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The KamLAND experiment has determined a precise value fon#utrino oscillation paramet&m3,; and
stringent constraints oBy>. The exposure to nuclear reactor anti-neutrinos is ineeatmost fourfold over
previous results to 2.4410°2 proton-yr due to longer livetime and an enlarged fiducialmeé. An undistorted
reactoive energy spectrum is now rejectedsgho. Extending the analysis down to the inverse beta decay gnerg
threshold, and incorporating geo-neutrinos, gives a tieatAm3, =7.583 1% (sta) 312 (sys) 10 °eV?
andtan® 012 =0.562 355 (sta)* 352 (sysh. Local Ax?-minima at higher and loweAAm3, are disfavored at
>4g. Combining with solar neutrino data, we obt#km3, =7.59*357  107°eV? andtan? 81, =0.47+5.32.

PACS numbers: 14.60.Pq, 26.65.+t, 28.50.Hw, 91.35.-x

Experiments studying atmospheric, solar, reactor and adius from 5.5m to 6 m and collected significantly more data;
celerator neutrinos provide compelling evidence for rieatr  the total exposure is 2.4410°2 proton-yr (2881ton-yr). We
mass and oscillation. The Kamioka Liquid scintillator Anti have expanded the analysis to the full reaBtoenergy spec-
Neutrino Detector (KamLAND) investigates neutrino oscil- trum and reduced the systematic uncertainties in the number
lation parameters by observing electron anti-neutrind (  of target protons and the background. We now observe almost
emitted from distant nuclear reactors. Previously, KamIDAN two complete oscillation cycles in tig spectrum and extract
announced the first evidence ©f disappearance [[1], fol- more precise values of the oscillation parameters. The-confi
lowed by direct evidence for neutrino oscillation by obsegv  dence level for geo-neutrino detection is modestly impdove
distortion of the reactov, energy spectrum_[2]. More re-
cently, KamLAND showed the first indication of geologically ~KamLAND is situated at the site of the former Kamioka-
produced anti-neutrinos (geo-neutrinos) from radioactie- ~ Nde experiment at a depth 02700 m water equivalent. The

lator (LS) enclosed in an EVOH/nylon balloon suspended in

This Letter presents a precise measuremedwi2; and  purified mineral oil. The LS consists of 80% dodecane, 20%
new constraints of;, based on data collected from March pseudocumene and 1.36).03 g/l of PPO|[19] as a fluor. The
9, 2002 to May 12, 2007, including data periods used in earanti-neutrino detector is contained inside an 18-m-diamet
lier reports|[1) 2]. We have enlarged the fiducial volume ra-stainless steel sphere. An array of 1879 50-cm-diameter pho
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tomultiplier tubes (PMTs) is mounted on the inner surface of _ . -
the sphere. A subset of 554 PMTs. referred to as “20-inc TABLE |: Estimated systematic uncertainties relevant tog heu-
P ) u ’ ! rErino oscillation parameter&m3; and@1,. The total uncertainty on

tubes”, are reused from the Kamiokande experiment, whilymz, s 2,006, while the total uncertainty on the expected evegt ra
the remaining 1325 PMTs are a faster version masked to 1{nd mainly affecting:.) is 4.1%.

inches. A 3.2-kton cylindrical water-Cherenkov outer déete

(OD), surrounding the containment sphere, provides sinigld 5 Detector-related (%) — Reactor-related (%)

and operates as an active cosmic-ray veto detector. Am3, | Energy scale 1.9 Ve-spectra [7] 0.6
Electron anti-neutrinos are detected via invefsdecay, Fiducial volume 1.8 Ve-spectra 2.4

Ve+p ! e*+n,with a1.8MeV threshold. The prompt Eventrate Energy threshold 1.5 Reactor power 2.1

scintillation light from thee™ gives a measure of the incident Efficiency 0.6 Fuel composition 1.0

Ve energy,Ey, ' Ep + E. + 0.8MeV, where Ep is the Cross section 0.2 Long-lived nuclei 0.3

prompt event energy including the positron kinetic and anni
hilation energy, andE , is the average neutron recoil energy,
0O(10keV). The neutron is captured about 2B0mean time
after the prompt event. More than 99% capture on free pro
tons, resulting in a deuteron and a 2.2 MeVvay.

KamLAND is surrounded by 55 Japanese nuclear power r

energy reconstruction over the data-set give an absolute en
ergy scale uncertainty of 1.4%; the distortion of the E-scal
results in a 1.9% uncertainty adm3,, while the uncertainty

. X ) €I €3t the analysis threshold gives a 1.5% uncertainty on theteve
actor uans, eaqh an Isotroplg source. Thg reactor operation e Tabléll summarizes the systematic uncertaintiestar-de
records, including thermal power generation, fuel burauyi mining the neutrino oscillation parameters. The uncetyain

exchange and enrichment logs, are provided by a consortiu%Amgl is 2.0%, while the uncertainty on the expected event
of Japanese electric power companies. This detailed infor,

; ) g . : rate, which primarily affect8,, is 4.1%.
mation, combined with publicly available data about the res For th Vs ire 0.9 M&VE. <8.5MeV. Th
of the world's reactors, is used to calculate the instardase - or tde analysis we reqw.ref L BMe <E i 2€6M Ve
fission rates using a reactor model [4]. Only four isotopesdeZ%eM e\yergéEd m;séthja%s y 1.cMe i d h -oMe
contribute significantly to th@, spectra; the ratios of the fis- or 2.0Mev= Eq <f S VeV, correzepgn Ing to t el neutLon-
sion yields averaged over the entire data taking period arec:aptur_ey energies for prc_)tons and C, respectively. The
2351238 - 239py, -241p, = 0.570: 0.078: 0.295: 0.057°0Sr time difference /AT ) and distanceAAR) between the prompt
' _event and delayed neutron capture are selected to hes€.5

106Ru, and'*“Ce, are long-lived fission daughters and con- _ SN
AT <1000us andAR <2m. The accidental coincidence

tribute low-energy neutrinosl[5]. The emittgd energy spec-

trum is calculated from the fission rates using thespectra ra;e rgp|dlr)]/ |ngrea|ses l?eakr the t;allogn svlilrfalaer(i.Sm), .
inferred from Ref.|[5], while the spectral uncertainty ik reducing the signa .-to.— ackground ratio. Vve use condgain
ated from Ref.[[7]. on event characteristics to suppress accidental backdsoun

while maintaining high efficiency. The prompt and delayed

We recently commissioned an “off-axis” calibration system™ '~ "
y 4 radial distance from the detector centBp(R4) must be less

capable of positioning radioactive sources within 5.5 mhef t han 6m. To discrimi ianal f back d
center of the detector. Multiple measurements of the detect 1N 6M. To discriminate signal from background, we con-

response at five distances between 2.8 m and 5.5m indica§éructaprobability density function (PDF) for ac;gideruain—
that the vertex reconstruction systematic effects areusadi cidence evenidace(Eq, AR, AT, Rp, Rq), by pairing events

and zenith-angle-dependent, but the vertex-positiortsfare m;Fdfela)t/r?d;commdler:cce Vém(fg bAe_'lt_wgenéo ms and ,[2%5 A
smaller than 3 cm and independent of azimuthal position. Th or theVe signa, VE.( d AT, Ry, Ro), is create
fiducial volume (FV) is determined with 1.6% uncertainty up ya Monte Carlo simulation of the prompt and delayed events
to 5.5m using the off-axis calibration system. The positionuSIng the measured negtron capture “T".e (207253”3) and
distribution of theB-decays of muon-inducedB/:2N inde- detector energy resolution. In determinifig, we integrate

pendently confirm this with 4.0% uncertainty by comparing EP over the oscnlatlon-fr_ee reacftor spectrum mcludmg acon
the number of events inside 5.5m to the number produced jffibution from 980'”99””?°§ estimated from i\_geol(_)gledﬂ '
the full LS volume. The'2B/12N event ratio is used to es- €rénce model 8]. Adiscriminator value,= ¢, is cal-
tablish the uncertainty between 5.5m and 6 m, resulting in &ulated for each candidate pair that passes the earlieruts
combined 6-m-radius FV uncertainty of 1.8%. discriminateve-candidates from accidental-background we

Off-axis calibration measurements and numerous centrafstablish a selection valuecut(Ep) in prompt energy in-
axis deployments off°Co, ®8Ge, 293Hg, %5zn, 1¥7Cs, tervals of 0.1 MeV optimized for maximal signal sensitivity
241Am9Be and?1°Po!3C radioactive sources were used to es-(L > Lcut(Ep) for signal-like events). Lcut(Ep) is the
tablish the detector reconstruction properties. For thintii  Value ofL at which the figure-of-meritrg-5— is maximal,
and 20-inch PMTsreenjbined, the vertex reconstruction reswhereS andBacc are the number of signal and accidental-
olutionIJs_—Ilz_cm/ E(MeV) and the energy resolution is background events calculated frdiy) andfacc, respectively.
6.5%/ E(MeV). The scintillator response is corrected for The selection efficiency(E,) is estimated from the frac-
non-linear effects from quenching of the scintillatiorhligasnd  tion of selected coincidence events relative to the totakge
Cherenkov light production. The systematic variation & th ated in R<6 min the simulation, see Figl 1(top). The increas-
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ing accidental rate at low energies results in a lower efficye b

Above the?°8 Tl Compton shoulder at 2.6 MeVfeaches 93% FIG. 1: Prompt event energy spectrum @f candidate events.
reflecting the efficiency of spatial and temporal ciRg,(Rg, ~ All histograms corresponding to reactor spectra and ergetnack-
AR, AT) alone. The systematic uncertaintyliis evaluated grounds incorporate the energy-dependent selectionesftigi (top

.68 41 9 . panel). The shaded background and geo-neutrino histogaesrsu-
usmgl t.Ge and tAmt.Be d_?ﬁloy?.e.ms to eztlmatzeér:\j S;'E)"Zl;.:femula’[ive. The data show the statistical uncertaintiesptire on the
correlation uncertainties. € eificiency above .o Mev dit ) o histogram indicates the event rate systematic uriogrta

fers less than 0.5% relative to the efficiency determinethfro
Monte Carlo; in the region below 1.4 MeV it differs by7%.

The average efficiency change over the full spectrum is 0.6%jng the time distribution of identifiedlLi/®He since the prior

The dominant background is caused ¥\(a,n)*0O re-  muons. Spallation-produced neutrons are suppressed with a
actions. The primex particle source is the decay 6°Po,  2ms full-volume veto after a detected muon in the analysis.
a daughter of thé??Rn decay chain introduced into the LS Some neutrons are produced by muons that are undetected
during assembly. From observations of the quenched scintiby the OD or miss the OD but interact in the nearby rock.
lator signal from the 5.3 Me\t, we estimate that there are These neutrons can be scattered and then capture in the LS,
(5.56 0.22) 10° 2°Po a-decays. While thé®*C abun-  mimicking theVe signal. We also expect some high-energy
dance is only 1.1% of the carbon in the LS, the reaction rate ibackground events from atmospheric neutrinos. The energy
significant, resulting in neutrons with energies up to 7.3Me spectrum of these backgrounds is assumed to be flat to at
These neutrons primarily undergo n-p scattering and most déast 30 MeV based on a simulation following [12]. The at-
the observed scintillation energy spectrum is quenched benosphericv spectrum and interactions were modeled using
low 2.7 MeV. In addition2C(n,ny)'2C (4.4 MeVy) and the  NUANCE [13]. We expect fewer than 9 neutron and atmo-
15t (6.05MeV, €e ) and 29 (6.13MeVy) excited states of sphericv events in the data-set. We observe 15 events in the
1860 produce signals in coincidence with the scattered neutrosnergy range 8.5 MeV to 30 MeV, consistent with the limit re-
but the exact cross sections are not well knowr?!®o'*C  ported previously [14].
source was employed to study th&C(a,n)*°O reaction and ~ The accidental coincidence background above 0.9 MeV is
tune a simulation using the cross sections from Ref. [9, 10]measured with a 10-ms-to-20-s delayed-coincidence window
We find that the cross sections for the excit@ states from  to be 80.5 0.1 events. Other backgrounds froyr() inter-
Ref. [9] agree with thé°Po'3C data after scaling thelex-  actions and spontaneous fission are negligible.
cited state by 0.6; the"?excited state requires no scaling. For  Anti-neutrinos produced in the decay chaing#fTh and
the ground-state we use the cross section from Ref. [10] aft€’38y in the Earth’s interior are limited to prompt ener-
subtracting the scaled excited states while accountinth®r gies below 2.6 MeV. The expected geo-neutrino flux at the
energy-dependent neutron detection efficiency [11] anl scakamLAND location is estimated from a reference model [8],
ing the resulting spectrum by 1.05. Including #H&Po decay-  which assumes a radiogenic heat production rate of 16 TW
rate, we assign an uncertainty of 11% for the ground-state anfrom the U and Th-decay chains. The calculagdiuxes for
20% for the excited states. Accounting fgE;), there should U and Th-decay, including a suppression factor of 0.57 due to
be 182.0 21.7'3C(a,n)'®0 events in the data-set. neutrino oscillation, are 2.2410°cm 2s ! (56.6 events) and

To mitigate background arising from the cosmogenic betal.90 1Pcm 2s ! (13.1 events), respectively.
delayed-neutron emittefdi and 8He, we apply a 2s veto In the absence of. disappearance, we expect to observe
within a 3-m-radius cylinder around the reconstructedksac 2179 89 (syst) events from reactors. The backgroundsin the
of well-identified muons passing through the LS. For muongeactor energy region listed in Taljlé || sum to 276.23.5;
that either deposit a large amount of energy or cannot bee also expect geo-neutrinos. We observe 1609 events.
tracked, we apply a 2 s veto of the full detector. We estimate Figure[d shows the prompt energy spectrum of selected
that 13.6 1.0 events fronPLi/8He decays remain by fit- electron anti-neutrino events and the fitted backgrountis. T
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107 — ”1 — 10203040 neutrinos. The main panel shows the data with the fitted back-
tarfo Ay? ground and geo-neutrino contributions; the upper panelpeoes
amo,, X the background and reactog-subtracted data to the number of geo-

neutrinos for the decay chains of U (dashed) and Th (dottaid)e
FIG. 2: Allowed region for neutrino oscillation parametdrem lated from a geoloaical reference mode! [8].
KamLAND and solar neutrino experiments. The side-panetsvsh
the Ax2-profiles for KamLAND (dashed) and solar experiments

(dotted) individually, as well as the combination of the t{golid). [« Data-BG - Geg,
| Expectation b_ased on osci. parameters

> - + determined by KamLAND
unbinned data is assessed with a maximum likelihood fit to § 0.8~
two-flavor neutrino oscillation (wit®;3 = 0), simultaneously o C
fitting the geo-neutrino contribution. The method incoades % 0.6 +
the absolute time of the event to account for time variations -2 L
in the reactor flux and includes Earth-matter oscillation ef U5) 0'4:_ +
fects. The best-fit is shown in Figl 1. The joint confidence 0ok
intervals giveAm3, =7.58* 3 13(stad* 312 (sys) 10 SeV? T
andtan? ;5 =0.56"3-50(stad ™ 3-23(sysh for tan?B1,<1. A | S P ST F P S FU I I I B
scaled reactor spectrum without distortions from neutagso 2030 40 LSO (f:]/MZS) 80 90 100
cillation is excluded at more tharo5 An independent anal- /5,
ysis using cuts similar to Ret.|[2] findam3, =7.665%3 FIG. 4: Ratio of the background and geo-neutrino subtrasted
10 SeV? andtan?8;,=0.52"315. spectrum to the expectation for no-oscillation as a fumctas

The allowed contours in the neutrino oscillation parame-LolE- Lo is the effective baseline taken as a flux-weighted aver-

: ; 2_ - PR age Lo =180km); the energy bins are equal probability bins of the
tﬁr Space'”mghf_('j\l/&gxlx proflles, ar.e shovmln Flgﬂ 2. Of"y best-fit including all backgrounds (see Hig. 1). The histogrand
the _so-ca e -l region remains, while ot_er regIoNS ¢rve show the expectation accounting for the distancedsetnti-
previously allowed by KamLAND at 2.20 are disfavored ;qual reactors, time-dependent flux variations and efiicies. The

at more than ¢. When considering three-neutrino oscilla- error bars are statistical and do not include correlatetbsyatic un-
tion, the KamLAND data give the same result f&m3,;, certainties in the energy scale.

and a slightly increased uncertainty 6. The parame-

ter space can be further constrained by incorporating the re

sults of SNO [[15] and solar flux experiments|[16] in a two- ing the Th/U mass ratio to 3.9 from planetary data [17], we
neutrino analysis with KamLAND assuming CPT invariance.obtain a combined U+Th best-fit value of 727 events cor-
The oscillation parameters from this combined analysis areesponding to a flux of (4.4 1.6) 10°cm 2s 1, in agree-
Am3, =7.59"341 10 SeV? andtan?8;, =0.47193¢. ment with the geological reference model.

In order to assess the number of geo-neutrinos, we fit the The KamLAND data, together with the solaidata, set an
normalization of thev. energy spectrum from the U and Th- upper limit of 6.2 TW (90% C.L.) for &, reactor source at
decay chains simultaneously with the neutrino oscillafan  the Earth’s center [18], assuming that the reactor prodaces
rameter estimation using the KamLAND and solar data; seépectrum identical to that of a slow neutron artificial react
Fig.[3. The time of the event gives additional discriminatio ~ The ratio of the background-subtractedcandidate events,
power since the reactor contribution varies. The fit yielfs 2 including the subtraction of geo-neutrinos, to the expéunta
and 36 detected geo-neutrino events from the U and Th-decassuming no neutrino oscillation is plotted in Fip. 4 as afun
chains, respectively, but there is a strong anti-cormatatiFix-  tion of Lo/E. The spectrum indicates almost two cycles of the
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