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Pioneers of Solar Neutrino Physics: Davis, Bahcall, Pontecorvo & Gribov
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1968: Gribov and

Pontecorvo suggest flavor
change (oscillation) of
electron neutrinos to muon
neutrinos as a possible

1968: Davis’ Measurements of electron neutrinos with
Chlorine-based detector show 3 times fewer than
Bahcall's calculations.

Ray Davis: Nobel Laureate 2002 reason.
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1984: Herb Chen proposes heavy water to search for direct evidence
of flavor transformation for neutrinos from 3B decay in the Sun.
Electron neutrinos and all active neutrinos are measured separately
to show flavor change independent of solar model calculations. SNO
collaboration is created with Chen and George Ewan as Spokesmen.




1985
Sinclair:

SNO Collaboration Meeting, Chalk River, 1986

PROPOSAL TO BUILD A NEUTRINO OBSERVATORY IN SUDBURY, CANADA
D. Sinclair, A.L. Carter, D. Kessler, E.D. Earle, P. Jagam, J.J. Simpson, R.C. Allen, H.H. Chen, P.J. Doe, E.D. Hallman, W.F.
Davidson, A.B. McDonald, R.S. Storey, G.T. Ewan, H.-B. Mak, B.C. Robertson Il Nuovo Cimento C9, 308 (1986)



Unique Signatures in SNO (D,0)

(1 in 6400 molecules in ordinary water are D,0. We used >99.75% D

Charged-Current

Electron Neutrinos (CC)
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Equal Sensitivity All Types (NC)
v.+d — v +tn+p
Eiresh = 2.2 MeV o

Comparing these two reactions
tells if electron neutrinos have
changed their type.
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3 neutron (NC) detection
methods (systematically different)

Phase | (D,0)
Nov. 99 - May 01

Phase Il (salt)
July 01 - Sep. 03

Phase Il (?(He)
Nov. 04-Dec. 06

n captures on
?H(n, y)°H
Effc. ~14.4%

NC and CC separation
by energy, radial, and
directional
distributions

2 tonnes of NaCl
n captures on
35CI(n, y)36CI
Effc. ~40%
NC and CC separation
by event isotropy

2H+n

400 m of proportional
counters
3He(n, p)3H
Effc. ~ 30% capture
Measure NC rate with
entirely seperate
detection system.

—Cl+n 8.6 MeV
.6 Me

5cm

n +°He — p +°H




Sudbury Neutrino Observatory (SNO)

Neutrinos are very difficult NEUTRINO
to detect so our detector
had to be very big with
low radioactivity, deep

underground.
1000 tonnes of heavy
water: D,0 34 m
$ 300 million on or
Loan for $1.00 ~ Ten
: Stories
9500 light sensors High!
12 m Diameter
Acrylic Container 2 km
Ult below
ra-pure
Water: H,O. the
ground
Urylon Liner and

Radon Seal




Y SNO: One million pieces transported down in the
3 m x 3 m x 4 m mine cage and re-assembled under

70,000
showers
during the

course of the |
SNO project
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Water systems were developed to provide low radioactivity light water and
heavy water: 1 billion times better than tap water. Less than one radioactive
decay per day per ton of water!!




Signals in SNO (Monte Carlo, Renormalized)
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As of 2001, beautiful solar data from
SuperKamiokande but no indication
of energy distortion or day/night
effect.

The first SNO paper in 2001 measures
the CC reaction accurately enough to
show a 3.3 o difference with the SK

elastic scattering flux that has a ~15%
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SK SN
q)lfﬁ (D[ T
\0

6 ..
B ' .
4 " > (
o 4 - q):k+\N !
= T SSM

2 h

0- a

0 1 2 3 4 5 (&)

(8] 2 -1
D (10 ems )




Signals in SNO (Monte Carlo, Renormalized)

Pure D,0O

— 107

§ U/Th in D0 and H,0

% CC (BP98) X 1/3

8 NC D,0 (BP9B)

T 102 April 2002:
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% Further Analysis
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Second SNO paper, April 2002

Hypothesis test of no flavor change:
assume no MSW distortion of CC,
do fit and use NC and CC rates to
extract electron neutrino and other
neutrino flux (x 10 cm2 1)

5 0.09
b = 1761005 (stat.) " g (syst.)
Gur = 3.41“:8:112(%& )+84’ (syst.)

()]

N W A0
e ©
e 0
T

o]
s
Fiducial Volume T

Events per 0.1 wide bin

*i

Tttt -+
h Sty i o ++++d~+ +

[
o
o

{

T

é

e NC + bkgd neutrons
——

160~ @

-
N
o
‘\H‘H\‘H

soi-T++ oty

20 NC + bkgd neutrons

N
Q Q
HWHT

+
oy +$++++ - f+++++++

Bkgd

T T T T
-1 -0.8 -0.6 -0.4 -0.2

—O 02 04 06 08
cos Ogyn

1




Events per kt-y

As measured 1999-2003
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SNO Results for
Salt Phase

Flavor change

/ determined by > 7 o.

New physics beyond
The Standard Model of
Elementary Particles!

2:_ B " 68% CL.
B i, 68% CL.
L—_ T gp 68% CL.
- - qr:; 68% C.L.
0o —5 s = 25 Hll"s
Electron neutrinos =~ % * !
+0.06 +0.08
P =1.68 "y ic(stat.) ;o (Syst.)
+0.21 +0.38
Py =4.94 75 (stat.) 3, (Syst.)
+0.22 +0.15
Prs = 2.35 55 (stat.) ) 5 (Syst.)

(In units of 10°cm™s™)

The Total Flux of Active
Neutrinos is measured
independently (NC) and agrees
well with solar model
Calculations:

~~ 5.82 +-1.3 (Bahcall et al),
5.31 +- 0.6 (Turck-Chieze et al)

Pec _ 0 34+0.023(stat) 00

Electron Neutrinos are only 1/3 of Total

NC



Phase 3: 400 m of Ultra Low Background Neutron Counters
installed in the heavy water by a remotely controlled submarine

Light
Sensors

Neutron | 4
Detectors k | -




Final Complete Analysis of SNO solar data

The SNO Collaboration (B. Aharmim et al) Phys. Rev. C 88, 025501 (2013)

Full joint analysis of
solar data from all three
phases provides best
sensitivity with all
correlations,
backgrounds, systematic
uncertainties included.

NCD pulse shape analysis to identify neutron events

Events
Events
Events

20000 stk <ol

15000+

400

Individual results from all
aor three phases are very

consistent within
; uncertainties
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A1
D, =5.25+0.16 7}
More accurate than

neutron source
current solar models and
lying between the fluxes

CC/NC=0.317+0.016(stat) =0.009 (syst)
predicted for two values

implies flavor change at far more than 7 o and fort
shows that 0,, is non-maximal by more than 5 o. of metallicity in the sun

4He detectors: 3He detectors:

SHe detectors:
alpha backgnd  neutrino data
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Flux at 1 AU (cm_2 s_lMeV_l) [for lines, em ™2 s_l]
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Including other solar neutrino measurements
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Solar Neutrino Problem
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Neutrino Flux

Combining SNO with other solar measurements

Solar Fluxes: Bahcall et al Experiment vs Solar Models

Superk, SNO
Gallium __jChlorine k =
=20 - Total Rates: Standard Model vs. Experiment
10 v T Bahcall—-Serenelli 2005 [BS05(0P)]
1om ';/"——pa
o [ 8.1113 %1 0+0.16 g 1267 % 1.01918
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Neutrino Energy (MeV)

The analysis concludes that the electron neutrinos are converted by
interaction with the dense electrons in the sun via the Mikheyev-Smirnov-
Wolfenstein (MSW) adiabatic effect. This interaction determines that Mass 2
is greater than Mass 1 as well as determining Am,,> and the mixing parameter
0., . The Large Mixing Angle region was favored.




The Kamland experiment provided further confirmation for Flavor
Change for electron (anti-)neutrinos and overlapped the LMA region
for the 1,2 parameters using anti-neutrinos from all the reactors in
Japan. Excellent resolution on Am?,,

K. Eguchi et al, Physical Review Letters, 90 (2003) 021802.
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Current Situation of the SK solar neutrino
measurement

High statistics: ~94,000 solar neutrino events (till May, 18)
1. Precise determination of the oscillation parameters

=> solar global analysis
+ all solar flux (SK+Ga+Cl), spectrum, time variation (seasonal, D/N)
* SNO + SK (spectrum, time variation) [w/o solar flux calculation]

» The stress between KL and solar result is persistent

o

N 8% 8 \

< 6 6 \\

4 20 4 20 .
2 2
io LW, 0.0 Ld
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0.0 0.1 0.2 0.3 0.4 052 468

sz

Thre. # solar Live
(MeV) vew. days

SK-l (96.04~01.07) 4.5 22,404 1496
SK-Il (02.10~05.10) 6.5 7,212 791
SK-Ill (06.07~08.08) 4.5 8,147 548
SK-IV (08.09~18.05) 3.5 55,792 2860

Total e 5480

1. Constraint: sin6,,=0.0219+ 0.0014
Solar: sin2,,=0.310+0.014, Am?2,=4.82+129
KL: sin?,,=0.3167333%, Am3,=7.54+012

Conv: sin%,,=0.310+ 0.012, Am?3,=7.49+912
2. no constraint on sin043

Solar: sin?,,=0.313*392%, sin20,5=0.0261392>
KL:  sin%0,,=0.326733%%, sin20,5=0.01010933
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Current Situation of the SK solar neutrino
measurement

2. Day/Night

» Matter Effect of the oscillation through the earth > 2.6 ¢
* Flux independent evidence of LMA
» Oscillation parameter det. only by D/N:

<& consistent with the results of solar Global

* Need to increase statistics

3. Upturn

Am?2in 105 eV?

* Recail & qner’rrum using all the data from SK-I~IV (5480 days)

SK I/II/III/IV LMA Spectrum

- KamLAND
- Am?

[Blue line: KamLAND Am?,,
- (_Green line: solar Am?Z,,
.« data: consistent with solar best fit

: Am? within 10, but ~20 for the

- KamLAND measurement
= * Need to lower the energy
" threshold

"< o Achieved 3.5 MeV (K.E.) so far
—> next goal: 3.0 MeV

: 08
o
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P.. versus v Energy
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- |

——T -
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Super-K 3

aNO
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1 —
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SK now shut down to install Gd for relic supernova neutrino detection.

2018/06/13
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11400 m of rock 1

Scintillator
Reeml PC + PPO (1.5g/1)
1150 um tick nylon vessel

. . Stainless Steel Sphere
Borexinolis an ultrapure ¥ = 6.75m - 2212 PMTs

liquid scintillator experiment
installed at the Gran Sasso
National Laboratories of the
Italian National Institute of
Nuclear Physics

Water tank
v and n shield
i Cerenkov detector

Buffer region
PC + DMP quencher
4.75m < r < 6.75m

External Tank insulation
PHASE-I PHASE-II

2007 2010 2012 2017 | 2018

A I A

[ | >
ﬁ LS repurification campaign CNO campaign

filling 6 cycles of water extraction
« R(’Be) + D/N « R(pp)
+ R(pep) — first observation « Seasonal variations of R(’Be)
« R(®B)- first with LS « Simultaneous spectroscopy of
« R(CNO) - limit pp, 'Be and pep v
« R(®B)-improved
geo- v — first robust observation * geo-v
cosmic muons flux studies « v magnetic moment
rare processes * NSI (under study)
* rare processes




Multivariate fit example

11C-depleted data sample 11C-enriched data sample
Nh Nh
100 200 300 400 500" 600 700 800 900 100 200 300 400 500" 600 700 800 900
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X107k 107 '
© - © -
© ;_ ©
2102 210
[ [
> >
w w
10 107}
2000 2500
visible energy [keV] - visible energy [keV]
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Testing MSW-LMA oscillation probabilities 16|

ngh metalllc:lty SSM Low metaII|C|tv SSM

—~ 1 - —~r —~ 1 ——rr r——rrr -
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o 0.8F o 08 3
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a 07 e o 07 " E
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ob—— T | )| SN e a2 a2l =
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Energy [MeV] Energy [MeV]

Uncertainties in the determination of P_(E)

" pp and pep neutrinos: small uncertainty on flux prediction (~1%)
— experimental errors (11% resp. 16%) dominate

= ’Be and B neutrinos: very accurate measuerements (~3%)
— SSM uncertainties dominate
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How to improve? CNO: Villante Dresden 2018

Increase the detector depth - reduction of cosmogenic 11C background
Consider larger detectors - Stat. uncertainties scales as 1/M1/2
SNO+ (1 kton), LENA (50 kton)

Event spectrum in ultrapure liquid scintillators (Borexino-like)

104 B !" “"
. !/ ."'x‘PO
% 1000} | “'
S ¥ i
> ] H
< )
9
g 100} —
S . :-. 20 cpd/100 ton |
S P ke Bi
Z 10 ~ e 1 .
= CNO |t ~. C will be a factor 100 lower in SNO+
= = SR BN
N GS98 - 5.1 ¢pd/100 ton
AGSS09 — 3.6 cpd/100 ton
CNO could :
resolve the 0-1—=57 06 08 1.0 12 14 16 T8
metallicity E (MeV)
question

The final accuracy depends, however, on the internal background (*1°Bi)
Borexino: 20cpd/100 ton = 150 nuclei / 100 ton




Currently running with H,O. Scintillator about to be installed.
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Monte 'arlo ih scintillator. Optimistic background assumptions on Bi, Po
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'Assumptions:

-+ 400 Nhits/MeV light yield

* FV = 50%

* 95% reduction of 214Bi via
delayed coincidence

* 95% reduction of 219Po and
214Po via alpha tagging

* 50% constraint on 85Kr

* 25% on 232Th-chain

ol .
= _ * 7% on 238U chain
I ] - B fjﬁ\ S
6.3 0.4 05 06 1 2 3 4 5 6
Energy (MeV)
6 months Tyr
8B 10,0% 7, 1%
'Low "'C background ‘Be > 1% 3,3%
pep 13,0% 8,9%
Te to be installed when ready in 2019 for Ovff CNO + Bi 6,5% 4,4%
Valentina Lozza, LIP Lisboa 21 5th International Solar Neutrino Conference, 2018




2018 Conclusions re solar neutrinos

« Nature has been kind. Following up on Ray Davis’ and John Bahcall's
pioneering work has enabled us to learn about new neutrino properties
and about the sun itself in considerable detail.

* The work with SNO has been strongly complimented by other very
beautiful measurements of solar neutrinos (see Till’s talk, SK and
Borexino) and by Kamland’s excellent work on reactor neutrinos.

* We are now at a point where future solar neutrino measurements can
be helpful for solar models (CNO: metallicity) and for further limitations
on neutrino effects (non-standard interactions...)

« Many of the planned large scale detectors (HyperK... Liquid argon...)
will have solar capabilities as secondary objectives.

« Stay tuned.







