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How it all begaw...

0 1914: Chn wwlreg ELLLS

dhsuh‘:‘i;!‘tafl’i ll-ﬂ ™
Ortangr Briaf an dis Jrunpe dor Hadicaktiven bel dar
Canveraine.Topung gu Tabingsn,

Abmabrd {1t

Phyeikelleches Instltut
dar Eidg, Technisshen Hochaohla @Wrich, is Des. 1930
Yirieh Uloriastranze

Lisbe Brdicaktive Damen md Herren,

Win dar Usharbringesr dissar Zallan, den ich Ildvollast
mnsuhbren bitte, Ihnan des nEheren sussinsndersetssn wird, bin ioh
angeslohts dar "felschen™ Statlatik der Be und Li-& Eerne, sowle
das ontimeleriiche bebu-Spelttrums suf oloen warsweifaltan insweg
varfalley um dep "oshseleste® (1) dar Statfstik und den Enargienatse
m retien, MEmlleh dis MGglickkelt, s ibionten alaktrisch neutralas
Tellohen, e ioh Nsutronan nennsn will, in dem Lernen excistleren,
Mxlohe dmm Spin 1/2 taban ood dan sapechliserunpameinsipy befclgen upd
‘il von Lichbquanten susserdam noch dadireh oonterschelden,; diss ois

wit Lishtgescwindigisit laufwi. Do Mosse der Newtranen

vor derzelben (fosmenordming wis dis Elektronetesass seln wd

a mioht groapar alas 0,0] Protooamapss.~ Das kontimulesriiche

Spektum wire denn warstindlich unter der Atmalme, dass beim
g 2o fall wit des Elektron Jewells acch ein Heobron ewdttdiert
wrd, dwart, dase dis Suene der Fnerglen voo Nemtron und Elektron fﬁ nucleus
konatant lst.
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Flrst observation of neutrinos
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“Pre-1992" Standard Modlel of
Plt V‘cwte Pl/l@sws

Neu’cnwos are maggtgg

Elementary
Particles

u c¢ t

up charm top

d s b

g down fstranged bottom

Ve [ Vi | a

glectron rrunr tau
} neutrinod neutrino § neutrine

o Z boson

Force Carriers

=
e
]
] E
=

electron§ muon tau

) Three Families of Matter




Neutrinos from solar fuston

He+ 2e" + 2V,

“He+ 26" +2v, +26.73 MeV

o (ezgybey@g relevant equation)

SOL&W wmdwzme
=2 mx 1011 Mev cvlis &t
an estimate of the solar
neutrino flux on earth ts:
~ 5k Ooo 000,000 cra2 st

. Slmon )M Pecters, Baksan, April 2007




Solar neutrinos

solar physics and fundamental particle physics

Light Element Fusion Reactions
p+tp -‘Hte +y,
99.75%

| 5 =
0.25%

o I

3He + 3He “He + 2p . L

SHe + “He -7Be +y

15.07% I

‘Be+e 7Li+y+v,

0.02%

Li+p-a+a ‘Be+p B +y

8B . "Be* tett v

New Solar Opacities, Abundances, Helioseismology, a
John N. Bahcall, Aldo Serenelli, and Sarbani Basu,

Bahecall-Serenelli 2005

ﬂ
= j
[

Neulrino Spectrum (+1g)

SRS B Rebi R B bl B mh b

=]
i [ -.X

1
Meutrino Energy in Me¥

SNO detects ¥& (and hep)
~ 1/10,000 of solar neutrino flux

nd Neutrino Fluxes
ApJ, 621, L85 (200




The SOLOIY N ééutnm,o Problemt

R&lg D&l\/LS

,Q:'ﬁ/lé e)qsenmewt mw {mm 1970-1995 (1)

SOLAR NE(ATR( NO PROEL,EM

., Ray Davis shared the

B Nobel Price for Physics of 2003
BN (just after SNO’s publication on neutrino
vV o+ 37C| - 37Ar + @ [flavour transformation)
e e w, T P,
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Experimental conflrmation

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 00

758 Z=
- -:-:';-_::; O.53+0.07 e
D 45+0.02 o

E2a o 56140 23

Eamioksa SACE
H O Ga

Theory ™= "Be mm P~ P. PEP Experiments gg
=  CNO
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Helloselsmology ruled out that the Solar Neutrino Problem
was due to the tneorrect modelling of the tnterior of the sun.

{Model-Sun)/Sun

-+« "Be lowered {l1g off Ga)

0.2 0.4 0.8
R/Rg

Solar Models: current epoch and time dependences, n
Author(s):John N. Bahcall, M. H. Pinsonneault, and S
Journal:The Astrophysical Journal, 555, 990-1012 (20

arbani Basu
01)

(Dis) agreement model

anol
observed oscillatlons:

< 2% ervor Ln B
neutrino flux

eutrinos, and helioseismological properties




Neutring lqga\/e IMASS and “oscillate”

[ ( cosh én@][vl} | Consider 0 = 45° then

-snd cosd

. Slmon JM Peeters, B ksan, AP Al 2007




neutrino osctllation

PV, -V ) 1 sin? (20) SLVLQ(AM/LQ gz

Sun. extended saurce, enerqgy spectrum
Py, —v, )=" (1 + c05229 ) > 0.5

(See for example:

S The MSW effect and
R solar neutrinos
B A.Yu. Smirnov
| hep-ph/0305106)
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Get a wore comeplete pleture!

VOLUME 55, NUMBER 14 PHYSICAL REVIEW LETTERS 30 SEPTEMBER 1985

Direct Approach to Resoive the Solar-Nentrino Problem

Herbert H. Chen
Depariment of Physics, University of Califarnia, Irvine, California 92717
(Received 27 June 1985)

A direct approach io reselve the solar-neutring probiem would be to observe neulrinos by use of
both neutral-current and charged-current rteactions. Then, the total neuirino flux and the
electron-neutrine flux would be separately determined o provide independent tests of the
neutting-oscillation hypothesis and the standard solar model. A large heavy-water Cherenkov
detecter, sensitive to neutrinog from ®B decay via the neutral-curent reaction p+d— »+p +n and
the charged-current reaction », +4 — 2~ +p + p, is suggested for this purpose.

PACS numbers: 96.60.Kx, 14.60.Gh

Herlb Chen
L 1OR5:
Use deuterium
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Neutrino reactions on DO

Neutrino Reactions on Deuterium [ g@y\,g(',ti,\/e to electron
Charged-Current neutrino ‘ﬂﬂ\/DlAY OI/\/L8
Bunerglyyelectron directly
c— 0 Cherentov siedtren corvelated with V energy.

neutrino deuteron .
T @pmons NC: sensitive to all

Neutral-Current - weutriwo -ﬂa\/o Urs.

. " neutrino ES: mostly electron flavour,
® . @, divection (solar vV
\ ( e) 4

neutrino deuteron @ = 10 JCLVM.&S smalleyr LV\JteVﬂGtLOV\/
proten Cross section

Elastic Scattering

1!)( /
Cherenkov electron

neutrino elem-\' ®

neutrino

Sbmon JM Peeters, Baksan, April 2007




The Suolbwg Neutrino Obser\/atorg

‘\
= #5 Shaft. #0 Shaft

AN .
701 m (2300 ft.)\\“ \ Norite

EvE] ‘§§ Rock

1158 m (3800 ft.) I| 2 km

level
Granite v ‘\\(

Gabbro L

1648 m (5400 ft.) 1l
Tevel

-

)

CN Tower |

553 m (1815 ft.) 2073 rn (6300 Tt.) @SND Site
level -és_\

"The Sudbury Neutrino Observatory" , The SNO Collab  oration
Nuclear Instruments and Methods in Physics Research A449 (2000) pp. 172-207






























The SNO pm@mm

1998 1999 2000 2001 2002 2003 2004 2005 2006

Phasell Ehaseln

3He
Counters

n captures on

- ¥ n captures on *He
n captures on chlorine M prop. counter array

c = 44b o = 5330b
8.6 MeV multipleys M  0.764 MeV

deuterium
o = 0.0005b
6.25 MeV vy




V lnteractlons as seen bg SNO

(neutron captured produces gammas)
(gammas Compton scatter)
relativistic electrons

produce Cherenkov Light

PMT pos’ut’z,o S
Times
Charoes

Reconstructed event position (radius),
direction, kinetic energy, isotropy
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7 W/// 5/70W you far na handfu/ of dust - T.S. /iot

SLM@VLJM Peeters E-a kzsaw /-\‘PVLL DR




447 x10°y
o 4.27

24.10d [ 1 1In-Situ
B-0.26,y 63, 92

118 m Ex-Situ: 1.4 x 104y

b-221 1 Mno, and HTiO 0 4.08

245x 105y 577y
o 5.52 [ Rn 8- 0.046

8.0x10%y 6.13 h
a 5.79 i Photo- B-2.14 y 339,911,969
1599 y disintegration 191y

o 4.87 Source o 5.52

3829 inci 3.66 d
a 5.59 euns® Ba coincidence

a 5.79
3.05m 556 s

sl a 6.40

26.8 m 015 <
T - -

P g0 Y 3%2 a 6.91
0.021% o 5.62 B3 y08 1% BR 1o > 20 B-0.57 y239
60.6 m 64%

36% a 6.21 B-2.25y 727

305m

B- 4_.9?3 y 583,860 0.30 us

% a 8.95

=
=
=
=
=
Gy
D
e
O
0
Q
@
o
G
O

l
o
©
v
=
e




fz/\,-s&;tt/c mfeasurememtg

,_
o
-

+  Instmmental events

. R ' d strumental cuts Dbﬁe V@i/\/t
- branching -
e ﬁﬁa ctwws to

+  Neutiine events

Events/PMT hit

Isotropy parameter (3, ,)

1 Obser\/atww i<
olz,-(lf&?ewt:

energy (a u. ) 'dufferevuc Lsotropy!

Signal window

e — —— i 04 05 06 07 08 09 1
mstmmewtm eve olata takzmg mte o :20 Hz ‘ In-time light ratio
Uncharacteristic S‘PWCLQL olustnbutwws -
make them easy to sepamte {mm the data.

" Slwon JM Peeters, Baksan, April 2007




Compa rLSOWN LN-SLEU/eX-SLtiL
(salt phase)
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callbrations

Sldn Ropn Motor Mounis

TABLE 111: Primary calibration sources. e
[*] I'I'.-i'.

Calibration source Details Calibration Ref.

Pulsed nitrogen laser 337, 369, 385,  Optical & [0 Mechaniem
420, 505, 619 nm timing calibration =

LN 6.13-MeV y-rays Energy & reconstruction [23]

5Li B spectrum Energy & reconstruction [22]

B2t neutrons Neutron response [1]

Am-Be neutrons Neutron response

*H(p, y)*He (“pT”)  19.8-MeV y-rays Energy linearity [24]

U, Th B—» Backgrounds [1]

S8y B—y Backgrounds

Dissolved Rn spike B—» Backgrounds

In-situ **Na activation 8 —y Backgrounds

[ Central Rope

Uimbilical
« N16 Data

= Lia Data
4 PT Data
—— Monte Carlo
¥r CC Monte Carlo

Normalized Distributions




Results DO pmse

"Direct Evidence f eutrino Flavor Tranformatlon from Neutral-Current
Interactions in ti Sudbury Neutrmo Observatory“, The SNO Collaboration
Phys. Rev. Lett. \

Neutrino Flux (x 10" ¢m™ sec™)

V sta m{aro! SOL&W Modlel
(50 ar SM o&)

e
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’prod uctww pow»t
fr e o S N O

sumow JM Peeters Bakasaw Aan D00




ERIERE NEVWS

Y ou are in: Sel/Tech
Monday, 18 June, 2001, 1624 GMT 17:24
UK

The undergronnd neutring detectar viewred from ahowve
By BBC News Online science editor Dr David
‘W hite house

A0 (ntemational team of physicists claims to have
solved a 30-year-old mystery: the puzzle of the
missing solar neutrines.

m =cicptictie detected oply aboyta thid of the

*High confidence’

The rescarch was caried out at the Sudbury Neutrino
Observatory (SN0}, Ontario, io collaboration with
Oxford University, UK.

"We now have high
confidence that the
discrepancy is notcaused
by problems with the
madels of the Sun but by
changes in the neutrinos
themselves as they tmvel
from the coce of the Sunta
the Earth," says Dr Art
McDanald, SNO pmject
directar and professor of
physicsat Queen’s
University in Kingston,
Ontario, Canada.

Lnstalling the giant underground tank
Butdespite is large size the SNO only dewcts abaur
10 neutrinos aday.

"hlind-boggling”

B DL
Light deteeto rs amund the

waterank detect the neutrines | 1D€ €nginecring cequirements alonc are

mind-boggling. We were breaking new ground in

every scosc and there were times that we weren't sur
we were going o make it,” says Professor MNick Jelle;
of Oxford University.

"1t’s takeen looger than we thought, burit’s all been
well worthwhile,” says Dr Steve Biller, of Oxford
University. "We've pushed the limits of engineenng,
chemistry  and patience, io order to push the limits of

physics.” It is incredibly exciting, after all the yeacs spent by

many people building SNO, to see such intoguing

Fundamental particls cesults coming out of our ficst data analysis - with so

€he New Hork Eimes

June 19, 2001

Sun’s Missing Neuirinos: Hidden in Plain
Sight
By KENNETH CHANG

frer three decades of searching,

physicists have tracked down
subaromic particles that have eluded
them for 30 years. The particles, it mms
ouat, were right there all the while but
had hidden themselves as if by magic.

"We've solved a 30-year-old puzzle of
the missing neutrinos of the Sun,” said
Dr. Arthur B. McDonald, director of the
Sudbury Neurrino Observatoty, neat
Sudbucy, Omacio. In doing so, though,
the researchers have answeted questions
abeur neurtine behavier and the fare of
the universe.

Neutrinot are ghostly particles, one of
the fundamemal building blocks of the
universe, like quarks, electrons and
photons. Billions of them, produced by
tfusion reactions within the Sun, fly
second.

A drawing of the neutrine detector,
built 1-mile underground and
immecsed in water within 2 cavity 110
foet doep.

Neutrinos are fundamental par
arc often called "ghostly” becal
weakly with other forms of ma

They come in three types: the

LA NACION

electric
unneticed. In

nnoticed. In
Hetectable.

neutrino mystery
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Detectan una particula fantasmal

Per"mwe explicar la transpormacion de los newirinos, ladrillos elementales del universe

June 19, 2001 Pozted:

all

Physicists solve weighty

11:33 AM EDT (1533 GMT?)

(AP) -- Solving a 30-year-old
scientific mystery, physicists
have found the most.
convineing evidence yet that
neutrinos -- elusive subatomic
particles that were thought to
have no mass whatsoever --
have a tiny wisp of heft after

© 1970°s
joowe than
Jos were
edictions,
ined

Lawaence Beckeley Mational Liboratory
The bottom of the neutrins detecto.

-her different result.” The data rn contrary to his hopes of findinga
w kind of nearrine.

ll, he said, the Sudbury results look "quire solid.”

Neutcinos sorme inhres typos (physicists call thom flavors): sleowon
newtcines, mucn nevings and tau neurrines, named according to the
sabaromic particles they usually associate with. Maon and tau paricles
are heavier particles that ctherwise act like eloctrone, The heutrinos
produced by the Sun are all electron neutcinos.

Spotting the rate occasions when a newidino collides with another particle
requires large quantities of material for the neurrinos collide with.

The detector inthe Sudbury Neutrino Observatory consists of 2 40-
foot-wide actylic sphere comaining 1,000 tons of heavy water, in which
the wo hydrogen atoms of the water molecules have been replaced with
douterium aworms, @ heavier version of hydiogen. The spher is
submecged withina 10-story cavity that was carved out of a nickel mine
1 174 miles underground and filled with 40,000 tone of ordinary water.

Oceasionally, an election neutdino will slam into one of the deuterium
atoms inthe heavy water, spliuing it imoa provon and a neatron.
Detectors around the sphere of heavy water ate able to spotthe debris.
The orher two types of neurinos cannot break up dewteriam. The
sclentists have seet 1,169 such collisions since the experitment begas in
1999.

The researchers compated their results with earlier neutrino coants from
the Super-Kamickande neurrine experimen in Japan, which prmarly
detects collisions berween electron neutrinos and electrons. Bur muaon
and tau neutrinos can algo occasionally bounce off electrons.

Tf all the neuttinos waching Eatth from the Sun were of the electcon
vatiety, then the neuttino tates measured by Super-Kamickande and
Sudbucy should match up. But Super- Kamickande detected more. Since
the Sun produces only electron heutrinos - the production of fmuch and
tau neattines wquite higher-energy events, like matter falling into black
holes or an exploding stat - that means some of them must change ino
tmuon ot tau nearcinos.

*I’s the fist direct ovidence for the changing of solar neurtinos from
eloctron type to ancther type,” Dr. Klein taid. Most physicists had
considered neattine morphing to be the most likely explanation foc the
missing neurcinos.

Dr. Caldwell’s theery was that the olevwon newicinos were changing inwo
"sterile” neatrinos thar did not interact with ordinary maner. "It looks like

they "ve done a very therough jeb,” hie said, "Tr then isa eal question if
there i¢ any rootn for a sterile neutrino. I don't see much hope for It fight
now."

According to the equations of particle phiysics, for this transformation of
flavers to oceur, at least one of the nevtrino types must possess a
stoidgeon of mass. Coupled with earlier experimemtal results, the
researchers conclude that each of the three newrine flavors weigh, ar
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little mass, Scientists have caleu-
lated that huge numbers of solar
electron-neutrinos  should be
showering the Farth - but only a
fraction of the expected amount
are ever detected. So how are the

A 30-year-old mystery sur-
rounding a tiny elementary parti-
cle has Ec‘.n solved using a £34
million monster machine buried
ilomelres underground.
physicists were among

covered

B
those celebrating after unravel- missing neutrinos explained?
ling the riddle of the missing neu- It took a gigantic engineerin
trinos. Meutrinos are pghostly project, massive investment, an§

elementary part of matter an mt,ema‘,lonu' team of 100 sei-
it oo elosi i nd ind the answer.

veww.westmidlands.com

Solved: riddle of missing neutrino

The huanhsts said they had dis

tron- neutrmoa were there al
along, but in disguise. On thei
way to Earth, they changed int
other kinds of neutrino calle
muon and tau neutrinos.

This was revealed by th
Sudbury Neutrine Observatory
2,000 metres below ground neal
‘;udburv, Qntario, Canada,
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391 days of salt data 4722 events
Results

r<550cm T.#>5.5MeV

(1D projections from multidim. fit)

160

Extracted Events: S * bm @
e. 10— ... cu l:O[]S
CC: 2176 £78 ER s
> ~== ES
NC: 2010 i 85 = 100 External neutrons

i\}III|III|III|III|III|III|III|III|I

ES: 279 + 26 80
60
External neutrons: 129 + 42 .
Internal neutrons: 125 (fixed) 2
9 7 A 3
= 120 L
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Flux Interp retation

A = (4.94+0.21(stat) 9% )x10° cm s
Agrees with SSM

e -

o Yee = 0.340 40.023(stat) 0%

bre 68% CL. %C

Fl S Agrees with Davis’ measurement

T I N N S R R Ll oo
0.5 L . 3 35

L (X 10° cm? sY)

—— (L 68%, 95%, 99% C.L.

¢, (% 10° cm™ s

=

nucl-ex/0502021 (25 Feb 2005), submitted to Phys. Rev. C
Electron Energy Spectra, Fluxes, and Day-Night Asymmetries of 8B Solar Neutrinos from the 391-Day Salt Phase SNO

Data Set 45 pages, 49 figures in 36 eps files
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Oscillation nterpretation

PV, -V ,)=1-sin?(20) sin?(Am= L / E)
a) An’ =6.5"72x107°eV?, tan®8=0.45"00
b) Am* =8.0"p% x10™°eV?, tan’6=0.45"

SNO alone
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Other S NO es t/rLts thus far

o "Electron anti eutrlno search at‘ the Sudbury Neutrino Observatory"
Phys. Rev. D70, 093014 (200 ) § D

0 “Search for perlodlcrtles |n......Ihe 8B solar neut ino quX measured by the
Sudbury Neutrlno Observatory

No sic vu,{uou Ant ( > 8% \/af?
peno & betweewi day-10 WWS :

“A search for Neutrinos from the Solar hep Reactlon ad the diffuse

Supernova background Wlth the Sudbury Neutrlno Obsevatory
ApJ 653 1545 (2006)
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The Neutral Current Detection arvay
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Geometry trade-off:

~8% light loss in centre vs ~ 26% capt. eff.
Extremely low background (nickel!):
~4.alphas m=day™ (total ~22 day™)

No wmore spherical geometry: caltbration!
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