated without any neutrino mass, even
though it was formulated after neutrino oscillation and neutrino
mass had been suggested as a solution to the solar neutrino
problem, and neutrino mass suggested as a solution to dark
matter problem.

Why leave out the neutrinos mass?

Now that there is convincing evidence that neutrinos have tiny

masses, neutrino mass has been incorporated into
“the v standard model(s)” in either of 2 ways.




Standard Mode! tith MassS/ess
Nectdrinos: /Ze//c/iy Vs c/w‘m//iy

® Chirality = eigenvalue of vs.
= [ orentz invariant measure of “handedness”.
= PL=35(1-vs), Pe=3(1+7s)
* Project out “left-handed” and “right-handed” fields
% chirality is Lorentz invariant
* for massless particles, (and only for massless states) chiral
symmetry = chirality conservation
® Helicity =J-P
* for massless states (and only for massless states), helicity is
Lorentz invariant
* for noninteracting particles, helicity is conserved

= for massless states (and only massless) chirality ©< helicity
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C/7/ra//z‘y veS /7&//AC/‘Z<>/ y cont

Massive states:

= Chirality is Lorentz invariant, not conserved

= Helicity is not Lorentz invariant, is conserved

for state initially left chiral: <helicity>= - 2 (for v, f=I)
for left handed helicity: <chirality>=-3

left chiral fieldss left chiral particles or right chiral
antiparticles

only left chiral fields are weak doublets [ Vi

in SM: neutrino part of weak doublet

when v was massless: “all v’s are are left handed (have negative
helicity) and all v’s are right handed (positive helicity)” (both
are weak doublets)




V niass 1n Lhe Standard Mode/
MeZ‘/?oc/ Z: D/A/‘CZCL

same as any other fermion

\% . .
¢ f[ e ] weak interaction doublet

v, weak interaction singlet. No gauge charges at all!
h =Higgs doublet
A, <h>v/l,=m, =\ <h>
no explanation why my is so small compared with other masses

* my < 1 eV (h=c=1 units); m.=0.5 MeV




More déo&d D/rac MASS

For Dirac mass term, need vi. and Vr fields

The neutrino and the antineutrino are different

There are 4 particle states:

= vi(weak doublet in massless limit),

= vr (weak singlet in massless limit),

= v, (weak singlet in massless limit)

= Vg (weak doublet in massless limit)

Lepton number is conserved and distinguishes between v and v
The Vr field has no interactions other than through the mass term
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Lrportat note aboct " lef?” and " right”

When referring to fields “L” and “R” refer to chirality
When referring to particles, “L” and “R” refer to helicity

chirality and helicity coincide for massless particles and are
opposite for massless antiparticles.

Neutrinos are so ultra relativistic, so close to massless, that
chirality and helicity almost coincide.




Mg/'orana PSS Cerr

For a neutral particle, if there is no conserved quantum number,

the particle and anti particle may be the same

vg and vy transform the same way under Lorentz group
Could have Lorentz invariant mass term v, vy instead of Vg v
breaks lepton number

breaks electroweak gauge invariance




V mass Method IT:

SeeSatw Mad'orana »MaSS

Vris gauge singlet field
VR VR Majorana mass term is gauge and Lorentz invariant

If both Majorana and Dirac terms are present the v mass terms

may be written as a Majorana mass matrix:

m is just like the Dirac mass term and could

: . . %
have been written in usual way for Dirac term

M is a Majorana mass term, breaking lepton

number




SeesSacw continied

Consider limit M »>m (motivated by GUTSs)
Diagonalize matrix perturbatively

just like 2 state quantum system . _ .
approximate eigenvalues: MM

= sign of fermion mass does not matter

= as M gets bigger, small eigenvalue gets smaller!

* my=0.1 eV, m =100 GeV = M = 10'* GeV!

- (at low energy, we can only determine Im2/Ml)




Effective ﬁ e/d Z‘/?eofy

e Effective field theory
= If a particle is too heavy to make, only see virtual effects

= same effects can be approximately included in an effective
(nonrenormalizable) local operator in the Lagrangian

% e.g. 4-fermion operator in Fermi theory of weak interactions

® “Integrate out” heavy particles

inxL(qb,CD) _ inxLeﬁw)
J.D(D heavy D¢lighte = J. D¢lighte

= L is sum of o local operators

= approximate L. with finite set of terms
* lowest dimension terms in L.y dominate

* dimensional analysis, 341 spacetime dimensions: coefficient
of dimension d term of order (1/M)(@4), perturbatively
expand in powers of (E/M)




EfFfective £leld Z/?eory ard Seesaco
M@‘orana PICSS

e Standard model is surely an effective theory

® Minimal Standard Model includes all terms to d=4
(renormalizable)

= |9 parameters
® next gauge invariant term in expansion: d=5 (nonrenormalizable
= LepDc(h?2M) £ 0 (+hec.)

= for ¢ =1, M is scale at which approximation of keeping only
low dimension terms in expansion of Lesbreaks down

= L. breaks lepton number




S ective Freld T)?eol}/ of the Seesaro

® Integrate out heavy ‘sterile’ singlet with Majorana mass and what do
you get?

LD -(N2h2M) ¢ ¢
nonrenormalizable dimension 5 term

unique dimension 5 term you can add to Standard Model with only
Standard model fields

h=»<h> : Les=¥ into tiny Majorana mass term for v

* my= A2 <h>2/M

® v has 2 components: left and right helicity

® Lepton number is broken=0 v 55 nuclear decay possible
* rate o< m,?

® v is its own anti particle.

= weak interactions convert v, to charged lepton and vr to charged
antilepton.

we usually refer to v as the “neutrino” and its CP conjugate vr as
“antineutrino’




Dirac v Majorana

helicity

L
R

Majorana
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S. Parke Neutrino 2010



W edlé M. /‘X/‘ng and
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What do we know about
neutrinos?
e Three types of neutrinos: e, u, T

— Type determined by what lepton is produced

See the charged lepton produced!

™
=

v.->¢e .511 MeV
v,>u 105 MeV
Ve v, >t 1777 MeV

T Need enough energy:
t



LepZ‘on £lavor

® Discovery of 2 types of neutrinos solved problem of why no
u—ey

W Y

® | epton flavor conservation (e,L,t numbers) a key piece of
standard model



Ear/y %//SZ‘ory of Newtrinos

“I have done a terrible thing. I have postulated a particle which
cannot be detected.”’-Pauli, 1930

® 1956 Neutrinos discovered by Reines and Cowan

® 1957 Neutrinos showed to have left handed helicity by Goldhaber
et al

® 1961 Muon neutrino discovered at Brookhaven

® 1957-62 Pontecorvo, Sakata independently speculate that neutrino
variety oscillates between electron and muon



/Jea,é Irteractions violdale
flavor in the owuark sector

Weak
[ uL ] { CL ] [ tL ) eigenstates
quark doublets: 4, St g

quark weak eigenstates are not mass eigenstates

mass
eigenstates

weak quark mixing: d', Ve Ve Vi d,
V= VCKM S "L = Vcd Vcs Vcb S L
b', Va Ve Vo b,
VVvi=I
mixing requires both up and down quarks to be massive, with

non degenerate masses

off diaconal CKM elements are small



Lepion /)7/)(//73 7

® Why not an analog of CKM matrix for leptons?

® In minimal SM, with no Vr field, v’s are massless and lepton
flavor conservation is “automatic”

® If neutrinos are massless, then can always make
mass eigenstates = flavor eigenstates

® What if v’s have tiny mass? lepton flavor violation should
become unobservable as m=0



PMNS micdrix in Lepz‘on Seclor

V., v Vi
® lepton doublets: e
€ Hy 7L
® lepton weak eigenstates are not mass eigenstates

® lepton mixing:

VeL Uel Ue2 UeS vlL
® U=Upuns Vo |=| Uy Uy Uy Vor
Y UU7‘:] va UTI U‘l.'2 U1'3 V3L

® mixing requires neutrinos to be massive, and have
nondegenerate masses

® observing mixing requires observing effects of nondegenerate
neutrino mass



V Llavor

oscill/ alions



Finematic Effects of »nass

® Usually we observe effects of mass through the kinematic
relation  g=.[p?+m?

® Produce v with E >> MeV
® m<eV

= p~F-m?/(2E)

) Ap<10-15 MeV

= A> /00 m ! classical kinematic effects of mass not
observable



Jetantem Mec hameal EFFects
of V mass

® Neutrino wave packet is so ultra relativistic that it propagates
with w =k

® cssentially no dispersion, distance traveled x = ¢ 2
® cffect of mass on overall phase of wave packet: ¢

® flavor eigenstate produced in coherent superposition of mass
eigenstates which acquire different phases as they travel

® [fonly 2 v’s mix (e.g. v,V.) simple formula for probability of

flavor transition 5 5
(m; —m, )x]

n—e

P, =sin’(20)sin’
4F



Vs Alavor elgenSZ‘dZ‘eS

b).

Figure 1: a). Representation of the flavor neutrino states as the combination of the mass

eigenstates. The length of the box gives the admixture of (or probability to find) correspond-

ing mass state in a given flavor state. (The sum of the lengths of the boxes is normalized

to 1. b). Flavor composition of the mass eigenstates. The electron flavor is shown by red

(dark) and the non-electron flavor by green (grey). The sizes of the red and green parts

give the probability to find the electron and non-electron neutrino in a given mass state.

c). Portraits of the electron and non-electron neutrinos: shown are representations of the

electron and non-electron neutrino states as combinations of the eigenstates for which, in

turn, we show the flavor composition. from Smirnov
hep-ph/0305106




DV 2 flavor M/‘X/ng

® Probability of producing flavor a in a beam of flavor b at a
distance x from the source

” x|
x U UU7=]=no flavor
_ 2F
Pab - Z UajUbJe change at x=0

® With >2 flavors, U can have a CPV phase, just like in quark
mixing. For antineutrinos:

Pu=DU.Ue | =P, #P,



A brief history of neutrino
mass...

The Standard Model (‘67-’68) - massless
neutrinos

1967 - Homestake Experiment on solar neutrinos:
“solar neutrino problem”
» 50% depletion => need very small masses, large angles

“Theoretical prejudice that 0,, should be small makes this
an unlikely explanation of [the solar neutrino problem].”
- anonymous

» Probably just astrophysics



effectls of raler
on oscilladions



The MSLW rechanmsr effectds
of pro/oagafinﬁ 5/704(3/7 maller

Ve
® neutrinos propagate through matter /

e
® matter is full of electrons
e
® forward scattering of electron neutrino \
® additional phase for Ve Ve



EFSfective Y forV propdalis

® in flavor basis: (simplified case of 2 neutrinos)

® ignore terms o</, only can see Am?=m;2-m;2

—[i22]cos(29)+v [i”g)sin(ze)

T (A;Zz]sin(ZG) [A:;zjcosﬂe) (+ terms o</ )

® V is matter effect for electron neutrinos from electrons
® Veocdensity of electrons

® when diagonal terms are equal, resonant enhancement of mixing



Leve/ crOSS/nﬁ in Che Swun

® adiabatic conversion “start heavy, stay heavy”

from Smirnov
hep-ph/0305106

eigenvalues

increasing
density

Figure 3: Level crossing scheme. Dependence of the eigenvalues of the Hamiltonian in
matter, Hyy, and Hypy, on the ratio z = 1, /Iy for two different values of vacuum mixing
sin? 26 = 0.825 (solid, blue lines) and sin? # = 0.08 (dashed, red lines).




More a/ez‘a//s of’ /\//5;()

from Smirnov
hep-ph/0305106
non—oscillatory conversion
et ot e s S DA
oo

2%

Figure 5:  Adiabatic evolution of neutrino state for three different initial condition (n2).

Shown are the neutrino states in different moments of propagation in medium with varying
(decreasing) density. The yellow vertical line indicates position of resonance. The initial
state is v, in all the cases. The sizes of the boxes do not change, whereas the flavors (colors)
follow the density change.




Fast forward to mid-90’s...

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000

1.0:050  1.0:3%

Experiments mm
Uncertainties




‘98 Super-K Atmospheric v’s

* Super-kamiokande sees atmospheric large
atmospheric neutrino depletion

| 1 | 1
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Mass Found in Elusive Particle;
Universe May Never Be the Same

Discovery on Neutrino
Rattles Basic Theory
AboutAlIMarm
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Fast forward to ‘02-°03

e KamLLAND and SNO

— SNO: Sees neutral currents, missing neutrinos

— KamLAND: Reactor experiment, controlled
source => finds large angle MSW



2010 Summary of standard

piClUre

® All confirmed results can be explained with 3 neutrinos

Masses: Label the Neutrino mass eigenstates such that:
Ve cOmponent of 11 > Ve component of vo > Ve component of 3

i.e. D*€1|2 > |L‘T€.2‘2 > |L"v€3|2

dm?2,, = +7.6 x 1075 ¢V?2
\'2
sm2,,| = 2.4 x 1072 ¢V2 vt
|6 Gt | = 2.4 % ¢ Sz

atm

|6m2 ,|/|6m2,,,| =~ 0.03 _

=005eV <Y m, <0.5eV =10"%+m, S.Parke Neutrino 2010

Matm




Mixing Matrix:

M/xing ang/ esS

\T _JT \T
Ve, Vs V1) flavor = Uai [V1: V2, V3)mass

1
C23  S23
—s23 (23

Atmos. L/E p — 7

c13 513~

is .
—S813€ C13

Atmos. L/E p < ¢

500km/GeV

c13c12
—coasi2 — S138p3c12€"
823812 — S13C23C12€"

S. Parke Neutrino 2010

SNO/KamLAND
[Ueaf?

€13812
2312 — S13823512€"

—s23C12 — S13C23512€™

12 s12
—512 €12
1
Solar L/E ¢ — pu,7 Ov33 decay

15km/MeV

Reactor/LBL
|Ues|*(1 — |Ues|?)

Atm Nus/LBL
[Ups|* (X = |Upsl?)

cc Ueol?

- C ~
NcClsno =~




Summary of history of neutrino
mass theory

Neutrinos are massless

Neutrinos have small masses and small mixings,
but they’re not relevant for anything

Neutrinos have small mixings, and the MSW
mechanism might explain the sun

Neutrinos have one large mixing for atmospheric
neutrinos, and the other two angles are small

Neutrinos have two large mixings and one small
mixing, and this time we really mean it.



