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1. Executiv e Summary

There is accunulating evidencefor a di erence between neutrino and antineu-
trino oscillations at the 1 eV? scale. The MiniBooNE experimert obsenes an
unexplainedexcesf electron-like everts at low energiesin neutrino mode ¥, which
may be due, for example, to either a neutral currert radiative interaction 2, ster-
ile neutrino deca ¥, or to neutrino oscillations involving sterile neutrinos +567:89)
and which may be related to the LSND signal 19. No excessof electron-like everts
( 05 7:8 87), howewr, is obsened sofar at low energiesin antineutrino mode
1) Furthermore, global 3+1 and 3+2 sterile neutrino ts to the world neutrino and
antineutrino data '? suggesta di erence between neutrinos and antineutrinos with



signi cant (sin?2 35%) disappearance. In order to test whether the low-
energyexcesss dueto neutrino oscillationsand whetherthere is a di erence between

and disappearance,we proposebuilding a secondMiniBo oNE detector at (or
moving the existing MiniBo oNE detectorto) a distanceof 200m from the Booster
Neutrino Beam (BNB) production target. With identical detectorsat di erent dis-
tances,most of the systematicerrors will cancelwhentaking a ratio of ewverts in the
two detectors,asthe neutrino ux variesas1=r? to a calculableapproximation. This
will allow sensitive tests of oscillations for both . and . appearanceand and

disappearance.Furthermore, a comparisonbetweenoscillationsin neutrino mode
and antineutrino mode will allow a sensitive seard for CP and CPT violation in the
lepton sectorat short baseline( m? > 0:1 eV?). Finally, by comparingthe rates for
a neutral currert (NC) reaction, sud asNC © scattering or NC elastic scattering, a
direct seart for sterile neutrinos will be made. The initial amourt of running time
requestedfor the near detector will be atotal of 2E20POT divided betweenneu-
trino mode and antineutrino mode, which will provide statistics comparableto what
has already been collected in the far detector. A thorough understanding of this
short-baselinephysicswill be of great importance to future long-baselineoscillation
experiments.

2. Intro duction

Evidencefor neutrino oscillationscomesfrom solar-neutrino 1314151617 gandreactor-
antineutrino experimerts *®, which have obsened . disappearanceat m? 8 10 °
eV?, and atmospheric-neutrino 19202122 and long-baselineaccelerator-neutrinoex-
perimerts 2329, which have obsened  disappearanceat m? 3 10 2 eV2. In
addition, the LSND experimert 19 haspresettied evidencefor ! . oscillationsat
the m? 1 eV? scale.If all three phenomenaare causedby neutrino oscillations,
thesethree m? scalescannot be accommalated within an extensionof the Standard
Model with only three neutrino masseigenstates.An explanation of all three mass
scaleswith neutrino oscillationsrequiresthe addition of one or more sterile neutrinos
456789 or further extensionsof the Standard Model (e.g., ).

The MiniBooNE experimert was designedto test the neutrino oscillation inter-
pretation of the LSND signalin both neutrino and antineutrino modes. MiniBo oNE
has approximately the sameL=E asLSND but with an order of magnitude higher
baselineand energy Due to the higher energyand dissimilar event signature, Mini-
BooNE systematic errors are completely di erent from LSND errors. MiniBooNE's
updated oscillation results in neutrino mode Y shav no signi cant excessof ewerts
at higher energies;howewer, a sizeableexcessof ewers is obsened at lower ener-
gies. Although the excessnergyshape doesnot t simple two-neutrino oscillations,
the number of excessewverts agreesapproximately with the LSND expectation. At
presen, with 3.4E20POT in antineutrino mode, MiniBo oNE obsenes no excessso
far at lower energieswhile at higher energiesthe data are inconclusive with respect
to antineutrino oscillations suggestedoy the LSND data 19,
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A global t to the world neutrino oscillation data hasbeenperformedin terms of
3+1 and 3+2 sterile neutrino models!?. Although a largeincompatibility is obsened
when tting all of the data, there is much lesstensionwhen tting the world neutrino
and antineutrino data separately Figs. 1, 2, 3, and 4 show the allowed regions
from global ts to the world neutrino and antineutrino data, assuming3+1 sterile
neutrino models. The best neutrino t occursat m3, = 0:19 eV? with sin?2 . =

0:031,sin?2 = 0:031, and sin’2 ¢ = 0:034, correspndingto a 2 = 90:5=90
DF (probability = 47%). The best antineutrino t occursat m2, = 0:915 eV?
with sin?2 . = 0:0043,sin?2 = 0:35, and sin®2 ¢ = 0:043, correspnding to a

2 = 87:9=103 DF (probability = 86%). The antineutrino t is dominated by the
LSND data ?; however, Fig. 3 alsoshaws that the global antineutrino data without
LSND is consiste with the LSND signal and has a closed90% CL cortour around
the LSND best-t point. CPT-conservingoscillation scenariosappearinsu cient to
explain all of the data. As stated in reference!?, \CPT-violating oscillations or
e ective CPT violation 259 may succeedn reconcilingall short-baselineoscillation
signatures,and should be pursued".

3. MiniBo oNE

3.1. Description of the Experiment

A sdematic drawing of the MiniBo oNE experimert at FNAL is showvn in Fig. 5.
The experimert is fed by 8-GeV kinetic energyprotons from the Boosterthat interact
in a 71-cmlong Be target located at the upstream end of a magnetic focusing horn.
The horn pulseswith a current of 174 kA and, depending on the polarity, either
focuses * and K* and defocuses and K to form a pure neutrino beam or
focuses andK anddefocuses * and K™ to form a sonewhatpure antineutrino
beam. The producedpionsand kaonsdeca in a 50-mlong pipe, and a fraction of the
neutrinos and antineutrinos 27 interact in the MiniBo oNE detector, which is located
541 m downstream of the Be target. For the MiniBooNE results presered here, a
total of 6:5 10°° POT were collectedin neutrino mode and 3:4 10°° POT were
collectedin antineutrino mode.

The MiniBooNE detector 28 consistsof a 12.2-m diameter spherical tank lled
with appraximately 800tons of mineral oil (CH;). A sdhematic drawing of the Mini-
BooNE detector is shovn in Fig. 6. There are a total of 12808-inch detector pho-
totub es (covering 10% of the surfacearea) and 240 veto phototubes. The ducial
volume has a 5-m radius and correspndsto appraximately 450tons. Only 2% of
the phototube channelsfailed over the courseof the run.

3.2. MiniBooNE CrossSection Results

MiniBo oNE has publishedtwo crosssectionresults. First, MiniBooNE hasmade
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Figure 1: The allowed region for . appearance from a glotal t to the world neutrino data, assum-

ing a 3+1 sterile neutrino model. The star indicates the best-t point at m3, = 0:19 eV? and
N2 -0
sin©2 o = 0:031
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Figure 2: The allowel region for disappearance from a glokal t to the world neutrino data,
assuminga 3+1 sterile neutrino model. The star indicates the best-t point at m3, = 0:19 eV?
andsin2 = 0:031
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Figure 3: The allowed region for . appearance from a glotal t to the world antineutrino data,
assuminga 3+1 sterile antineutrino model. The star indicates the best-t point at m3, = 0:915
eV? and sin®2 . = 0:0043 Also shownis the glokal t to the world antineutrino data without
LSND.
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Figure 4: The allowed region for disappearance from a glokal t to the world antineutrino data,
assuminga 3+1 sterile antineutrino model. The star indicates the best-t point at m3, = 0:915
eV? andsin?2 = 0:35.
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Figure 5: A schematicdrawing of the MiniBo oNE experiment.
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Figure 6: A schematicdrawing of the MiniBo oNE detector.



Figure 7: The CCQE Q? distribution for data (points with error bars) compared to the MC
simulation (histograms).

a high-statistics measuremenof  charged-currem quasi-elastic(CCQE) scattering
ewverts 29, Fig. 7 shavsthe  CCQE Q? distribution for data (points with error
bars) comparedto a MC simulation (histograms). A strong disagreemenbetweenthe
data and the original simulation (dashedhistogram) was rst obsened. Howeer, by
increasingthe axial mass,M,, to 1:23 0:20 GeV and by introducing a new variable,
= 1:019 0:011, where is the increasein the incidert proton threshold, the
agreemenh betweendata and the simulation (solid histogram) is greatly improved. It
is impressiwe that sud good agreemen is obtained by adjusting thesetwo variables.
MiniBooNE has also collected the world's largest sample of neutral-currert °
ewerts 39, asshowvn in Fig. 8. By tting the massandE (1 cos ) distributions,
the fraction of ° producedcoheretly is determinedto be195 1:1 2:5%. Excellen
agreemen is obtained betweendata and MC simulation.

3.3. Neutrino Oscillation Event Seletion

MiniBooNE seartiesfor ! ¢ oscillationsby measuringtherateof .C! e X
CCQE ewens and testing whether the measuredrate is consistem with the estimated
badkground rate. To selectcandidate  CCQE ewerts, an initial selectionis rst
applied: > 200 tank hits, < 6 veto hits, reconstructedtime within the neutrino
beam spill, reconstructed vertex radius < 500 cm, and visible energy E,is > 140
MeV. It is then required that the event vertex reconstructedassumingan outgoing



Figure 8: The neutral-current ° massand E (1 cos ) distributions for data (points with
error bars) compared to the MC simulation (histograms).

electron and the track endpoint reconstructedassumingan outgoing muon occur at
radii < 500 cm and < 488 cm, respectively, to ensuregood event reconstruction
and e ciency for possiblemuon decyg electrons. Particle identi cation (PID) cuts
are then applied to reject muon and © ewerts. Seweral improvemens have been
madeto the neutrino oscillation data analysissincethe initial data was published?,
including an improved badkground estimate, an additional ducial volume cut that
greatly reducesthe badkground from ewens producedoutside the tank (dirt evens),
and an increasein the data samplefrom 5:579 10° POT to 6:462 10?°° POT. A
total of 89,200neutrino ewerts passthe initial selection,while 1069 ewens passthe
completeewert selectionof the nal analysiswith EQE > 200MeV, whereE <F is the
reconstructedneutrino energy

3.4. Neutrino Oscillation Signal and Backgiound Reactions

Table 1 shovsthe expectednumber of candidate  CCQE badkground events with
EQF between200 300MeV, 300 475MeV, and475 1250MeV after the complete
ewert selectionof the nal analysis. The badkground estimate includes antineutrino
ewerts, represeting < 2% of the total. The total expectedbadgroundsfor the three
energyregionsare 1868 26.0 ewerts, 2283 245 ewerts, and 3859 357 ewerts,
respectively. For | . oscillations at the best-t LSND solution of m? = 1:2
eV? andsin?2 = 0:003,the expectednumber of . CCQE signal everts for the three
energyregionsare 7 everns, 37 ewverts, and 135 ewerts, respectively.
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Table 1: The expected number of eventsin the 200< EQF < 300MeV, 300< EQF < 475MeV, and
475< EQF < 1250MeV enemy rangesfrom all of the signi c ant backgounds after the complete
event seletion of the nal analysis. Also shownare the expected number of  CCQE signal events
for two-neutrino oscillations at the LSND best-t solution.

Process 200 300 300 475 | 475 1250
CCQE 9.0 17.4 11.7
e! e 6.1 4.3 6.4
NC © 103.5 77.8 71.2
NC ! N 19.5 47.5 19.4
Dirt Evens 11.5 12.3 11.5
Other Events 18.4 7.3 16.8
e from Decy 13.6 44.5 153.5
e from K* Decay 3.6 13.8 81.9
e from K2 Decy 1.6 3.4 13.5
Total Badkground 1868 26,0 | 2283 2453859 357
LSND Best-Fit Solution 7 1 37 4 135 12

3.5. Updated Neutrino Oscillation Results

Fig. 9 shawvs the reconstructedneutrino energydistribution for candidate . data
everts (points with error bars) comparedto the MC simulation (histogram) ¥, while
Fig. 10 shavsthe event excessasa function of reconstructedneutrino energy Good
agreemeh betweenthe data and the MC simulation is obtained for EQE > 475MeV;
howewer, an unexplainedexces®f electron-like everts is obsenedfor E*F < 475MeV.
As shown in Fig. 10, the magnitude of the excesgs very similar to what is expected
from neutrino oscillationsbasedon the LSND signal. Although the shape of the excess
is not consisten with simple two-neutrino oscillations, more complicated oscillation
models 456789 or sterile neutrino decy ¥ have shapesthat may be consisten with
the LSND signal. A test of the sterile neutrino decay model ® can be performed by
seartiing for the decy D ! ¥ |, wherethe heavy sterile neutrino , hasa mass
around 500 MeV.

Table 2 shows the number of data, badkground, and excessewvens for di erent
EQE ranges,together with the excesssigni cance. For the nal analysis,an excess
of 1288 204 383 ewerts is obsened for 200< EQF < 475MeV. For the ertire
200< EQF < 1250MeV energyregion, the excesss 1510 283 507 ewerts. As
showvn in Fig. 11, the evert excessoccurs for E,is < 400 MeV, where E,;s is the
visible energy

Figs. 12 and 13 shav the event excessas functions of Q2 and cog ) for ewerts
in the 300< EQF < 475MeV range, where Q? is determined from the energyand
angle of the outgoing lepton and is the angle betweenthe beamdirection and the
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Figure 9: The MiniBooNE reconstructed neutrino enemy distribution for candidate . data events
(points with error bars) compared to the Monte Carlo simulation (histogram).
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Figure 10: The event ex@ssas a function of EQF . Also shown are the expectations from the best
oscillation t (sin®2 = 0:0017 m?2 = 3:14 eV?) and from neutrino oscillation parametersin the
LSND allowed region. The error bars include both statistical and systematic errors.
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Table 2: The number of data, backgiound, and exesseventsfor di er ent E°F ranges,togetherwith
the signi c ance of the exessesin neutrino mode.

Evert Sample Final Analysis
200 300MeV
Data 232
Badkground 1868 137 221
Excess 452 137 221
Signi cance 1.7
300 475MeV
Data 312
Badkground 2283 151 193
Excess 837 151 193
Signi cance 34
200 475MeV
Data 544
Badkground 4152 204 383
Excess 1288 204 383
Signi cance 3.0
475 1250MeV
Data 408
Badkground 3859 196 298
Excess 221 196 298
Signi cance 0:6
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Figure 11: The event neutrino exass as a function of Eyis for EQE > 200 MeV. Also shown
are the expectations from the best oscillation t (sin2 = 0:0017 m2 = 3:14 eV?) and from
neutrino oscillation parametersin the LSND allowed region. The error bars include both statistical
and systematic errors.

reconstructed evert direction. Also shavn in the gures are the expected shapes
from .C! e X and C! e"X charged-currem (CC) scatteringand from the NC

Oand ! N reactions, which are represetativ e of photon ewerts produced by
NC scattering. The NC scattering assumeghe  energy spectrum, while the CC
scattering assumeghe transmutation of  into . and ., respectively. As shavn in
Table 3, the 2 valuesfrom comparisonsof the evert excesgo the expected shapes
are acceptablefor all of the processesHowewer, any of the badkgroundsin Table 3
would have to be increasedby > 5 to explain the low-energyexcess.

Table 3: The 2 valuesfrom comparisons of the neutrino event exessQ? and coq ) distributions
for 300< EQE < 475MeV to the expected shages from various NC and CC reactions. Also shownis
the factor increasenecessaryfor the estimated backgiound for each processto explain the low-enegy
ex@ssand the correspnding number of sigma.

Process 2(cos )=9 DF | ?(Q?=6 DF | Factor Increase
NC © 13.46 2.18 2.0(6:8 )

I N 16.85 4.46 2.7(184 )
LC! eX 14.58 8.72 2.4(153 )
Ll eX 10.11 2.44 65.4(410 )
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3.6. Initial Antineutrino Oscillation Results

The sameanalysisthat wasusedfor the neutrino oscillation resultsis employed for
the initial antineutrino oscillation results *. Fig. 14 shows the estimated neutrino
uxes for neutrino mode and antineutrino mode, respectively. The uxes are fairly
similar (the intrinsic electron-neutrino badkground is appraximately 0.5% for both
modesof running), although the wrong-signcortribution to the ux in antineutrino
mode ( 18%)is much larger than in neutrino mode ( 6%). The average . plus
energiesare 0.96GeV in neutrino mode and 0.77GeV in antineutrino mode, while the
average plus energiesare 0.79GeV in neutrino mode and 0.66 GeV in antineu-
trino mode. Also, asshown in Fig. 15, the estimated badkgroundsin the two modes
are very similar, especially at low energy Fig. 16 shows the expected antineutrino
oscillation sensitivity for the presen data samplecorrespndingto 3.4E20POT. The
two sensitivity curvescorresmpnd to threshold neutrino energiesof 200MeV and 475
MeV.

The initial oscillation resultsfor antineutrino mode are shown in Table 4 and Figs.
17through 19. It is remarkablethat noexcesy 0:5 7:8 8:7 events) isobsenedin
the low-energyrange200< EQF < 475MeV. In orderto understandthe implications
that the antineutrino data have on the neutrino low-energyexcess;Table 5 shavs the
expected excesf low-energyeverts in antineutrino mode under various hypotheses.
Thesehypothesesinclude the following:

Same : Samecrosssectionfor neutrinos and antineutrinos.
0 Scaled:Scaledto number of neutral-currert  © ewerts.

POT Scaled: Scaledto number of POT.

BKGD Scaled: Scaledto total badkground everts.

CC Scaled: Scaledto number of charged-currem everts.

Kaon Scaled: Scaledto number of low-energykaon everts.

Neutrino Scaled: Scaledto number of neutrino ewents.

Also shown in the Tableis the probability (from a two-parameter t to the data)
that ead hypothesisexplainsthe obsened number of low-energyneutrino and an-
tineutrino ewerts, assumingonly statistical errors, correlated systematic errors, and
uncorrelated systematic errors. A proper treatment of the systematic errors is in
progress;however, it is clear from the Table that the \Neutrino Scaled" hypothe-
sis ts bestand that the \Same ", \POT Scaled",and \Kaon Scaled" hypotheses
are strongly disfavored. It will be very important to understand this unexpected
di erence betweenneutrino and antineutrino properties.
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Figure 14: The estimated neutrino uxes for neutrino mode (top plot) and antineutrino mode (bottom plot).
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Figure 15: The estimated backgioundsfor the neutrino oscillation searchin neutrino mode (top plot) and antineutrino
mode (bottom plot). The %, ! N ,intrinsic o/ e, external event, and other backgiounds corresmnd to the green,
pink, light blue, blue, and yellow colors, respectively.

Figure 16: The expected antineutrino oscillation sensitivity at 90% CL for the presentdata sample
correspnding to 3.4E20 POT. The two sensitivity curves correspnd to threshold enemies of 200
MeV (red curve) and 475 MeV (black curve).
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Table 4: The number of antineutrino data, background, and exesseventsfor di er ent EF ranges,
together with the signi c ance of the exessesin antineutrino mode.

Evert Sample | Final Analysis
200 475MeV
Data 61
Background 615 7.8 87
Excess 05 7.8 87
Signi cance 0:04
475 1250MeV
Data 61
Badkground 578 7.6 65
Excess 32 76 65
Signi cance 0:3
475 3000MeV
Data 83
Badkground 774 88 96
Excess 56 88 96
Signi cance 04

Figure 17: The MiniBooNE reconstructed antineutrino enemy distribution for candidate . data
events(points with error bars) compared to the Monte Carlo simulation (histogram).
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Figure 18: The MiniBooNE reconstructed antineutrino enemy distribution for candidate . data
events (top) and the exassnumber of events (bottom) as a function of reconstructed neutrino en-
ergy for the present antineutrino data sample correspnding to 3.4E20 POT. Also shown are the
expectations from the best oscillation t and from oscillation parametersin the LSND allowed re-

gion.
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Figure 19: The exassnumber of candidate . events(data minus Monte Carlo expectation) as a
function of visible energy for the present antineutrino data sample correspnding to 3.4E20 POT.
Also shown are the expectations from the best oscillation t and from oscillation parametersin the
LSND allowed region.

Table 5: The expected exessof low-eneigy eventsin antineutrino mode under various hypotheses
for 3.4E20 POT. Also shownin the Tableis the prokability (from a two-parameter t to the data)
that each hypothesis explains the observel number of low-eneigy neutrino and antineutrino events,
assumingonly statistical errors, correlated systematic errors, and uncorrelated systematic errors.

Hypothesis | # of Evens | Stat. Err. | Cor. Syst. Err. | Uncor. Syst. Err.
Same 37.2 0.1% 0.1% 6.7%
0 Scaled 19.4 3.6% 6.4% 21.5%
POT Scaled 67.5 0.0% 0.0% 1.8%
BKGD Scaled 20.9 2.7% 4.7% 19.2%
CC Scaled 20.4 2.9% 5.2% 19.9%
Kaon Scaled 39.7 0.1% 0.1% 5.9%
Neutrino Scaled 6.7 38.4% 51.4% 58.0%
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Figure 20: The antineutrino oscillation allowed region in the enemy range475< E%F < 3000MeV
for the present antineutrino data sample correspnding to 3.4E20 POT. Also shown are the best
oscillation t ( m?2 = 4:4 eV2, sin?2 = 0:0047, correspnding to an ex@ssof 186 13:2 events)
and the LSND best-t point ( m2 = 1:2 eV2, sin?2 = 0:003 correspnding to an exaessof 14:7
events).

The antineutrino data were also t for oscillations in the energy range 475 <
E®F < 3000MeV, assumingantineutrino oscillations but no neutrino oscillations.
The antineutrino oscillation allowed region is showvn in Fig. 20. At presem, the
oscillation limit is worsethan the sensitivity. The best oscillation t correspndsto

m? = 44 eV?, siP2 = 0:0047,and a tted excessof 186 132 ewerts, which is
consisten with the LSND best-t point of m? = 1:2 eV?, sin?2 = 0:003,and an
expectedexcesof 14:7 everts. With the presen antineutrino statistics, the data are
consisten with both the LSND best-t point and the null point, although the LSND
best-t point hasa better 2 ( 2 = 17:63=15 DF, probability = 30%) than the null
point ( 2= 22:19=15 DF, probability = 10%).

3.7. MiniBooNE NuMI Results

Neutrino ewerts are also obsened in MiniBooNE from the NuMI beam3Y. The

22



Figure 21: The NuMI beam.

NuMI beam,asshavn in Fig. 21, di ers from the Booster neutrino beam (BNB) in
seweral respects. First, the NuMI beamis o axis by 110 mrad, whereasthe BNB
is on axis. Second,neutrinos from NuMI travel 700m, comparedto 500 m for
neutrinos from the BNB. Also, the NuMI beamhasa 6% cortribution from electron-
neutrinos and a 14% cortribution from antineutrinos, while the BNB perceriages
are 0:5% and 2%, respectively. Fig. 22 shaws the estimated neutrino ux at the
MiniBooNE detector from the NuMI beam, while Fig. 23 comparesthe neutrino
uxes from the BNB and NuMI beams.

Figs. 24 and 25 shov the comparisonbetween data ewerns (points with error
bars) and the MC simulation (histogram) for CCQE candidate ewerts and
CCQE candidate events, respectively. Although the systematic errors are presettly
large, the data are obsened to be systematicallylow for ~ CCQE candidate events
and systematically high for  CCQE candidate everts. Updated results should be
available soon with three times the data sampleand with reducedsystematicerrors
by constraining the normalization to the  sample.

The NuMI data analysisis currerntly directed toward examining the low-energy
region and searding for neutrino oscillations. This will complemen the analysis
donewith MiniBo oNE usingneutrino and anti-neutrino BNB data, but with di erent
systematic errors. It is worth noting that the NuMI . CCQE samplehas a very
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Figure 22: The estimated neutrino ux at the MiniBooNE detector from the NuMI beam.
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Figure 23: A comparison betwe=n the BNB and NuMI neutrino uxes.
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di erent composition when comparedto the BNB neutrino . CCQE sample. The
BNB  CCQE sampleoriginatesmostly from decgs of pionsand muonsand cortains
a large fraction of -induced mis-idertied ewerts. On other hand, the NuMI
CCQE sampleis produced mostly from the decg of kaonsand cortains a dominart
fraction of intrinsic . events. The analysiswill be done by forming a correlation
betweenthe  CCQE and . CCQE samplesand by tuning the prediction to the
data simultaneously The result is that common systematicscancel,and this might
reveal somethingimportant about the nature of the . sample.

3.8. MiniBooNE Disappearance Results

MiniBooNE has also searded for and  disappearance®. Fig. 26 shavs
the sensitivities and limits at 90% CL for  disappearance(top plot) and  dis-
appearance(bottom plot). The stars on the plots shav the best ts in ead case:

m? = 1750 eV?, sin2 = 0:16,and 2 = 1272/14 DF for  disappearanceand

m? = 31:30eV?, sif2 = 0:96,and 2 = 5:43/14 DF for  disappearance. The

2 valuesfor no disappearanceoscillationsare 2 = 17:78/16 DF and 2 = 10.29/16
DF, respectively. Improved disappearancesensitivities are expected with the joint
SciBooNE/MiniBo oNE analysis, which should be completed soon. Note, however,
that the joint SciBocoNE/MiniBo oNE analysiswill not be nearly as powerful as the
joint BooNE/MiniBo oNE analysisdue to the small sizeof SciBooNE and the larger
systematicerrors from SciBooNE's di erent detector technology.

4. BooNE

The BooNE experimert involves building a seconddetector at a costof $8M
along the BNB at FNAL at a closerdistance of 200 m. With two detectors,
many of the systematic errors will cancel, as the neutrino ux varies as 1=r? to
good appraximation, so that a ratio of events in the two detectors will provide a
sensitie seart for ¢ and . appearanceand and disappearance.Furthermore,
by comparing the rates for a NC reaction, sudy as NC © scattering or NC elastic
scattering, a direct seart for sterile neutrinos can be made. An even cheaper option
would be to move the MiniBooNE detector to a di erent location at a cost of only
$4M. If the MiniBo oNE detectorweremovedto a distanceof 200m from the neutrino
source,then the evert rate would increaseby a factor of 7 dueto the dependenceof
the neutrino ux ondistance. An additional advantage of moving MiniBo oNE is that
MicroBooNE could then move into the original MiniBo oNE enclosureand, therefore,
save the expenseof building a new MicroBooNE enclosure.In either case,after less
than a year of running, the comparisonof the ewern rates at the two locations will
determinewhetherthe low-energyexces®obsened by MiniBo oNE wasdueto neutrino
oscillations. In addition, and  disappearancewill be seartied for with high
sensitivity in the m? > 0:1 eV? massregion,and LSND antineutrino oscillationscan
be tested directly by seartiing for . appearance.By comparingneutrino oscillations
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to antineutrino oscillations, BooNE will be ableto searth for CP and CPT violation
in the lepton sectorat short baseline( m? > 0:1 eV?). For the sensitivitiesdiscussed
below, it is assumedhat the neardetectorwill run for 1E20POT in both neutrino
mode and antineutrino mode.

4.1. Fluxesand Event Rates

This section gives a detailed comparisonof the expected neutrino uxes at the
near (200 meter) and far (541 meters) positions. In the Booster neutrino beam
(BNB), the primary beamis producedby the 8 GeV Fermilab's rapid-cycling (15Hz)
boosteraccelerator,which producesl.6 s batchesof protons ead cortaining around
4:5 10% protons.

At that primary proton energy there are only four signi cant speciesof neutrinos:

and ( 99.5%),and a small cortamination ( 0.5%)of . and . There are
two primary parert componerts to the uxes: neutrinos from charged pion deca/s
and neutrinos from kaon deca/s. The K* componert dominatesthe spectrum
above neutrino energiesof 2.5 GeV, where a clear break is obsened in the slope of
the energyspectrum. The  spectra are mainly from chargedpion decg, and the .
and . spectra are composedof two parts, muon decgs and kaon decas.

The standard MiniBooNE Geart4 basedbeam simulation and decg program
padageswere usedto generate uxes?”. Those padkagesinclude the transport of
muon polarization (neglectingg 2 precessiore ects) and appropriate form factors
in leptonic kaon decgs. The primary production of pions by 8 GeV protons was
measuredby the HARP experimert®® and is usedasinput in the simulation, while
secondaryinteractions in the beam line are handled by standard Geart4 physics
padkages.

The uxes showvn hererepresen the spectrum of neutrinos that intersecta sphere
of radius 610.6 cm, positioned at either the near or far location. The uxes are
\unoscillated" and therefore have only ( )and ( ¢) componerts. No matter
e ects in propagatingthe neutrinosto the detector areincluded, asthey are expected
to be small in the standard, 3-generation,active neutrino model (S M).

Figs. 27, 28, 29, and 30 showv the uxes for the four neutrino speciesat the near
and far locations, for both neutrino mode and antineutrino mode. Table 6 givesthe
same uxes, integrated over neutrino energy while Table 7 givesthe averageneutrino
energyin eadh case.

In neutrino mode, the ux near/far ratio is 7.5. Most of the nearfar ratios are
between7.0 and 8.0. Another characteristic of the near/far ux comparisionsis that
the averageenergyof the neutrinos in the near position is between5 and 10 percert
lessthan the correspnding averageenergyin the far position. This lower energyis
expected sincethe near detector has a larger angular acceptancewith respect to the
neutrino target.

Fig. 31shavsthe energydistribution for ~CCQE ewerts at the near(1:0 10?°
POT) andfar (6:462 10?° POT) locationsfor neutrino mode. The spectral di erences
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areagaindueto the larger angular acceptanceof the neardetector. That larger deca
angletranslatesto lower neutrino energiesn the neardetector, typically  10%lower
in the 200/541 meter comparison. This extrapolation is relatively straight forward as
the angular divergenceof the daugher neutrinos in the decas is much larger than
the angular divergenceof the decging mesonsthemseles. For example,ewen at 3
GeV, daugher neutrinos from pion and kaon decgs will have opening anglesof
50 mrad and 150 mrad, respectively, while the allowed angular divergenceof the
beamtunnel isonly 20 mrad.

Becauseof the nearly complete overlap in decg particle phasespacethat con-
tributes to neutrinosin the nearand far positions, we expect that uncertairties in the
ux prediction will largely cancelwhen comparingthe two ewert rates from the near
and far positions. As systematic errors introduced by uncertainties in the detector
e ciency and neutrino crosssectionwill also largely cancel,the comparisonof the
two positions will allow a much-needed,accurate measuremen of non-S M neutrino
oscillation e ects in the m? rangeof 0.1-10eV?2.

Table 6: Integrated uxes per POT for the various species of neutrinos at the near and far positions,
for both neutrino mode and antineutrino mode.

Fluxes =(cm? POT)

mode mode

species Near Far Near Far
749 108 | 1.03 108 | 812 10° | 1:08 10°
520 10° (652 101%°| 430 108 | 577 10°
e 450 101|574 10%| 95 10 |1:34 101
e 461 101|600 10 *?| 200 101°|253 10!

Table 7: Averageneutrino energiesfor the various species of neutrinos at the near and far positions,
for both neutrino mode and antineutrino mode.

Average energiegMeV)
mode mode
species| Near | Far | Near | Far
721 | 807 | 631 | 703
412 | 461 | 593 | 649
e 903 | 957 | 856 | 874
e 917 | 971| 677 | 716

4.2. PossibleS@narios for a Near Detector

The MiniBooNE detector has operated at a location of 541 meters from the
Booster Neutrino Beam (BNB) target since Septenier 1, 2002. The primary pur-
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Figure 27: The and uxes at both the near and far locations in neutrino mode.
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Figure 28: The and uxes at both the near and far locations in antineutrino mode.

poseof the experimernt wasto seart for the transmutation, or oscillation, of muon
neutrinos into electron neutrinos as they travel the 525 metersto the detector.
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Figure 29: The  and . uxes at both the near and far locations in neutrino mode.
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Figure 30: The ¢ and . uxes at both the near and far locations in antineutrino mode.

The BNB wasdesignedto producea nearly pure beamof , which providesan ideal
setting to look for excess ¢ everts. While the most sensitive neutrino oscillation ex-
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Figure 31: The distribution of enemjiesfor reconstructed  CCQE events, at the near location with
1:0 10%° POT and at the far location with the current 6:462 10°° POT.

perimerts aretwo detector systems,which a ord a comparisonof similar detectorsat
two di erent distances,MiniBooNE was built as a single detector systemin order to
reducecosts. It wasfelt that the systematicerror incurred by not building a second
detector could be overcomeby using internal measuremets in the single detector.
As  werenot expectedto oscillate signi cantly, it was plannedto usetheir rate as
a normalization for . interactions, thus constraining badkgroundsto . ewerns from
oscillations.

The MiniBooNE proposal foresav that a seconddetector at a di erent distance
would be requiredto ascertainthe nature of the signal, if a signi cant signalwere ob-
sened in the single-detectorsetup. A seconddetector, located at a di erent distance
from the BNB target could potertially remove the large systematicerrorsthat would
complicatethe interpretation of the MiniBo oNE data.

There are seeral possibleroutesto a more precisemeasuremenwhich needto be
considered:a new detector could be constructed at a near position; similarly, a new
detector could be constructedat a far position; and, it wasrecernly realizedthat the
MiniBo oNE detector could be relocated to a new position at either a near or a far
location. Ead of those possibilities has advantagesand disadwantages.

4.2.1.
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Near or Far?

The choicebetweenconstructinga neardetectorat 200metersand a far detector
at  1000meterscanbe madebasedon expediency For m? < 2eV?, aneardetector
will not seea large signaldirectly but canbe usedto accuratelymeasurethe expected
badkgroundsto any possibleoscillation signalin the far detector. Thosebadkgrounds,
in both appearanceand disappearancemeasuremets, canbe measuredat  7-8times
the rate that the MiniBo oNE detector accunulated data. Thus a sampleof neutrinos
with statistics equivalert to MiniBooNE's existing data set of 6:462 10°° POT will
only require  1:0 10?° POT andyield an 5 result. An identical far detector,
on the other hand, would alsoyield an 5 result with 1.0 10%° POT, however
the signal would only be 20 ewents on top of a badkground of 16 everts. An
unsatisfying, ambiguousresult could occur with sud low statistics.

4.2.2.
Moving MiniBooNE

Relocating the MiniBooNE detector to a near position 200 meters from the
target, shovn in Fig. 32, will likely be the least costly option. There are a number of
potential advantagesto this approad. The detector is already built sothat the cost
of constructing a new detector is avoided. The neutrino ux at 200 meterswill be
7-8 times larger, sothat the time neededto accunulate a data sampleequivalent to
the existing samplewill be lessthan oneyear.

The comparisonof measuremets taken by the samedetector operated at two
locations will be free of systematicerrors asseiated with neutrino-nucleuscrosssec-
tions and detector response. The comparisonshould clearly reveal the nature of the
MiniBooNE excess.The 541/200 meter data comparisonwill alsoallow MiniBo oNE
to measure and disappearanceat the few percer level.

The detector relocation could take placein two ways: transporting the existing
detector and electronicsto the new location, or building a new detector at the new
location using parts from the existing detector. In both casesthe MiniBooNE dec-
tector would be drained of oil and the oil storedin rail carsor a separateoil storage
tank. With the mineral oil removed, the detector weighsonly 80 tons, and could
be transported wholeto the near site. Mobile craneswith 80 ton Ifting capacitiesare
readily available commercially at a reasonablecost.

4.2.3.
A New Detector

An alternative to relocating the existing MiniBo oNE detector and its electronics
is to construct a new sperical tank at the near position and remove PMTs by hand
from the old tank. The newtank would be constructedby repeating the constuction
e ort madefor MiniBooNE. In either case,onewould re-usethe existing, albeit old,
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Figure 32: An arial view of Fermilab showinga possiblelocation of a near detector at 200 meters.
The blue arrow indicates the direction of the booster neutrino beam.

LSND electronicscurrertly usedby MiniBooNE. The cost of either caseis estimated
to be $4M.

The mostdesirable,and most costly, option isto constructan ertirely newdetector
at the nearlocation. This would requiremoretime becausenewelectronicswould have
to be dewloped, a new oil mineral supplier found, and new phototubes purchased.
The lead times on thoseitems would be about two years. The cost for that e ort is
estimatedto be twicethat of moving the existing detector, $8M.

It is not yet understood how the systematicerror in detectorresponsewill translate
betweenthe old MiniBooNE detector and the newly constructed detector, since it
will have di erent oil, PMTs, and electronics. Newertheless,choosingto construct an
ertirely new detector would allow for simultaneous operation of both the near and
far detector and eliminate any fear, unfoundedor not, that the neutrino beam had
changedin character.

Ideally, the near BooNE detector would have the samedimensionsas the Mini-
BooNE detectorin order to reducesystematicuncertairties. Howewer, another possi-
bility would be to build a smallerdetector( 8 m diameter) at a lower cost( $4M)
if systematicerrors were estimatedto be su ciently small.

4.3. Testingthe Low-Enelgy Excess

BooNE will be ableto determinewhetherthe low-energyexcesss dueto neutrino
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Table 8: The expected excess of low-enelgy events (200< E < 475 MeV) in antineutrino mode
(1E21 POT) for various hypotheses,assuminga 2.5% systematic error and assumingthat the neu-
trino low-eneigy exassis correct. Also shownis the signi c ance of the exesses.

Hypothesis Expected Excessof Evens | Signi cance
Same 1116 135 46 7.8
0 Scaled 582 135 46 4:1
POT Scaled 2026 135 46 14:2
BKGD Scaled 628 135 46 4.4
CC Scaled 612 135 46 4:3
Kaon Scaled 1192 135 46 8:4
Neutrino Scaled 202 135 46 1:4

oscillationsand will be able to test various hypothesesby comparingthe low-energy
excessesn neutrino and antineutrino modes. If the low-energy excessis due to
badkground, then the near detector will obsene the samerelative excessas the far
detector. If the excesds dueto neutrino oscillationsat low m?, then no low-energy
excesswill be obsened in the near detector and the current low-energy excessin
the far detector, assuminga 2.5% systematicerror, will equalto 1288 204 104
ewents (5:6 ). For testing various hypotheses, Table 8 shavs the expected excess
of low-energyewens (200 < E < 475MeV) in antineutrino mode for 1E21 POT,
assuminga 2.5% systematic error and assumingthat the neutrino excesss correct.
Also shawn is the signi cance of the excessesBy comparingthe measuredexcessn
the antineutrino data to the expectedexcesseghe di erent hypothesescanbe shovn
to be either consistet with data or ruled out.

44. . and . Appearance

The sensitivitiesfor ¢ and . appearancewere obtained by usingthe MiniBooNE
Monte Carlo simulation, assumingstatistical errors with the expected MiniBo oNE
statistics (6.5E20POT in neutrino mode and 1E21POT in antineutrino mode) and a
full error matrix with correlatedand uncorrelatedsystematicerrors. Also, we assume
2E20POT in the near detector, equally divided between neutrino and antineutrino
modes. Fig. 33 shows the estimated sensitivity for . appearancefor E > 200
MeV. Although simple two-neutrino oscillations have already beenruled out as an
explanation of the LSND signal, it is interesting that the full LSND regionis covered
at the appraximately 5 level. Therefore, we would be able to determine whether
or not the MiniBooNE low-energy excessis due to a more complicated oscillation
medanism at the 1 eV? scale. Fig. 34 shows the estimated sensitivity for
appearance wherewe assumethat the error matrix is the sameasfor neutrinos. The
sensitivity is worsethan the . appearancesensitivity due to the lower statistics and
higher wrong-sign badkground in antineutrino mode; however, BooNE will still be
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able to cover the full LSND region at 90% CL and provide a direct test of LSND
antineutrino oscillations.

45. and Disapparance

The sensitivitiesfor ~and  disappearancewere obtained by using the Mini-
BooNE Monte Carlo simulation, assumingstatistical errors with the expected Mini-
BooNE statistics (6.5E20 POT in neutrino mode and 1E21 POT in artineutrino
mode) and a full error matrix with correlated and uncorrelated systematic errors.
Also, we assume2E20 POT in the near detector, equally divided between neutrino
and antineutrino modes. Fig. 35shownsthe estimatedsensitivity for  disappearance
for E > 200MeV. A sensitivity of 3%at 90%CL is obtainedfor m? 1eV2. In
order to seehow a signal would appear, Fig. 36 shaws the allowed regionfor  dis-
appearanceat the global antineutrino best-t point from reference!?: m?, = 0:915
eV? and sin2 = 0:35. Figs. 37 and 38 show the correponding limits and al-
lowedregionsfor  disappearanceassumingno disappearanceand the sameerror
matrix as for neutrinos. The  sensitivity is slightly worsethan the  sensitivity
due to the lower antineutrino statistics and the ~ 1=3 wrong-sign  componert in
antineutrino mode. A di erence between and disappearancewould be evidence
for CPT violation or e ective CPT violation 269,

4.6. Sterile Neutrino Sarch

If or disappearanceis obsened, then the NC © and NC Elastic reactions
can be usedto determinewhether the disappearanceis due to oscillationsinto active
or sterile neutrinos. Oscillations into sterile neutrinos will result in a suppressionof
ewverts in the far detector, while oscillations into active neutrinos will result in no
suppression.Due to the high statistics of the NC © and NC Elastic evert samples,
the statistical error will be small comparedto the systematicerror. The sensitivity
at 90% CL for oscillationsinto sterile neutrinosat m? 1 eV? is estimatedto be
sin?2 3% for neutrinos and sin? 2 5% for antineutrinos.

5. Other Exp eriments

The MINOS experimert has measuredneutrino oscillations at the atmospheric
scalewith  disappearance®® and hasbegunto look at  disappearance3®. It is
interesting to note that the MINOS antineutrino data so far are consistem with the
antineutrino 3+1 model of reference!? and consisten with  disappearanceat the
LSND scale. Fig. 39 shavsthe MINOS  ewernt rate as a function of reconstructed
neutrino energy comparedto the Monte Carlo expectation. Although the statistics
are low, the MINOS  ewen rate is suppressedabove 10 GeV, wherethere should
be almost no suppressiordue to atmosphericneutrino oscillations. Fig. 40 shows the
MINOS  disappearanceallowed region, which is consistem with oscillations at the
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Figure 33: The estimated BooNE sensitivity for . appearance.
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Figure 34: The estimated BooNE sensitivity for . appearance.
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Figure 35: The estimated BooNE sensitivity for disappearance.

Figure 36: The BooNE allowal region for disappearance at the glokal antineutrino best-t point
m3, = 0:915eV? andsin?2 = 0:35.
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Figure 37: The estimated BooNE sensitivity for disappearance.

Figure 38: The BooNE allowal region for disappearance at the glokal antineutrino best-t point
m2, = 0:915eV? andsin?2 = 0:35.
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Figure 39: The MINOS event rate as a function of reconstructed neutrino enemy compared to
the Monte Carlo expectation. Althoughthe statistics are low, the MINOS  eventrate is suppressel
alove 10 GeV, whetre there should be almost no suppressiondue to atmosphericneutrino oscillations.

1 eV? scale.

The only other experimert or proposalthat is capableof addressingthesephysics
objectivesat the 1 eV? scaleis a Letter of Intent to refurbish the CERN PS neu-
trino beamand build two liquid argon detectors®®. However, the proposedBooNE
experimert, with the existing BNB, should be able to obtain results prior to the
CERN experimert.

6. Cost Estimate

Table 9 shavs a breakdavn of the cost estimate for constructing a secondBooNE
detector in a near location. The estimate is basedon the MiniBo oNE construction
costs. The total estimated costis $7.3M, including cortingency ( 30%) and escala
tion (3% per year). The BooNE construction is assumedo start in 2010and last for
3 years. The estimated cost for moving MiniBooNE to a nearlocationis  $4M. An
additional advantage of moving MiniBo oNE is that the MicroBooNE detector could
then be moved into the original MiniBo oNE enclosure thereby saving the expenseof
building a new MicroBooNE enclosure.
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Figure 40: The MINOS disappearance allowed region, which is consistent with oscillations at the
1 eV? sale.

| Item | Cost ($K) |
Tank and support structure 1065
PMT's 1759
Electronics/DAQ 512
oll 1429
Calibrations 412
Miscellaneous 198
Engineering& Construction 1894

| Total | 7269 |

Table 9: A breakdown of the cost estimate for constructing a secondBooNE detector in a near
location, including cortingency and escalation.
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