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NEUTRINOS

Winaows beyond the

STANDARD MODEL

“,.; Pierre RAMOND

WHAT ARE NEUTRINOS?

To the atist, mysterious sy particles
that hardly interad...

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Neutrino Tryptik

To Physicists, they are

Crucial for
understanding the basic workings

of the

Universe

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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* Early Neutrino History

» Neutrino Properties

* Theories of Neutrino Masses and Mixings

e The Future

NEUTRINO PIONEERS

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Father of the Neutrino

» Wolfgang Pauli Jr.
Austrian Physicist
1900-1957

* Wroteat age 19 a
review of Einstein’s
Theory of General
Relativity!

» 1945 Nobel Prize

GREAT DATE IN HISTORY

“ Dear Radoactive Ladies and Gentlemen:

| have hit upon adesperate remedy to savethe
“ exchange theorem” of datistics and the energy

theorem. ... there could exist in the nucle
electrically neutral particles... which have spin %,
and ...do not travel with the velocity of light. The
continuous beta spectrum would then become
understandable. ..."

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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BETA RADIOACTIVITY

N o N +e +v

“...I do not fed secure enough to publish

anything about thisidea ... but only those who
wager can win ... Unfortunately, | cannat
personally appear in Tubingen, sincel am
indispensable here on account of a ball...”

Zurich, Decamber 4, 1930

Written afew days after divorcing adressK ate Deppner

Within ayea Pauli was under analysis with C. Jung!

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Pauli proposes to solve
two problems

The Pauli Exclusion Principle

The continuous beta decay spectrum

with

one particle

Nature uses

two particles

ChadwicK discovers

the NEUTRON

a heavy nuclear particle which
solves Pauli’ s exchange problem

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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In 183, E. Fermi assrts

“Pauli’s particle
does not livein the nucleus
itis created and emitted

during beta emisson”

It's a... Neutrino!

e Enrico Fermi, Italian
Physicist, 19011954

» He cdled Pauli’s
particle the “little
neutron”, neutrino in
[talian

e 1938Nobel Prize

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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DISCOVERY

Frederick Reines and Clyde Cowan

devise twenty six years later (1956)

an ingenious experiment to detect

antineutrinos

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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The positron annihilates immediately,
producing two photons:

+

e" +e - y+y

Later, Cadmium absorbs the neutron,
with the emisson d threephotons:

n +Cd - y+ y+ y+

Two photons foll owed
abit later by threephotons
Isthe signature of an antineutrino hitting matter

Fred Reines

earns much later (1995!)

a freetrip to Stockhalm

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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NEUTRINO SPIN

S-wave electron capture

Resonant X-ray Scatering singles out events
with photon and neutrino back to back

knowing the spin o the nuclear states,
and the photon helicity determine

neutrinos to have

spin one-half and |eft-handed helicity

determined in 1957

by

M. Goldhaber et al

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Earlier in 1945 Pontecorvo
had proposed avery clever way

to deted neutrinos

Ve+37C| — 37Ar +e

Neutrino Catcher

(E, 2.8 MeV)

Fill up atank with cleaning fluid

Count the number of Argon atoms once a month

Ar isinert and radioadive

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Fermi thought this was not practicd,
and Pontecorvo never published!

but

Ray Davis JI.

had other ideas

First sets up atank outside a reactor

finds Argon

motivating Pontecorvo
to suggest
neutrino-antineutrino oscill ations

The rumor goes away but the ideapersists!

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Puts a bigger tank degy underground in the

Homestake Gold minein Lead, South Dakota

Thistime he amsto court neutrinos

from the

Sun

The Sun emits | ots of neutrinos

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Neutrino Flux

Neutrino Energy (MeV)

Proton fusion

p+p— H+e +v, E, <0.42 MeV

pep readion

p+e +p - *H +v, E, =144 MeV

Beryllium lines

‘Be+e - 'Li+(y)+v, E, =.861(.383) MeV

Dr. Pierre Ramond, Univ of Florida (ITP Colloquium 1/09/02)
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Boron decay

°B_ ®°Be+e’ +v, E,<14.06 MeV

right energy for Pontecorvo’'sreadion  (E, >.8 MeV)

enough Boron produced by the Sun (Bahcall)

Solar Neutrino Unit

SNU: 107 Captures per atom per second

Theorist Bahcdl

expects ~ 7.7 SNU

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Over aquarter of a entury of data-taking,

starting in 1968, Davisfinds

2-3 SNU

ONE-THIRD of the expeded rate !

Two experiments also find a solar neutrino
deficit in the lower energy fusion neutrinos

SAGE GALLE X

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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NATURE HELPS

1987A SUPERNOVA

after before later

Neutrino burst detected by

nqutoton decay Detedors

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Water and phototubes

Inside

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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detects

Atmospheric neutrinos

by-products of

cosmic ray showers

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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RESULT S

N(muon like neutrinos) ~ N(electron-li ke neutrinos)

Should be 2:1

N(upward muons) # N(downward muons)

Should be same

ALSO

Hux of upward muons depends on

zenith angle e

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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suggests that
muon neutrinos 0scill ateinto ather flavors

W WV

neutrinos have different masses!

Two Flavor Oscill ations

Vi

~

PV, -V,) =sin’* 26 sin2%.27 A (eV?) L(km) E
E (GeV)

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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m? —ny| =2.8x10° eV’

sin® 26 =1.00 (=.8 at 90% CL)

Near Maximal Mixing!

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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also detects

Solar Neutrinos

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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solar v, deficit confirmed

Know where the Sun is at night

even on acloudy day!

(Important in England and Canadd)

Sudbury
Neutrino
Observatory

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Just a pretty picture

Deuterium Disociation by neutrinos

vV.+D - p+pt+e

Charged W-Baoson exchange Only

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Neutrino el ectron elastic scattering

v.te - v t+te

bothw and Z exchange

Ve Ve Vo Ve
>\/wvw< g .
i wW ) e e
e e

June 2001: first results

Elastic scattering agrees with Super-K

Charge Current dissociation suppressed

Fewer solar V. atdetector

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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solar v, deficit confirmed

solar v, fux confirmed

Looks like dectron neutrino oscill ates as well

= 10%™® eVv? sif20=5

2 2
mg

also large mixing (?)

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Next Stage: Salt the detector
to enhance neutron detection

+D - p+n+

Z-Boson exchange only: flavor blind

Counts number of active neutrinos

Will yield absolute normalizaion o
Solar neutrino flux

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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TIME FOR

THEORY

IN THE STANDARD MODEL

Neutrinos are
masdess

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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almost true;
experimental limits on neutrino masses

m, <1l-2eV

m, <170keV are very stringent
m, <182 MeV

Neutrino masses are tiny!

ThreeStandard Modd neutrinos
S
2
are parts of weak doublets

MajoranaMass V. Vv,

Al, =1 AL=2

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Allowed only if lepton
number is violated

Dimension Five; W VeVe
M  Standard Modd Cut-off

M Standard Model Natural Mass

Breg Lepton Number
with

new scalars

new fermions

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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new scalar Zeemodd

/T~

v e)%é%S* uH H S*

new mass scale

Majorana massgenerated
at one loop

new sterile fermions all ow for

neutrino Dirac mass

v N Al =% AL=0

Right-Handed Sterile Neutrino

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Dirac mass has same quantum numbers
Al,=1/2 AL=0

as quark and charged lepton masses

How come much small er?

One bright ideafrom string theory:

weliveona
shed (brane)
floatingin a

bigger space(Bulk)

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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g
v ANANNANANNSND

ve.. L
Bulk

Diracmass WMIN isresult of

Brane-Bulk coupling

Naturally suppressed by geometry!

(if N hasno Majorana masg

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Majoranamass NN  Al,=0 AL=2

can be

very large

(unconstrained by
Standard Model)

With both masses

m
Dirac M i

Majorana
If M isvery big
large eigenvalue m Bm E
OM C
M small eigenvalue

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Natural mass sippression

m Al,, =1/2 scale
M Al,, =0 scale

Majorana neutrino mass-~ milli -ev

— M=10°GeV scaleat which

Supersymnetric

Standard Model couplings unify

Coincidence?

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Quark-Lepton Relations

Quark Mixing Matrix

g1 A X F [ 0 Of
Ugw=UsU_ . =034 1 AFL =0 1 0C
o o-x 1z ool

Charge 2/3 and —1/3 quarks mix the same way

U,;=U_;

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Lepton Mixing Matrix

coY —sin@ 0 H
Uyns= Ufl U, = [sinfsing coicosp -singr
%inesin(p —cogsing cosrpH

Super-K:  cosp = sing Atmospheric

Super-K, SNO: sin@ <cosf ? Sdar

Charged and reutral |eptons mix

differently

U, #U,

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Looks more like

4 ° 9
U, = [0 cosp -singQ
B) sing cosqu

Bcose —sing OH
U,= 3in8 codY 0

Ho o 1

Grand Unificaionimplies

M YD = DT SU(5)

M @3 = M © SO(10)

\

Diracmassonly

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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U, generaly unconstrained
by
Quark-Lepton Unification

Dirac massmatrix

'Y YEE

Unconstrained Mg orana mass matrix

mTBi
M O
/'

New fundamental parameters

v two measured
« threemixing angles one bounded
« one CP-violating angle neutrino factory?
* two more (Mg oranamasy hopeless
e threemasses No absol ute measurement

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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FUTURE

National Underground Laboratory

|ntense Neutrino Beams
Neutrino Astronamy

measure CNB

NEUTRINO MASSES

There is something beyondthe Standard Model

Low energy supersymmetry
Tiny masses

Low energy branes

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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The Standard Model
Higgs
1S

not aonel

FIN

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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my
4 4/
charge-1/3 B}\ , E m
quark matrix O A C
N C m,
CKM matrix

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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OE EPOOE

B) 0
(-u3) M(—l) _ 0 1
M =0 0 O =0 C
@ 1

1F B o 1f
H ° °f

U, = 0 cosp -sing
BJ sing cosgoH

NOT UNEXPECTED

Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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Dr. Pierre Ramond, Univ of Florida (ITP Collogquium 1/0902)
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