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Neutrino Interactions with Matter

e Charge current interactions

Vo + 1A > e +7A
} Low energy ( ~ MeV)

V.+tp—>e'+n

V.+ NN +e

High ~ GeV
Vu+N—)N’+|,r } igh energy (~ GeV)

* Neutral current interactions(mostly backgrounds)

vtN2>v,+N +x
Vet N2 v, + N +x

e Both

CC
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Characteristics of Neutrino Experiments

* Very strong neutrino sources
* Very large target mass

* Very low radioactive backgrounds
— Sources: cosmic-rays, detector materials, environment

— Method: underground, active & passive shielding, special
materials selection and/or purification

— Usual difficulties:
* Large detector VS underground & low background
* High resolution VS low background

e Ultra low backgrounds:
— Environmental: dust, air, water, shielding materials
— Internal: Ge. Csl. LS.
— Activation by cosmic-rays

2014/8/22 7



Neutrino Oscillation Experiments
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Solar neutrinos
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Basic Facts of the Sun

« Mass 1.99 x 103 kg

« Luminosity 3.842 x103 erg/sec
« Radius 6.9598 x 108 m

« Age 4,57 x 107 years

« metals/hydrogen ratio: 0.0229

« Temperature:

e Central: 15x108 K(~ keV)
« At surface: 6000 K

- Density at the center: 150gr/cc
» Central H abundance: 0.34

Where the energy comes from and how long it will last ?

2014/8/22 10




Energy Production in Stars

MARCH 1, 1939

PHYSICAL REVIEW

VOLUME 55

Energy Production in Stars*

H. A. BETHE
Cornell University, Ithaca, New York

(Received September 7, 1938)

It is shown that the most important source of energy in
ordinary stars is the reactions of carbon and nitrogen with
protons. These reactions form a cycle in which the original
nucleus is reproduced, wiz. Cl24+H=N13, N@3=Ci34| ¢t
Ct+H=N4, NUtH=0% O¥=Ntte, NO4H=C?
-+ He*. Thus carbon and nitrogen merely serve as catalysts
for the combination of four protons (and two electrons)
into an a-particle (§7).

The carbon-nitrogen reactions are unique in their
cyclical character (§8). For all nuclei lighter than carbon,
reaction with protons will lead to the emission of an
a-particle so that the original nucleus is permanently
destroyed. For all nuclei heavier than fluorine, only
radiative capture of the protons occurs, also destroying the
original nucleus. Oxygen and fluorine reactions mostly lead
back to nitrogen. Besides, these heavier nuclei react much
more slowly than C and N and are therefore unimportant
for the energy production.

The agreement of the carbon-nitrogen reactions with
observational data (§7, 9) is excellent. In order to give the
correct energy evolution in the sun, the central tempera-
ture of the sun would have to be 18.5 million degrees while

§1. INTRODUCTION

HE progress of nuclear physics in the last
few years makes it possible to decide rather
definitely which processes can and which cannot
occur in the interior of stars. Such decisions will
be attempted in the present paper, the discussion
being restricted primarily to main sequence
stars. The results will be at variance with some
current hypotheses.

The first main result is that, under present
conditions, no elements heavier than helium can
be built up to any appreciable extent. Therefore
we must assume that the heavier elements were
built up before the stars reached their present
state of temperature and density. No attempt
will be made at speculations about this previous
state of stellar matter.

The energy production of stars is then due
entirely to the combination of four protons and
two electrons into an a-particle. This simplifies
the discussion of stellar evolution inasmuch as

* Awarded an A. Cressy Morrison Prize in 1938, by the
New York Academy of Sciences.

integration of the Eddington equations gives 19. For the
brilliant star Y Cygni the corresponding figures are 30
and 32, This good agreement holds for all bright stars of
the main sequence, but, of course, not for giants.

For fainter stars, with lower central temperatures, the
reaction H4+H =D+ ¢" and the reactions following it, are
believed to be mainly responsible for the energy produc-
tion. (§10)

It is shown further (§5-6) that no elements heavier than
He?* can be built up in ordinary stars. This is due to the fact,
mentioned above, that all elements up to boron are disin-
tegrated by proton bombardment (w-emission!) rather than
built up (by radiative capture). The instability of Be®
reduces the formation of heavier elements still further.
The production of neutrons in stars is likewise negligible.
The heavier elements found in stars must therefore
have existed already when the star was formed.

Finally, the suggested mechanism of energy production
is used to draw conclusions about astrophysical problems,
such as the mass-luminosity relation (§10), the stability
against temperature changes (§11), and stellar evolution

(§12).

the amount of heavy matter, and therefore th

The combination of four protons and tw
electrons can occur essentially only in two ways
The first mechanism starts with the combinatio:
of two protons to form a deuteron with positro
emission, viz.

H4+-H=D+4e" (1

The deuteron is then transformed into He* b
further capture of protons; these captures occu
very rapidly compared with process (1). Th
second mechanism uses carbon and nitrogen a
catalysts, according to the chain reaction

Clg H=NB4+, N = Cl4 ¢+

Bethe 1939

p chain
No neutrinos

CNO cycle

C1fH = N,
N14+H = Olb+.r'

15 12 1 J et

OL6 = N15 4 o+ (2I

The catalyst C™ is reproduced in all cases excep
about one in 10,000, therefore the abundance of
carbon and nitrogen remains practically un-
changed (in comparison with the change of the
number of protons). The two reactions (1) and

434

The combination of four protons and two
electrons can occur essentially only in two ways.
The first mechanism starts with the combination
of two protons to form a deuteron with positron
emission, vi2.

H4H=D4 e+, (1)

The deuteron is then transformed into He* by
further capture of protons; these captures occur
very rapidly compared with process (1). The
second mechanism uses carbon and nitrogen as
catalysts, according to the chain reaction

Ciz4 H = NB4 ~, N1B3=Cl34 ¢t
Ct4H =N+,
NU4H =054 ~,
NS4 H =C24He*.

O16 = N15} ¢+ (2)

2014/8/22
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Detection of Solar Neutrinos

VorLume 12, Numser 11

PHYSICAL REVIEW LETTERS

Bahcall, Davis 1964

16 Marcu 1964

SOLAR NEUTRINOS.

I. THEORETICAL*

John N, Baheall
California Institute of Technology, Pasadena, California
(Received 6 January 1964)

The principal energy source for main-seguence
stars like the sun is believed to be the fusion, in
the deep interior of the star, of four protons to
form an alpha particle.' The fusion reactions
are thought to be initiated by the sequence 'H(p,
e*v)*H(p,v) He and terminated by the following
sequences: (i) *He(*He, 2p)*He; (ii) *He(w,y)"Be-
(e”v)Li(p, @)*He; and (iii) *Hela,y)'Be(p,¥)*B-
(¢*w)®Ba*(a)He. No direct evidence for the
existence of nuclear reactions in the interiors of
stars has yet been obtained because the mean
free path for photons emitted in the center of a

the star. Only neutrinos, with their extremely
small interaction cross sections, can enable us
to see into the interior of a star and thus verify
directly the hypothesis of nuclear energy genera-
tion in stars.
e most promising method® for detecting solar
inos is based upon the endothermie reaction
1 MeV) “Cl(psular,e')r’ﬁr, which was
sed as a possible means of detecting
ntecorvo® and Alvarez.* In this
he number of absorptions ot

first dis
neutrinos b
note, we predi

SOLAR NEUTRINOS.

Raymond Davis, Jr.
Chemistry Department, Brookhaven National Laboratory, Upton, New Yo
(Received 8 January 1964)

The prospect of cbserving solar neutrinos by
means of the inverse beta process *'Cl(r, e~ )*Ar
induced us to place the apparatus previously de-

scribed’ in a mine and make a preliminary search.

This experiment served to place an upper limit
on the flux of extraterrestrial neutrinos. These
reaults will be reported, and a diseussion will be

given of the possibility of extending the sensitivity

of the method to a degree capable of measuring
the solar neutrino flux caleulated by Baheuall in
the preceding paper.®

The apparatus consists of two 500-gallon tanks
of perchlorethylene, C,Cl,, equipped with agita-
tors and an auxiliary system for purging with he-
lium. [t is located in & limestone mine 2300 feet
below the surface® (1800 meters of water equiv-
alent shielding, m.w.e. ).
swept completely free of air argon by purging the
tanks with a stream of helium gas. *Ar carrier
(0 ’)gv.' introduced and the tanks exposed
fuZ@i%é ﬁgur months or more to allow the
35-d *"Ar activity to reach nearly the saturation
value. Carrier argon along with any 3Ar pro-

Initially the tanks were

II. EXPERIMENTAL*

L

the star. Only neutrinos, with their extremely

small interaction cross sections, can enable us
to see into the interlor of a star and thus verify

directly the hypothesis of nuclear energy genera-
tion in stars,

3 counts in 18 days is probably enti due to the
background activity. However, if one
that this rate corresponds to real events
the efficiencies mentioned, the upper limit oNghe
neutrino capture rate in 1000 gallons of C,Cl, i
< 0.5 per day or @< 3x107% sec™ (*'Cl atom)~".
From thig value, Baheall® hag gat an upper limit
on the central temperature of the sun and other
relevant information.

On the other hand, if ohe wants to measure the
solar neutrino flux by this method one must use
a much larger amount of C,Cl,, so that the ex-
pected *"Ar production rate is well abave the back-
ground of the counter, 0.2 count per day. Using
Daheall's expression,

S0l
Z)“Jv(qﬂ ar) qabs

=(4+2)x107% sec™ (*'Cl atom)~?,

then the expected solar neutrino captures in
100000 gallons of C,Cl, will be 4 to 11 per day,
which ig an order of magnitude larger than the
counter background. On the basis of experience

12



PP-chain

S processes produce neutrinos.

@+p—)d+e++ V
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CNO cycle o
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Solar Neutrino: PP-chain and CNO cycle
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Solar Neutrino Experiments
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History of Solar Neutrinos

First indication of neutrino deficit by Homestake exp.
(70’s-90’s)
Confirmed by many Exp.s = multiple solutions of 0,, &
AM?,,
Solar neutrino oscillation established(00’s):
— SuperK: indication of LMA-MSW
— SNO: missing v, appeared as Vv,
— KamLAND: determination of 0,, & AM?,,
— Standard Solar Model firmly established
Current experiments:
— Borexino
— SuperKamiokande
Future experiment:
— XMASS, SNO+, ... LENA, JUNO...

2014/8/22 17



Homestake Experiment

1949 L. Alvarez: neutrino detection by v, + 3’Cl - 37Ar + e
Real proposal by J. Bahcall & R. Davis
Experiment by R. Davis since 1964

615t C,Cl, Overburden: 1500 m
E,;,>817 keV, sensitive to 2B and 'Be
Extract and count 3’Ar every 3 months
A total of ~2000 neutrinos over 30 years

(1 FWHM Regults)

{,DHMM 'M‘ . |

1970 19I75 19I80 19I85 19|90 19I95 R = data/SSMZ 033i03

Year

-
L=}

37Ar production rate {Atome/day)

0.2

o~ N W A WU ooy W
SNU

“Solarneutrino problem”: Solar Model ? Experiment ? Neutrino oscillation ?:s




Confirmation by GALLEX & SAGE
* Proposed by V.A. Kuzmin and G.T. Zatsepin in 1966

v.+'Ga 2> e +’Ge
* E, >230keV

* Attempt to measure pp-neutrinos SAGE S'te‘ —

 SAGE in Baksan (1990~):
— 60t Metallic Ga

GALLEX in Gran SASSO(1991~)
— 60t GaClI3

R=0.52+0.07 (SAGE)
Chemical extraction of "Ge R=0.59+0.06 (Gallex)

2014/8/22 19



EVENTS/BIN/1040 DAYS

Confirmation by Kamiokande & IIMIB

* Kamiokande
— 4500t (680t fid.) water
—v,teD v, +e
— E,; =7 MeV(only 2B)

— Directional
— Evidence of 2B neutrinos Data _ o cr 0 04 +0.07
_SSM = 0.959 +0.04 0.
150 ey ’ § | Dec.1990 - Feb 1995 -
e - w 400 [ ... J. SRR
[ 1040 DAYS (Jan.1987-Apr.1990) g™ (1036 days )~ |
100} % 300[ZMeV threshold . . |
= [ H !
g | g
50} -
g’""'?
-,...|....:L...|.L..qzo: i | i
90 ~05 00 05 10 1 05 0 0.5 1
2014/8/22 COS(Bsun) cosf,_,. 20



Problems:

v.2v,(v;) 95% C.L.
3

* These R’s gave four % % "L arge Mixing Angle )
possible solutionsto
. . . < _5 - _ __.--’;.-' Y
neutrino oscillation 10 R/
-6 e
10 L

s "
N

* Standard Solar models . N

I ? 10 M“M:H"“xx
(S5M) reliable - Smai Mixing Angle ™.

-9

10 LOW
10 (Ga does not like this e
10 solution) ‘L:?
11 Vacuum———" =
10 (Just-So) Qﬂ}}
L Ga, Cl, SK, SNO Rate v,—v,;, (95%C.L)¢
-4 3 P 1
10 10 10 T
sin“(20)
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Success of the Standard Solar Model

* Input parameters: mass, age
Quantities to match: luminosity, radius, metals/hydrogen ratio
Free parameters: mixing length, chemical composition

e Construct a 1 Mg initial model with Xini, Ziniy (Yini= 1 =i — Zii) and apr
* evolve it for the solar age tg
* match (2/X)o, Lo and Rg to better than one part in 10°

Output: neutrino fluxes, chemical & electron/neutron profile,
density & sound speed, helium abundance at surface, ...

—wos || One example:
E oy " ;| | Relative sound-speed difference between
{ | oweemy P observation (through helioseismological
ooz [ model) and standard solar model

i v | | Better than 0.5% !!

Adaptéd from A. Serenelli’s lectures at Scottish Universities Summer School in Physics 2606



SuperKamiokande Experiment

e 50 kt water water Cereknov
detector; 22.5 kt fiducial
volume

* 40 m diameter and ~ 50 m high

« Operational since May 315,
1996

N
)
2
L

2014/8/22




Solar Neutrino detection at SuperK

e Neutrino interactions

2. 2 2
dT, - [gL IR ( E, ILIR c 2

]
83 total cross sections

(SR
i
do/dT for 10 MeV v S |
— T e B B L B E
Q N N o
10 B,
NE K ;50 N ve-e: solid
E g [ V€ -1 v,-e: dashed
2 -
E 6 —2:—
> L
_al t ] L |
a4 - 0 5 10
Tmi
2 f Vi € i
0 ! ! L0 L L0
0 2 4 6 8 10 12 14 =Te
E. (MeV)
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Signal: Electrons Scattered by Neutrinos

Super-Kamlokande

Fun 1742 Bwent 102496
Bi-pE-aii0¥z13: 03

Irsewr: 100 Gatw. 137 &
Cutar: =1 Rit@. 0 pE [in=Sime)
Triggus ILc [=dd
- 0AE GTEded . 77 AOESNds 0549
Saler Peulclis

e = 8.6 MeV (kin.)
cosOsy, = 0.95

Times (ns)

* Timing information =» vertex

* Ring pattern =» direction
 PMT hits = energy

2014/8/22

eﬁht 1154571

2|\||.|.J.|I.{[|...;...s...j..
time(ns)




What SuperK can do ?

10'1 — e N
* Flux independent o S
10— | .
analysis: s
— Day-night effects 0s |
— Seasonal variation R 1
o 1
— Spectrum - ;
: : 05 F T
distortion ® —1 1 LMA
o gt o Day-night
o8 ﬂ@'L 1 Low
%10 "”lr-*ql:{ i f "fjj:o ' Day-night
||| |I|| |I \ I." I. :
” |||||||||||I'I I| I'II II". 8
}NH'”U‘f 1 Just-so

Spectrum
2014/8/22 Ev (MEV) Seasonal,




SuperK Results(SK-I)

May 31, 1996 — July 13, 2001 (1496 days )
5-20 MeV

223851230 solar v events

(14.5 events/day)

Event/day/bin

8B flux : 2.35 + 0.02 + 0.08  [x 10° /cm2/sec]

. Data/SSMgpygq.= 0.406+0.004 *2-214
" (Data/SSMgpyyq, = 0.465 +0.005 +0.016/-0.015 )

0

-1.0 -0.5 0.0 0.5 oS 933,;0

2014/8/22 27



SuperK results

* No sizable day/night effect Disfavor
* No sizable seasonable effect - SMA & VO
. . : solution
* No sizable spectrum distortion
_E:: SK 1496d 5.0-20 MeV 22.5 kt
Mixing angle is large ! = _]—
2.4 qu_L—'“ 1 -
“IAll Day _ . Night _
“ | Apy=002110020*0913 E_E E_E E 8

1 08 08 04 02 O 02 04
2014/8/22




SK select large mixing

Excluded by
0% w . SKzenith-spectrum . 10 .
‘% SK 1496 Days : : > ESK 1496 Days
E10™ : o107
g ' 5
10, : 10 ° :
10 8. ] 10 °k ;
10 7L - 10 'L ]
[ ratﬂ ' i [
-g [constrained) ; l ar
10 3 . 5 E 10 "¢ ﬁ'é?’é"'%?m- E
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9 r ; 1 P i solar model)
10 = allowed 5 E 10 7k =
- KR : 5 = =
10—10? i 107100 _ _ i
a1 , ] 11 Q
10 E | 10 FZenith Seasonal Spectrum VeV
g Zenith Spectrum v,—v, . (95%C.L) ,[(68,90,95,99%C.L.) .
S T T e W RV R 10° Covead vl v v nd v
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2
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SNO Experiment

17.8m dia. PMT Support Structure
9456 PMTs, 56% coverage

12.01m dia. acrylic vessel

Host: INCO Ltd., Creighton #9 mine
Coordinates: 46 28'30"N 81 12'04"W
Depth: 2092 m (~6010 m.w.e., ~70 u day )

1700 tonnes of inner shielding H,0

5300 tonnes of outer shielding H,0

2014/8/22 30
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VOLUME 55, NUMBER 14 PHYSICAL REVIEW LETTERS 30 SEPTEMBER 1985

Direct Approach to Resolve the Solar-Neutrino Problem

Herbert H. Chen
Department af Physics, University of Califernia, Irvine, California 92717
(Raceived 27 June 1985)

A direct approach 1o resolve the selar-neutrino problem would be to observe neuirinos by use of
both neutral-current and charged-current reactions. Then, the total neutrino flux and the
electron-neutrino flux would be separately determined to provide independent tests of the
neutrino-oscillation hypothesis and the standard solar model. A large heavy-water Cherenkoy
detector, sensitive to ncutrinos from 3B decay via the neutral-curent reaction vy +d — v +p +n and
the charged-curgent reaction v, +d — e~ +p + p, is suggested for this purpose.

PACS numbers: 96.60.k

2014/8/22 31




Neutrino Detection in SNO

Charged-Current (CC)

Vo+d memp e +p+p

Ee™~E,, ~isotropic

Neutral-Current (NC)

v, +d ==>vy +n+p

n+d—>t+y,E, =6.25 MeV

V= Vet(v,+v,)/6

32



Shape Constrained Signal Extraction Results

w2 P W
S S S
S S oS
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SNO observation: v, Flux

_ +1.01 _ +0.44 +0.46
Oy =5.05 T5-81 @, =5.09 %042 +0-48

¢ur (106cm'2 s
I"{IIII|IIII

S = N W Bs NN ®
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O
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Strong evidence of flavor change v's
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Three neutron detection methods

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

Phase 1l (salt)
July 01 - Sep. 03

Phase I1I (°He)
Summer 04 - Dec. 06

n captures on
2H(n, )*H
o =0.0005b
Observe 6.25 MeV v

PMT array readout

21 NaCl. n captures on
35CI(n, v)38Cl
o=44 b
Observe multiple v's
PMIT array readout

40 proportional counters
*He(n, p)*H
a=53300

Observe p and 3H

PC independent readout

Good CC Enhanced NC Event by Event Det.
3BCIH+N )
2H4+n 8.6 MeV <— Jom —
6.25 MeV
I
¥ l
¥ ¥
20148022 H ' . v n+-*He —=p+-*H.:
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‘I’m (106 em? s

©S = N W A N N

¢, (X 10" em )

Phase |

IIII|IIII|IIII|IIII|,I’

o, (106 cm? st

AL LN BN LN BN BN NN BN BN BN

600, "SR W oI 68% CL.

500 %,95% 99% C.L.

400

300

e tsdel B U

o Phase Il
2094/8/22° 15‘6 200 250 300

¢e (x 10* cm2s°0) 22

¢, (X 10° cm? s°)

350

BS05

6 B \ """ Oggm 68% C.L.

4
3
£ v
. -¢S“°68°
E I ¢5N° 8% C.L.
- 68 Phase i
_IIIIIIIIIIIIIII .IIIIIIII
00 0.5 1 1S 5 (3 3.5
d, (X 10 cm= s7!)
SNO only, Phase I+l1+lll
“ 10°3 (a) —r T — Ty ——
c BT aea SNO only
10
:
e T 9m%CL
10°
N
107 e @
P©
1010" 10 10" 1 10
tan’®
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= g Oscillation Parameters (SNQJE:QSW.
“2"2& """"""""""""""" v """""""""" fpj"-‘”’
~ L@t bl el Mo e BT
2107, - ® e
C106: | 3 é
€101 SK and SNO only,
""11082‘ SSM v Flux 3 £
10, Independent
ool 68% and 95% C.L.
1071 ¥ :
10'12 MEETTTT BT R AR BRI BT :115 20 . 36
104 10° 102 107 1 10 10%2468
tan’(©) Ax*

SK+SNO (Salt) best
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1000t scintillators
Shielding:
3000 MWE/3m Water
180 km baseline
Signal:  ~0.5/day
Eff. ~40%
BK:
corr.. ~0.001/day
uncorr. ~0.01/day

2014/8/22

Crane

Rock lining

® Outer water tank
1 o e

Inner tank

Lig.-scinti.

Container

Aluminum sheets

Phototubes
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Neutrino Reactors nearby Kamioka

70 GW (7% of world total) is generated
at 130-220 km distance from Kamioka

kton
g

.
&

[ year /

Events
S g

Kimnchaeh,

Effective baseline ~180km

China

250

\South Korea

150

100

50

—l—l_L_l—ll._..Jl_l—L._L|..._._

100 200 300 400 500 600 700 BOO 900 1000
Distance [km]

QD

.
Iterebane, Nu
— _mw

138°E 138°E 140°E
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Nobs/Nexp

Oscillation signal

* Rate
* Energy spectrum

* L/E plot
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KamLAND Results B

* PRL90(2003)021802
* PRL94(2005)081801

+  PRL100(2008)221803 vﬂm

Am? (eV7)

- - EERCL B e-cL
I ML CL
a - —BOTILCL e rncl
N> 10 I~ % solar best 1 ® Hamla&MND bestfi
@ CI - IIIIII|1 1 1 IIIIII| 1 L1 11l | |
e . ar - 107 1 10
o 10 ™ qpp—— i
§ = tan® 8
= 5 o
10 P ; 3 : 20 fag
: 3 E 15E
-6 - \ B ‘..B"!.’. o
10 : : I < 10k i
E iy
107" : R
Ga SuperK - . Esml AND BEEE B )
10 ® ’ oy B 250 CL.
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= ot I s + et fir
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- [ e
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Final Results

q_; """"""""" UL A U I A

prehmmar Vo

JSame ~20 tensmn Wlth
‘KamLAND in Am2

30Iar+KamLAND'
- KamLAND 4

T I B B B A I illl_lql'l?'ql-lll3"';

h

$0.033)
sin 015 = 0.312 0 098
+0.19
&mgl = 7.54" 13
| +0.014
]-+1 4
,_\” 21 = 4 —0.59
,+0.013
sin® 012 = 0.3087 (7013
A2 _ =~ =n+0.19
Ams, = 7.507 5%

0.1 0.2 0.3

Koshio@neutrino 2014

0.4

Neutrino 2014
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New: Day-Night Effect

« Day-Night neutrino flux asymmetry ] Regenerato V. by
is an indication of the regeneration S e
of v, as they travel through earth e, Expected | |
matter(earth matter effect) 14 VNI (day-night)/((day+night)'2)

« A~2.8casymmetry is observed. i ] '

« In agreement with expectation (1 o |
tension) 6

SK-I/1I/II1IV Combine Day/Night Asymmetry g
2 1_preI| 1 sin28+:=0.311, sin2813=0.025 ' !
> [10So 10 KamLAND -
g of . 2D213} °
> B 2.8 N — T T 1
i 1 :_ 0 expected _: E [ SuperK
S . % j || preliminary
E _2:_ E ﬂ 'I' |+ | I 1 -1
- SK-L,ILIILIV best fit E, - y —
3 << {‘
i E,E[} - -
4 - 2 |
Day/Night asymmetry 7 %—- [ expected
(straight calculation) 7] O . T -
_52 1 é| ! |1|0| ! |1|2| ! |1|4| ! |1|ﬁ| I |1|8| |2|2|0|-5| |£2 A0 k ﬂm221:4.B4K'ID_EEHE N
am,, (10°eV) [ sin?612=0.311 I

5 0 15 .
2014/ phys.Rev.Lett. 112 (2014) 091805 )14 Recoil Electron Kinetic Energy (M&V)




New: Spectrum Distortion

. . . . g8 ————— T T E‘-ﬂm
* Spectrum “upturn” is an indication of = |~ "B Toper T CNO T T e 3
0.7 E
MSW effect in the sun (solar matter Vacuum oscillation Matter oscillationg 10 °
0.6 Fdominant dominanty 10 7
effect) o — J10°
.. “t [T J10°
e MSW is disfavored by SuperKat1.7c .t 100
X 13
* SuperK and SNO are complementary  osf 2,
to constrain the shape. MSW is X ooperR _ju
consistent with all the dataat1 o 01 R
1]_—......|__I . M A A . M | EH] 2
10 1 10
g8 ' T ] v Energy in MeV
o :ple Iminary all solar (pp) Borexino (pep) 06
0.7 E T [ AIlsk phase are combined withoutrefardto ' " | " T 7T T TS
c 5058 ~energy resolution or systematics in this figure —
06 B go sg_  [(total # of bins of SKI- IV is 83) x 2 3
— A Solar+KamLAND 70.13 s
0.5 :— g %0_54 :_ Solar 68.14 _:
orexino ("Be g r dratic fit 67.67 =
oal gorexino ('8s) Sos2F | [ Ziponcnial i 6654 E
st || :
SK+SNO ] 0.48 i parameters, and ~1.0c using the Solar ;
02 _ Comestake _ = best flt-T_arameters. E
i +SK+S ] 0.46 -
01F '-;érforjo ] ol + =
oL . .. 1(; . L : L ,,1|0 ] 0_42; ‘~‘ (s1atisticp$;ni::~rqﬁ:r:¥;
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Borexino

 Overburden: 3800 MWE Target lig. Scint.: 270t
* Extremely low background FrerEE] VR D

* Use v.+e>v_ +e

— Scintillation light 500 PE/MeV

— No directionality

Buffer lig.: 890t
No. of PMT: 2214
Balloon: 150 um Nylon

— Threshold: 60 keV for pp

neutrinos(not yet)

Operational since 2007

2014/8/22

Stainless Steel Sphere
Nylon Outer Vessel

Nylon Inner Vessel
Fiducial volume

External water tank — .
Ropes

Internal
PMTs

Steel plates
for extra
shielding



The Cleanest Neutrino Experiment

Radio-Isotope Concentration or Flux Strategy for Reduction Final in
Name Source Typical Required Hardware Software phase I
, ~ 200 5! m? underground Cerenkov <10
T} COSIMIC <1091 gy 2 .
(@ sea level water detector PS analysis eff > 099992
= — ol
PMTs, 558 buffer fid vol. negligible
o mirmsic PC ~10 g'g ~10r" g/g selection threshold 2.7x101814C/12C
o distillation, WE,, — 5.35+0.5x10718
- dust, metallic 105-10° g/g <10 g/g filtration, mat_ selection, ) 318+08x 1018
Th cleanlmess w/p -
"Be COSMOZENIC ~3 102 Bg/it =10¢Bg/t disullanon -- not seen
MK dust, PPO ~2.10-6 g/g (cdust) =10-18 g/g distillation W E — not s=en
surface cont. istllau / May "07: 70 c/d/t
Wpg 1 o/t Idlbll.]ldm.'ll:l. WE., fit ay <
— filtration, cleanhness Jan "10: ~1 cfd/t
emanation fiom | 10 Bq/l air, water N; strippmn tagging,
Ry nen 24 <10 cpd 100 1 : : e <1cpd 100t
materials, rock | 100-1000 Bq rock cleanlmess o/p
¥Ar | aw, cosmogenic | 17mBg/m?(ar) | < 1cpd 100t N; stripping fat << 8Kr
Ky e 1 Bg/m’(air) | <1cpd100t N: stripping fit 20 £ 5 cpd/100 ¢
weapons
2014/8/22
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Fighting with Backgrounds

* Material selection & purification

* Cleaning and washing

* @Gas tight and ultrapure N,
flushing

* Underground material storage
and usage

Active tagging

Energy threshold

Vertex cut

Timing & Chain reactions
Spectrum fitting and subtraction

%

Counts / (day x 100 ton x 1 keV)

E ':
=4 1 (3463 105
10° E g’
- pp-v (133)
105§ /
= / #2190 (656)
e / I
Cr / BEr (35
100 N = uC(26)
0 el L T R A ar o
L ':.'\

||||“|I'1.| i T R
1000 1200 1400 1600 1800

X RI
Zﬂ{ldmﬁﬂﬂﬂm

PRD'89(2014) 112007

Energy [keV]

a) 145 - 300 N_ (290 - 600 keV)

b) 300 - 375 N__ (650 - 850 keV)

= 6 10
= r
N .l:—
Il_.: 103
- 2F
=
S o 10°
&
: 2
=0 e 10
af -
C 1
B S R R R
x [m] x [m]
c) 425 - 650 _\Jw (B50 - 1300 keV) d) 900 - 1500 NP, (1800 - 3000 keV)
— 6 — B 10
= [ = [
N 11-— N r
C = C Tig
2F z 2
[ = [
of s : 10!
2F g af
[ £l L
r N 10
4F ]
L. L I
-bg B S S T S i
X [m]

Events /0.0144 m’

Fvenis/ 0.0144 m”



V., survival prcobability

Co

nfirmation of the Solar Model and
the Neutrino Oscillation

1p .
o oF * Accomplished:
o_gE- Combined analysis LMA prediction — ’Be flux
o E_BQT&Radwchemlcal gxpts — 8B flux down to 3
0.6 | T MeV
0.5 l {. — pep flux & limit on
0.4 CNO
— o PP - All solar .*—'
0.3 e ’'Be - Borexino ’ * Future:
— ] pep - Borexino
0.2 e °®B - SNO LETA + Borexino _ :
— e °B - SNO + SK pp neutrinos
0.1:— MSW-LMA Prediction — CNO
0 : 11 I 1 1 L L L1 11 I
10°* 1 10
E, [MeV]

2014/8/22
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Future

 Better oscillation measurements

— Seasonal variations
— Spectrum distortion * Borexino

* SuperK

— Day-night effect e SNO+
 Non-standard interactions
. e XMASS
— Flavor changing NC
— Sterile neutrinos * JUNO
— Mass varying neutrinos e HyperK
e Solar physics:
* LENA

— Understand the stellar formation by
measuring the metallicity of the Sun’s .
core

* Precision 8B flux
e CNO flux



SNO+

* Construction almost finished, to

be operational soon
— 780t liquid scintillator(LAB-based)

— 9500 PMTs
— Water shielding

— Hold down rope net on the 12 m
diameter Acrylic vessel

* Physics:
— Solar neutrinos

* Better measurement of pep & 2B

neutrinos

* Look for CNO neutrinos

— Geoneutrinos

— Supernova neutrinos
— Double beta decays

2014/8/22

B8 signal extraction

result

Entries 6

0200
om

180 [SIMulation:
- |one year data
160,

140"

100

60—

20

McDonald@Neutrino’12

120—
80—
40—

preliminary

Mean 3.383
RMS  0.8481

I2-5I 1 3 Lol

Scaled Borexino result
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Noble Liquid: XMASS, LZ & CLEAN

Why ?
— Good for Dark matter searches, double beta
decays & Solar pp neutrinos
— low background: PSD/purification

XMASS: 24t Liquid Xe detector(R=1.25m)

— Phase I(operational)
* 0.85t, R=0.4m, fiducial mass=0.1t

LZ: 7t Liquid Xe detector
— Initial phase: LUX

e 0.37t, operational
CLEAN: 50 t liquid Neon

2014/8/22




Future experiment: LENA arXiv:1104.5620

* The detector:
— 50 kt liquid scintillator(LAB)
— 30,000 12” PMT with Winston cone,
30% coverage
— Water Veto with 4000 8” PMT
* Physics
— Solar neutrinos
* CNO neutrinos for solar metallicity
— Burst Supernova neutrinos
— Diffused Supernova neutrinos
— Geo-neutrinos
— Short baseline neutrino oscillation
experiment using radioactive sources:
sterile neutrinos

2014/8/22




—— Muon detector

Steel Tank

Water seal

L 20kt water

6kt MO

~15000 20” PMTs
coverage: ~80%

——1500 20” VETO PMTs

---------- = ——— - 5 o T 5 -
A AT e L B Y E L R : T o ot
B P g, o o EonH Lo Bomte af T80 ®agtadoy o MR, b mgoe et R et o . oh Sip A e et
S A e A Fae oy a4 ot T B e - T
i e e PR Fh b I P . . A S B P R R |
FOVRSBIDT i e e IR A e e e
b ayi 20 eo . den e e o, 00 . P00 90 DT v Lade T, B i,
YOI AS T L AT T A P T PR S L N BT
R JET T oLl TP, AL ¥ AL L S S P S S S S-S

e See more in the Reactor neutrino section



Summary

Solar neutrinos gave us the first hint of the neutrino
oscillation

Neutrino mixing parameters, 0,, and AMZ,,, are
determined by the SuperK, SNO and KamLAND
experiments

Approved the Standard Solar Model
More to learn

More experiments in the future



