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Outline

« What is a neutrino?

— A selective historic tour of neutrino physics from 1930s
to early 1990s

« What have we found out about neutrinos in
the last several years?
— Many surprises

— Concentrate on previously unknown properties

« What else do we need to find out? (and how?)
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Early 1900s

 William Bragg demonstrated that mono-energetic a-
rays were emitted in o decays

« Therefore $-ray should be:

decays 2-body de.cay =
—_— Conservation of energy =
mono-energetic f rays

(right?)
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An Energy Crisis

(and it did not involve Enron, nor Iran)

« Crisis: Continuous 3 energy spectrum found
oo taas ‘NE

= Missing Energy!
Bohr (1932):

“.we may say that we have no
argument, either empirical or
theoretical, for upholding the
energy principle in the case of
beta-ray disintegration”

Pauli (1933):

“I have done a terrible thing, I
have postulated a particle that
cannot be detected.”
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Pauli’s Solution: A tiny neutral particle

« ..which we call neutrino today (actually anti-
neutrinos to be exact...later)

/ “v” carries away
decays

some energy
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v in Standard Model of Particle Physics

e Mass of neutrinos = 0 e Why are they called
e 3 flavors/types: “electron”, “mu” and “tau”-

type neutrinos?
1l

- Lepton flavor quantum
number L is conserved

g
T
-
/) u n n Example : Neutron 3 decay
n —= p + e + ‘_/e
IS e u T L, 0 0 1 -1
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Discovery of the (Anti-)Neutrinos

* F. Reines & C.L. Cowen @ Savannah River reactor plant
* We just celebrated the 50t anniversary of this discovery last
week

— +
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v Y Ve frcim reactor 44 oy y
K% ? Liquid Scintillator
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capture on ee
Cd T annihilation
Y 2 L Liquid Scintillator

=y [ s

LAWRENCE BERKELEY NATIONAL LABORATORY




Coincidences

neutrino

(a) Positron scope Neutron scope

neutrino

noise
cosmic ray

l(lfl’ll Scmwe
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Detecting Neutrinos
(Why is it so hard?)

« No. of observed events:
= o (v flux) x (prob./target) x (no. of targets) x (time)
« Neutrinos do not interact readily (small prob.)

= Need very powerful sources:

Accelerators Supernovae

' Years of World-Clas
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Detecting Neutrinos
(Why is it so hard?)

« Neutrinos do not interact readily (small prob.)
= Need very large detectors:

L™ - ™~
‘e

1400 m =~

00000000000

2400 m —
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The Sun: Our Source of v

pp chain:

4p + 2e — *He + 2v, + 26.7 MeV

IGallium

| Superk, SNO(CC)'

1
] SNO(NC)
| Chlorine !
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First Detection of Solar v

 Ray Davis used this tank of
cleaning fluid (615 t) CoCl4 to
detect solar v

e ve + 37C| 37Ar + e

* Flush tank, collect 3”Ar, look for its
decay back to 3/Cl

« Only ~1/3 of the expected number
found

 Other experiments show similar

deficits of ve
o [ Qs
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* Flush tank, collect 3”Ar, look for its
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deficits of ve
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Solar Neutrino Problem ' s
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An Aside: Supernova v
« ~150,000 years ago, a star exploded in the Large

Magellanic Cloud

« vs from SN1987A were detected by 3 detectors on Feb.
23, 1987.

« v decays cannot explain the solar neutrino deficit.
lﬂﬂ:‘
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An Attractive Solution:
Neutrino Oscillations

. 5
] - N
V1 Vo Ve VM Ne
mass states flavor states
V1

= cos f @ + sinf ‘
@: _sinf @ + cos 0 ‘ « Each “flavor” state

contains waves of
// V44
Pure v, Pure v, Pure v, mass” states (mz0)

A A A Al
/\>ﬂ \\</\/\>[/ W\/\yvz wavelengths
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Neutrino Oscillations

* Probability of a v (say ve of energy F) is detected
to have the same flavor (ve) after it has traveled
a distance L:

oy Y1 cin2 90 ain? 2 2 Lim 2 _ 2 0
P(v, — v,)=1-sin" 20 sin (1.27 Am©lev] E[MeV]) where AM* =m5; —mj

*1 gV = Bg g Wl
1 eV = 1.78x10% g %smm
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Neutrino Oscillations

* Probability of a v (say ve of energy F) is detected
to have the same flavor (ve) after it has traveled
a distance L:

s _1_cin? .2 2L[m] 2 _ 2 2
P(Ve Ve)—1 Sin |n (1.27eV ] E[MeV]) where Am ms — My

Nature

* —_ 3B Yeurs of World Claw
1 eV = 1.78x10% g %smw
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Neutrino Oscillations
* Probability of a v (say ve of energy F) is detected
to have the same flavor (ve) after it has traveled
a distance L:
P(v, = v,)=1-sin® ‘ln 1 27‘ Ve] E[L“;eil] where Am® = m5 — m?
Nature Experlmenter’s choice
- Choose the v source
- Decide where to put
the detector
* — Bg o
1V =1.78x1033 g 2 T L
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Solving the Solar Neutrino Problem

¢ 1kt DO in SNO
« “D”: heavy hydrogen

(T proton + 1 neutron)

 Detect v via:
Ve +d—p+p+e
Veur +d —=p+n+ Ve r

° (D(Ve) — (D(Ve+Vu+Vr) ?

' Years of World-Class
Science
1931-2000

Sudbury Neutrino Observatory .
(Canada) cocecd) ﬁ
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Problem Solved
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Testing Solar v. Oscillation

 Using anti-neutrinos from power reactors
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Testing Solar ve Oscillation

f'ﬂ"ﬂ]

KamLAND (Japan)
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Reactor anti-neutrino
deficit discovered by

KamLAND
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Another v Source from the Cosmos

Cosmic-ray
shower

~30 kilometers

Atmospheric neutrino source

nt—ut+v

i
et+v, + M
n— |.l._+\7!.1
|—)e‘+ V,+ Vu
e’ e’ u =
detector EXpeCt: Vu + Ve ~ 2:1 ‘\| Yeurs of World-Class
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cience
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Another v Source from the Cosmos

&7 R ) Cosmic-ray
j “~/~_  shower
R  Large proton decay
o experiments observed
i . -
~30 kilometers Ty x/éf/ff ¥ V“.Ve 1

* This time, v, Is
missing

Atmospheric neutrino source

Tc"'—r-].ll_""+ Vi
& =,
e +V9+VL1
n— |.l._+\7!_l
|—>e_+ve+\f

I

Underground
Vi Vo Vu, V”
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Another v Source, Another Puzzle
, L

 The disappearance of

v,’s depends on the
distance that they travel

.........

no OscC.

11.146 20°PMTA

3

Super-Kamiokande
(Japan)




Testing Oscillation of Atmospheric v,
» v, from accelerators, detectors ~100s km away:

Fermilab 10 km Soudan
730 km

‘ears of World-Claw
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Testing Oscillation of Atmospheric v,
» v, from accelerators, detectors ~100s km away:
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Testing Oscillation of Atmospheric v,
» v, from accelerators, detectors ~100s km away:
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Recap

« We found that the Standard Model (SM) of
Elementary Particles is incomplete:

-my#0
- solar neutrinos: Am1,*~10~ eV?
- atmospheric neutrinos: Am»3°~10~ eV~

— vs oscillate:
- solar neutrinos: ve — a mixture of v, and v:

* atmospheric neutrinos: vy — v: (mostly)

Do theoretical physicists know how to fix the

SM¢ — ,- e
'm\'ﬁ ' mSc{f;?ﬁ
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Recap

« We found that the Standard Model (SM) of
Elementary Particles is incomplete:
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« We don’t know how the mass states are
arranged (“mass hierarchy”) [cf. atomic state]

)

mass

=

Am’
atmospheric

Why Not? (I)

Am
G — CC—
3 solar { ?
 — O
Ve V, V.
) —‘: Am’
} solar
| — ] I 3
NORMAL INVERTED
HIERARCHY HIERARCHY
M1 < M2 < M3 M3 <mq1 < Mmz

' Yeutrs of World-Clas
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Why Not?2 (1)

 We do not know the “absolute mass scale”.
(How much does it “weigh”?)

3 D ]

R
—

mass

- atmospheric




Why Not? (11I)

« How do neutrinos acquire a mass?
— Can neutrinos be their own anti-particles?

» Dirac particles: particle # anti-particle [e.g. (e*,e7)]
» Majorana particles: particle = anti-particle

— What is the mechanism that generates its mass?

(Higgs?) Wt
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Why Not? (IV)

 Neutrino mixing properties are not completely
known

ve=08@) +05@ +Uecs @
vy =—04@) +0.6@ +0.7 @)
v, =04 @) —06@ +0.7@

e« What is Ues?

Ue3 X SIn 913
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How do we measure v mass?

e Direct kinematic measurements
« Example: Tritium (=1p+2n) B decays

SH ->*He+e + v,
Look for distortion of p-decay spectrum <=

entire spectrum region close fo 8 end point

]
.

£ o *N ___——— Shape ~ [(Eo-Ee)>-m()?]"”
%‘ o %“-5 r Oev
> ;:: 04 |

only 2 x 107" of all
decays in last 1 eV

0 I L L b .3 -2 -1 0

2 G 10 14 18 2
E-Eq[eV] T o Vb Coom
electron energy E [keV)] Science
1931-3006
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A Future 3H B decay Experiment
(KATRIN)

Provide stable Count electrons
SR titium column Reject low-energy measure their
------ density electrons Energy, position

?"" Ve d °
/ ® g P

< 2
70m

g . ~ < "'""' "ntnof“;udd-(lh-
Sensitivity ~ <0.2 eV m T Soience
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Another way to learn about mass scale
(Bp decays)

 Allowed process:

Half-life: ~10%7 y

(cf. Age of the universe =
13.7 x 10%y)

. y
“—— Y

L=0 L=0 .
e e 'i ms.,c%
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Another way to learn about mass scale
(Bp decays)

* Prohibited process in SM (as this will require
neutrinos to be Majorana particles):

Decay rate « mgp?

Mgp: “Majorana mass’

(which relates to the
“mass scale”)

/
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One way to learn about mass hierarchy
(Bp decays)

I

mﬁﬁ 1000
_100 A
> ]
Q
E
[%2]
3
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= 105
=) .
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2
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O
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p 2 2
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U,=0.5 &m’, =2000 meV’|E
Us=0
0'1 I T T lllllll T T lllllll T T LI
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1 10 100 1000

Minimum Neutrino Mass (meV)

Mminimum
Mass hierarchy can also be measured in future dedicated “long

baseline” accelerator experiments (later) BN VA
ey s
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Two new 0Ov BB experiments
(with LBNL involvement)

CUORE ("3%Tes») Majorana (“°Ges;)

- Bolometer - Semi-conductor diode

-« Heat sink

<—Thermal coupling
Thermometer
[ Incident particle L}

* (Energy — AT)
Crystal absorber
~0.2 mK, 4x10-'2 J

° - = - - -
a® a® @ ®e® a® . o’. |
. o k. o
. g8 } a® a®
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S.L. Glashaw
Nobel laureate

AT EED, 68l
FrhEL = H5earn
20036 H 140
49 L8 UG R R a3 0, = Bk s, LES PA RS TP R
B R -l E N, —a—p ) RROEECAREREL TR e
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A Y/

Years cf“.thChn
Science
19313006
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How to measure 013

« Method 1: Improved reactor neutrino experiment

= BN
1+ 1
s i
g 7 f
@© 08—
(hd Jil,
3 i
5 0.6_—
7]
3 L
S 04—
gl “near “far
- detector” detector”
ol
T Ll e R Lol [ NEEEn L1l
1 10 10? 10° 10* 10°

L/E [eV]

- 2 detectors: one “near” (< ~500 m) and one “far” (1-2 km)
- Difference in measured reactor neutrino rate depends on 013
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How to measure 013

« Method 1: Improved reactor neutrino experiment
World of Proposed Reactor Neutrino Experiments

_ LiKrasnoyasrk, Russia
‘m'md e R i Rk + Kashiwaza), Japan
- p A0S nmox“’ﬁ

Daya Bay, (‘hm +

Diablo Canyon, usn .'.7 'ﬁ?

Angra, Brazil

- 2 detectors: one “near” (< ~500 m) and one “far” (1-2 km)
- Difference in measured reactor neutrino rate depends on 013

— o=

LAWRENCE BERKELEY NATIONAL LABORATORY



How to measure 013

« Method 2: Dedicated “long baseline” (~100s to 1000s km)
accelerator experiments

— atmospheric neutrinos showed that vy — v: (mostly)

— If we can find vy — Ve in a dedicated experiment, then

No. of v,  sin? 265

Seota

Super Ka.mzume 295km J.Agfgm

Tokyos KEK *
v Gee okyox..

3 L ] Hageya "l_hwum
.m. L. Yeokohama
.Oub.‘

{C) 2000 ESRI « 4200 o /6758 km across

T2K (Japan)
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The Bigger Picture

l//

 Neutrinos “contro

DRDINARY MATTER: Fem QuAnks 1o US

" the balance of
[y e -2,:"
Fon o neutrons and

NSITIoN FgoM  * 2 = o DadimofnaTrel

QUARIGH > NEUTRRS, Porens * °.° pl‘OtOﬂS (and Big

Bang
Nucleosynthesis) in
early universe

e We owe our
existence to
neutrinos!

M. Turner ,a\l ' e 8
freerrery Science
== ence
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The Bigger Picture

o Th e I a rge - S C a I e 2.5-degree thick wedge of the redshift distribution of galaxies
structure of our
universe
depends
somewhat on
the mass of
neutrinos (after
all, neutrinos
are massive)
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Neutrino Telescopes

» Just as Galileo searched for astronomical objects with his
telescope, we have started searching for neutrino sources

with neutrino telescopes.

The neutrino telescope world map

"" -

@ 1990 Tom Van Sant,
Santa Monica, s
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Other questions:
- origin of cosmic rays
- neutrino properties

B

D\ o — %

.

Snow Layer

IlceCube

1400 m 4 ‘
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The Neutrino Sky
« AMANDA(South Pole)

-

Years n’\\nr“—( law

fFrerrey S g
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Neutrino Physics
(An exploding field)

* 4 Nobel Prizes so far (and counting)

— 1967: Bethe (Sun as a neutrino source)
— 1988: Lederman, Schwatz, Steinberger (v, discovery)

— 1995: Reines (ve discovery)
Perl (t discovery and evidence for vx)

— 2002: Davis (solar neutrino observation)
Koshiba (supernova and solar neutrinos detection)
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Neutrino Physics

The Growing Excitement
of Neutrino Physics

K2K confirms
atmospheric
oscillations
KamLAMD confirms
solar osclllations
Nobel Prize for
neutrino astroparticle
physics!
SMO shows solar
oscillation to active

flavor

I’'m lucky to be an active participant of this e ot s

deficit and “images” sun

field, and have witnessed several great e e
discoveries in the past 15 years ouctlatons
Nobel Prize for v discovery!

LSMD sees possible indication
of osclllation signal
Nobel Prize for discovery of

distinct flavors!
Kamioka Il and IMB see supernova

neutrinos
Kamioka |l and IMB see atmospheric

neutrino anomaly

Paull Fermi's
predicts  theory Reines & 2 distinct
the of weak Cowan discover flavors Davis discovers SAGE and Gallex see the solar deficit
Meutrino  Interactions {ant)neutrinos identifled the solar deficit LEP shows 3 active flavors
Kamioka Il confirms solar deficit -
1930 1955 1980 2005
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Other References

General:
 Nikolas Solomey, “The Elusive Neutrino” (1997)
« Christine Sutton, “Spaceship Neutrino” (1992)

Introductory college-level astronomy texts:
« Chaisson & McMillan, “Astronomy Today”

— http://wps.prenhall.com/esm chaisson astronomytoday 5

e Kaufmann & Freedman, “Universe”

— http://www.whfreeman.com/universe5e/index.htm
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