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“Standard Model” Neutrino Physics

1914 Electron Spectrum in § 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
1962 At least two neutrinos: v, = v,
1989  Measurement of Z width at CERN — N, =3

2002 tau neutrino discovered.

Neutrino Astrophysics

1938 Bethe & Critchfield p+p — H+et+v,
1946 Pontecorvo,1949 Alvarez
propose neutrino detection through SCl+ v, — 3"Ar+ e

1960’s  Ray Dawvis builds chlorine detector
John Bahcall, generates SSM & solar n flux predictions

“..to see into the interior of a star and thus verify directly the
Karsten Heeger, LBNL hypothesis of nuclear energy generation in stars...”




First Indication of ‘Non-Standard’ Neutrinos

Solar Neutrino Flux Measurements

4p + 2e — 4He + 2v_ + 26.7 MeV (pp chain)
-
=
1960’s =
» Ray Davis’ Chlorine detector £
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« First Solar Model calculations 2
For 30 years
CC and ES measurements of solar v,
Experiment Year Detection Reaction Ratio E\p/BPZOOO
(('IIEI_?I;i)nc l|(3)z)(;- oF Ve —> MAr+ e / x\()()’
(liz;_:(];li;xkamic ll‘z)t\l')(;- "3 o 0.54 = )O\
SAGE (23 1) 1990- | "Ga+v,— "lGe+e 0.55 + .05
(Gli”f)" RONG | P G Tgect e ()x? 0.05
SuperK (22kt) [996-

0.017
\u /W

I SuperK, SNO

(Chlorine
ﬁlllum i
100 ——————rry N
:;,,——""'-___"\ Bahcall-Pinsonneault 2000
i
107 ) PPl 1%
:-:-ﬂ'[
100 [ +10%
o E +10% +1.5%
! "Be THe Pep
107
:[ +20%
w'! g —16%
100 f T
E _‘__.--"".-‘r.
104 f
a8 / .
mt:[

10t

(CC)

(ES)

o
(]

L i
3 10

Neutrino Energy (MeV)
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V,+€ > v, +e

— Data are incompatible with solar models: Solar Neutrino Problem
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Neutrino Oscillation

Neutrino States

Time Evolution
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Mass States
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Experimental Studies
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Atmospheric Neutrino Studies
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Super-Kamiokande

Atmospheric Neutrino Studies
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Super-Kamiokande

Atmospheric Neutrino Studies

Inner detector
: 11146 20” PMIS
| Outer detecto
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KEK to Kamioka (K2K) Experiment

Accelerator-based long baseline neutrino oscillation

experiment to test atmospheric oscillations

atm K2K
L 10-10% km 250 km
E, 0.1~100 GeV ~ 1.3 GeV
Am?2 101~104 eV? > 2x103 eV?
VeV, 50% ~1%
reconstructed Ev
5 Normalized by area

— Expectation
w/o oscillation

- Best Fit

Karsten Heeger, LE

data from 1999-2001

expected: 80.1 events
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Super-Kamiokande L/E Analysis

: : - I T Y,

Searching for Direct Evidence of Oscillations | = 5
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11146 20” PMiS

ﬂ Outer detecto

3
ig
5

T
=
v
i

Prob.(v.—v,)

Neutrino oscillation :
Neutrino decay 0z2f q
Neutrino decoherence : , . ,

3 4
1 10 10 10 10 : .
L A Cor!S|stent with stapdard
Mostly 1.8¢ 2 zenith angle analysis
upward 16k Preliminary 0 ———————
300 e — ' — L/E analysis
a2k Null oscillation § [ — Zenith angle analysis ]
G 200 9
Q o) §
S 150 E L
8 % a Ns £
£ 100 |- %
=}
z (=]
50 ‘.
% 10 10°  10° ,: 10* 2} 90% all d regi
Mostly L/E (km/GeV) | 0: geegeggrep ooy pigyil 7 | 5 il 2 0'3 A |"/°.a |0\.Ne| reglqns. :
Hawmwen Best-fit expectation 1 10 10 10 10 T 015 08 s?,;g:e 09 0% 1
- L/E (km/GeV)

AmM7=2.4x107,5In726=1.00  Firet dip is observed as expected
I A from neutrino oscillation




Atmospheric Neutrino Oscillations

t\'l> .
o e SR Atmospheric v data explained extremely
il well by oscillations
LOW ] ] .
e - primarily v, — v_conversion
1079 ——— %= - mixing angle 60,5 is near maximal
''''' ! - Am2 ~ 2 x 103 gV?2
VAC [
|0—12 ’ | | ! ‘
10~ 10~ 10 10°
tan“0
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High-Statistics Solar Neutrino
Observations at Super-Kamiokande

Inner detector
' 11146 20” PMIs

Elastic Scattering: v, +e — v, + e
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Sudbury Neutrino Observatory

2092 m to Surface (6010 m w.e.) T

PMT Support Structure, 17.8 m
9456 20 cm PMTs
~55% coverage within 7 m

Acrylic Vessel, 12 m diameter

1000 Tonnes D,O

Need solar model-independent
measurement.

Need experiment that
measures v, and v, separately.

Karsten Heeger, LBNL SeeSaw?25 - June 10, 2004



Neutrino Detection in SNO

Neutrino Interactions on Deuterium and their Flavor Sensitivity

Charged-Current (CC)
V+d — e+p+p
Eiesh= 1.4 MeV

thres

Measurement of energy spectrum

Neutral-Current (NC)
v, +d — v +n+p
Eirosh = 2.2 MeV

thres

Measures total 6B flux from Sun

Elastic Scattering (ES)
vV, +e — V. +€

Strong directional sensitivity
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SNO - Enhanced Neutron Detection with NaCl

 Higher capture cross section

 Higher energy release

« Many gammas
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Solar Neutrino Physics with SNO

What can we learn from measuring the NC interaction rate
(total active 8B solar neutrino flux) at SNO?

* Total 8B v flux (NC) versus v, flux (CC)
[CCT _ [V, ]
INC] v, +v,+V,]

— Test of neutrino flavor change

* Total flux of solar 8B neutrinos
— Test of solar models

* Diurnal time dependence
— Test of neutrino oscillations

* Distortions of neutrino energy spectrum
— Test of neutrino oscillations

Karsten Heeger, LBNL SeeSaw?25 - June 10, 2004



SNO Signal Extraction
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The Solution to the Solar Neutrino
Problem: Neutrinos Change Flavor

Neutral Elastic Charged
Current (NC) Scattering (ES)  Current (CC)
2.0
1 CC shape
1 constrained
Neutrino | % + _________________________ SSM o]
Signal ]
(SSM/BPQ0) 1 53 G
0.5 T b ¢
i o e
i CC shape
. unconstrained
0.0 -
Vet VitV v+ 0.15 (v +v,) Ve
Total Neutrino flux Electron Neutrino flux

Results from SNO, 2002

2/3 of initial solar v, are observed at SNO to be v




Flavor Content of 8B Solar Neutrino Flux

8B Standard Solar Model (SSM01) 5.05 x 106 cm=2 s
NC Salt Constrained 4.90 + 0.38 x 106 cm=2 s
NC Salt Unconstrained 5.21 + 0.47 x 106 cm=2 s
= 8
2 SNO
'E q)CC
Q
CC/NC Ratio ©
&

0.306 + 0.026 (stat) + 0.024 (sys)
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Standard Solar Model predictions for total 8B flux in excellent agreement!
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Neutrino Flux

Oscillation Interpretation of Solar Neutrino Data

, SuperK, SNO
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Solar Neutrino Oscillations

Flavor conversion of solar v, = v

mixing angle 0, is large but not maximal,

r LMAF‘ Ve =V, .

tll_‘
% —10 -
(\ll_l, SMA % % °min. at (4.07e-01, 7.08e-05)
S10°6- ’
< L
v, v, \QX
_________ h'4 9\;1: SNO pure D,O day & night spectra
9 vy okt Gl
]0_ e \“,__,\,1 + KamLAND °B free
VAC
- matter effects enhance oscillation
> | - other modes for solar neutrino flavor
10 0= 102 10° | {02 transformation (sterile, RSFP, CPT ...) can
tan20 play only a subdominant role.

Karsten Heeger, LBNL SeeSaw?25 - June 10, 2004



Neutrino Oscillation Experiments

\(ﬁ géi h \% | <TCotsy
. 2 e \,"\’\’co s,;~\
Reactor and Beamstop Neutrinos %{% e \
109 £
Vi Vs T Ve " é;\fL_ iE_776 =
Atmospheric and Reactor Neutrinos ‘
V, =V, 1073
: vV, =V, _ 5
Solar and Reactor Neutrinos € wT ”>
)
(@]
Ve => V1 & 10—6
Large mixing favored . LOW
e X i
R T T | V. &V
LMA solution can be tested Y O
with reactor neutrinos 10— — VoV,
VAC
10—12 1 | ‘ |
Status: Summer 2002 107 1072 , 109 10
tan“0
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Search for Neutrino Oscillations with Reactor Neutrinos

1.4F
50 Years of Reactor Neutrino Physics
1.2 ¥ . . .
1953 First reactor neutrino experiment
| M - <[] 0 P— R s = e e i y . . o
N *@r *}’ﬁ "EI* 1956 “Detection of Free Antineutrino’,
Z?é 0.8 O Reines and Cowan
2 g6l a @L i {ia| | — Nobel Prize in 1995
pd ) ¥ Savannah River Yo"
o4l o peey No signature of neutrino
* Gosegen oscillations until 2002!
0.2 A Krasnoyarsk
: O Palo Verde
B Chooz e g_m
0.0__1 | | | | fmf-ﬁg?) D
Russia '{
10" ilig 10° 10" 10° 4

Distance to Reactor (m)

Results from solar experiments suggest
study of reactor neutrinos with a
baseline of ~ 70 km

Karsten Heeger, LBNL SeeSaw25 - June 10, 2004 iy



: : Spectrum from Principal Reactor Isotopes
Reactor Antineutrinos P P p

neutrinos/MeVHission
:,'YVYTW'YYTIT'TYTYTYYI'VY1!'YYI]’TTTTTY'VYTY'YTTI"E
From Japanese Reactors ; ] .
Kashiwazaki il o
E R

~ 200 MeV per fission
~ 6 v, per fission
~2x 10?0 v ./GW, -sec

Energy (MeV)

Neutrino Flux at KamLAND

14

~ 79% of v flux from distance
138-214 km.
~ 6.7% from one reactor at 88 km.
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KamLAND - Kamioka Liquid Scintillator Antineutrino Detector

Uses reactor neutrinos to study v oscillation with

a baseline of L ~ 140-210 km

Coincidence Signal: v+ p — e* +n

g

8

(see annotations)

Prompt et annihilation

Delayed  n capture, ~ 190 us capture time

(a) Flux at detector

(b) v cross-section

(c) Interactions in detector

2 3 4 5 6 71 8 9 10
Energy (MeV)

KamLAND studies the disappearance of v, and
measures - interaction rate
* energy spectrum



Event Selection

Delayed Energy Window

s O
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L
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Muon veto
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AANS
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93.6% eff.

N\

Vertex and Time Correlation
R<5m

0.5<IdTl < 660 usec
IdRI< 1.6 m

ldZl > 1.2 m
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First Direct Evidence for Reactor v, Disappearance

14F i . .
Reactor Neutrino Physics 1956-2003 20¢ et
12k 15k 0 background
10F
1.0 e .._%# ....... ’4‘“""‘"’?‘.'-7., _____ E sE
zo 0.81- & ML A & % 25t 2-“][;*‘_?"h ., @ KamLAND data
n Y Qi R : '-_. :  a 1&; h ana ""I“ feshold - nu‘ns?illmipn .
Z€ 0.6 g E?lgz;r;na wer 2 +__ s 20;— : Ezjcnr;tz—[fjnzriinjtlll-anon

04l Boesgen 15;_ A= 6.9 x 107 eV*

A Krasnoyarsk C

O Palo Verde 10:_
0.2 m Chooz sE

® KamLAND I |
0.0 l | | l ] S

10" 10> 10° 10* 10° ’ ’ ’ ’ X

PomptEnergy M) PRL 90:021802, 2003
Distance to Reactor (m)
Observed 54 events syst err. 6.4%
162 ton-yr, E,;oppt > 2.6 MeV
No-Oscillation 86.8 = 5.6 events
Background 1+ 1 events
fflfézee”ta/ ggg;gf 5 8050005 KamLAND provides evidence
fast neutron <05 for neutrino oscillations together
with solar experiments.
Karsten Heeger, LBNL SeeSaw?25 - June 10, 2004



Is the KamLAND Neutrino Spectrum Distorted?

Events/0.425 MeV Residuals (o)

Search for a Unique Signature of Neutrino Oscillation

2-v oscillation: best-fit No oscillation, flux suppression
2+ © 2t
1_ '0) & 2} 1_ O ©
O G——-o--'é--"g ------ @------ 9---6-—0 -@--O--0 g oF ---2.0. 2 ____. @-m---- 6“"“5“0"0 -©
< |- 7 -lF o O
B 2 2
20—_|||||||||I|||||||||I|||||||||l|||||||||I|||||||||l||||| 20—_|||||||||I|||||||||I|||||||||l|||||||||I|||||||||l|||||
C ® KamLAND data % E ® Kam[L AND data
I5F best-fit oscillation p= 15¢ no oscillation
- sin?20=1.0 o - -wee (0,61 X no oscillation
10F Am?*=6.9x 107 eV? & 10Fp .
E E E+ ........
5 g 5
B 4 B
O 11 1.1 111 1 L1 11 1111 111 1 1111 1111 1 B | [ AT A m O—IIIIIIIII L1 11 1111 111 1 1111 1111 1 B | Ll 11 1
3 4 ) 6 7 8 3 4 ) 6 7 8
Prompt Energy (MeV) Prompt Energy (MeV)
X2 = 0.31 e .
/8d.of= Y- Data and best oscillation fit consistent

Data and best oscillation fit consistent at 53% C.L. as determined by Monte
at 93% C.L. Carlo
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Oscillation Parameters Before and After KamLAND

Before KamLAND

-3- o

Region favored by
Solar v experiments

1 0 E \""":-._‘i
l: Ga SuperK
10 "+ e
10 °L 3
16191
10-11 !
10'12 R S T R S 1o 1 1 L S B YT : TR R e o
10* 10° 102 107 1 10 102
tan?(©)

After KamLAND
10

KamLAND
95% exclusion
by rate

10

Am? in eV?

10

10

10

Agreement between oscillation
parameters for v and v

1 10 1072
tan?(©)
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Determination of Oscillation Parameters Am, .2, 6,,

Before SNO-Salt With SNO-Salt
10
¢ +0! s —~10°F . . —
(W]SNO=O'384?-836 (99% CL) 3 [ x%min. at (4.07e-01,7.0t%e-05)
i 1
s :
1
1
1
1
%10" &
% 10°}- : =
| : z
ﬁ =0.33*8'(1,é (99% CL) - SNO pure D,O day & night spectra
Pl A - |+ SNO salt CC & NC & ES fluxes
+ SK-I zenith spectra + Cl + Ga
Solar Only Solar+KL rate | | Solar+KL spect. .| +KamLAND ‘Bfree |
01 02 03 04 0.5 06 07 08 08 101 02 03 04 05 (06 07 08 09 101 02 03 04 05 06 07 08 09 1 1010-1
g’ e tg' tan%0
de Holanda & Smirnov, hep-ph/0205241, hep-ph/0212270
Assume CPT — LMA | only at > 99% CL

— Maximal mixing ruled out (5.40)
|Am 2 -Am 21 < 1.3 x 103 eV2at 90% CL

Possible Sterile Admixture?
- iNn2
Karsten Heeger, LBNL SeeSaw25 - June 10, KamLAND + SNO-Salt SN Mgterile < 0.09




Defining 6,, and Am.,?2with SNO and KamLAND

3

Is it all consistent? 0

Day/Night variation,
Spectrum from MSW Solar
versus

Reactor Oscillation ...

5

de Holanda et al., hep-ph/0212270, 10

Bargeret al., hep-ph/0204253

Karsten Heeger, LBNL
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Evidence for Mixing of Massive Neutrinos

Atmosphenc -

B Ve = Vit
>
‘2‘ ¥ 2min. at (4.07e-01, 7.08e-05)
N&
=~
< .
10 (>
Ve Vy
_________ VoY SNO pure D,O day & night spectra
A B lcasckes oy,
10_9 { :——._-_._ \"‘*’\'1 10" + KamLAND g;free
2 ¥ w’ lanzﬂ1
I VAC
* Neutrinos are not massless
=12 ' 1 ' ‘ « Evidence for neutrino flavor conversion v <> v <>v
10 (i T T T dence for neutrino flavor conve e " .
tanZo + Experimental results show that neutrinos oscillate

Karsten Heeger, LBNL SeeSaw?25 - June 10, 2004



Cosmological Implications

Experimental Results

Atmospheric neutrinos: Am,.2 = 2.0 x 103 eV?
.. .one neutrino mass > 0.04 eV

SNO + KamLAND: Am 2 = 7.3 x 10° eV?

. one neutrino mass > 0.008 eV
Limits on “v, mass” give: m(v,,3) < 2.2 eV
Implications

2. of neutrino masses: 0.048 < m,+m,+m,; < 6.6 eV

Laporatory limit on n fractlon of 0001<Q <013
universe closure density: v

Large-scale structure limit : 0.13<Q,<0.02

Karsten Heeger, LBNL SeeSaw?25 - June 10, 2004



Cosmological Information on Neutrino Mass

Angular Scale
2 0.5° 0.2°

. TT Cross Power
Spectrum

— A-CDMAIl Data
I WMAP
¢ cCsl
3 ACBAR

J &
large scale structure
formation

1000 |

Neutrinos’ contribution to the Universe’s energy density ~ Q h?=Xm/95.3 eV
Combining WMAP and large scale structure Q h?<0.0076 eV (95% CL)

If m , ~m,_(degenerate neutrino species) m, < 0.23 eV

Cosmological neutrino mass limits probe Dirac and Majorana v masses!

Mass limits comparable to Ov3 experiments.



Q

0.1

0.01

0.001—

Cosmological Matter & Energy
Density
B 10:0.1
Dark Energy
0.7 £ 0.1
Matter
0.3 +0.1
Q2 h? Light Neutrino Density
from direct v mass measurements
+ oscillation experiments
+ WMAP |

Matter Composition

Cold
?  Dark Matter
0.35+ 0.1

»  Non-Baryonic
) Dark Matter

] Baryons
0.037 = 0.001

n  Dark
) Baryons

Stars
~0.003

Observed Particle
Dark Matter

Neutrinos

< 0.0076

> 0.003

Karsten Heeger, LBNL
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We have learned ...

e v transform flavor

* Atmospheric v data explained extremely well by oscillations
- primarily v, — v_conversion
- mixing angle 0., is very large, possibly maximal
-Am2 ~ 2 x 103 eV?

 Solar v, change primarily to other active v’s
- if oscillations, mixing angle 0, is large but not maximal and
Am,, ~7 x 10 eV? (LMA solution)
- matter predicted to play a role in transformation
- other modes for solar neutrino flavor transformation (sterile,
RSFP, CPT ...) can play only a subdominant role.

“..convincingly show that the flavor transitions
of solar neutrinos are affected by Mikheyev-
Smirnov-Wolfenstein (MSW) effects”

<arston Heager, LBNL v G.L. Fogli et. al, hep-ph/0309100




Other oscillations?
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Uwinses 015, and 2P

Uunsp Neutrino Mixing Matrix
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Neutrino Masses: What do we know?

Oscillation experiments - indicate v do have mass
- set the relative mass scale,
- set minimum for the absolute scale. m, > /Am’, ~50meV
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Constraining the Neutrino Mass

No fundamental reason why neutrinos must be massless.

Fermion Masses
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Direct Neutrino Mass Searches ¢ =

Model-Independent Neutrino Masses from 3-decay Kinematics q
3He

N(E,) p,E (E, - E,)W(E, - E,) —m,*c*
N J /

E P

A%

A%

Search for a distortion in the shape of the $-decay spectrum in the end-point region

1.2

entire spectrum 10

close to  endpoint

O
a) —_

count rate [a.u.l
O
o))

R 4
0.4 |
i 2
0.2 |
p Q i

e S e
O 5 10 15 20
energy E [keV]

O




Mainz Neutrino Mass Experiment
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Neutrinoless Double Beta Decay (Ovfp)

The Next Frontier in Neutrino Physics

a) 2v BB

o

¢
<

b)

Ov BB

\

2v mode: conventional 2nd order Ov mode: hypothetical process
onlyif M, 0 ANDv =V

process in nuclear physics

r2v = G2v |M2v |2

G are phase space factors

Gratta

rOv _GOV lMOv ‘

important
physics



Neutrinoless Double Beta Decay (Ovfp)

The Next Frontier in Neutrino Physics

a) 2v BB b) Ov BB

r

2v mode: conventional 2nd order Ov mode: hypoth ticah)?ess
process in nuclear physics only if M, #0 AN
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Gratta

= Two Neutrino Spectrum
= Zero Neutrino Spectrum
1% resolution
r(2v) =100 * 1r(0OvV)

The only known practical approach
to discriminate Majorana vs Dirac v
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Several Proposed Ovpp Experiments

COBRA Te-130 10 kg CdTe semiconductors

DCBA Nd-150 20 kg Nd layers between tracking chambers
NEMO Mo-100, Various 10 kg of bb isotopes (7 kg of Mo)

CAMEO Cd-114 1t CdWO, crystals

CANDLES Ca-48 Several tons CaF, crystals in liquid scint.
CUORE Te-130 750 kg TeO, bolometers

EXO Xe-136 1 ton Xe TPC (gas or liquid)

GEM Ge-76 1 ton Ge diodes in liquid nitrogen

GENIUS Ge-76 1 ton Ge diodes in liquid nitrogen

GSO Gd-160 2 1 Gd,SiO;:Ce crystal scint. in liquid scint.
Majorana Ge-76 500 kg Ge diodes

MOON Mo-100 Mo sheets between plastic scint., or lig. scint.
Xe Xe-136 1.56 t of Xe in lig. Scint.

XMASS Xe-136 10 t of liquid Xe

The <m;> limits depend on background assumptions and matrix
elements which vary from proposal to proposal.

Karsten Heeger, LBNL SeeSaw?25 - June 10, 2004



A Recent Claim for Ovf3p in 6Ge

5 detectors of overall 10.96 kg enriched to
86-88% in the pp-emitter 76Ge

events / keV
s

hep-ph/0403018
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Massive Neutrinos? Yes! v transform flavor Ve = V.

vV, =V,

Data explained well by oscillation,
other solutions disfavored.

What else? - What are the absolute masses?
- What is the level ordering of 2,3 (or 1,3)?
« Are v’s Dirac or Majorana particles?

— Direct mass measurements and Ovpf

- What are the values of Am?, U;?

— Reactor and accelerator experiments

* How many mass states? Are there sterile v?

— MiniBoone

Karsten Heeger, LBNL SeeSaw?25 - June 10, 2004
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More to come ...







