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EXECUTIVE SUMMAR Y

The MiniBooNE experiment at Fermilab was designedto test the LSND evidencefor

neutrino oscillations [1]. The updated MiniBooNE oscillation result in neutrino mode [2]

with 6.5E20protons on target (POT) shows no signi�cant excessof events at higher energies

(E � > 475 MeV), although a sizeableexcess(128:8 � 20:4 � 38:3 events) is observed at

lower energies(E � < 475 MeV), where the �rst error is statistical and the seconderror is

systematic. The lack of a signi�cant excessat higher energiesallows MiniBooNE to rule out

simple 2 � � oscillations as an explanation of the LSND signal. However, the low-energy

excessis presently unexplained. Additional antineutrino data and NuMI data may allow the

collaboration to determine whether the excessis due, for example, to a neutrino neutral-

current radiative interaction [3] or to neutrino oscillations involving sterile neutrinos [4{8]

and whether the excessis related to the LSND signal.

At present, with 3.4E20 POT in antineutrino mode, MiniBooNE observes no excess

(� 0:5 � 7:8 � 8:7 events) at lower energies. These preliminary results are surprising as

they imply an unexpecteddi�erence betweenneutrino and antineutrino properties. In order

to con�rm this possibledi�erence, the MiniBooNE collaboration requestsadditional data

taking in antineutrino mode, beyond the approved 5E20 POT, corresponding to a total

of 1E21 POT. This additional running will take from one to three years, depending on

the priorit y given to the Booster neutrino beam proton intensity, and will allow a detailed

comparisonbetweenthe neutrino and antineutrino data setsat both low and high energies.

The low-energycomparisonwill be especially signi�cant becausethe estimatedbackgrounds

in the two modes are very similar, which allows a signi�cant reduction in the systematic

uncertainties when comparing neutrinos to antineutrinos. If, for example, there continues

to be no low-energyexcessin antineutrino mode with 1E21POT, then the hypothesisthat

the excessscalesas the neutrino 
ux (and not the antineutrino 
ux) would be con�rmed

and other hypothesesruled out at > 98%CL.

In addition, the high energy antineutrino data will provide a direct test of the LSND

signal and will increasethe statistics of the NuMI data sample. With the present 3.4E20

POT in antineutrino mode, almost all of the LSND region is still allowed, as the current

limit is worse than the sensitivity. However, with 1E21 POT in the caseof no neutrino

oscillations, most of the LSND allowed region should be ruled out. In the caseof neutrino
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oscillationsat the LSND best-�t point, a � 1:5� event excesswould be expected.

INTR ODUCTION

Evidence for neutrino oscillations comes from solar-neutrino [9{13] and reactor-

antineutrino experiments [14], which have observed � e disappearanceat � m2 � 8 � 10� 5

eV2, and atmospheric-neutrino[15{18] and long-baselineaccelerator-neutrinoexperiments

[19, 20], which have observed � � disappearanceat � m2 � 3 � 10� 3 eV2. In addition, the

LSND experiment [1] has presented evidencefor �� � ! �� e oscillations at the � m2 � 1 eV2

scale. If all three phenomenaare causedby neutrino oscillations, these three � m2 scales

cannotbeaccommodated in an extensionof the StandardModel that hasonly threeneutrino

masseigenstates.An explanation of all three massscaleswith neutrino oscillationsrequires

the addition of one or more sterile neutrinos [4{8] or further extensionsof the Standard

Model (e.g., [21]).

The MiniBooNE experiment was designedto test the neutrino oscillation interpretation

of the LSND signal in both neutrino and antineutrino modes. MiniBooNE has approxi-

mately the sameL=E � asLSND but with an order of magnitudehigher baselineand energy.

Due to the higher energyand dissimilar event signature, MiniBooNE systematicerrors are

completelydi�erent from LSND errors. MiniBooNE's updated oscillation resultsin neutrino

mode [2] show no signi�cant excessof events at higher energies;however, a sizeableexcessof

events is observed at lower energies,as shown in Fig. 1. Although the excessenergyshape

doesnot �t two-neutrino oscillations, the number of excessevents is similar to the LSND

expectation. At present, with 3.4E20POT in antineutrino mode, MiniBooNE observesno

excessat lower energies.

MINIBOONE

Neutrino Oscillation Ev ent Selection

MiniBooNE searchesfor � � ! � e oscillationsby measuringthe rate of � eC ! e� X CCQE

events and testing whether the measuredrate is consistent with the estimated background

rate. To selectcandidate � e CCQE events, an initial selectionis �rst applied: > 200 tank

hits, < 6 veto hits, reconstructedtime within the neutrino beamspill, reconstructedvertex
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FIG. 1: The MiniBo oNE reconstructed neutrino energy distribution for candidate � e data events

(points with error bars) compared to the Monte Carlo simulation (histogram) [2] for the neutrino

data sample.

radius < 500cm, and visible energyEvis > 140MeV. It is then required that the electron-

hypothesisevent vertex and muon-hypothesistrack endpoint occur at radii < 500 cm and

< 488cm, respectively, to ensuregood event reconstructionand e�ective rejectionof possible

muon decay electrons.Particle identi�cation (PID) cuts are then applied to reject muon and

� 0 events. Several improvements have beenmade to the neutrino oscillation data analysis

since the initial data was published [2], including an improved background estimate, an

additional �ducial volume cut that greatly reducesthe background from events produced

outside the tank (dirt events), and an increasein the data samplefrom 5:579� 1020 POT

to 6:462� 1020 POT. A total of 89,200neutrino events passthe initial selection,while 1069

events passthe completeevent selectionof the Final Analysis with E QE
� > 200MeV.

Neutrino Oscillation Signal and Background Reactions

Table I shows the expectednumber of candidate� e CCQE background events with E QE
�

between200� 300MeV, 300� 475MeV, and 475� 1250MeV after the Final Analysis event
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TABLE I: The expected number of events in the 200 < E QE
� < 300 MeV, 300 < E QE

� < 475

MeV, and 475< E QE
� < 1250MeV energy rangesfrom all of the signi�c ant backgrounds after the

complete event selection of the Final Analysis for the neutrino data sample. Also shown are the

expected number of � e CCQE signal eventsfor 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 � 0 103.5 77.8 71.2

NC � ! N 
 19.5 47.5 19.4

Dirt Events 11.5 12.3 11.5

Other Events 18.4 7.3 16.8

� e from � Decay 13.6 44.5 153.5

� e from K + Decay 3.6 13.8 81.9

� e from K 0
L Decay 1.6 3.4 13.5

Total Background 186:8 � 26:0 228:3 � 24:5 385:9 � 35:7

LSND Best-Fit Solution 7 � 1 37� 4 135� 12

selection. The background estimate includesantineutrino events, representing < 2% of the

total. The total expectedbackgroundsfor the three energyregionsare 186:8 � 26:0 events,

228:3 � 24:5 events, and 385:9 � 35:7 events, respectively. For � � ! � e oscillations at the

best-�t LSND solution of � m2 = 1:2 eV2 and sin2 2� = 0:003, the expected number of � e

CCQE signal events are included in the Table.

Up dated Neutrino Oscillation Results

Fig. 1 shows the reconstructedneutrino energydistribution for candidate� e data events

(points with error bars) comparedto the MC simulation (histogram) [2], while Fig. 2 shows

the event excessas a function of reconstructedneutrino energy. Good agreement between

the data and the MC simulation is obtained for E � > 475 MeV; however, an unexplained

excessof electron-like events is observed for E � < 475 MeV. As shown in Fig. 2, the
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FIG. 2: The neutrino event excess as a function of E QE
� for the neutrino data sample. Also

shown are the expectations from the best oscillation �t (sin2 2� = 0:0017, � m2 = 3:14 eV2) and

from neutrino oscillation parameters in the LSND allowed region [1]. The error bars include both

statistical and systematic errors.

magnitude of the excessis very similar to what is expectedfrom neutrino oscillationsbased

on the LSND signal. Although the shape of the excessis not consistent with simple two-

neutrino oscillations,morecomplicatedoscillation models[4{8] may be consistent with both

the LSND and MiniBooNE signals.

Table I I shows the number of data, background, and excessevents for di�erent E QE
�

ranges,together with the signi�cance of the excess. For the Final Analysis, an excessof

128:8 � 20:4 � 38:3 events is observed for 200 < E QE
� < 475 MeV. For the entire 200 <

E QE
� < 1250MeV energyregion, the excessis 151:0 � 28:3 � 50:7 events. As shown in Fig.

3, the event excessoccursfor Evis < 400MeV, whereEvis is the visible energy.

Figs. 4 and 5 show the event excessas functions of Q2 and cos(� ) for 300< E QE
� < 475

MeV, whereQ2 is determinedfrom the energyand angleof the outgoing lepton and � is the

anglebetweenthe beamdirection and the reconstructedevent direction. Also shown in the

�gures are the expected shapes from � eC ! e� X and �� eC ! e+ X charged-current (CC)

scattering and from the NC � 0 and � ! N 
 reactions,which are representativ e of photon
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TABLE I I: The number of data, background, and excesseventsfor di�er ent E QE
� ranges,together

with the signi�c ance of the excessesfor the neutrino data sample.

Event Sample Final Analysis

200� 300 MeV

Data 232

Background 186:8 � 13:7 � 22:1

Excess 45:2 � 13:7 � 22:1

Signi�cance 1:7�

300� 475 MeV

Data 312

Background 228:3 � 15:1 � 19:3

Excess 83:7 � 15:1 � 19:3

Signi�cance 3:4�

200� 475 MeV

Data 544

Background 415:2 � 20:4 � 38:3

Excess 128:8 � 20:4 � 38:3

Signi�cance 3:0�

475� 1250MeV

Data 408

Background 385:9 � 19:6 � 29:8

Excess 22:1 � 19:6 � 29:8

Signi�cance 0:6�

events produced by NC scattering. The NC scattering assumesthe � � energy spectrum,

while the CC scattering assumesthe transmutation of � � into � e and �� e, respectively. As

shown in Table I I I, the � 2 values from comparisonsof the event excessto the expected

shapesare acceptablefor all of the processes.However, any of the backgroundsin Table I I I

would have to be increasedby > 5� to explain the low-energyexcess.
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FIG. 3: The event excessas a function of Evis for E QE
� > 200 MeV for the neutrino data sample.

Also shown are the expectations from the best oscillation �t (sin2 2� = 0:0017, � m2 = 3:14 eV2)

and from neutrino oscillation parameters in the LSND allowed region [1]. The error bars include

both statistical and systematic errors.
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FIG. 4: The event excessas a function of Q2 for 300 < E QE
� < 475 MeV for the neutrino data

sample.
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FIG. 5: The event excessas a function of cos(� ) for 300< E QE
� < 475 MeV for the neutrino data

sample.

TABLE I I I: The � 2 values from comparisons of the event excessQ2 and cos(� ) distributions for

300< E QE
� < 475 MeV to the expected shapes from various NC and CC reactions for the neutrino

data sample. Also shown is the factor increase necessary for the estimated background for each

processto explain the low-energy excess.

Process � 2(cos�)=9 DF � 2(Q2)=6 DF Factor Increase

NC � 0 13.46 2.18 2.0

� ! N 
 16.85 4.46 2.7

� eC ! e� X 14.58 8.72 2.4

�� eC ! e+ X 10.11 2.44 65.4

Preliminary An tineutrino Oscillation Results

The sameanalysisthat was usedfor the neutrino oscillation results is employed for the

antineutrino oscillation results. Fig. 6 shows the estimated neutrino 
uxes for neutrino

mode and antineutrino mode. The 
uxes are fairly similar (the intrinsic electron-neutrino
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FIG. 6: The estimated neutrino 
uxes for neutrino mode (left plot) and antineutrino mode (right plot).

FIG. 7: The estimated backgrounds for the neutrino oscillation search in neutrino mode (left plot) and

antineutrino mode (right plot). The � 0, � ! N 
 , intrinsic � e/ �� e, external event, and other backgrounds

correspond to the green, pink, light blue, blue, and yellow colors, respectively.

background is approximately 0.5% for both modes of running), although the wrong-sign

contribution to the 
ux in antineutrino mode (� 18%) is much larger than in neutrino mode

(� 6%). The average� e plus �� e energiesare 0.96 GeV in neutrino mode and 0.77 GeV in

antineutrino mode, while the average� � plus �� � energiesare0.79GeV in neutrino modeand

0.66GeV in antineutrino mode. Also, asshown in Fig. 7, the estimatedbackgroundsin the

two modesarevery similar, especially at low energy. Fig. 8 shows the expectedantineutrino

oscillation sensitivity for the present data samplecorresponding to 3.4E20POT. The two

sensitivity curvescorrespond to threshold neutrino energiesof 200MeV and 475MeV.

The preliminary oscillation results for antineutrino mode are shown in Table IV and

Figs. 9 through 11. It is quite surprising that no excess(� 0:5� 7:8� 8:7 events) is observed

in the low-energyrange 200 < E QE
� < 475 MeV. In order to understand the implications

that the antineutrino data have on the neutrino low-energy excess,Table V shows the
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FIG. 8: The expected antineutrino oscillation sensitivity at 90% CL for the present data sample

corresponding to 3.4E20 POT. The two sensitivity curves correspond to thresholdenergies of 200

MeV (red curve) and 475 MeV (black curve).

expectedexcessof low-energyevents in antineutrino mode under varioushypotheses.These

hypothesesinclude the following:

� Same� : Samecrosssectionfor neutrinos and antineutrinos.

� � 0 Scaled:Scaledto number of neutral-current � 0 events.

� POT Scaled:Scaledto number of POT.

� BKGD Scaled:Scaledto total background events.

� CC Scaled:Scaledto number of charged-current events.

� Kaon Scaled:Scaledto number of low-energykaon events.

� Neutrino Scaled:Scaledto number of neutrino events.

Also shown in TableV is the probability (from a two-parameter�t to the data) that each

hypothesis explains the observed number of low-energyneutrino and antineutrino events,
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TABLE IV: The number of data, background, and excesseventsfor di�er ent E QE
�� ranges,together

with the signi�c ance of the excessesfor the antineutrino data sample.

Event Sample Final Analysis

200� 475 MeV

Data 61

Background 61:5 � 7:8 � 8:7

Excess � 0:5 � 7:8 � 8:7

Signi�cance � 0:04�

475� 1250MeV

Data 61

Background 57:8 � 7:6 � 6:5

Excess 3:2 � 7:6 � 6:5

Signi�cance 0:3�

475� 3000MeV

Data 83

Background 77:4 � 8:8 � 9:6

Excess 5:6 � 8:8 � 9:6

Signi�cance 0:4�

assumingonly statistical errors, correlated systematic errors, and uncorrelated systematic

errors. A proper treatment of the systematicerrors is in progress;however, it is clear from

the Table that the \Neutrino Scaled" hypothesis �ts best and that the \Same � ", \POT

Scaled", and \Kaon Scaled" hypothesesare strongly disfavored. It will be very important

to understandthis unexpecteddi�erence betweenneutrino and antineutrino properties.

The antineutrino data werealso�t for oscillationsin the energyrange475< E QE
�� < 3000

MeV, assumingantineutrino oscillations but no neutrino oscillations. The antineutrino

oscillation allowed region is shown in Fig. 12. At present, the oscillation limit is worsethan

the sensitivity. The best oscillation �t correspondsto � m2 = 4:4 eV2, sin2 2� = 0:0047,and

a �tted excessof 18:6 � 13:2 events, which is consistent with the LSND best �t point of

� m2 = 1:2 eV2, sin2 2� = 0:003, and an expected excessof 14:7 events. With the present
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FIG. 9: The comparison between data and Monte Carlo expectation as a function of reconstructed

neutrino energy for the present antineutrino data samplecorresponding to 3.4E20 POT.

TABLE V: The expected excessof low-energy eventsin antineutrino mode under various hypotheses

for 3.4E20 POT. Also shownin the Table is the probability (from a two-parameter �t to the data)

that each hypothesisexplains the observed number of low-energy neutrino and antineutrino events,

assumingonly statistical errors, correlated systematic errors, and uncorrelated systematic errors.

Hypothesis Expec. # of �� Events 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%

13



FIG. 10: The comparison between data and Monte Carlo expectation (top) and the excessnumber

of events(bottom) as a function of reconstructed neutrino energy for the presentantineutrino data

samplecorresponding to 3.4E20 POT. Also shownare the expectations from the best oscillation �t

and from oscillation parameters in the LSND allowed region.

antineutrino statistics, the data are consistent with both the LSND best-�t point and the

null point, although the LSND best-�t point hasa better � 2 (� 2 = 17:63=16DF, probability

= 34.6%)than the null point (� 2 = 22:19=16 DF, probability = 13.7%).
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FIG. 11: The excessnumber of events(data minus Monte Carlo expectation) as a function of visible

energy for the presentantineutrino data samplecorresponding to 3.4E20 POT. Also shownare the

expectations from the best oscillation �t and from oscillation parameters in the LSND allowed

region.

MiniBo oNE NuMI Results

Neutrino events are also observed in MiniBooNE from the NuMI beam [22]. The NuMI

beam,asshown in Fig. 13,di�ers from the Boosterneutrino beam(BNB) in several respects.

First, the NuMI beamis o� axisby 110mrad, whereasthe BNB is on axis. Second,neutrinos

from NuMI travel � 700 m, comparedto � 500 m for neutrinos from the BNB. Also, the

NuMI beam has a 6% contribution from electron-neutrinosand a 14% contribution from

antineutrinos, while the BNB percentagesare 0:5% and 2%, respectively. Fig. 14 shows the

estimated neutrino 
ux at the MiniBooNE detector from the NuMI beam, while Fig. 15

comparesthe neutrino 
uxes from the BNB and NuMI beams.

Figs. 16and 17show the comparisonbetweendata events (points with error bars)and the

MC simulation (histogram) for � � CCQE candidateevents and � e CCQE candidateevents,
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FIG. 12: The antineutrino oscillation allowed region in the energy range475< E QE
�� < 3000MeV

for the present antineutrino data sample corresponding to 3.4E20 POT. Also shown are the best

oscillation �t (� m2 = 4:4 eV2, sin2 2� = 0:0047, and an excess of 18:6 � 13:2 events) and the

LSND best �t point (� m2 = 1:2 eV2, sin2 2� = 0:003, and an excessof 14:7 events).

respectively. Although the systematic errors are presently large, the data are observed to

be systematically low for � � CCQE candidateevents and systematically high for � e CCQE

candidateevents. Updated resultsshouldbeavailablesoon with three times the data sample

and with reducedsystematicerrors by constraining the normalization to the � � sample.

The NuMI data analysisis currently directedtoward examiningthe low-energyregionand

searching for neutrino oscillations. This will complement the analysisdonewith MiniBooNE

usingneutrino and anti-neutrino BNB data, but with di�erent systematicerrors. It is worth

noting that the NuMI � e CCQE samplehasa very di�erent composition when comparedto

the BNB neutrino � e CCQE sample. The BNB � e sampleoriginatesmostly from decays of

pions produced in the target and contains a large fraction of � � mis-identi�ed events. On

other hand, the NuMI � e CCQE sample is produced mostly from the decay of kaonsand

contains a dominant fraction of intrinsic � e events. The analysiswill be done by forming

a correlation between the � � CCQE and � e CCQE samplesand by tuning the prediction

to the data simultaneously. The result is that commonsystematicscancel,and this might
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FIG. 13: The NuMI beam.
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FIG. 14: The estimated neutrino 
ux at the MiniBo oNE detector from the NuMI beam.
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reveal somethingprofound about the nature of the � e sample.

PHYSICS GO ALS WITH 1E21 POT IN ANTINEUTRINO MODE

MiniBooNE, sofar, hascollected� 6:5� 1020 POT in neutrino modeand � 3:4� 1020 POT

in antineutrino mode. For the future, it is imperative to understand the MiniBooNE low-

energyexcessand to determinewhether there is an unexpecteddi�erence betweenneutrino

and antineutrino properties. The event excessin neutrino mode (and the apparent lack

of an excessin antineutrino mode) is very interesting in its own right and important for

future long-baselineexperiments such asT2K. T2K will have a very similar neutrino energy

distribution to MiniBooNE and will, therefore, be a�ected by the samelow-energyexcess.

In addition, it is very important to test directly the LSND signal with a higher statistics

antineutrino data sample. The abilit y of MiniBooNE to achieve thesegoalswill require the

collectionof an additional 5E20POT (1E21POT total) in antineutrino mode. As discussed

in Appendix D, this additional running time will take 1-3 years, depending on the BNB

proton intensity.
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FIG. 16: The comparison between data events (points with error bars) and the MC simulation

(histogram) for NuMI-induced � � CCQE candidate events.

Testing the Low-Energy Excess with An tineutrinos

With 1E21 POT in antineutrino mode, MiniBooNE will be able to determine whether

there is an anomalousdi�erence betweenneutrino and antineutrino properties. TablesVI

and VI I show the expectedexcessof low-energyevents in antineutrino mode under various

hypothesesfor 5E20POT (approved) and 1E21POT (requested),respectively. Also shown

in the Tablesis the probability (from a two-parameter�t to the data and assumingno excess

in antineutrino mode) that each hypothesis explains the observed number of low-energy

neutrino and antineutrino events, assumingonly statistical errors, correlated systematic

errors, and uncorrelated systematic errors. As can be seenin Table VI I, the Neutrino

Scaledhypothesiscan be veri�ed (and the other hypothesesrejected) with 1E21POT if no

excessis observed in antineutrino mode.
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FIG. 17: The comparison between data events (points with error bars) and the MC simulation

(histogram) for NuMI-induced � e CCQE candidate events.

TABLE VI: The expected excessof low-energy eventsin antineutrino modeunder various hypotheses

for 5E20 POT. Also shown in the Table is the probability (from a two-parameter �t to the data

and assumingno excessin antineutrino mode) that each hypothesisexplainsthe observed number of

low-energy neutrino and antineutrino events,assumingonly statistical errors, correlated systematic

errors, and uncorrelated systematic errors.

Hypothesis Expec. # of �� Events Stat. Err. Cor. Syst. Err. Uncor. Syst. Err.

Same� 55.8 0.0% 0.0% 5.9%

� 0 Scaled 29.1 1.5% 3.9% 19.9%

POT Scaled 101.3 0.0% 0.0% 1.6%

BKGD Scaled 31.4 1.0% 2.6% 17.8%

CC Scaled 30.6 1.1% 3.0% 18.4%

Kaon Scaled 59.6 0.0% 0.0% 5.1%

Neutrino Scaled 10.1 32.5% 49.5% 57.9%
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TABLE VI I: The expected excessof low-energy eventsin antineutrino mode under various hypothe-

sesfor 1E21 POT. Also shownin the Table is the probability (from a two-parameter �t to the data

and assumingno excessin antineutrino mode) that each hypothesisexplainsthe observed number of

low-energy neutrino and antineutrino events,assumingonly statistical errors, correlated systematic

errors, and uncorrelated systematic errors.

Hypothesis Expec. # of �� Events Stat. Err. Cor. Syst. Err. Uncor. Syst. Err.

Same� 111.6 0.0% 0.0% 4.7%

� 0 Scaled 58.2 0.1% 1.4% 17.1%

POT Scaled 202.5 0.0% 0.0% 1.3%

BKGD Scaled 62.7 0.1% 0.8% 15.0%

CC Scaled 61.2 0.1% 1.0% 15.6%

Kaon Scaled 119.1 0.0% 0.0% 4.0%

Neutrino Scaled 20.1 17.2% 44.1% 54.5%

A Direct Test of the LSND signal with An tineutrinos

With 1E21 POT in antineutrino mode, MiniBooNE will be able to make a direct test

of the LSND signal. For the best-�t LSND point of � m2 = 1:2 eV2 and sin2 2� = 0:003

[1], MiniBooNE should observe in the 475 < E QE
� < 3000MeV energyrange an excessof

� 40:0 � 15:2 � 20:9 events, corresponding to a � 1:5� signal. The signi�cance of such

a signal may be improved by further reductions in the systematic uncertainties (e.g. by

comparing antineutrino data to neutrino data). Fig. 18 shows the expected antineutrino

oscillation sensitivity for a threshold energyof 475 MeV. The curvescorrespond to 3.4E20

POT, 5E20POT, and 1E21POT. With 1E21POT, most of the LSND region is coveredat

90%CL.

REQUEST

The MiniBooNE experiment observes an unexplained excessof electron-like events at

low energiesin neutrino mode, which may be due, for example,to either a neutral current

radiative interaction [3] or to neutrino oscillationsinvolving sterile neutrinos[4{8] which may
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FIG. 18: The expected antineutrino oscillation sensitivity for a thresholdenergy of 475 MeV. The

curves correspond to 3.4E20 POT, 5E20 POT, and 1E21 POT.

be related to the LSND signal. No excessof electron-like events, however, is observed sofar

at low energiesin antineutrino mode. MiniBooNE, therefore, requestsadditional running

in antineutrino mode for a total of 1E21 POT. With this additional data taking, which

could be completedin one to three years(seeAppendix D), the MiniBooNE collaboration

will be able to determine conclusively whether there is an anomalousdi�erence between

neutrino and antineutrino properties. If, for example,there continues to be no low-energy

excessin antineutrino mode with 1E21 POT, then the hypothesisthat the excessscalesas

the neutrino 
ux (and not the antineutrino 
ux) would be con�rmed and other hypotheses

ruled out at > 98%CL.

In addition, the high energy antineutrino data will provide a direct test of the LSND

signal and will increasethe statistics of the NuMI data sample. With the present 3.4E20

POT in antineutrino mode, almost all of the LSND region is still allowed, as the current

limit is worse than the sensitivity. However, with 1E21 POT in the caseof no neutrino

oscillations, most of the LSND allowed region should be ruled out. In the caseof neutrino

oscillationsat the LSND best-�t point, a � 1:5� event excesswould be expected.
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FIG. 19: A schematicdrawing of the MiniBo oNE experiment.

APPENDIX B: DESCRIPTION OF THE MINIBOONE EXPERIMENT

A schematic drawing of the MiniBooNE experiment at FNAL is shown in Fig. 19. The

experiment is fed by 8-GeVkinetic energyprotons from the Booster that interact in a 71-cm

long Be target located at the upstream end of a magnetic focusing horn. The horn pulses

with a current of 174 kA and, depending on the polarity, either focuses� + and K + and

defocuses� � and K � to form a neutrino beam or focuses� � and K � and defocuses� +

and K + to form a lesspure antineutrino beam. The producedpions and kaonsthen decay

in a 50-m long pipe, and the resulting neutrinos and antineutrinos [23] can then interact

in the MiniBooNE detector, which is located 541 m downstream of the Be target. For the

MiniBooNE results presented here, a total of 6:5 � 1020 POT were collected in neutrino

mode and 3:4 � 1020 POT were collectedin antineutrino mode.

The MiniBooNE detector [24] consistsof a 12.2-m diameter spherical tank �lled with

approximately 800 tons of mineral oil (CH2). A schematic drawing of the MiniBooNE

detector is shown in Fig. 20. There are a total of 12808-inch detector phototubes(covering

10%of the surfacearea) and 240veto phototubes. The �ducial volume is a 5-m radius that

corresponds to approximately 450 tons. Only � 2% of the phototube channelsfailed over

the courseof the run.
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FIG. 20: A schematicdrawing of the MiniBo oNE detector.

APPENDIX C: MINIBOONE CR OSS SECTION RESUL TS

MiniBooNE has published two crosssectionresults. First, MiniBooNE has madea pre-

cision measurement of � � charged-current quasi-elastic(CCQE) scattering events [25]. Fig.

21 shows the � � CCQE Q2 distribution for data (points with error bars) comparedto a MC

simulation (histograms). A strong disagreement between the data and the original simu-

lation (dashedhistogram) was �rst observed. However, by increasingthe axial mass,M A ,

to 1:23 � 0:20 GeV and by introducing a new variable, � = 1:019� 0:011, where � is the

increasein the incident proton threshold, the agreement betweendata and the simulation

(solid histogram) is greatly improved. It is impressive that such good agreement is obtained

by adjusting thesetwo variables.

MiniBooNE hasalsocollectedthe world's largestsampleof neutral-current � 0 events [26],

as shown in Fig. 22. By �tting the 
 
 massand E � (1 � cos� � ) distributions, the fraction

of � 0 produced coherently is determined to be 19:5 � 1:1 � 2:5%. Excellent agreement is

obtained betweendata and MC simulation.
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FIG. 21: The � � CCQE Q2 distribution for data (points with error bars) compared to the MC

simulation (histograms) for the neutrino data sample.

APPENDIX D: PR OTON PR OJECTIONS AND RUN FEASIBILITY

The achievement of the physics goals outlined above depends critically on the exper-

iment's abilit y to complete the run, i.e., how long will it take to collect the data given

current POT projections, and assumingvarious scenariousfor increasedPOT? Are there

su�cien t personnelto sta� shifts and do the analysis?Is the apparatussu�cien tly robust?

and are there enoughspareparts?

By the summershutdown of June 2009,we expect to reach our initial goalof 5E20POT.

Figure 23 shows the current POT levelsand projections to the end of run at the June 2009

shutdown. As of the writing of this report, we have 4.54E20POT. This is far better than the

expectedBooster output projections (greenline). The better than expectedperformanceis

due to about two and a half months of NuMI down time when our beam rates went up by

about a factor of three. With about �v e months left in the current run, we should reach our

goal of 5E20POT in antineutrino mode if our uptime remainsat current levels.

During peiods when NuMI is running and taking full beam, we averageabout 2.2E16
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FIG. 22: The neutral-current � 0 
 
 mass and E � (1 � cos� � ) distributions for data (points with

error bars) compared to the MC simulation (histograms) for the neutrino data sample.

POT/hr and 85% uptime, which translates into 3.2E18POT/w eek. Assuming a 43 week

run period (9 weekslessfor summershutdowns), then this give us 1.5E20POT per year at

current rates. Thus, to collect an extra 5E20POT will take about three years. Table shows

the protons per hour, per week,and time required for an extra 5E20 POT (total of 10E20

POT) in antineutrino modeassumingdi�erent beamdelivery rate scenarios.Increasedbeam

to BNB comesat the expenseof NuMI (deliberately throttled back) or increasesto Booster

output. It is apparent that there is a large impact in the run time (1-3 years)necessaryto

collect the requestedPOT depending on proton management decisionsor improvements to

the Booster output.

The successof the run requires the personnelto sta� shifts, and the reliabilit y of the

hardware and availabilit y of spareparts for a further two yearsof operations. At present,

we are still working the exact number of personnelavailable for shifts, but is expected to

be about 25 to 40 FTE's. This is barely enoughto sta� shifts over a long period of time.

However, during the 2008-2009run, MiniBooNE developed the capability for sta�ng shifts

at remote locations. So far, we have eight institution with remote control room capability.

This facilitates the abilit y of collaborators to meet their shift requirements with minimal
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FIG. 23: POT projections for the current antineutrino run.

travel and disruption to their scheule. This has been working extremely well for the last

six months and has given MiniBooNE new life in its abilit y to sta� shifts and keep the

experiment running. This will be instrumental for the successof any future running.

The beamline, horn system, and detector have beenoperating well for the duration of

the experiment since2002. Onehorn replacement hasbeenneeded,and a repair of the 25 m

absorber in 2006,but no other major downtime have beenincurred. A third horn and target

are ready, asare spareacceleratorparts, and sparedetector electronicssu�cien t to run the

experiment for up to three more years. Also available is a fourth horn inner conductor (the

part with the longest lead time). One possibletrouble spot is the detector HVAC, which

has been problematic over the years. If we are given the go ahead for further running,

then thought shouldbe given to replacingthe current HVAC, which would improve detector

operations. An inspection of the 25 m absorber during the 2007shutdown shows it to be

working well with no corrosionpresent on the newhanging�xtures. Another inspection will

be performedduring the 2009summershutdown.
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Rate increase proton/hr proton/w eek protons/y ear Years to 5E20 POT

Nominal 2.2E16 3.2E18 1.5E20 3.3

50% increase 3.3E16 5.3E18 2.3E20 2.2

100%increase 4.4E16 6.4E18 3.0E20 1.7

Maximum increase 7.5E16 10.7E18 4.6E20 1.1

TABLE VI I I: Number of years to collect an extra 5E20 POT (total of 10E20POT) in antineutrino

mode assumingvarious run conditions. \Nominal" is for the current rate of protons delivered to

BNB. The increase in protons delivered comes at the expense of protons delivered to NuMI, or

increased output of the Booster, with the \Maximum" row corresponding to the maximum that the

Booster can currently deliver on a long term basis to the neutrino program.

With everything in placefrom the � e and �� e appearanceanalysisthat havebeenpresented,

thesesametoolswill berepeatedfor the extra data collected. Also, work is currently ongoing

to perform a combined � e and �� e appearanceanalysis in which many commonsystematic

errors will canceland tests the di�erence between � e and �� e expectations. Results on this

should be avaialble in mid to late 2009, including the extra data from the current run.

There will likely be somefresh optimizing of cuts and tuning of simulations, but nothing

comparedto the level of work required to producethe � e appearanceresult. Consequently,

�� e appearanceand combined analysisresults are expected to be available shortly after the

extra 5E20POT is accumulated.

30



[1] C. Athanassopouloset al., Phys. Rev. Lett. 75, 2650(1995); 77, 3082(1996); 81, 1774(1998);

A. Aguilar et al., Phys. Rev. D 64, 112007(2001).

[2] A. Aguilar-Arevalo et al., Phys. Rev. Lett. 98, 231801 (2007); A. Aguilar-Arevalo et al.,

submitted to Phys. Rev. Lett., [arXiv:0812.2243].

[3] Je�rey A. Harvey, Christopher T. Hill, Richard J. Hill, [arXiv:0708.1281];[arXiv:0712.1230].

[4] Michel Sorel, Janet Conrad, and Michael Shaevitz, Phys. Rev. D 70, 073004(2004); C. Kara-

giorgi et al., Phys. Rev. D 75, 013011(2007); AlessandroMelchiorri et al., [arXiv:0810.5133].

[5] Heinrich Paes,SandipPakvasa,ThomasJ. Weiler, Phys. Rev. D 72,095017(2005); [arXiv:hep-

ph/0504096].

[6] T. Goldman, G. J. StephensonJr., and B. H. J. McKellar, Phys. Rev. D 75, 091301(2007).

[7] Michele Maltoni and Thomas Schwetz, Phys. Rev. D 76, 093005(2007); [arXiv:0705.0197].

[8] Ann E. Nelsonand Jonathan Walsh, [arXiv:0711.1363].

[9] B. T. Cleveland et al., Astrophys. J. 496, 505 (1998).

[10] J. N. Abdurashitov et al., Phys. Rev. C 60, 055801(1999).

[11] W. Hampel et al., Phys. Lett. B 447, 127 (1999).

[12] S. Fukuda et al., Phys. Lett. B 539, 179 (2002).

[13] Q. R. Ahmad et al., Phys. Rev. Lett. 87, 071301(2001); Q. R. Ahmad et al., Phys. Rev. Lett.

89, 011301(2002); S. N. Ahmed et al., Phys. Rev. Lett. 92, 181301(2004).

[14] K. Eguchi et al., Phys. Rev. Lett. 90, 021802(2003); T. Araki et al., Phys. Rev. Lett. 94,

081801(2005).

[15] K. S. Hirata et al., Phys. Lett. B 280, 146 (1992); Y. Fukuda et al., Phys. Lett. B 335, 237

(1994).

[16] Y. Fukuda et al., Phys. Rev. Lett. 81, 1562(1998).

[17] W. W. M. Allison et al., Phys. Lett. B 449, 137 (1999).

[18] M. Ambrosio et al., Phys. Lett. B 517, 59 (2001).

[19] M. H. Ahn et al., Phys. Rev. Lett. 90, 041801(2003).

[20] D. G. Michael et al., Phys. Rev. Lett. 97, 191801(2006); P. Adamson et al., Phys. Rev. Lett.

101, 131802(2008).

[21] T. Katori, A. Kostelecky and R. Tayloe, Phys. Rev. D 74, 105009(2006).

[22] P. Adamson et al., [arXiv:0809.2447].

[23] A. Aguilar-Arevalo et al., [arXiv:0806.1449].

31



[24] A. Aguilar-Arevalo et al., Nucl. Instr. Meth. A559 , 28 (2009).

[25] A. Aguilar-Arevalo et al., Phys. Rev. Lett. 100, 032301(2008).

[26] A. Aguilar-Arevalo et al., Phys. Lett. 664B, 41 (2008).

32


