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Solar neutrino
Standard Solar Model (SSM)
Sun burns through: 4p — “He + 2e* + 2v +25MeV

' pp-chain
/ P+P—2H+ey ] P+e+P— 2HH/ ] \

99.75% b : 0.25%
H+p—3Het+ 7 4—-'

3He+ 3He — a+ 2p 3He+a—->7Be+Qe:+p-—>4He+e++V

09.85% 0.15%
Be + e~ — "Li vel 7Be+pl—>sB+T
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Solar neutrino flux measurements

v energy

vange 2 | SAGE:1990-, GALLEX:1991-1997 , GNO:1998-

SéAA(\aLEEX v.+7'Ga— e +7'Ge
&NO ) Eth— 235keV

R=0.55 + 0.05 (SAGE)
30~100 tons R=0.57 + 0.05 (GALLEX4GNO)

PPryor
‘Homestake : v, +%7Cl — e +37Ar
615tons.  Ey=817keV  R=0.33+0.03

;;;i_;. 0,0C St R 0. 47 + 0. 02 (SK)

SNO- I 1999-2001 SNO II(+NaCI) 2001- .
SN. ‘( L Ve d_‘ﬁie—>p + p + e CC) f

8B

R: Data / SSM(BP2000v2)

Radio chemical experiments: Homestake, SAGE, GNO/GALLEX
CC Integrated flux above a threshold

Water Cherenkov : Kamiokande, Super-Kamiokande, SNO _
~ Directionality (v,e—v,e case)
CC+NC (SK) CC/NC (SNO)  Energy, Event time measurement
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Oscillation parameters based on flux of
Homestake, GNO/SAGE and SK
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*No unique solution.. :
-SSM dependent (pp: 1% 7Be: 10% 8B:+20- 16% hep ’?’?) B
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Goal of 2"d generation solar neutrino
experlments is to get flux mdependent
evidence of v oscillation -

Matter-effect regeneratlo.n Energy? spactrum distartlon

— o e bR AW
o S0 o o
- - v W -

: Neutripo Flux R

. SR
’..'..l||.'|lllﬂ"’

Borexino, SK, GNO

Edward T. Kearns
http:/fichep2000.hep.sci.osaka-u.ac.jp/scan/0801/pl/kearns/ichep24.jpg
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Flux independent analyses

Spectru_m Distortion

] -‘SNOSK

Day/Nl ht
flu%( difference

] 8K, (KamLAND)

Suo.

OW] Spectrum Distortion
1 Day/Night

-7 flux difference
Borexino, LENS, HELON,

)~ MOON, XMASS ..

‘ Spectrum D|stort|on |

/1 Seasonal Variation

~ 1 Borexino, SNO, SK, ...

E, (MeV)

186

e A A

™ - e
- e ———

L I N T W S S U N S [ VU VL N




‘ http://www-sk.icrr.u-tokyo.ac.jp/sk/

LINAC  Electronics hut Water and air _
purification system

Super-

LS :-.n ‘V‘Nm

(LR EUe

50000 ton . Inner Detector (ID) Outer Detector (OD)
stainless steel tamk 11146 of 20 inch PMTs 1867 of 8 inch PMTs 5

* photo coverage 40%

e outer detector - :2:5m for.all surfaces

¢ fid. vol. for Vsolar - 22.5kt (2m from ID wall)
° for 10:MeV electron

. ~ vertex resolution  87cm
energy resolution
angular resolution
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SK-l: Enerqy spectrum

May 31, 1996 — July 15, 2001

-l
o

Events/day/22.5kt/0.5MeV

1496 days ~

' — Solar neutrino MG
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g s Observed solar neutrino events |
e
B T N
‘0 -1|  {(efficiency corrected) B
b ) ¢ /stat?s uncor. sys.? o
& —  correlated sys. err. |
So06 | , ‘- 4
M- 5.0-20.0MeV best-fit +
0.4 | - R s
SK 1496day 22.5kton (Preliminary) i
.2. s ——s o . N S 1 ' l
0 & 8 10 12 14
- - . Energy(MeV)
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SK-I: Ehen;g;_y spectrum (day/night-6bin)

SK 1496 days 22.5 kt
(Preliminary)

A 0.8

0.2}

0.6}! ++ | ]
0_453{:“*1&_;_.*% 5 B TPt ]

0.2}

0.8} { L
H g & e g : |
0.4ftt —= @ §

0.2}

MAN3 L ALL | MAN4 li ALL

L]
1
"1

0.8}

> H*W_P—%«H%‘ %M+++

0.4 ;
0.2F:

1
]
1
1
1
l

b

MAN5 i ALL i CORE | ALL |

5 75 10 125 15 175 5 7.5 10 125 15 17.5
‘Energy{MeV) :

Use 44 data point‘s for oscillation analysis
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Oscillation analysis (SK vs. global, active)

3 - (before Apr 20, 2002)

o 1 0 e e e ey —
3 -SK 1496 Days (hep free)
- 107}
10 ™
10 .
107
-excluded
~(rate not
10 -8 u_constred) allowed
" ‘ rate con-
: strained 10
g solar model
107 lowed
~ (Ga, Cl, SK & SNO
10 rate+SSM pred.) o
107 . R
10" _ ; E
e TSP v, OSOL)
10 10° 102 107 1 10 10°
tan®(©)

SK favors large mixing angle regions.

N

o

I N U
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Sudbury Neutrino Observator

http:llwww.sno.phy.queensu.cé

Control room

9456 of
8 inch

PMTs INCO s Creighnton mine

i Sudbury, ON, Canada

1000 ton heavy water 1700+5300 ton light water

: {(17.8m¢ stainless steel support, :
(1 2me acryhc-vessel) 34mh x 22mo barrel-shaped cavity)

. . >

. ph,oto'ooverage_ - 5% (R<7m)
* cosmic ray muons . ~70 events/day
o fiducial volume - 0.7kt (R,5.5m)

‘e Trigger rate (data)  6~8Hz(~2MeV. threshold)
e Trigger efficiency ~ 100%@~3MeV
» for compton e from "®N source (~ 5 MeV)
vertex resolution 160m_', L
energy resoluton . 16%. .~ -~~~ 7.
angular resolution - . 270 R T |
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NO detector during construction
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SNO: neutrino event

NHIT=85 (~9MeV)

TRyt e ik i, A TTlY

File Move Display Data Windows

01/0B/2000
08:14:50.4804705.
Previea! 103 se¢ {4 min
i Trigger: . - 2OLE000H,100M
: PRANUDIE 125127 10
. Novimad: S

ealea ..,

http:llwww.éno. phy.queensu.ca/snoftalks/apssno3.ppt
hﬂp:llewiserY%r.npl.washington.edulsnolUW_Talk.ppt |




SNO: neutrino reactions
Target = heavy water (D,0)

- Good measurement of v, energy
spectrum
- Weak directional sensntlv:ty
« 1-1/3008(6)
~-v,only.

- Measure total 8l-3 v flux from the
sun. S -

- 3 ways to detect neutron

- Low Statistics

- Mainly sensitive to v, , some
sensitivity tov, and v,
- Strong directional sensitivity
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SNO: what’s new (April 20, 2002)

Livetime: 306.4 days
(November 2, 1999~May 27, 2001)
Day: 128.5 days Night: 177.9 days

Energy Threshold: 5 MeV Kinetic

n+d-ot+y...—>e" (E,Y=6.25 MeV)

/—Flavor change/oscillations — u
(0 Ve \

June 200] —=— =
- D, Ve +0.154(V, + V)
D - | Ve
new (I)T'C - VetV t Vs
D vs D,
\ day night /
T Total 8B Solar Neutrino Flux ' ~

June 2001 (I)x = (I)cc + ((I)es - (I)cc) X (1l8) |

new @, = O,
N - J
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Narmalized Disiributions

SNO: energy calibration

& Ni6Datm
10 e : ® Lig Dala

s P S N 4 PT Data
~—-~Mante Catlo
% CC Monie Carlo

10 E

" 180 180 =200 220
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i BT
a0 &4 80

et Neutron Dota
. MWof Neutron MC

10
D
_4 uﬂ
10
. a
]
Iltlllllllllllilllll IIIIIIII m—lll
30 49 50 B0 70 a0 an 100
' Number of PMT hits

(Data-MC)/Data
- g o
S B 8

0.015 ™

0.01 : 1 |
Ty N o
0.005 e N

-0.005

-0.01 9500 9600

Julian Date (JDY)

8100 9200 9300 9400
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8L B (<~14MeV)
t(p,y)*He 19.8MeV vy

252Cf  n (6.25MeV v)
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SNO: neutron BG 1

Source | | Events \
DO photodlsmtegra,tlon I V -
H,O + AV photodlsmtegratlon- SR R\ o
Atmospheric v’s and o |
sub-Cherenkov threshold p, s 4+1
Fission | | | . N
’H(a, a)pn 2404
"O(a,n) | | X1
Terrestrial and reactor v's 1
External neutrons K1
‘Total neutron background 78 + 12

e BG level is ~12% of SSM NC rate

e Dominant BG source is photodisintegration .

by radioactivity in D,O, H,O, and AV

y+d—p+n

» To estimate U/Th contents is essential
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SNO: neutron BG 2 (Estimate U/Th Content)

Ex-situ: - L

eExtract daughter products in ~400ton of water
*lon exchange (22*Ra, 226Ra)
*Membrane Degassing (22°Rn)

*Count daughter product decays

In-situ:
*Use low-energy data (4.0-4.5MeV)
oStatistical separation of 2%8T| (B+y) & 214Bi (B)

+2) 2 *th [ @ Insiw

5 1044~ A MnOx < HTIOj :
% lgq T l Goal: < 3.7x10°" I Both methﬁds
JIA - . X agrees we
R R % % 1%- %
——t i 3

,8 10-15_ . | l 1 B ..
E [
= ] i _
8 1 5
=
o)
@)

||||||||| Liere b bera v s e ot 1 1

1
10 20 [ e Insimu

G 10‘13?%“ -14 % 3 Events
20 Goal: < 4.5x10 5
> I |, | PO _HOAv
109 ] 3 A 8 e +8
B I t| 448 2748
8 ] |
LT T
B R T R S ST S -Weighted -

Days Since November 2, 1999 Average
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SNQ: Cherenkov BG

SKO 2,0 Cererxov bockgrouncs cbove T,y = 4.0 MeV

Acrylic PMTs

=
s * Neutrinc Dcte
£ — Bi MC
9; —_ T KC
z — Bi+TI MC
g Rﬁ[< 55C cm
Lt
e
+y
4
iy
iliag) ] Iy %
10 11 12_ 3 14
. Teff (MEV)
SNO external backgrounds at 4.5MeV
E &} [} H,0PDF
000 |- : :__i’++ . [ AVPDF
g { {vy, E PMTPDF
6000 [ ":++ ® Final data set
*
5000 |- ‘-.“ B ML fit and sys. err.
Tn
4000 [ g,
r N .§
3000 |  ‘ S
. ' S
[ + S
2000 | § ; E
F S| H
r L~
1000 ~
oL
0 0.5 ] 1.5 2, 2.5 3
R (cubic AV radii)
Cherenkov
Events i i

11
16+]
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SNO:Hux1
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. - hep-ex/0204008

Total: 2928 events
(Te: 5.0-20MeV)

CC: 1967.7 38§

ES: 263.6 264

NC: 576.5 +¥5
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SNO: Flux 2

Te> 5 MeV

(I)cc(ve) = 176 fg:gg(stat.) fg:gg(syst.) x106cm2s”

D (v,) =2.39 H024(stat.) *0-19syst.) x10° cm2s"

D,\o(v,) = 5.00°4(stat.) *04%(syst.) x10° cm 25"

°fSK ES FLUX=2.32 + 0.03(stat.) + 9-%8(sys )

0.07
w5 ohO +1.01
qla 75 cC Deem = 5.05 -0.81
o F
\02 6 .....
< 58

=
e_ B
4N
R
25 I
1;_ L RS A
OF T l
0 1 2 3 4 5 6
o, (10° cm? s7)

@, =3.415¢, (530, only SNO)

D =3.45%; (5.50, SNO+SK)

Previous: SK ES @ SNO CC 3.30

Strong evidence of flavor change
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SNO: Daleight 1

hep-ex/0204009
> ""I""I. """" AL B AL L
© | (a)
E 1.5 i - O Night -
Q_: #:t ' ® Day
R -
E ==
505 - 4= —> -
8 =q’=n=¢==-“¢=:g:___9:
0 ||||||""I=ﬁ;—-_*-.§=-1~td
5 6 7 8 9 1011 12 13 20
A Kinetic energy (MeV)
EO.Z _""l"".l‘_f‘rl"_'rl"'"I""l""l"" I(Ibl)l__
20.1 B + -
- T A
%’—0.1 - e | [ -
202 | | | | | i. | |
5 6 7 8 9 10 11 12 13 20
Kinetic energy (MeV)
Da;/: Night
®. 1.62%0.08%0.08 1.87+0.07%0.10
®, 2.64%0.37t0.12 2.2210.30%0.12
®_ . 569%0.66+0.44 4.63%0.5710.44
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SNO. DayjNi_ght 9

A= 2((I)nlgh’[ (Dday) / ((I)night + (I)day)

ACC_140+63+15
Anc =-20.4 +16.9727

Qg = (1-€) O + € Dy

A, _128+62+15
Aot = -24.2 £ 16.1 +24

D =(1-8) D, +e D, A=
A =7.0+4.9" +1 3
Dpg = (1-€) Do + € Py Ay =0 SKA+SNO @

SKA;=5.3+3.7 F2? (sK1258days) 5

(SKA, ~ 8.2+ 3.2) (SK1496days)
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Oscillation analysis (SNO D/N spectra)

log(Am %eV?)

-10

-11

-12

log(Am ¥eV?)

-10

11

12 B

SNO group hep-ex/0204009

— 90% CL
w—— 95% CL

99% CL -~
— 99.73% CL

L (b)

— %90% Cl.
— 95% CL
99% CL
—— 99,73% CL

e LOW

1 1 1 1 1 1
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0 5.1
log(tan” )

SNO Day and
Night Energy
Spectra Alone

Combining All
Experimental

and Solar Modelf

information

Best fit:

(tan20, Am?)=
(0.34, 5.0x10%)
YPrin=57.0/72

LOW region:
(tan2e, Am?)=
(0.55, 1.3x107)
Yin=07.7/72

-
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Oscillation analysis _
| - V.Barger et al. hep-ex/0204253 -

 HOMESTAKE + GALLEX/GNO + SAGE
gt SK D/N SPECTRA + SNO D/N SPECTRA .
1078 —————— T

1074
& 1078 b 4
>~ - 2699% 3¢ ] |
Lo o2 . o 04 068 . 08 0 10
Lo tanfel o e 3

Best fit:
(tan206, Am?) = (0.39, 5.6x10°) x2min=50.7/72

LOW region: |
(tan26, Am2) = (0.46, 1.1x107) ¥2,=59.9/72
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Oscillation analysis

- J.N.Bahcall et al. hep-ex/0204314 -

900/0 95°/o 99°/o 30'

‘:llllllﬂl LRERLL l 1,IlIIIIII.I‘I

BPOO Free ”B ‘;'

] 11[1”[[ l 11”!“! it I IIIHIi 1 llllll III!

BF’OO Free ’B , o

]
_ R
i Illllll TiT lllil [BL) Hfm .

. LoW:22c @ LOw:250 ¢

10.9 i

. ‘:-10 '
B Before Aprll 20 200"” ‘9"‘+LC+AW(CC)+NC

. IIIII[[]_[ l MENS] ] L1 L i Hl I SR f LLLLLL I .I | II|| 1141140 .

.10 ,
10t 1t 10¢ ._10'_?4 1 10 103_ 10"”"_- w1 10

i

Best fit: "
(tan28, Am2) = (0.42, 5.0x10°) %?,,,=45.5/46 98.8%C.L.

LOW region:
(tan20, Am2) = (0.61, 7.9x108) %2 .,=b54.3/46  2.50

SMA: 3.70
Pure sterile: 5.4¢ ) ,i.
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Oscillation analysis

SK group (preliminary)

 Ga+CHSK+SNO CC(previous)

"o
W

e

§
.h

—
S o

~AmPin eV

10 es%cL.

10% 10

i

102 107 4
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Oscillation analysis

SK group (preliminary)

g
W

L Ga+c1+sK+sNo-éo‘cﬁ(pre'vious)

 vewathe
o

4B flux BP2000V2 SSM
- ' 5. 05 0 31 x1 06 /cm?/s

L/ weNo CC(new)

AmineV?

. +BB flux Junghans S17

R | 593+§88§x106/cm2/s
| 10j"41§ \ |

950/OCL S
| ( B hep free) '-

10! 1 0
I P tan(@)
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Oscillation analysis

CAmMfinev:
A

. 10-11 0 -
95 /oC L e

o SK Zemth Spect

S 10 RERID:  1‘_| sl FnnE

| ,1-0"4 ‘
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SK group (preliminary)

" Ga+CH+SK+SNO CC(new)

'  ;( B hep free)

s"r' ponl r I 2E il v :




o SNO allowed

- SK excluded

10 ™ gorrrrmr oy
SK 1496 Days

1— 1T} i"rm’[‘“‘"r"“r'z“rrﬁ'ﬂ

EIEE

excliuded

allowed
(SNO alone:
see PRL)

-Zenith Spectrum (95%C.L) -

‘101 L. v vvend v veamd 0 sl aoresl c v roned 0 ol

10% 10° 10°% 10" 1 10 10°%

tan®(Q)
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Oscillation analysis

SK allowed
(constrain 8B flux to SSM)

y

-3
10 IR RN S I R RIS B I R T
:SK 1496 Days

10 f*;s o o

Am? in eV?

¥

10

[ T I O O I B A |

10 7+

:1-1[!

10 7
-excluded
~-(rate not

trajned)
AT "‘
g . (rate con-

1 2ﬂZe-nith Spectrum
- [ I S Y T R Y T AR TrL )

10% 10°- 102 107

10
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KamLAND

http:/www.awa.tohoku.ac.jp/KamLAND

Kamioka Liquid scintillator Anti-Neutrino Detector

" F_Aquidgﬁnlilllmr and Water

furification Plants

long baseline
reactor experiment

converted from
KAMIOKANDE

hosted by
Tohoku University

Filing: _ Apr. 2001~
Observation: Oct. 2001~
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~Seittiliator
Target -

1/,000 m3 liq. scinh

1,300 17-inch PMTs
+600 20-inch PMTs
22+14% coverage
anti: 3,000m3 water
reactor L~170km
700 events/kt/year

Vo+p —er+n

(Eth = 1.8MeV)

-

Tot!

ek Shvets.

ot

-

-

. 5 "

L A S T




KamLAND: sensitivity

- .4| SK95%CL. excluded

L1 3 rx
llllll

ERUPYPRLLL )
--------

KamLAND
11 95% C.L. sensmblty
600 ten fiducial volume

_____________________________

'IAIllII[l‘
Tttt

EFEIETET

From K.Inoue (Tohoku Univ.)
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Borexino

detection of "Be v
(edge 660 keV)

@00 tons liq. scint}
(fid. vol. 100 tons)
2,200 8-inch PMTs
Ee > 250keV?
55ev/day for SSM

Qx+e“ -V, +e )

BOREXING:

http://almine.mi.infn.it/

Borexino Design
Stainless Stast .. ”
Sphera 13.7m @

Nylon Sphece _ FAuan veto!
; -200 cubwaras

pointing FMFs -
. 100 lon '
" fidfucial volume

& . Nylon fim
A\ . Rn barrier

... Lo Holtlirgy Sirin, :
v StAINIGES Stosl Wotar Tank ... Slesl Shielding Plates ‘
. 16m & B x @ey x 1dem and 4m x dm x dom

~ full suppression
~ half suppression
seasonal variation

SMA
LMA
V.0.

Signal for Vacuum Oscillarion

Counts &0 . | Lo PaH | P HP -
per day o dsc ooscHhiauon 1.0
7-Be ot Osc. prob.
window . ' S
' l blue curve
red curve '

5

20

10

SMA ¥

ol oy

200 250 3

914

2280 & Thom EMI PMTa -

[ |

PN e s R T S S S Y U WVU U I S

b ) eer——— ™



Borexino: Day/Night sensitivity

G.L.Fogli et al PRD61(2000)073009

- LOW region 4= 10~20% effect

- . Nighttime and Daytime rates in BOREXINO, normalized to SSM

S 10 i imiaan B

<
T

Satat”

N | -
£ |
O ‘
g;—"\
-

u’ . -
~- =
-

= -
<

(Lo R T I T T (PR T ISR T 2NN U: KRR PR T
. . . ) ‘ :‘. - .‘ ) ":‘ " 2‘ X ‘. “ . ... '
sin*2%/cos29 - sin*29/cos2®
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summary

» New information from SNO

FLUX

306.4days, 5.0-20.0MeV

SNO (g =1.76 *3:08 *0.09 [x108/cm?/s
SNO 0. =2.39 *335 *0:15 [x108/cm2/s]
SNO @y =5.09 *0:45 *0:43 [x10%/cm2/s

SK (g =2:32:0.09 [x108/cm?/s]

Day/Night

SNO A, =7.0£4.9 ﬂ :S’ Pgg = (1-6) D, + £ Dy Ay =0

SK A,=53+37%7 SKA+SNO O,
Ae ~3.2232  seldibdoys
» Oscillation analysis

MSW LMA solution is favored
MSW LOW solution: 2.5~3c
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