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A Solution of the Solar-Neutrino Problem

John N. Bahcall
Institute for Advanced Study, Princeton, New Jersey 08540

H. A. Bethe

Newman Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14853
(Received 27 June 1990)

Comparison of the results from the Kamiokande neutrino-electron scattering experiment with those
from the chlorine experiment and with solar models shows that the explanation of the solar-neutrino
problem probably requires physics beyond the standard electroweak model with zero neutrino masses.
The experimental results, including the shape of the electron-recail energy spectrum measured by
Kamiokande, are in excellent agreement with a nonadiabatic solution of the Mikheyev-Smirnov-
Waolfenstein effect, yielding a neutrino mass difference of Am’=1x10""sin 7’0y eV~

PACS numbers: 9660 Kx, 12.15.FI, 14.60.Gh

The MSW solution® with a relatively large mass
difference can be excluded because Kamiokande II ob-
served a significant neutrino fAlux above 7.5 MeV. The
large-mass version of the MSW effect predicts® that
these higher-energy ®B neutrinos are almost entirely
missin

Dave Wark
Imperial College/




utrino Physics

Which left us where?

2v active oscillations

Cl+Ga+ 5K rates + CHOODZ
+ Sk D=N energy spectro

But no smoking gun for oscillations..,.  Dave Wark
mperial College/
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The Sudbury Neutrino Observatory

NCBly +d - pHn+y,

Q=222 MeV
measures total 8B v flux from the Sun
equal cross section for all v types

@ e | te—

low statistics
mainly sensitive to Ve, some Vil-and VT
strong directional sensitivity

Dave Wark
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The enemy.....

2381J Decay Scheme

0 Bs and ys from decays in these

24.10d

N, 7 chains interfere with our

1.18m
g~ 221

2tz signals at low energies

8.0 x 10y
a4.77

- And worse, Vs over 2.2 MeV

3.82d
a 5.59

e caused+y - n+p

26.8m
B~ 1.02 9352

>99% B~ 3.27
7609, ~ 1% b.r. to v > 2200

Design called for:
AL D20 < 10-15 gm/gm U/Th
H20 < 10-14 gm/gm U/Th

8- 0.57 7239

\ Acrylic < 10-12 gm/gm U/Th

36% a 6.21
08T

212
3.05m _\
B 4.99 7583,860

0895

72614 (100%) 1

= Dave Wark
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File Move Display Data Windows
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SNO Calibrations:
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Signal PDF’s for pure D20
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SNO Systematic Flux Uncertainties

Error Source
Energy scale

CC error (%)

ES error (%)

Energy resolution _5.2’ +6.1 _3.5’ +54
Non-linearity iO.S i0.3
Vertex shift
Vertex resolution i0°5 ~ 0.4
Angular resolution i3.1 i3.3
High Energy y's iO. 7 i 0.4
Low energy background iO.S 12.2
In?trument.al. background -0,8, +0.0 _1.9’ +0.0
Trigger efficiency
e B -0.2, +0.0 -0.2, +0.0
Cut acceptance '0.2, +0.0 '0.6, +0.0
Earth orbit eccentricity 0.0 0.0
170, 180 iO.l iO.l
R AR -0.6, +0.7 -0.6, +0.7
Solar Model i0°2 iO.Z
0.0 0.0
-6.2, +7.0 -5.7, +6.8
3.0 0.5
-16, +20 -16, +20

Dave Wark
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Neutrino Flux (x 10° cnw

[

Measured SNO Fluxes

Assuming B energy spectrum ...

-~

-
SSM Prediction (BPB 2000 | %
% Fluxes (x 10° cm~2 sec™ 1)
&
doc = LT6T008 (stat.) £ 0.09 (sys.)
Opg = 2.35’):{1% (stat.) & 0.12 (sys.)
- OnNe = D, O‘l“,j:}_% (stat.)” {_: 4; (sys.)

0.0

cC ES NC

bcc < Qs < Pnc

NC flux in agreement with SSM prediction!
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NC Signal Measured Three Ways
2 tons NaCl added

c=0.0005b

2H+n

Blind analysis techniques

. Dave Wark
Figure 21: 4 for NC and electron MC. used throughout. i mperia |VCO| lege/l
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Solar Neutrino Problem

Resolved Doesn’t prove
mechanism!

[a—
-3

[—
1 I

O
oo

<
o

<
N

SNO Phase I (D,0)
SNO Phase IT (D,O+NaCl)
SNO Phase III (D,0+ He)

1

O
o

=
ad
aa
=
)
=
2
ﬁ
O
A
7
A
=
o
=
s
a

—rTt o rk
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utrino Physics Skt
Global Solar Analysis with SNO 391-day salt data

Best fit implies Lv ~ 100km

0O 02 04 06 08 1
tan’0

L1UINCOo1
)

SNO finds: SC = 0.340 + 0.023 (stat) 7002 (syst)

PNC

SNO suppression factor > 2 for L >> Lv [1 MSW effect

Possible to observe on Earth? Dave Wark
Imperial College/
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KamLAND

Rocks

-ete — 27 (0.51MeV)
vr_, p%eﬁ‘} (E, >1.8MeV) "

180y
\J@h_» np—dy(2.2MeV)

[soparaffine Based
Liguid Scintillator
[ 200m™3

.

Foocks

Sum over all Japanese power reactors...

Dave Wark
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KamLAND

(0.84,1.4e-4)
(0.84, 7e-5)

Distance (km

80% of total contribution comes from 130~220km distance

Dave Wark
Imperial College/
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KamLAND
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Proved (with other results) that neutrinos oscillate...

...or at least do a damned fine impression.

Dave Wark
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Borexino

Borexino Detector Design

—i;ainleu Steel Sphﬂ 2240 8" Thom EMI PMTs

Nylon Sphere [Tht coteciors|—
| [o=asm | A
mmwj 100 ton fiducial volume

Stainless Steel Water Tank Steel Shielding Plates
D=18m i Pm‘_ﬂm'iﬂcm and 4m*4m*4cm

> Tank for BOREXINO DETECTOR
> Building for eleclronics equipnents
CIF > Counter Tes! Focilily

> Clean-Room for CTF

> Storage Area for Pseudocunene Scintillator
> Tunneli Section (HolI-C,

> Crane
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BOREXINO EXPERIMENT

* Mainly, a solar neutrino experiment:
V + e — v + e inan organic liquid scintillator

obtained
via selection, shielding, and purifications

Low energy threshold, good energy resolution,
spatial reconstruction, and pulse shape identification

But also

Geo-neutrinos, search for rare events

PP Solar neutrino spectrum
pp 1% | "Be £ 10.5 %

- pep = 2%

Flux on Earth (v fem 8)

Ga exps

0,1

Electron recoll spectrum of an ideal
detector + Irreducible backgrounds

I | T S IR

700 800 900 1000
Q )

MNeutrino 2012 - Kyoto M. Pallavicini

From Pallavicini’s talk at Nu2012

Imperial College/
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BOREXINO IMPACT ON SOLAR NEUTRINO PHYSICS

Pp - all solar (w.o. BX)
e "B - all solar {Rad. + Cher w.o. BX)

s Homestake
MSWY prediction

&

Vg Survival probability

1 .4
= 1= —sin 26
2

pﬂr_':

E, [MeV]

1

By

¥, Survival probabili

, 'Be |pep
T

pp = All solar

'Be - Borexino
pep = Borexino

"B - END LETA + Boraxino
"B . ENO + SK
ME8W=-LMA Prediction
el
1

E, [MaV]

In the near future (Phase 2:2012-2013)
- Improve 'Be,®B  — test of MSW

- Attempt direct pp measurement

- Confirm pep at more than 30 and reduce error
- Improve upper limit on CNO — probe metallicity

MNeutrino 2012 - Kyoto

M. Pallavicini

J.l-lrg_ =¥l

- excluded by
| [ DN asymmetry Jio

Imperial College/
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BACKGROUND IN 2012

A significant purification effort started in late 2010 to achieve even better
purity

Quite effective on #Kr, good on 2!%Bi, unprecedented purity in 238U and 32Th

T

2012 spectrum with

a few months of data < 8.8 cpd S 100t
2007-2010: 31.2 %5

£
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:E
©

pp region
210pg peak
g decaysin 3y

- m ”ﬁﬂﬁr wﬂﬁlﬂf . <9.7 10" g/g
. Bl'.]l'.l | ‘EI[!!JIN % - -
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T R
HELE

164cpd/ 100 ¢t
2007-2010: 41.0+ 238
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Pl|\\|1 LW -::1.9ID"“g/g

s
100 200 300 400 500 EUD Tl]I]

Meutrino 2012 - Kyoto M. Pallavicini
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How well do we know 61292 arXiv:1009.4771v3 [hep-ex| 25 Mar 2011
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Future Solar Neutrino Experiments (Beyond those already in operation

SNO+ 780 kg LAB Liq scintillator  Construction, start 2013
Kamland-2 780 |b Lig Scintillator Following KamLAND-Zen

For pp, ’Be neutrinos, measuring CC plus ES could extract electron and total neutrino fluxes

XMASS 20 tons Liq Xe 835 kg since 2010 for BB
CLEAN 50 tons Lig Ne MiniClean (500 kg) start 2013

LENS 10 tons *°In HLENS under development
MOON 3 tons 1Mo R&D in progress
IPNOS 11510 R&D in progress

MEGAPROIJECTS Threshold defines: B + ?

HyperK, MEMPHYS Megaton Water Cerenkov

LBNE, GLACIER 50 to 100 kTon Liquid Ar

LENA 50 kTon Liqg Scintillator
Dave Wark

From Art McDonald’s talk at Nu2012 Imperial College/




ATMOSPHERIC NEUTRINOS

Primary
cosmic ray
D, He, ...

Ratio of V/Ve ~ 2
(for Ev < few GeV)

isotropic flux of m
cosmic rays \ : 0
— 0L
\- -‘_“______'__;___ Sb_“//

-

aimqsphé_re

Up-Down Symmetric Flux
(for Ey > few GeV)
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-===+Honda et ol,

{Bﬂrr et al. {<3GeV)
Volkova (=10GeV)

(vp+vp)/ (ve+ve)

5 o <5% :
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1 T | L L3 T3 ly
! 10 100
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Plots from Y. Suzuki

¢ for both v u
a few GeV).

Dave Wark
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Background to Proton Decay Experiments

Dave Wark
rial College/
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1986 - The beginning of the
“Too few nu mu” problem

IMB-1

VOLUME 57, NUMBER, 16 PHYSICAL REVIEW LETTERS

well not only globally but also in smull regions. The  decay. Also, there
simulation predicts that 34% + 1% of the events should observed 'jn‘m? c
EME an identified muon decay while our data has nucleon-decay sign;
;lﬁ-']-"[l +3%. This d]sl:‘re[_'lanc:,- could be a statistical flue- lifetime range from I_ {'} H (']'
tuation or 4 systematic error due to (i) an incorrect as-  der of 107 years. % A
sumption as to the ratio nii_muunl v's o electron #'sin is now limited by W . S - ! j
the atmospheric fluxes, (i) an incorrect estimate of  mospheric » flux a hasas, Mo PHYSICAL REVIEW LETTERS ooy
the efficiency for our observing a muon decay, or (i) tions, To reduce th Cabulaion of Atmospheic Ne uiino-ladueed Backgrouns in 3 Neclon-Decar Search
some other as-yel-unaccounted-for phvsics. Any ef- quire specific exper T d ek, F. M. o, G Sigmitl € 1 Brvrcn, O Cumar, B Shea, B O o, 3, Bt
5 -t 1 N W P, W Gaesado, K 5 Gasen M Goldwber, T W lomes, O Kekoeasks, W, K
FELL LR Ll Qiserepancy nas not been considered in cal- understanding of |e Koy, . 6. Liwresd, E Lamures, J. . Liboiea, . Mattuces, 1. 5. Par, L. B, Price. F, Biern
I:IJ]E'“I'I.g the nuﬂ'ltﬂl’ﬁ-d&ca}' msu[w. . a N bolir, §. Seidl F Shorard, [ Siacler, 1 W, Sod, | L Sase, L Sulsk, K. Swobads
1.C van
]
E ]
;
¥

e, arad T Waes
Eavernior of Db view., Calereir W00
P

vV, —Up: v p —Un; p—evv decay

V.n —Up; V. p —e n; no decay

May 26, 2002
Maury Goodman, Meltring 2002

“Oither Atmaospheric v Expariments

Dave Wark
Imperial College/
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Kam.(sub-GeV)
Kam.(multi-GeV)
IMB-3(sub-GeV)
IMB-3(multi-GeV)
Frejus

Nusex

Soudan-2
Super-K(sub-GeV)
Super-K(multi-GeV)

Also seen by Kamiokande

u /e ratio

¥ .Fukuda et al., Phys. Lett. B 335 (1994) 237.
M.Shiozawa, for the SK collab., talk at Neutrin
Munich, May 2002

- |
i
8 i
0 S ST

( 1€)gad( /€Iy

(r/e)oate/(p/€)Mc

cose
Fig. 4. Zenith-angle distribution of {p/e) g/ (p/e)me, where
both the fully-contained and the partially-contained events are in-
cluded. The circles with error bars show the data, Also shown
are the expectations from the MC simulations with nevtrino 0s-
cillations for parameter sets (Am?, sin?28) comesponding to the
best-fit values to the multi-GeV data for v, = », ((1.Ex107?
ev2, 1.0), dashes) and vy ~— ¥, ((L6x10-2 &V2, 1.0), dots)
oscillations.

Dave Wark
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SK atmospheric vV data as a function of zenith angle

Super —kamiokande S48 days Preliminary
| ! | ! | ' | ! i ! | ' | ! | ! I

| multi-GeV e-like | multi-GeV mu-like (FC+PC)|

# [Data

[7] Predicted

— Numu-nutau osc.

06 -02 02 08 06 -0z 02 08
cos{zenith angle) cos{zenith angle)

Dave Wark
Imperial College/




Sub-GeV e-like O-doy &

Sub-GeV p-like O-dcy e

N +

T
Mulli-GeV e-ike v

T
Muli-GeV e-like ¥_

T
Multi-Ring e-like v

s
I I

T
Multi-Ring e-like  ¥_

T
PC Thru

cos zenith cos zenith

Blue: No Oscillations Prediction

lepton momentum (MeV)

From Itow’s talk at Nu2012

cos zenith

cos zenith

Red: SK-I+IT+III+IV Best Fit
Oscillations
AmQ% = 2.30 x 107 eV?

St 20, = 0.99
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2 flavor L/E analysis update (SK1-4)

T ||||-|I'| T T rrrm
Oscillatio i

B Y
- N L& O

{ Decay

e
M B O

10 10> 10° 10°
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e
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Neutrino decay

7. =187.8/169(4.00)

Neutrino decoherence

7. =194.8/169(4.80)

10 .

99% C.L.
— 90°% C.L.
— 68% C.L.

0.8
sin“20

2 v oscillation result
sin” 26 =1.00(= 0.93(90%CL))
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Could you do this with a terrestrial experiment?

Super —kamiokande S48 days Preliminary
| ! | ! | ' | ! i ! | ' | ! | ! I

| multi-GeV e-like | multi-GeV mu-like (FC+PC)|
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This year 1s the

VoLume 9, NumMBER | PHYSICAL REVIEW LETTERS Jury 1, 1962

50th anniversary!

OBSERVATION OF HIGH-ENERGY NEUTRINO REACTIONS AND THE EXISTENCE
OF TWO KINDS OF NEUTRINOS*

G. Danby, J-M, Gaillard, K. Goulianos, L. M. Lederman, N, Mistry, ,
M. Schwartz, and J. Steinbergert : :’

Columbia University, New York, New York and Brookhaven National Laboratorv, Upton, New York
(Received June 15, 1962)
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utrino Physics  The Discovery of Neutral Currents

Dave Wark
Imperial College/!
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Why are we spending time talking about
ancient experiments?
It’s fun...
This 1s a school...

I would like you to note as I go through all the
amazing, expensive, flashy new experiments that
they are almost all just elaborations of these early
1deas.

This 1s a beautiful demonstration of the most
important single thing my advisor ever taught me:

“Three months in the laboratory will
save you three hours 1n the library™.

Dave Wark
Imperial College/
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The first long baseline experiment — K2K

u 99%) beam

o <E,>~1.3GeV
*Near detector
@300m
Far detector:
Super Kamiokande(SK)
@250km
*Sensitive for
Am? >2x103 eV?2

Dave Wark
Imperial College/



12 GeV PS 3 pp.mawﬁﬁiﬁ Ime

fast extraction
every 2.2sec | MF Horn(250kA) ~20 x flux

beam spill  1.1us ""f:"“:"‘ : /i Pion monitor
- . i _-_-..-'. ‘%

: P., 0, after Horn
~6x10'2 protons/spill e )
pem——p Near to Far flux ratio R




utrino Physics

2. K2K excperiment

~1 event/2days

~10'"v,/2.2sec

12GeV protons (/10mx10m) V

o

le 0et+H01 n

~100v,/2.2sec
(/40mx40m)

100m

200m
decay pipe

L monitor
(monitor the beam center)

T monltor
Near v detectors

(ND)

Signal of v oscillation at K2K
e Reduction of v, events
e Distortion of v, energy spectrum

Imperlal College/
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1R-u Energy spectrum

Final K2K Statistics
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sin220=1

Oscillation — disappearance — two flavors analysis

sin220=1.19+0.23 Am2 =(2.55 x+ 0.40)x10-3eV2

1.88x10-3 < Am2 < 3.48x10-3 eV2 (90%CL) for
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