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The MiniBooNE Collabol'fltion reports results from il ;;earch for VI' -7 Dc oscillations, using a data. 
~a.mple corre~pondillg to 5.6G x 102u protoliS 011 targel. An excess of events is oLserveci which, when 
constrained by the onserved ;)1'- events, has a probability for consistency with Lhe background-olily 
hypothesis of 0.5% in the oscillation-"ensit.ive energy range of 475 < Efjl' < 12GO MeV. The data 
are consistellt. wit.h VI' -+ V,. oscillations with ~m2 mnging !"rom 0.1 to 1 eV2 ancl with the evidence 
for Hllt"ineutrino oscillations from (.he Liquicl Scintillator Neutrino Det.ector at Los Alamos National 
Laborat.ory. 

Tlte ?\IilliBooNE experimeut. ha.s published searches for 
IIp. --~ lIe and i)ll. -t i/~ oscillations, motivated by the 
LSND :~.8a excess of evellts P J. In the IIp -t VI' study, 
i\IiniBooNE found no evioence for oscillations within 
a two nE'utriuo rllixing Illodel at 98% C.L.; however, 
a :l.(117 excess of electron-like event~ was observed be­
low 47G I\JeV [2, :3]. The source of the excess remains 
nnexplained [3], although several hypotheses have been 
put forward [4·-10], including, for example, aIlomaly­
lIled iated lJell trino-photoll cOllplillg and sterile neu trino 
oscillations with CP or CPT violation. Initial results 
from the V" ~ ve study were report.ed in [I1J. A search 
ill alltineutrino mode provides a more direct test of t.he 
LSND signal, which was observed with allt.inelltrinos. 

·Pr"s"IIt. addrpss: IFIC, Ulliwrsidad dE' Valencia and CSIC, V,tlen­
da ,jti07L Spain 

iPrc""nt addres.'" Imperial Golleg.,; London SIN7 "2AZ, United 
Kingdnrn 

Due to limited stat.istics, t.he illitiul MiniBooNE iill --~ l/c 

search wns illconclllsive with respect to t.wo-nf'l.ltrillu os­
cillatiolls at l' he LSND mass scale, although a joint analy­
sis reported compatibility between the LSND, KARMEN 
[12, 13], and MiniBooNE antineutrlllo experiments [4] . In 
this paper, we report an updated analysis of t.he /)/1 - 4 VL' 

search with 1.7 times more protons on target (POT) than 
reported ill [ll]. 

This aualysis lIses the same technique that was re­
ported earlier [11] and assumes only V" -t vr, oscillations 
with no significant VI' disappearance and 110 vJ.I. oscilla­
tions. III addition, no contribution from the observed 
neutrino mode low energy excess hal> heen accounted for 
in the antineut.rino prediction. These simplifications may 
change the fit.ted V,1 -7 Vc oscillation probability by 10-
20%. 

The ant.inelltrino flux is produced by 8 GeV protons 
from the Fcrmilab Boostt'r interacting on a beryllium tar­
get in~ide a magnetic focusillg horn. Negatively charged 
IlwsonH produced in p-Be interactions are focused in the 
forward direction and subsequently decay primarily int.o 
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"

. The fiux for neutrinos alld <l.utiueutrinos of all tl.a­
vors is ca.lculat,ed with a simulat.ion program using E'X­
t.erlla! mea:;;uwmellt,s [14]. In allt,illeutrino mode, tile V Il ' 

iJc , nlld lIe flux contaminat.ions at, the deteetor are 15.7%, 
0,4%, aud 0.2%, [(:'spcctively. Tbe iI/l- flux peaks at. ~ 400 
i\feV and has a Illean energy of rv 600 MeV. 

The ~liniBooNE detector ha.s been described ill det.ail 
f'isewhere [15J. The det.ector location wal; chosen to sat­
isfy L[llll/ E[r-.JeV] rv 1, similar to that of LSND, which 
Illaxiruizes the sensitivity to oscillations at 6m2 rv 1 eV2. 
The dd,edor consists of a 40-foot diameter spheff' filled 
wit·1t pur!' mineral oil (rvCH2). Neutrinu int.eractions in 
the detector prod uce firHl.l state electrolls or mllons, wllich 
product' scintillation and Cherenkov light detected by thc 
lS20 l5-incft photomultiplier tubes (PMTs) that liue the 
interiur of the detector. 

The signature of iI/-L --t Vo oscillations is an excess of 
ve-inuliced charged-current. quasi-elastic (CCQE) events. 
Reconstruction [16] and selection requirements of these 
events are identical to those of tile previous neutrillo and 
antillelltrino mode analyses [3, 11]. The detector cannot 
diffl'rentiat.e betweell neutrino alld antineutrino events on 
all event-by-eveut basis. To help cOllstmiu the lIe /ve can­
didate events, a IIIL /V

" 
sample is formed. The separation 

of 1//1 from vI' ill this large CCQE sample is accol1lplished 
by fitting the observed angular distribution of the outgo­
ing muons to a linear combination of the very different 
CCQE angular distributiolls for I~+ and It-. Relatiw t.o 
the ;",foute Carlo prediction. the /£+ yield required an in­
crease of 1.20 to the rate of 7r- decays (v,.,.), while t1w /1-
yield was 0.99 of it.s predicted ratc. Overall, the normal­
iza.tioll requirpd a 13% increase, which is compatible with 
the combined lH.'utrino flux and cross section ullcertaill­
ties. A sample of 24,771 data events pass the il,.,. CCQE 
selcction reqnirements. The neutrillo and antincut.rino 
rOllt,cnt of the sample are 22% and 78%, respectively. 

The osciJlat.ioll parameters are extracted from a cOIn­
bined fit to t.he iJc CCQE and ;)11 CCQE event distri­
butions. Any possible v" -t lIe signal, as well as some 
Dc backgrounds intenU't through t.he same process as VI' 

CCQE evpnts and are relnted to the v/l- CCQE event.s 
t.hrough t.he same 7r - decay chaiu at production. Thpse 
correlations enter through the off-diagonal elements of 
1.I1C covariance mat.rix used iu the X2 calculation, relat.ing 
the conteut.s of tire bins of thc iJe CCQE and ;JIL CCQE 
c1ist.ributiOlI. This procedure maximizes the sensitivity 
to il/l-t v" oscilla.tions wheJl systematic uncertaint.ies 
are included [17]. 

The nllmber of predicteel De CCQE background events 
for different. ranges of EfjE is shown in Table 1. The back­
grouncl estimates include both antinelltrino and neutrino 
events, the lat.ter representing ~ M% of the total bcU'k­
ground. The predicted backgrounds to the il" CCQE 
sample are constmined by measurements at. MiniBooNE 
ancl illclude neutral Cllrrent (NC) 7r0 events [18]' 6 --t N I 
mdi,ltive decay, and external event::; from neutrino inter-

2 

TABLE I: The ccpeded num/ICT of events lor diJ!erenl E;JE 
ranges ft 'om all of the backgrounds ·jn lhe Dc appcamnce. anal­
ysis and /01' the LSND expectation (0.26% osc'illalion 1l1'oba­
lIil'ily avp.m,ged ove7' neul,rino ene'rgy) of [i" -t D" oscil/ations, 
/01' 5.fi6 x 1020 POT. 

Process 200 - ,175 .MeV ,175 _. 1 '250 tv! e V 

(-) CC'QE ufJ ." 4.3 2.0 
NC 7l'0 41.6 12.6 

NC ~ -t N, 12.4 3.4 
External Events 6.2 2.6 

(-) 
Other v" 7.1. 4.2 

(-) - ± D 
l'o lrom /1 ecay 13.5 31.4 

(-) ± 
Vc from l\' Decay 8.2 18.6 
(-) 0 
V" frolll J< L Decay 5.1 21.2 

Other 
(--) 

1.3 2.1 V o 

Total Ba.ckground 99.5 98.1 
0.26% jI ll -t i)" 9.1 29.1 

act.iolls outside the detector. Other backgrounds from 
mis-identified IIIL or iiI' [19, 201 and from intrinsic III' 

and fie events from the 7r --t It decay chain receive the 
fi

" 
CCQE normalization correction according to their 

parentage at prod \Ictioll (7r+ or 7r -). The ex]wded ex­
cess of low-energy events from the neutrino component 
of the beam [2] is about 12 events for 200 < E~JE < 475 
Jvle V. 

Systematic uncertainties are determined by consider­
illg the predicted effects 011 the V,L and ;/c CCQE rate from 
variations of actual parallleteff;. These incillde uncertain­
ties in t.he flux est.imate, uncertainties in neutrino cross 
St'CtiOllS, mo::;t of \vhich arE' determined by in-situ eross­
section measurements at MiuiBooNE, and uncertainties 
in det.ector modeling a.nd reconst.ructioll. By consider­
ing the variation from each source of systematic uncer­
t.ainty on the ;/e CCQE signal, background, and fi,l. CCQE 
prediction as a function of E;:E, a covariance matrix in 
bins of EfjE is constructed. This matrix includes correla­
tions between fie CCQE (signal and background) and V,I 
CCQE and is used ill the .'(2 calculation of the oscillation 
fit.. 

Fig. 1 (top) shows the E~2E distribution for I/e CCQE 
observed data and background. A total of 277 events pass 
the I/c event selection requirements with 200 < EfjE < 
:3000 MeV, comparee! to all expect.ation of 2:13.8 ± 22.5 

TA BLE II: The number of data, fitted bllckg7'ouud, and c:cccss 
C'/lent.~ in thc De annlys~~ /01' diJjel'ent E;Jt: runge". The un­
cerill.intil'8 include bol}, stntislical and consi.rained 8yste·mul.ic 
C'1'f'O·I'S. 

f/] E Rangt Data B(l(:kgrollnd Excess 
200 - 47.'5 MeV 119 100.5 ± 10.0 ± 10.2 18.5 ± 14.:3 
475 - 675 MeV 64 :38 .3 ± 6.2 ± 3.7 25.7 ± 7.2 

475 - 1250 MeV 120 99.] ± 10.0 ± 9.8 20.9 ± 14.0 
475 - 3000 MeV 1.58 1:U:3 ± 11.5 ± 13.8 24.7 ± 18.0 
200 - 30UO MeV 277 233.8 ± 15.:3 ± 16.5 43.2 ± 22.5 
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[.'IC. ]: Top: The E';F;; dist.ribution [or Vr CCQE data (points 
lI'i(' h st.atistical errors) u.nd bil.ckground (hist.ogram with sys­
('[[lillie errors). Bottom: The evellt f?xcess as a fllnct.ion of 
E~?£. Also showlI arc the expectations froO! the best 05-

cillntion fit with E9 E > 475 rVlev, where t.he prediction is 
extrapolat!-'d bdow 47f) MeV. alld fWIII neutrino oscillation 
pamllleters ill the illIowed rf?gion. 

event.s. This corresponds t.o an excess of 43.2 ± 22 .. 5 
event.s. In t.he previuus neutrino run analysis, event to­
tals were considered in two ellergy regions: 200 - 475 
lV!eV and 47.1 - :~OOO MeV, which is t.he energy fangt' 
for th(' Ilcutrino oscillation search. For the antineutrilL(J 
data, the excess for 475 < Efjll < :3000 ~deV is 24.7± 18.0 
events. In the oscillatioll sensitive region of 475 < E,9 E < 
1250 McV, the observed De events, when constrained 
by the j/J.! data event.s, llave a X 2 

/ DF = 18.5/G and a 
probability of 0.;;% for a baekgroullll-only hypothesis. 
for the comhined DJ.! amI ve data in the energy range 
475 < EfjE < 3000 MeV, the background-only lJypothe­
sis yields a X2 

/ DF = 26.8/14.9 with 11 x2-probability of 
3.0%. (DF is the effective number of degrees of freedom 
from frequentist studies.) This is higher than t.he 0 .. ')% 
probability found for the De signal region due to t.he ill­
elusion of VI' and highN-energy j/e billS, where lIO signal 
is expected. The number of data, fitted background, and 
excess events for different. EfjE ranges are slllllIlIarized 
in Table II. 

Fig. 2 shows the observed and predicted event distri­
butions a~ funct.iolls of reconstfllct.ed E ui• and cos( 0) for 
200 < E9E < :3000 l'deV. E", .. is the measured visi­
ble energy, while () is the scattering angle of the recon­
structcd elcct.roll with respect to t.he incident. neutrino 
diredion. The shape-only background only X2 vallles 
from th(· Dr, ami j/I' combined fit are X2/DF = 23.8/13 
and X2/DF = 13.6/ll for Evis and eos(O), respectively. 
Therdore, the Evi .• distribut.ion does not match well tIle 
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PIC. 2: The E'vis (t.op pallel) and cos(O) (bottom panel) dis­
trihutions for data (points wil.h sta.tistical errors) and back­
grounds (histogram with syst.ema.tic errors) for E;JB > 200 
I'dev. 

shape of the e::;timat.ed backgrounds, while the cos(O) dis­
tribut.ion matches the background (and signal) shape. 

l'vlany checks were performed on the data to ensure 
that the backgrounds were estimated eorrectly. Beam 
and det.ector st.a.bilit.y checks showed that the neutrino 
event rat.e was st.able to < 2% and tha.t. the detector 
energy response was st,nble t.o < 1%. In addition, the 
fractions of neutrino nnd Hntineutrino events were sta­
ble over energy and time, and t.hc measured external 
event rates were similar in bot.h neutrino and antineu­
trino modes. FllftherllIore, any siugle background would 
have t.o be increased by more than 3 a to explain the ob­
served excess of events. An additiona.l check comes from 
the data ill neutrino mode, which has a similar back­
ground to anti neutrino modI:' and where good agreement 
was obt.ained between the data and Monte Carlo simu­
latioll for E,9E > 47;; MeV. Finally, the event rate of 
candidate Dc events in the last. 2.27 x 1020 POT is foulld 
to be Ula higher than the candidate event rate in the 
first 3.:39 x102tl POT [ll]. 

Fig. 1 (bottom) shows the event excess as a functioll 
of E~IE. Also shown are the expecta.tions from the best 
oscillation fit with E9E > 475 MeV and from neut.rino 
oscillation parameters in the allowed region. The energy 
range E~E' > 475 MeV has heen chosen for the fit. as 
this is the energy range MiniBooNE used for :;enrclling 
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for lieu trino oscillatiolls. 
Using a likelihood-ratio technique, t.he best oscillatioll 

fit. for 47G < E;JE < 3000 MeV occurs at (~m2 , sin 2 2(}) 
= (0.064 eV2 , 0.96) and has a X2 of 16.4 for 12 .6 DF, 
corresponding to a ,,2-probability of 20.5%. For tIle 
oscilJation-seusitive energy range of 475 < E~JE < 1250 
MeV, t.he best oscillation fit has a ,,2 of 8.0 for 6 DF, 
corresponding to a x2-probability of 23.4%. The ratio of 
the likdihoocl of the background only fit divided by the 
likelihood of the best oscillation fit is 0.6%. Fig. 3 shows 
tlw 08%, 90%, and 99% C.L. closed cont.ours for v" -+ i:le 

oscillations, where frequent.ist studies were performed to 
determine the C.L. regions. The allowed regiolls are in 
agreement with the LSND allowed region. 

In summary, the MiniBooNE experiment observes an 
exceHS of ve eve ntH in the energy regioll above EfjE of 
475 I\1e V for a data sample corresponding to 5.66 x lO:'w 

POT. A model illdependent hypothesis test gives a prob­
abilit.y of 0 .5% for the data to be consisteut with tIle 

4 

expect.ed backgrounds in the oscillation-HerL."itive euergy 
range of 475 < EfjE < 1250 MeV, and a likelihood-ratio 
fit gives a 0.6% probability for background only relative 
to the best oscilla.tion lit. The allowed regions from the 
fit. , shown in Fig. 3, are consistent with VI' -+ fie oscilla­
tions ill the 0.1 to 1 eV2 ~m2 range and consistent with 
the allowed region reported by the LSND experiment [1] . 
Additiona.l running in antineutrino mode is expected to 
approximately double the current. number of POT. 
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