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oscillations
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Some early history (solar neutrino problem)

Solving solar neutrino problem with neutrino
oscillations
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The Sun and the solar neutrinos
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How does the Sun shine?

Quick answer: nuclear fusion reactions

A Helium nucleus is produced by the fusion of 4 Hydrogen nuclei;

4p — He+2e +2v,

This reaction produces about 27 MeV energy.

Then, the total neutrino flux on the Earth is;

Sflux = : =X Lo X2V,

(L. =3.86x 10™ erg / sec)

=6><1010Ve/cm2/sec

sun

If one observe these neutrinos, it is a proof that the
generation of the energy in the Sun is due to nuclear fusion.



How does the Sun shine (2) ?

However, in reality, 4 protons cannot make a fusion reaction at a time...

P+P->2H+e'tv, P+e +P-> 2H+v,

99.75% | Ly, 24y, 5> 3He + y [ 0.25%

86% L= 14% ] ~
SHe+ 3He >“*He+ 2p 3He +*He > 'Be +y 3He + p - *He + e*+ v,

99.85% £ \0-15%

‘Be+e” > Li+v, ‘Be+p->8%B+y

‘Li+p > 2%He B éfBe* +et+v,
8Be™ - 2 “He
pp-chain



Solar neutrino spectrum

SuperK, SNO
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Detecting Solar Neutrinos

J.N. Bahcall “Solar neutrinos |: Theoretical” P.R.L. 12, 300 (1964)
R. Davis Jr. “Solar neutrinos Il: Experimental”, P.R.L.12, 303 (1964)
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Interaction of solar neutrinos with 3/Cl

v+ Cl—>e + Ar (Threshold = 814keV)
\\ve(EV)

~

AE =814 keV
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Solar Neutrino Problem

Search for Neutrinos from the Sun

R. Davis Jr., D.S. Harmer, and K.C. Hoffman, PRL 20, 1205 (1968)

The Ar production rate by v _.3’Cl e 37Ar was less than 3x103¢ sec? per 3’Cl atom,
which was substantially smaller than the prediction by the Standard Solar Model.
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Solar neutrino experiments are difficult

(1 FWHM Results)

0.5 37Ar g : :
production N%: | | \ J' | ”} ag:%
per day E b ‘ |1 ‘ ‘ | | ‘ ‘ ﬁi l,
oo AR, T

Year

Extract 3’Ar from the 600ton
tank.

Then, (t,,,=35days)+flat background
i 11/2= Y u
TAr+e —'Cl+v,

Electrum capture
Detect 2.82keV Auger electrons

background

» days




Possible solutions to the solar neutrino

problem (before mid. 1980’s)

« Experiment might be wrong...
* Theory (SSM) might be wrong....

* Some new physics (but less serious ?7?) ...
=>» 3 flavor full mixing oscillation ?
=>» 2 flavor “just-so” oscillation ?
= ...



Detecting solar neutrinos with the
water Cherenkov technique

Detecting solar neutrinos via; v, e 2 v, e

s (SOlar neutrinos do not interact with hydrogen and oxygen nucleus)
» -. | |

Kémigkaﬁ‘de (underllconstruction, 1983)




Toward the observation of solar neutrinos

(difficulty: Kamiokande was designed to detect 1GeV (not 10MeV) signal)

Schilling the top of the tank with Rn free air

electronics -

Water system

L
ol Y
g
Py

Electronics that
measure multi-hit T
and Q (U. of Penn)

Improving the water |HRE
purification system



Solar neutrino detection in Kamiokande

Observed flux was;
0.46£0.13(stat)*=0.08(syst)
of the SSM prediction.

PRL 63, 16 (1989)
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“Experiment wrong”
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Q0
O

1 1 L

e
2 | () Ee 2 9.3 MeV ]
O
> °0| SSM prediction {i
o |
2 40
s 0Lt RS
E 20 ¢ +++ 5
E background
ol
5y SOy
> | (b) Ee 210.1 MeV
< |
o
uw
<
=
m
.
)
'—
]
-
L
0 - | P S R TR S
-1 -0.5 ) 0.5 1

COS(Bsun)



Can we detect neutrinos whose flux is
less dependent on SSM ?

Yes, one should observe pp neutrinos.
How? =» Ga experiments.

v+ 'Ga—e + Ge (threshold = 233 keV)

SV (E))
DR AE = 233 keV
~
S o \/’ 71G
\* e
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Ga experiments

SAGE (Baksan, Russia) Gallex/GNO (Gran Sasso, Italy)

Experimental method: radiochemical technique (similar to the Cl

experiment, but more complicated.)



Results

from Ga
experiments %




Conclusions from Ga experiments

Ga experiments also observed the solar
neutrino deficit.

The data might suggest neutrino oscillations.

However, the data might be explained (within
a few standard deviations) that the pp
neutrinos are detected as expected, while the
other neutrinos have much lower flux than
calculated by the SSM.

$

Conclusion: It is difficult to conclude...




Breakthrough in neutrino oscillation

theory: the MSW effect

Neutrino oscillation in matter is different from that in the vacuum due to;
V, Vv Ve e

X

A W

e, p, N e, P, N

olfenstein pointed out the matter /
effect in neutrino oscillations (1978).

ikheyev and Smirnov pointed out

that the large flavor conversion can
happen due to the matter effect
(1985).

H.Bethe PRL 56,
1306 (1986)




MSW effect and solar neutrino

oscillation probabilities

v, survival probability for ‘Be neutrinos

1047

10'5 ._'\.

10-°

Neutrino oscillation
=>» A serious possibility !




Summary of solar neutrino experiments

before the present generation exp’s.
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Neutrino
oscillation
parameters at the
end of the last
century....

But no smoking gun
evidence...

Fogli et al.
2v active oscillations
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Oscillation
probabilities
and Super-K

0*L —— 90% C.L (20F)
g ............. 95 %

ol —— 99%

§ ................... 99,73 7.

=11
10 F  Cl+Go+SK rotes + CHOOZ

ta n29

- Day-night flux difference, spectrum distortion



Calibration of Super-K with an electron

Precise calibration of absolute energy scale, energy resolution, and angular
resolution using electron LINAC.

Ll NAC D2 MAGNET D3 MAGNET

D1 MAGNET
- ENDCAP
4>| 1300 cm r;_ 3 nvhagu,_u_"':i%
F_E_C__A_ """""""""" mm [
! * & &
| |
— . , - £
BEAM PIPE : */r/’g_
' F D B : S
e 0 @ . S
! <
H 1 G :
9 o @ . ..
________________________ 0.1mm thick Ti window
¥
. 4000 cm | Systematic error in the

absolute energy scale :
0.64 %.

« Beam energy: 5 ~ 16 MeV/c



Solar neutnno data from Super-K

| = - |
g | 5_20 MeV May 31, 1996 —
g i July 13, 2001
2 9 v+e'9v+e'\ (1496 days )
o i
(0 \
I .. 5-14MeV  0.5MeV/c?
15
i 22400+230
background solar v events
(14.5 ev/day)
0 I ) I I | ) I ) ) | I I I I I I I I
-1.0 -0.5 0.0 0.5 cos ﬁsano
Assuming veonly: 8B flyx : 2.35+0.02+0.08  [x 10°/cm?/sec]
Data +0.016

SSM(BP2000) =0.465 £0.005 5015



Electron energy spectrum

1 M.Smy, et al., Phys. Rev. D 69 (2004) 011104

| SK-l 1496day 5.0-20MeV 22.5kt

Small mixing angle
solution (SMA)

Data/SSM
o
oo

A° 1 SMA
D- - I -
G day 1
. 710" i 10
Vacuum osc. . osb—"">~__ | 4 low

0_2-— solution -
- Large mixing angle
: solution (LMA) .
"6 8 10 12 14 20
Energy(MeV)

- No evidence for spectrum distortion,

=» inconsistent with SMA, VAC




Asymmetry in %

Day-night flux asymmetry

10 ;_' | I ! T“' ! ] R It '%

(W JRET S, 5 Y T 0 O 8 S s ]
-10 14 E
20 5
30 [ Apn=-1.811.6"13%
40 £ | MA best-fit D/N Asymmetty _
_50:—.|.,.|...|,..|..y.|.,|ryi..,?..._- Ay = P~

6 8 10 12 14 16 18 20 (¢D +¢N)/2
E in MeV

No evidence for day-night flux asymmetry
=>» oscillation parameters are constrained

Summary of SK solar: A lot of precise measurements, stronger constraint
on oscillation parameters. But no smoking gun evidence for oscillations.
However, ...




Heavy water experiment

H.Chen PRL 55, 1534 (1985)
“Direct Approach to Resolve the Solar-
neutrino Problem”

A direct approach to resolve the solar-
neutrino problem would be to observe
neutrinos by use of both neutral-current

and charged-current reactions. Then, Charged-Current

the total neutrino flux and the electron-

neutrino flux would be separately v -
determined to provide independent ° \Ciere”k"“ slectron
tests of the neutrino-oscillation neutrine deuteron. S~ (®)
hypothesis and the standard solar (B protons
model. A large heavy-water Cherenkov

detector, sensitive to neutrinos from &g \cutralcurrent °

decay via the neutral-curent reaction v, /' neutrino
v+d—v+p+n and the charged-current ~ ® ()
reaction Ve+d—e+p+p, is suggested for naume  gamron () "
this purpose. oroton
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SNO detector ( under constructlon)




The background: radioactivity

232Th Decay Scheme

1.4 x 10'%
a 4.08
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N n4
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~ 1% b.r. to 7 > 2200 " a7.83
2

Bs and ys from decays in U/Th
chains interfere with the
signals at low energies

Especially, ys over 2.2 MeV
caused+y —>n+p
(Background for NC)

Requirements:
D,0 <10 gm/gm U/Th
H,O0 <10 gm/gmU/Th
Acrylic< 1012 gm/gm U/Th




U/Th in D,O

nucl-ex/0204008

“Th | ® In-situ

10% - A MnOx © HTIO|| :

Both U and Th below the
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Radial distribution of
events with >6.75 MeV
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SNO CC vs. Super-K elastic scattering

Super-K elastic scattering (ES) flux is higher than the SNO CC flux.

ES is not only sensitive to the v, flux but also sensitive to the v, and v, fluxes
with the reduced cross section ( X (6-7) of that of v ,te>v_te) !

The difference can be interpreted as evidence for “v +v_flux on the Eearth”.

o(v_) (relative to BPBO1)

(ll' 0.2 0.4 0.|6 Ol.S |1 1|.2
L L ! L L

'¢5K=¢-(v']|+d 154 ¢Ev' y[T10
ES = T ut' |
AN 3.1 G evidence
~ SIS for non-zero
; EEE-E Vv, V. flux (or
=]
> _ ¢§K+SNO 08 2 flavor Change)
~— ] £ L E
5 0.6 2
z =
= 2 04 =
] - =
] 0.2
0- -0
0 | 2 3 4 5 6

d(v) (1':]6 c1n'25'1)



Three ways to measure the NC events

Neutron Detection Method

(1) Pure D,O vid 2 v+p+n
n+d—->t+y (E =6.3 MeV)

(y produces e by Compton scattering)

(2) D,O with salt n +35Cl - 36Cl +y’s (Z(Ey) = 8.6 MeV)
( Competing process: n+d=2>t+y )

< NaCl 2tons

Higher total energy
Higher capture efficiency
Different event pattern compared with the CC events

(3) °He countersinD,0 4+ 3He — p +t

(This talk will not cover (3), since no results
based on (3) have been published yet.)




SNO NC: Pure D,O vs. Salt phase

2 tons of NaCl added into 1000 ton D,O

(Salt phase: 2001-2003)
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U/Th in D,0 and H,O
ES (BPYS)X 0.45
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Salt phase flux measurement method

—_
[\
(=]

e Data (b)

- Fit result i C C
100 —

Events/(0.05)
g
N
—e—
Events/(0.02)

[\e)
W
(e
{
——
(o]
S

Fit Result
—— AV bkg
—— PMT+H20 bked.

= External neutrons
150 'i:-.".".".".':"."."_".";';':-;-;--

200 60/

]
..... 40
C e Data g -
100~ The,

SO e ES -

07' i e e e e e s r-:".";";'-;-l;--; r—
-1 08 -06 -04 -02 -0 0.2 0.4 0.6 0.8 1
cos Og

c=44Db
35Cl+n

8.6 MeV
<€ |

Several y's
=>» Isotropic

Events/(0.0107)

36C|




Events/(0.05)

391-day salt phase flux measurements
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Very clear evidence

for non-zero v +v,
flux (flavor change)




Comparison of results from SNO-D,0O

phase and SNO-salt phase

Stat + syst.
st/
oy
Pure DZO — Phase I (306 days) —
constrained fit
Salt phase e Phase I1 (391 days) e
CC SpeCtrum constrained fit
constrained
Saltphase  [EEE-EENEN Paseniot ey |
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ve and (v, tv) fluxes
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Three (or 4) different measurements intersect at a point (=»non trivial).
All the data are consistently explained within the standard oscillation



Oscillation Analysis with all solar neutrino

Earlier in this talk....
(assuming oscillations)

s 2v active oscillations
10

10’k —— 90% C.L (2DF)

=11 [
10 F  Cl+Ga+SK rotes + CHOOZ VAC
-12
10
4 1073 1072 107! 1

Fogli et al.

SNO collab nucl-ex/0502021
Also many other analyses

All solar exp(2005)

............. 95 % B m;"__"
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CC/NC and the measurement of 6,,

Pec _ 340+0.023 00

1.0
- NC

Vacuum - Matrer_;

0sf rransition |

F Vacuum Accurate measurement of

06| 1-1/12-sin%20,,

sin?0,, is possible by the
CC/NC ratio measurement.

P a
E ~ 20~
il | > i
i o i
[ Sin2912 _ % 15; —
ki g I
LMA 5 h> :
] 10j _|
E 51 -
Bahcall & Pena-Garay T =]
hep-ph/0305159 0 02 04 06 08 1

tan’0



CC/NC and the measurement of 6,,

Vacuum - Matter ]
osf transition
| Vacuum

0.6 1'1/2'Sin22912

Bahcall & Pena-Garay
hep-ph/0305159

These conclusions were obtained based on the matter effect.

This happens only if;

|
\)

_Vl

Furthermore,

Pec _ 340+0.023 00

NC

Is less than 0.5.

=> 0., <45 degree. (about 34 deg.).



Summary of Lecture-2

* Nearly 40 years ago, the first solar neutrino
experiment (Homestake 3’Cl experiment)
observed solar neutrinos. But this experiment
also found “The missing solar neutrino
problem”.

The deficit was confirmed by many
experiments, constraining possible solutions.

The problem was clearly solved by the SNO
D,0O experiment, with an important
contribution from the Super-K data.




