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Solar neutrino physicsSolar neutrino physics
Two types of solar neutrino experimentsTwo types of solar neutrino experiments

Radiochemical experiments (low energy threshold, integrated fluxRadiochemical experiments (low energy threshold, integrated flux))
Water experiments (realWater experiments (real--time information, time information, higher energy thresholdhigher energy threshold ~ 5 ~ 5 MeVMeV: Only : Only 
~10~10--44 of total flux)of total flux)

BBorexinoorexino and and KamLANDKamLAND solar phase:   1solar phase:   1stst realreal--time experiment at low time experiment at low 
energiesenergies solar neutrinosolar neutrino

KamLANDKamLAND

ν

ν

e-

BorexinoBorexino
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Solar neutrino spectrumSolar neutrino spectrum
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Current neutrino date is consistent with MSW/LMA solution, whichCurrent neutrino date is consistent with MSW/LMA solution, which predicts predicts 
transition from matter enhanced oscillations at transition from matter enhanced oscillations at 88B energy to vacuum oscillation at B energy to vacuum oscillation at 
low energy. low energy. 
The survival probability increases from ~0.33 at high energy to The survival probability increases from ~0.33 at high energy to up to ~0.6 at low up to ~0.6 at low 
energy. energy. 

Measurement of Measurement of 77Be solar neutrino flux will test the predicted increase in the Be solar neutrino flux will test the predicted increase in the νν
 

ee 
survival probability.survival probability.



2007 November 2ndNeutrino Meeting @ ICRR 4

Heavy elements abundanceHeavy elements abundance
Strong disagreement  with Strong disagreement  with helioseismologicalhelioseismological measurementmeasurement

Nuclear reaction cross sections Nuclear reaction cross sections (by LUNA)(by LUNA)
33He(He(αα, , γγ))77BeBe,  ,  1414N(p, N(p, γγ))1515OO

Prediction of solar Prediction of solar νν
 

fluxflux

The prediction of The prediction of 77Be flux depends both on the solar model and the cross Be flux depends both on the solar model and the cross 
section of section of 33He(He(αα, , γγ))77Be reaction.Be reaction. test of standard solar modeltest of standard solar model
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arXiv:0708.225lv2 [astro-ph]

Solar neutrino statusSolar neutrino status
BorexinoBorexino succeededsucceeded firstlyfirstly 77Be observation.Be observation.
KamLANDKamLAND plans to  measure plans to  measure 77Be and Be and pep/pep/CNO CNO νν

 (purification work in progress)(purification work in progress)
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First Result of First Result of BorexinoBorexino

Talk based on Talk based on 
arXiv:0708.225lv2 [arXiv:0708.225lv2 [astroastro--ph]ph]
talk presented on TAUP2007@sendaitalk presented on TAUP2007@sendai
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BorexinoBorexino
 

DetectorDetector

278 tons of LS contained in nylon 278 tons of LS contained in nylon 
vessel of 4.25 m radius (PC + PPO)vessel of 4.25 m radius (PC + PPO)
890 tons of ultra890 tons of ultra--pure buffer (PC + pure buffer (PC + 
DMP quencher) contained in  stainless DMP quencher) contained in  stainless 
steel sphere of 6.75 m radiussteel sphere of 6.75 m radius
External nylon vessel against Rn External nylon vessel against Rn 
emanated from PMTs and stainlessemanated from PMTs and stainless
2214 PMTs of 8 inch (1843 with optical 2214 PMTs of 8 inch (1843 with optical 
concentrater)concentrater)
2100 tons of ultra2100 tons of ultra--pure water contained pure water contained 
in a cylindrical domein a cylindrical dome
200 PMTs for detecting cherenkov light 200 PMTs for detecting cherenkov light 
emitted by OD wateremitted by OD water

Borexino is located on Gran Sasso Underground Lab. (4000 m waterBorexino is located on Gran Sasso Underground Lab. (4000 m water equivalent).equivalent).
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Observed spectrum in Observed spectrum in BorexinoBorexino

85Kr+7Be ν
14C

210Po (only, not in eq. with 210Pb!)

11C

μμ
 

cutcut
μμ

 
are not relavant BG for are not relavant BG for 77BeBe

Fiducial cutFiducial cut
External background is the dominant background component in NW, External background is the dominant background component in NW, except in the except in the 
210210Po peak regionPo peak region

spallation cut spallation cut ( within 2 msec after ( within 2 msec after μμ
 

))
214214BiBi--Po and Rn daughters removalPo and Rn daughters removal
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Energy calibration and stabilityEnergy calibration and stability
Borexino groupBorexino group have not calibrated with inserted sources (yet)have not calibrated with inserted sources (yet)

Planned for the near futurePlanned for the near future
So far, energy calibration determined from So far, energy calibration determined from 1414C end point spectrumC end point spectrum

Energy stability and resolution monitored with Energy stability and resolution monitored with 210210Po Po αα
 

peakpeak
Difficult to obtain a very precise calibration because:Difficult to obtain a very precise calibration because:

1414C intrinsic spectrum and electron quenching factor poorly knownC intrinsic spectrum and electron quenching factor poorly known

170
172
174
176
178
180
182
184
186
188
190

28-Apr 18-May 7-Jun 27-Jun 17-Jul 6-Aug

Po peak (nhits)

Light yield monitored with 
210Po peak position

Light yield determined from 14C fit
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Position reconstructionPosition reconstruction
Position reconstruction algorythms (we have 4 codes right now)Position reconstruction algorythms (we have 4 codes right now)

time of flight fit to hit time distributiontime of flight fit to hit time distribution
developed with MC, tested and validated in CTFdeveloped with MC, tested and validated in CTF
cross checked and tuned in Borexino with cross checked and tuned in Borexino with 214214BiBi--214214Po events and Po events and 1414C eventsC events

2 2
cR x y= +

214Bi-214Po (~800 KeV) 
14±2 cm

14C (~100 KeV): 
41±4 cm

z vs Rc scatter plot

Resolution
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Fiducial volume cutFiducial volume cut
External background is large at the periphery of the IVExternal background is large at the periphery of the IV

γγ

 

from materials that penetrate the bufferfrom materials that penetrate the buffer
They are removed by a fiducial volume cut They are removed by a fiducial volume cut 

R < 3.276 mR < 3.276 m (100 t nominal mass)(100 t nominal mass)
Another volumetric cut, Another volumetric cut, z < 1.8 mz < 1.8 m, was done to remove, was done to remove

some some RnRn events caused by initial events caused by initial scintillatorscintillator termaltermal
stabilization (87.9 t)stabilization (87.9 t)

Radial distribution

R2

gauss

2 2 2R x y z= + +
2 2

cR x y= +

z vs Rc scatter plot

FV

214Bi-214Po

238U: < 2. 10-17 g/g
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77Be signal: fit without Be signal: fit without α/βα/β
 

subtractionsubtraction
Strategy:Strategy:

Fit the shoulder region onlyFit the shoulder region only
Use between Use between 1414C end point and C end point and 210210Po Po 
peak to limit peak to limit 8585Kr contentKr content
pep neutrinos fixed at SSMpep neutrinos fixed at SSM--LMA valueLMA value

Fit components:Fit components:
77Be Be νν
8585KrKr
CNO+CNO+210210Bi combinedBi combined

very similar in this limited energy very similar in this limited energy 
regionregion

Light yield left freeLight yield left free

7Be ν

85KrCNO + 210Bi

210Po peak not included in this fit

These bins used to limit 85Kr content in fit
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77Be signal: fit Be signal: fit αα
 

subtraction of subtraction of 210210Po peakPo peak
The large The large 210210Po background is Po background is subtracted subtracted 
in the following way:in the following way:

For For each energy bineach energy bin, a , a fit to the fit to the α/βα/β

 

GattiGatti 
variable is done with two variable is done with two gaussiansgaussians
From the fit result, the From the fit result, the number of number of αα

 particles in that bin is determinedparticles in that bin is determined
This number is subtractedThis number is subtracted
The resulting spectrum is fitted in the The resulting spectrum is fitted in the 
energy range between 270 and 800 energy range between 270 and 800 KeVKeV

A small A small 210210Po residual background is Po residual background is 
allowed in the fitallowed in the fit

Results are totally consistent with those Results are totally consistent with those 
obtained without the subtractionobtained without the subtraction

2 gaussians fit

β

α

The two analysis yield fully compatible results
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Comments on errorsComments on errors
Statistical:Statistical:

Right now, it includes combined the effect of statistics itself,Right now, it includes combined the effect of statistics itself, the lack of the lack of 
knowledge of knowledge of 8585Kr contentKr content, and the lack of a , and the lack of a precise energy calibrationprecise energy calibration
These components are left free in the final fit, and contribute These components are left free in the final fit, and contribute to the statistical errorto the statistical error

Systematic:Systematic:
Mostly due to Mostly due to fiducialfiducial volume determinationvolume determination

With With 45 days of data taking,45 days of data taking, and and without an internal source calibrationwithout an internal source calibration, we , we 
estimate an upper limit of 25% for this errorestimate an upper limit of 25% for this error

Can be much improved even without internal calibration with moreCan be much improved even without internal calibration with more statistics and better statistics and better 
understanding of the detector responseunderstanding of the detector response
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ConclusionsConclusions
BorexinoBorexino has performed the first real time detection of has performed the first real time detection of 77Be solar neutrinosBe solar neutrinos

A clear A clear 77Be neutrino signalBe neutrino signal is visible after a few cutsis visible after a few cuts
77Be Be νν

 
Rate:Rate: 47 47 ±± 7 (stat) 7 (stat) ±± 12 (sys) counts/day/100t12 (sys) counts/day/100t

The central value is well in agreement with MSW/LMA. The central value is well in agreement with MSW/LMA. 
Significant improvements are expected shortlySignificant improvements are expected shortly

Increase of Statistics  Increase of Statistics  
Energy calibrationEnergy calibration
OffOff--line line 8585Kr measurement by mass spectroscopyKr measurement by mass spectroscopy
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KamLANDKamLAND
 

solar phasesolar phase
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KamLANDKamLAND
 

DetectorDetector

KamiokamineKamiokamine overburden : 2700m.w.e.overburden : 2700m.w.e.
MuonMuon rate : 0.34Hzrate : 0.34Hz

1000 tons of Liquid Scintillator1000 tons of Liquid Scintillator

Mineral Oil : Buffer against external BGMineral Oil : Buffer against external BG
1979 PMTs(171979 PMTs(17”” 1325 + 201325 + 20”” 554)554)
PhotocathodPhotocathod coverage : 34%coverage : 34%
Outer water Cherenkov detector for Outer water Cherenkov detector for muonmuon 
vetovetoKamLANDKamLAND

 DetectorDetector

1 1 ktkt

 

Liquid ScintillatorLiquid Scintillator

PMTsPMTs

Purification Work in ProgressPurification Work in Progress
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Internal Background of Internal Background of KamLANDKamLAND

Main sources of background  in the range of Main sources of background  in the range of 77Be neutrinoBe neutrino
210210Pb(Pb( 210210Bi Bi 210210PoPo )  , )  , 4040K     K     by distillationby distillation
8585Kr                                              Kr                                              by Nby N22 purgingpurging

pep/CNO neutrino ; pep/CNO neutrino ; 1111C      C      by tagging neutronby tagging neutron

Single Energy Spectrum Observed in Single Energy Spectrum Observed in KamLANDKamLAND Before PurificationBefore Purification

FiducialFiducial R < 4 mR < 4 m
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Required Reduction by PurificationRequired Reduction by Purification

TT1/21/2
ActivitiesActivities

(B(Before efore purifpurif.).)
PPurification urification 

GoalGoal
Required Required 
ReductionReduction

210210PbPb 22.3 y22.3 y 40 mBq/m40 mBq/m33 1 1 μμBq/mBq/m33 1010--44 ~ 10~ 10--55

4040KK 101099 yy 22・・1010--1616 g/gg/g 10 10 --1818 g/gg/g 1010--22

238238UU 101099 yy 33・・1010--1818 g/gg/g 10 10 --1818 g/gg/g OKOK

232232ThTh 10101010 yy 55・・1010--1717 g/gg/g 10 10 --1616 g/gg/g OKOK
8585KrKr 11 y11 y 400 mBq/m400 mBq/m33 1 1 μμBq/mBq/m33 1010--55 ~ 10~ 10--66

222222RnRn 3.8 d3.8 d < 1mBq/m< 1mBq/m33 ------
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AchievementAchievement
Impurity      ReductionImpurity      Reduction

210210Pb            ~7Pb            ~7××1010--5  5  (for(for 212212Pb)Pb)
4040K             < 4K             < 4××1010--22

8585Kr            < 1Kr            < 1××1010--5 5 (for(for natnatKrKr))
222222Rn            ~ 6Rn            ~ 6××1010--44

Almost achieved required levelAlmost achieved required level

R&D Study for DistillationR&D Study for Distillation

Test Apparatus @ Tohoku Univ.Test Apparatus @ Tohoku Univ.
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Expected Spectrum after PurificationExpected Spectrum after Purification

210Pb :7.7×10-5

40K    :3.8×10-2

85Kr  :1.0×10-6

39Ar  :1.0×10-6

11C
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New Purification SystemNew Purification System

2002~ 2006 2002~ 2006 
R&D study with small and middle size test benchR&D study with small and middle size test bench

Summer in 2006 ~Summer in 2006 ~
Construction Construction 

Winter in 2006  ~Winter in 2006  ~
Test operation to tune up parametersTest operation to tune up parameters

Spring in 2007  ~Spring in 2007  ~
Online purification of Online purification of KamLANDKamLAND LSLS

Suspended on August 2007Suspended on August 2007
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Distillation against metals and  ionsDistillation against metals and  ions
NN22 purge against Kr, purge against Kr, ArAr, and , and RnRn..

Concept of New Purification SystemConcept of New Purification System

N2 Generatorpure N2 gas
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Distillation SystemDistillation System

Liquid Liquid scintillator(LSscintillator(LS) is fed into small buffer tank (2m) is fed into small buffer tank (2m33)from )from KamLANDKamLAND..
Different boiling pointDifferent boiling point
Pseudocumene(PCPseudocumene(PC)  is distilled firstly)  is distilled firstly

Operating  pressure   2kPa.Operating  pressure   2kPa.
BBoiling point ~ 60oiling point ~ 60℃℃

Rest at the bottom of PC tower Rest at the bottom of PC tower DodecaneDodecane + PPO+ PPO
send to next towersend to next tower

Dodecane(NPDodecane(NP)  is distilled secondly.)  is distilled secondly.
Operating  pressure   ~2kPa.Operating  pressure   ~2kPa.
BBoiling point ~ 100oiling point ~ 100℃℃

Rest at the bottom of NP tower Rest at the bottom of NP tower DodecaneDodecane + + PPO(littlePPO(little concentrated)concentrated)
send to PPO concentrator (~140send to PPO concentrator (~140℃℃ under 2kPa), NP is evaporated back to NP under 2kPa), NP is evaporated back to NP 

tower.tower.

PPO  is distilled finally.PPO  is distilled finally.
Operating  pressure   ~0.6 Operating  pressure   ~0.6 kPakPa..
BBoiling point ~ 190oiling point ~ 190℃℃

Rest at the bottom of PPO tower Rest at the bottom of PPO tower ExhaustExhaust

LS is LS is mixed(blendedmixed(blended) with) with distilled PC,NP, and PPO. distilled PC,NP, and PPO. 
Temperature Temperature sensersenser and Density meterand Density meter

PC and NP mixture is adjusted by prePC and NP mixture is adjusted by pre--small tank.small tank.
PPO is mixed with PC ~ 10 wt%, then fed into mixture tank.PPO is mixed with PC ~ 10 wt%, then fed into mixture tank.

Purging by pure NPurging by pure N22 gasgas
Operating pressure   ~ 40 Operating pressure   ~ 40 kPakPa
NN22 flow rate      30 ~ 35 Nmflow rate      30 ~ 35 Nm33/h/h
Series of Series of ““Gas Gas –– LiqLiq. Mixer. Mixer””, and , and ““GasGas--LiqLiq. Separator. Separator””
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NN22

 

GeneratorGenerator

Newly developed/constructed NNewly developed/constructed N22 generatorgenerator
Supply air :  Supply air :  RnRn less air from outside of mineless air from outside of mine
NN22 supply capacity :   40 Nmsupply capacity :   40 Nm33/h/h

Emergency  5 NmEmergency  5 Nm33/h/h
PurityPurity

ArAr 0.02 ~ 0.03ppm (measured)0.02 ~ 0.03ppm (measured)
Kr   ~10Kr   ~10--15 15 (not measured yet)(not measured yet)
222222Rn   ~ 5Rn   ~ 5μμBq/m3 (measured at Bq/m3 (measured at purifpurif. Area). Area)
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ParameterParameter Pressure [Pressure [kPakPa]] Temperature [C]Temperature [C]

PC towerPC tower 2.00 2.00 (Max(Max--min: 0.08%)min: 0.08%) 62.4 62.4 (Max(Max--min: 3.1%)min: 3.1%)

NP towerNP tower 2.002.00(Max(Max--min: 0.17%) min: 0.17%) 96.996.9(Max(Max--min: 0.85%)min: 0.85%)

PPO towerPPO tower 0.600.60(Max(Max--min: 0.48%)min: 0.48%) 174.8174.8(Max(Max--min: 0.69%)min: 0.69%)

Purge towerPurge tower 40.040.0(Max(Max--min: 0.00%)min: 0.00%)
((FF=30Nm=30Nm33/h)/h)

29.029.0+3.2+3.2 
--2.82.8 (Tower A)(Tower A)

29.529.5+2.9+2.9 
--2.52.5 (Tower B)(Tower B)

LS purification rate: LS purification rate: FF=0.9t/h=0.9t/h
Parameters were well controlled .Parameters were well controlled .

Status during 1Status during 1stst
 

PurificationPurification



2007 November 2ndNeutrino Meeting @ ICRR 32

Total Total 1699m1699m33 of LS was  purified till of LS was  purified till Aug. 1Aug. 1st,st, 2007.2007.
Purified Volume / Purified Volume / KamLANDKamLAND volume = volume = 1.41.4
Reactor and geo neutrino observation ware continuing . Reactor and geo neutrino observation ware continuing . 

11stst
 

Purification PeriodPurification Period
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Monitoring QualityMonitoring Quality

Background ReductionBackground Reduction
Reduction factors for Reduction factors for 210210Pb and Pb and 4040K were monitored by K were monitored by KamLANDKamLAND

The data were continuously taken during purification.The data were continuously taken during purification.

RnRn concentration in purified LS ( concentration in purified LS ( less than 10 mBq/mless than 10 mBq/m3 3 ; OK); OK)
Delayed coincidence of BiDelayed coincidence of Bi--Po  Po  miniLANDminiLAND
Electrostatic collection method after trappingElectrostatic collection method after trapping

Reduction factor of Reduction factor of 8585KrKr
Cold trap + RGACold trap + RGA

Optical propertyOptical property
Attenuation length after distillationAttenuation length after distillation
Light outputLight output

LS densityLS density
PPO concentrationPPO concentration

GCGC
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222222Rn  measurement   Rn  measurement   →→OKOK (<10mBq/m(<10mBq/m33))
miniLANDminiLAND
Electro static collection methodElectro static collection method

Nat.Nat.KrKr measurement  measurement  
Cold trap + RGACold trap + RGA

Light yield Light yield and and attenuation length attenuation length of  LS of  LS 
222222Rn  Rn  andand 8585Kr  Kr  areare counted with counted with KamLANDKamLAND

Status during 1Status during 1stst
 

PurificationPurification
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Preliminary Preliminary 

Status during the 1Status during the 1stst
 

purificationpurification

Vertex distribution (Jun. 1)Vertex distribution (Jun. 1)
(0.45 (0.45 MeVMeV < E < 0.70 < E < 0.70 MeVMeV))
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Lighter LS was installed. Lighter LS was installed. 
ΔΔρ ρ ~ 0.03%~ 0.03%
Last Last 173m173m33

14.4% 14.4% of of KamLANDKamLAND 
((Z>3.4mZ>3.4m))

Preliminary Preliminary 

Status during the 1Status during the 1stst
 

purificationpurification

Vertex distribution (Aug. 1Vertex distribution (Aug. 1--17)17)
(0.45 (0.45 MeVMeV < E < 0.70 < E < 0.70 MeVMeV))

Succeeded to keep LS boundary.Succeeded to keep LS boundary.
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Lower part

Preliminary 

x2+y2 [m2]

z 
[m

]

Status after purificationStatus after purification
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Upper part

Preliminary 

x2+y2 [m2]

z 
[m

]

Status after purificationStatus after purification
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210210BiBi 210210PoPo 8585KrKr 3939ArAr 4040KK 232232ThTh

BeforeBefore
mBq/mmBq/m33

34.934.9
(0.5)(0.5)

39.539.5
(0.7)(0.7)

421.3421.3
(2.2)(2.2)

108.0108.0
(2.9)(2.9)

18.418.4
(0.5)(0.5)

1.01.0(0.1)(0.1)
μμBq/mBq/m33

AfterAfter
mBq/mmBq/m33

2.5 2.5 (0.1)(0.1)
7.17.1(0.1)(0.1)

8.8(0.1)8.8(0.1)
15.115.1(1.9)(1.9)

4.54.5(0.3)(0.3)
111.3111.3(0.2)(0.2)

6.46.4(0.3)(0.3)
100.7100.7(0.3)(0.3) < 3.7 < 3.7 

90%CL90%CL
1.21.2(2.3)(2.3)
μμBq/mBq/m33

RatioRatio
[%][%]
After/BeforeAfter/Before

7.27.2(0.3)(0.3)
20.320.3(0.4)(0.4)

20.320.3(0.5)(0.5)
38.238.2(4.9)(4.9)

1.071.07(0.08)(0.08)
26.426.4(0.2)(0.2)

5.95.9(0.4)(0.4)
93.293.2(2.5)(2.5) <20%<20%

Need more Need more 
statistics.statistics.

Red figure:  Upper region (Z>4m)
Blue figure: Lower region (Z<3m)

Status after the 1Status after the 1stst
 

purification purification (cont.)(cont.)

The activities are still high for The activities are still high for 77Be and pep/CNO Be and pep/CNO νν, but , but 210210Po reduction helps Po reduction helps 
reactor and geo reactor and geo νν

 
measurement a lot because of less measurement a lot because of less 1313C(C(αα, n) background., n) background.



2007 November 2ndNeutrino Meeting @ ICRR 40

We stopped our 1We stopped our 1stst purification activities .purification activities .
Blasting in Blasting in KamiokaKamioka mine by next springmine by next spring

We are going to upgrade our apparatus .We are going to upgrade our apparatus .
To prevent mixingTo prevent mixing install cooling systeminstall cooling system
more careful distillation ; for small more careful distillation ; for small ΔΤ, ΔρΔΤ, Δρ, , …………

And we start 2And we start 2ndnd purification campaign after blasting.purification campaign after blasting.

22ndnd
 

purification campaignpurification campaign

Purified LSPurified LS

Old LSOld LS

temperature controllertemperature controller
(~ 25(~ 25℃℃ ~ 10~ 10℃℃))

1313℃℃

1010℃℃
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For pep/CNO neutrino measurementFor pep/CNO neutrino measurement

pep/CNO pep/CNO νν
 

are far below are far below 
1111C background, even if C background, even if 
purification will be purification will be 
successfully done.successfully done.
New electronics is being New electronics is being 
developed.developed.

dead time free electronicsdead time free electronics 
for tagging neutron after for tagging neutron after μμ

MuonMuon SpallationSpallation BackgroundBackground

μμ
 

+ + 1212C C μμ + + 1111C + nC + n

1111B + eB + e++ + + νν
 

ee

n capturen capture
γγ

 
(2.2 (2.2 MeVMeV))

Triple coincidence eventsTriple coincidence events
Cosmic Cosmic μμ
Neutron  (Capture time ~210Neutron  (Capture time ~210μμsec) sec) 
1111C          (Lifetime=29.4min.)C          (Lifetime=29.4min.)

PointPoint--like veto (spherical cut) around 2.2 like veto (spherical cut) around 2.2 MeVMeV γγ
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Expected CNO Expected CNO νν+ + pep pep νν
 

flux error ~ flux error ~ 6%  6%  (Stat. error)(Stat. error)

Prototype was tested.

Energy spectra after Energy spectra after 1111C rejectionC rejection
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