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EXECUTIVE SUMMAR Y

The MiniBooNE experimert 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 excesf everts at higher energies
(E > 475 MeV), although a sizeableexcess(1288 204 383 ewerts) is obsened at
lower energies(E < 475MeV), wherethe rst error is statistical and the seconderror is
systematic. The lack of a signi cant excessat higher energiesallows MiniBo oNE to rule out
simple 2 oscillations as an explanation of the LSND signal. Howeer, the low-energy
excesss presetly unexplained. Additional antineutrino data and NuMI data may allow the
collaboration to determine whether the excesss due, for example,to a neutrino neutral-
current radiative interaction [3] or to neutrino oscillationsinvolving sterile neutrinos [4{8]
and whether the excesss related to the LSND signal.

At presen, with 3.4E20 POT in antineutrino mode, MiniBooNE obsenes no excess
( 05 7.8 87 ewns) 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, correspnding to a total
of 1E21 POT. This additional running will take from one to three years, depending on
the priority 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 estimatedbadkgrounds
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 cortinues
to be no low-energyexcessn antineutrino mode with 1E21 POT, 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 presen 3.4E20
POT in antineutrino mode, almost all of the LSND region is still allowed, as the current
limit is worse than the sensitivity. Howewer, 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 ewert excessvould be expected.

INTR ODUCTION

Evidence for neutrino oscillations comes from solar-neutrino [9{13] and reactor-
antineutrino experimerts [14], which have obsened . disappearanceat m? 8 10°
eV?, and atmospheric-neutrino[15{18] and long-baselineaccelerator-neutrinoexperimerts
[19, 20|, which have obsened  disappearanceat m? 3 10 2 eV2. In addition, the
LSND experimert [1] has presetied evidencefor ! . oscillationsat the m? 1 e\?
scale. If all three phenomenaare causedby neutrino oscillations, thesethree m? scales
cannotbe accommalated in an extensionof the Standard Model that hasonly three neutrino
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 experimert was designedto test the neutrino oscillation interpretation
of the LSND signal in both neutrino and artineutrino modes. MiniBooNE has approxi-
mately the samelL=E asLSND but with an order of magnitude higher baselineand energy
Due to the higher energyand dissimilar event signature, MiniBo oNE systematicerrors are
completelydi erent from LSND errors. MiniBo oNE's updated oscillation resultsin neutrino
mode [2] shov no signi cant excesof everts at higher energieshowever, a sizeableexcesof
ewerts is obsened at lower energiesas shovn in Fig. 1. Although the excessnergyshape
doesnot t two-neutrino oscillations, the number of excessewvents is similar to the LSND
expectation. At presen, with 3.4E20POT in antineutrino mode, MiniBo oNE obsenesno

excessat lower energies.

MINIBOONE
Neutrino Oscillation Event Selection

MiniBooNE seartiesfor ! ¢ oscillationsby measuringthe rate of .C! e X CCQE
ewerts and testing whether the measuredrate is consistem with the estimated badkground
rate. To selectcandidate  CCQE ewerts, an initial selectionis rst applied: > 200tank

hits, < 6 veto hits, reconstructedtime within the neutrino beamspill, reconstructedvertex
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FIG. 1. The MiniBooNE reconstructed neutrino energy distribution for candidate . data events
(points with error bars) compared to the Monte Carlo simulation (histogram) [2] for the neutrino

data sample.

radius < 500cm, and visible energyE,is > 140MeV. It is then required that the electron-
hypothesisewent vertex and muon-hypothesistrack endpoint occur at radii < 500cm and
< 488cm, respectively, to ensuregood ewvernt reconstructionand e ectiv e rejection of possible
muon decg electrons. Particle identi cation (PID) cuts arethen appliedto reject muon and

O everts. Sewral improvemerns have beenmadeto the neutrino oscillation data analysis
since the initial data was published [2], including an improved badkground estimate, an
additional ducial volume cut that greatly reducesthe badground from ewvens produced
outside the tank (dirt everts), 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

everts passthe completeewvert selectionof the Final Analysis with EQF > 200 MeV.

Neutrino Oscillation Signal and Background Reactions

Table | shows the expected number of candidate . CCQE badkground everts with E<E
between200 300MeV, 300 475MeV, and475 1250MeV after the Final Analysis event



TABLE |: The expcted number of eventsin the 200 < EQF < 300 MeV, 300 < EQF < 475
MeV, and 475< EQF < 1250MeV enemy rangesfrom all of the signi c ant backgounds after the
complete event selection of the Final Analysis for the neutrino data sample. Also shown are the

expected number of ¢ 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 © 103.5 77.8 71.2
NC I N 19.5 47.5 19.4
Dirt Evens 115 12.3 115
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 Decay 1.6 34 13.5
Total Badkground 1868 26:0|2283 2453859 357
LSND Best-Fit Solution 7 1 37 4 135 12

selection. The badkground estimate includesartineutrino ewvens, represeting < 2% of the
total. The total expectedbadkgroundsfor the three energyregionsare 1868 26.0 ewerts,
2283 245 ewens, and 3859 357 ewerts, respectively. For ! ¢ oscillations at the
best-t LSND solution of m? = 1:2 eV? and sin2 = 0:003, the expected number of
CCQE signal events are included in the Table.

Up dated Neutrino Oscillation Results

Fig. 1 shows the reconstructedneutrino energydistribution for candidate . data ewerts
(points with error bars) comparedto the MC simulation (histogram) [2], while Fig. 2 shows
the event excessas a function of reconstructedneutrino energy Good agreemeh between
the data and the MC simulation is obtained for E > 475 MeV; howewer, an unexplained

excessof electron-like everts is obsened for E < 475 MeV. As showvn in Fig. 2, the
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FIG. 2: The neutrino event exa@ss as a function of EQF for the neutrino data sample. Also
shown are the expectations from the best oscillation t (sin?2 = 0:0017 m? = 3:14 eV?) and
from neutrino oscillation parametersin the LSND allowed region [1]. The error bars include both

statistical and systematic errors.

magnitude of the excesss very similar to what is expectedfrom neutrino oscillations based
on the LSND signal. Although the shape of the excesss not consisten with simple two-
neutrino oscillations, more complicatedoscillation models[4{8] may be consisteh with both
the LSND and MiniBo oNE signals.

Table Il showvs the number of data, badkground, and excessewerts for dierent E<F
ranges, together with the signi cance of the excess. For the Final Analysis, an excessof
1288 204 383 ewrts is obsened for 200 < EQF < 475 MeV. For the ertire 200 <
EQE < 1250MeV energyregion, the excesss 1510 283 507 ewerts. As shavn in Fig.
3, the evert excessccursfor E,is < 400MeV, whereE,;s is the visible energy

Figs. 4 and 5 show the evert excessas functions of Q% and cog ) for 300< EQF < 475
MeV, whereQ? is determinedfrom the energyand angle of the outgoing lepton and is the
anglebetweenthe beamdirection and the reconstructedevent direction. Also shavn in the
gures are the expected shapesfrom C! e X and (C ! "X charged-curren (CC)

scattering and from the NC ®and ! N reactions,which are represetativ e of photon



TABLE II: The number of data, backgiound, and exesseventsfor dier ent E ®F ranges,together

with the signi c ance of the exessesfor the neutrino data sample.

Event Sample | Final Analysis

200 300MeV
Data 232
Background |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

Badckground (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

events produced by NC scattering. The NC scattering assumesthe energy spectrum,
while the CC scattering assumeghe transmutation of into  and ., respectively. As
shown in Table |11, the ? valuesfrom comparisonsof the evert excessto the expected
shapesare acceptablefor all of the processesHoweer, any of the badkgroundsin Tablelll

would have to be increasedby > 5 to explain the low-energyexcess.
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FIG. 3: The eventex@ssas a function of Ejs for EQE > 200 MeV for the neutrino data sample.
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 [1]. The error bars include

both statistical and systematic errors.
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FIG. 4: The event ex@ssas a function of Q2 for 300< EQE < 475 MeV for the neutrino data

sample.
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FIG. 5: The eventexassas a function of cog ) for 300< EQF < 475MeV for the neutrino data

sample.

TABLE I11: The 2 valuesfrom comparisons of the event exass Q2 and cog ) distributions for
300< EQF < 475MeV to the expected shapes from various NC and CC reactions for the neutrino
data sample. Also shownis the factor increase necessary for the estimated backgound for each

processto explain the low-enegy exess.

Process | ?(cos )=9 DF| 2(Q?)=6 DF |Factor Increase
NC © 13.46 2.18 2.0
' N 16.85 4.46 2.7
Ll e X 14.58 8.72 2.4
Ll e X 10.11 2.44 65.4

Preliminary  Antineutrino  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).
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FIG. 7: The estimated backgounds for the neutrino oscillation search in neutrino mode (left plot) and
antineutrino mode (right plot). The ©, | N ,intrinsic ¢/ e, external event, and other backgiounds

correspnd to the green, pink, light blue, blue, and yellow colors, resgectively.

badkground is appraximately 0.5% for both modes of running), although the wrong-sign
cortribution to the ux in antineutrino mode (  18%)is much larger than in neutrino mode
( 6%). The average . plus . energiesare 0.96 GeV in neutrino mode and 0.77 GeV in
antineutrino mode, while the average plus energiesare 0.79GeV in neutrino mode and
0.66GeV in antineutrino mode. Also, asshavn in Fig. 7, the estimatedbadkgroundsin the
two modesare very similar, especially at low energy Fig. 8 showsthe expectedantineutrino
oscillation sensitivity for the presenn data samplecorrespnding to 3.4E20POT. The two
sensitivity curvescorrespnd to threshold neutrino energiesof 200 MeV and 475MeV.

The preliminary oscillation results for antineutrino mode are shovn in Table IV and
Figs. 9 through 11. It is quite surprisingthat noexcesy 05 7:8 8.7 evens) is obsened
in the low-energyrange 200< EQF < 475MeV. 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
corresnding to 3.4E20 POT. The two sensitivity curves correspnd to thresholdenemies of 200

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

expectedexcesf low-energyewerts in antineutrino mode under various hypotheses.These

hypothesesinclude the following:

Same : Samecrosssectionfor neutrinos and antineutrinos.
0 Scaled:Scaledto number of neutral-currert  ° eerts.

POT Scaled: Scaledto number of POT.

BKGD Scaled: Scaledto total badkground everts.

CC Scaled: Scaledto number of charged-curren everts.

Kaon Scaled: Scaledto number of low-energykaon everts.

Neutrino Scaled: Scaledto number of neutrino ewerts.

Also shavn in TableV is the probability (from a two-parametert to the data) that eath

hypothesis explains the obsened number of low-energy neutrino and antineutrino evers,

11



TABLE IV: The number of data, backgound, and exesseventsfor di er ent EE ranges,together

with the signi c ance of the exessesfor the antineutrino data sample.

Event Sample | Final Analysis

200 475MeV
Data 61
Background |61.5 7.8 87

Excess 05 78 87

Signi cance 0:04

475 1250MeV
Data 61
Background |57.8 7.6 65
Excess 32 76 65

Signi cance 0:3

475 3000MeV
Data 83
Background |77.4 88 96

Excess 56 88 96

Signi cance 04

assumingonly statistical errors, correlated systematic errors, and uncorrelated systematic
errors. A proper treatment of the systematicerrorsis 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°F < 3000
MeV, assumingantineutrino oscillations but no neutrino oscillations. The antineutrino
oscillation allowed regionis shavn in Fig. 12. At presen, the oscillation limit is worsethan
the sensitivity. The bestoscillation t correspndsto  m? = 4:4 eV?, si*2 = 0:0047,and
a tted excessof 186 132 ewerts, which is consistemh with the LSND best t point of
m? = 1:2 eV?, siP2 = 0:003, and an expected excessof 14:7 everts. With the presen

12
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FIG. 9: The comparison betwe=n data and Monte Carlo expectation as a function of reconstructed

neutrino energy for the presentantineutrino data sample correspnding to 3.4E20 POT.

TABLE V: The expected exessof low-eneigy eventsin antineutrino mode under various hypotheses

for 3.4E20 POT. Also shownin the Tableis the protability (from a two-parameter t to the data)

that each hypothesis explainsthe observel number of low-enegy neutrino and antineutrino events,

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

Events

Stat. Err.

Cor. Syst. Err.

Uncor. Syst. Err.

Hypothesis |Expec. # of
Same 37.2

0 Scaled 19.4
POT Scaled 67.5
BKGD Scaled 20.9
CC Scaled 20.4
Kaon Scaled 39.7
Neutrino Scaled 6.7

0.1%
3.6%
0.0%
2.7%
2.9%
0.1%
38.4%

0.1%
6.4%
0.0%
4.7%
5.2%
0.1%
51.4%

6.7%
21.5%
1.8%
19.2%
19.9%
5.9%
58.0%
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FIG. 10: The comparison between data and Monte Carlo expectation (top) and the exessnumber

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

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

and from oscillation parametersin the LSND allowed region.

antineutrino statistics, the data are consistem with both the LSND best-t point and the
null point, although the LSND best-t point hasabetter 2 ( 2 = 17.63=16 DF, probability
= 34.6%)than the null point ( 2= 2219=16 DF, probability = 13.7%).
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FIG. 11: The exessnumber of events(data minus Monte Carlo expectation) asa function of visible
enegy for the presentantineutrino data samplecorrespnding 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 ewerts are alsoobsened in MiniBooNE from the NuMI beam[22. The NuMI
beam,asshavnin Fig. 13,di ers from the Boosterneutrino beam(BNB) in se\eral respects.
First, the NuMI beamiso axisby 110mrad, whereashe BNB is on axis. Secondneutrinos
from NuMI travel 700m, comparedto 500 m for neutrinos from the BNB. Also, the
NuMI beam has a 6% cortribution from electron-neutrinosand a 14% cortribution from
antineutrinos, while the BNB percertagesare 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 17 showv the comparisonbetweendata evernts (points with error bars) and the

MC simulation (histogram) for ~CCQE candidateewveris and  CCQE candidate ewerts,
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FIG. 12: The antineutrino oscillation allowed region in the energy range475< E € < 3000 MeV
for the presentantineutrino data sample correspnding to 3.4E20 POT. Also shown are the best
oscillation t ( m2 = 44 eV?, sin2 = 0:0047 and an exessof 186 132 events) and the

LSND best t point ( m2= 1:2 eV?, sin?2 = 0:003 and an exessof 147 events).

respectively. Although the systematic errors are presetly large, the data are obsened to
be systematically low for ~CCQE candidate everts and systematically high for  CCQE
candidateeens. Updated resultsshouldbe available scon with three timesthe data sample
and with reducedsystematicerrors by constrainingthe normalization to the  sample.
The NuMI data analysisis currertly directedtoward examiningthe low-energyregionand
searding for neutrino oscillations. This will complemen the analysisdonewith MiniBooNE
using neutrino and anti-neutrino BNB data, but with di erent systematicerrors. It is worth
noting that the NuMI . CCQE samplehasa very di erent composition when comparedto
the BNB neutrino . CCQE sample. The BNB . sampleoriginates mostly from decgs of
pions producedin the target and cortains a large fraction of  mis-idertied ewens. On
other hand, the NuMI . CCQE sampleis produced mostly from the deca of kaonsand
cortains a dominart fraction of intrinsic . ewverts. 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

16



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  sample.

PHYSICS GOALS WITH 1E21 POT IN ANTINEUTRINO

MODE

4.5

MiniBo oNE, sofar, hascollected 6:5 10%° POT in neutrino modeand 3:4 10° POT

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

energyexcessand to determinewhether there is an unexpecteddi erence betweenneutrino

and antineutrino properties. The ewernt excessin neutrino mode (and the apparen lack

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

future long-baselineexperimerts sud as T2K. 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 ability of MiniBo oNE to adieve thesegoalswill require the
collection of an additional 5SE20POT (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 betwe=n data events (points with error bars) and the MC simulation

(histogram) for NuMl-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. Tables VI
and VI show the expected excessf low-energyeverts in antineutrino mode under various
hypothesesfor SE20POT (approved) and 1E21POT (requested),respectively. Also shovn
in the Tablesis the probability (from atwo-parametert to the data and assumingno excess
in antineutrino mode) that eat hypothesis explains the obsened number of low-energy
neutrino and antineutrino ewerts, assumingonly statistical errors, correlated systematic
errors, and uncorrelated systematic errors. As can be seenin Table VII, the Neutrino
Scaledhypothesiscan be veri ed (and the other hypothesesrejected) with 1IE21POT if no

excesss obsened in antineutrino mode.
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FIG. 17: The comparison betwe=n data events (points with error bars) and the MC simulation

(histogram) for NuMl-induced . CCQE candidate events.

TABLE VI. The expected exessof low-eneigy eventsin antineutrino mode under various hypotheses
for 5E20 POT. Also shownin the Tableis the prokability (from a two-parameter t to the data
and assumingno exessin antineutrino mode) that each hypothesisexplainsthe observel numkber of
low-enegy 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 314 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 VII: The expected exessof low-enegy eventsin antineutrino mode under various hypothe-
sesfor 1E21 POT. Also shownin the Tableis the protability (from a two-parameter t to the data
and assumingno exessin antineutrino mode) that each hypothesisexplainsthe observel numkber of
low-enegy neutrino and antineutrino events,assumingonly statistical errors, correlated systematic

errors, and uncorrelated systematic errors.

Hypothesis |Expec.# of Evens|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 m? = 1:2 eV? and sin2 = 0:003
[1], MiniBooNE should obsene in the 475< EQF < 3000MeV energyrange an excessof

400 152 209 ewerts, correspndingto a 1.5 signal. The signi cance of sut
a signal may be improved by further reductions in the systematic uncertairties (e.g. by
comparing antineutrino data to neutrino data). Fig. 18 shows the expected antineutrino
oscillation sensitivity for a threshold energyof 475MeV. The curves correspnd to 3.4E20
POT, 5E20POT, and 1E21POT. With 1E21POT, most of the LSND regionis covered at
90% CL.

REQUEST

The MiniBooNE experimert obsenes an unexplained excessof electron-like everts at
low energiesin neutrino mode, which may be due, for example,to either a neutral current

radiativ e 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 correspnd to 3.4E20 POT, 5E20 POT, and 1E21 POT.

be related to the LSND signal. No excessof electron-like everts, howewer, is obsened sofar

at low energiesin antineutrino mode. MiniBo oNE, therefore, requestsadditional running

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

could be completedin oneto three years(seeAppendix D), the MiniBo oNE collaboration

will be able to determine conclusiely whether there is an anomalousdi erence between
neutrino and antineutrino properties. If, for example,there continuesto be no low-energy
excesdan 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 presen 3.4E20
POT in antineutrino mode, almost all of the LSND region is still allowed, as the current
limit is worse than the sensitivity. Howewer, 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 ewert excessvould be expected.
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FIG. 19: A schematicdrawing of the MiniBo oNE experiment.
APPENDIX B: DESCRIPTION OF THE MINIBOONE EXPERIMENT

A sthematic drawing of the MiniBooNE experimert at FNAL is shown in Fig. 19. The
experimert is fed by 8-GeV kinetic energyprotons from the Boosterthat 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 produced pions and kaonsthen decy
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
MiniBo oNE results presented here, a total of 6:5 10?°° POT were collected in neutrino
mode and 3:4 10?° POT were collectedin antineutrino mode.

The MiniBooNE detector [24] consistsof a 12.2-m diameter sphericaltank lled with
approximately 800 tons of mineral oil (CH,). A sdematic drawing of the MiniBooNE
detectoris shown in Fig. 20. There are a total of 12808-inch detector phototubes(covering
10% of the surfacearea) and 240veto phototubes. The ducial volumeis a 5-m radius that
correspndsto approximately 450tons. 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 CROSS SECTION RESUL TS

MiniBo oNE has published two crosssectionresults. First, MiniBooNE has made a pre-
cision measuremenof  charged-currem quasi-elastic(CCQE) scattering events [25]. Fig.
21shovsthe  CCQE Q? distribution for data (points with error bars) comparedto a MC
simulation (histograms). A strong disagreemen betweenthe data and the original simu-
lation (dashedhistogram) was rst obsened. Howeer, by increasingthe axial mass,M 4,
to 1:23 0:20 GeV and by introducing a new variable, = 1:.019 0:011, where s the
increasein the incident proton threshold, the agreemenh between data and the simulation
(solid histogram) is greatly improved. It is impressie that sud good agreemen is obtained
by adjusting thesetwo variables.

MiniBo oNE hasalsocollectedthe world's largestsampleof neutral-currert  © everts [26],
asshown in Fig. 22. By tting the massand E (1 cos ) distributions, the fraction
of © producedcoheretly is determinedto be 195 1.1 2:5%. Excellert agreemehn is

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

simulation (histograms) for the neutrino data sample.
APPENDIX D: PROTON PROJECTIONS AND RUN FEASIBILITY

The achievemen of the physics goals outlined above depends critically on the exper-
iment's ability 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 cient 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 read our initial goalof 5E20POT.
Figure 23 shows the current POT levels and projectionsto the end of run at the June 2009
shutdown. As of the writing of this report, we have 4.54E20PQOT. This is far better than the
expected Booster output projections (greenline). The better than expected performanceis
due to about two and a half months of NuMI down time when our beamrates went up by
about a factor of three. With about v e months left in the currert run, we shouldread our
goal of 5E20POT in antineutrino mode if our uptime remainsat currert levels.

During peiods when NuMI is running and taking full beam, we averageabout 2.2E16
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FIG. 22: The neutral-current © massand 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 3.2E18 POT/w eek. Assuming a 43 week
run period (9 weekslessfor summershutdowns), then this give us 1.5E20POT per year at
currert rates. Thus, to collectan extra 5E20POT will take about three years. Table shaws
the protons per hour, per week, and time required for an extra 5E20 POT (total of 10E20
POT) in antineutrino mode assumingdi erent beamdelivery rate scenarios.Increasedoeam
to BNB comesat the expenseof NuMI (deliberately throttled bad) or increasego Booster
output. It is apparen that there is a large impact in the run time (1-3 years) necessaryjto
collect the requestedPOT depending on proton managemenh decisionsor improvemens to
the Booster output.

The successf the run requiresthe personnelto sta shifts, and the reliability of the
hardware and availability of spareparts for a further two years of operations. At presen,
we are still working the exact number of personnelavailable for shifts, but is expected to
be about 25to 40 FTE's. This is barely enoughto sta shifts over a long period of time.
Howeer, during the 2008-2009un, MiniBo oNE dewloped the capability for sta ng shifts
at remote locations. Sofar, we have eigh institution with remote cortrol room capability.

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

travel and disruption to their scheule. This has beenworking extremely well for the last
six months and has given MiniBooNE new life in its ability to sta shifts and keep the
experimert running. This will be instrumental for the succes®f any future running.

The beamline, horn system, and detector have been operating well for the duration of
the experimert since2002. One horn replacemeh hasbeenneeded,and a repair of the 25m
absorker in 2006,but no other major downtime have beenincurred. A third horn and target
are ready, asare spareacceleratorparts, and sparedetector electronicssu cient to run the
experimert for up to three more years. Also available is a fourth horn inner conductor (the
part with the longestlead 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 givento replacingthe current HVAC, which would improve detector
operations. An inspection of the 25 m absorker during the 2007 shutdown shaws it to be
working well with no corrosionpresen on the new hanging xtures. Another inspection will

be performedduring the 2009summershutdown.
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Rate increase |proton/hr |proton/w eekprotons/y ear|Yearsto 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 increasg 7.5E16 10.7E18 4.6E20 11

TABLE VII1I: 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 increasein protons delivered comes at the expense of protons delivered to NuMlI, or
increasel output of the Booster, with the \Maximum" row correspnding to the maximum that the

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

With ewerything in placefromthe .and . appearanceanalysisthat have beenpresened,
thesesametoolswill berepeatedfor the extra data collected. Also, work is currertly ongoing
to perform a conbined . and . appearanceanalysisin which many common systematic
errors will canceland tests the di erence between . and . expectations. Results on this
should be avaialble in mid to late 2009, including the extra data from the currert run.
There will likely be somefresh optimizing of cuts and tuning of simulations, but nothing
comparedto the level of work requiredto producethe . appearanceresult. Consequetly,

e appearanceand conbined analysisresults are expectedto be available shortly after the
extra 5E20POT is accunulated.
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