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ABSTRACT

The MiniBo oNE experiment at Fermilab was designedto test the LSND evi-
dence for neutrino oscillations Y. The updated MiniBo oNE oscillation result
in neutrino mode 2 with 6.5E20 protons on target (POT) shows no signi cant
excessof events at higher energies(above 475 MeV), although a sizeable ex-
cess(128:8 204 383 ewerts) is obsened at lower energies(below 475 MeV),
where the 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 asan explanation of the LSND signal. However, the low-energy
excessis preserly unexplained. Additional antineutrino data and NuMI data
may allow the collaboration to determine whether the excesss due, for example,
to a neutrino neutral-current radiativ e interaction  or to neutrino oscillations
involving sterile neutrinos 45678 and whether the excesss related to the LSND
signal.

1. Intro duction

Evidencefor neutrino oscillationscomesfrom solar-neutrino%1%111213 gndreactor-
antineutrino experimerts *, which have obsened . disappearanceat m? 8 10 °
eV?, and atmospheric-neutrino 15161718 and long-baselineaccelerator-neutrinoex-
perimerts 1929 which have obsened disappearanceat m? 3 10 2 eV In
addition, the LSND experimert Y haspresettied evidencefor | . oscillationsat
the m? 1 eV? scale.If all three phenomenaare causedby neutrino oscillations,
thesethree m? scalescannot be accommalated in an extension of the Standard
Model that allows only three neutrino masseigenstates.An explanation of all three
massscaleswith neutrino oscillations requiresthe addition of more than one sterile
neutrinos #5678 or further extensionsof the Standard Model (e.g., 2).

The MiniBo oNE experimert wasdesignedo test the neutrino oscillation interpre-
tation of the LSND signalin both neutrino and antineutrino modes. MiniBooNE has
approximately the sameL=E asLSND but with an order of magnitude higher base-
line and energy Due to the higher energyand dissimilar evert signature, MiniBo oNE
systematicerrors are completely di erent from LSND errors. MiniBooNE's updated
oscillation results in neutrino mode ? showv no signi cant excessof everts at higher
energieshowever, a sizeableexcesf everts is obsened at lower energiesas shavn
in Fig. 1. Although the excessenergyshape doesnot t two-neutrino oscillations,
the number of excesseverts agreesappraximately with the LSND expectation. At
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Figure 1: The MiniBooNE reconstructed neutrino enemy distribution for candidate . data events
(points with error bars) compared to the Monte Carlo simulation (histogram).

presen, with 3.4E20POT in antineutrino mode, MiniBo oNE obsenes no excessat
lower energies.

2. MiniBo oNE

2.1. Description of the Experiment

A sdematic drawing of the MiniBo oNE experimert at FNAL is showvn in Fig. 2.
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 neutrino beam or focuses

and K and defocuses * and K* to form a lesspure artineutrino beam. The
producedpionsand kaonsthen decg in a 50-mlong pipe, and the resulting neutrinos
and antineutrinos 22 can then interact in the MiniBo oNE detector, which is located
541 m downstream of the Be target. For the MiniBo oNE 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 22 consistsof a 12.2-m diameter spherical tank Illed
with appraximately 800tons of mineral oil (CH;). A sdhematic drawing of the Mini-
BooNE detector is shovn in Fig. 3. There are a total of 12808-inch detector pho-
totub es (covering 10% of the surfacearea) and 240 veto phototubes. The ducial
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Figure 2: A schematicdrawing of the MiniBo oNE exgeriment.
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Figure 3: A schematicdrawing of the MiniBo oNE detector.

volume has a 5-m radius and correspndsto appraximately 450tons. Only 2% of
the phototube channelsfailed over the courseof the run.

2.2. MiniBooNE CrossSection Results

MiniBo oNE haspublishedtwo crosssectionresults. First, MiniBooNE hasmadea
precisionmeasuremenof charged-currem quasi-elastic(CCQE) scattering evens
29 Fig. 4 shovsthe  CCQE Q? distribution for data (points with error bars)
comparedto a MC simulation (histograms). A strong disagreemen between the
data and the original simulation (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 is the increasein the incidert proton threshold, the
agreemenh betweendata and the simulation (solid histogram) is greatly improved. It
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Figure 4: The CCQE Q? distribution for data (points with error bars) compared to the MC
simulation (histograms).

is impressiwe that sud good agreemen is obtained by adjusting thesetwo variables.

MiniBo oNE has also collected the world's largest sample of neutral-currert  °
ewerts 2¥, asshowvn in Fig. 5. By tting the massandE (1 cos ) distributions,
the fraction of ° producedcoheretly is determinedto be195 1:1 2:5%. Excellert
agreemen is obtained betweendata and MC simulation.

2.3. Neutrino Oscillation Event Seletion

MiniBooNE seartiesfor ! ¢ oscillationsby measuringtherateof .C! e X
CCQE eerts 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 evernt vertex reconstructedassumingan outgoing
electron and the track endpoint reconstructedassumingan outgoing muon occur at
radii < 500 cm and < 488 cm, respectively, to ensuregood ewvent reconstruction
and e ciency for possiblemuon decg electrons. Particle iderti cation (PID) cuts
are then applied to reject muon and © ewerts. Se\eral 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 everns),
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Figure 5: The neutral-current ° massand E (1 cos ) distributions for data (points with
error bars) compared to the MC simulation (histograms).

and an increasein the data samplefrom 5:579 10° POT to 6:462 10° POT. A
total of 89,200neutrino events passthe initial selection,while 1069 ewens passthe
completeewert selectionof the nal analysiswith EQF > 200MeV, whereE <F is the
reconstructedneutrino energy

2.4. 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
ewvent selectionof the nal analysis. The badkground estimate includes antineutrino
ewerts, represeting < 2% of the total. The total expectedbadgroundsfor the three
energyregionsare 1868 26.0 events, 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 ewerts for the three
energyregionsare 7 ewerts, 37 ewverts, and 135e\erts, respectively.

2.5. Updated Neutrino Oscillation Results

Fig. 1 shawsthe reconstructedneutrino energydistribution for candidate . data
everts (points with error bars) comparedto the MC simulation (histogram) 2, while
Fig. 6 shaws the event excessas a function of reconstructedneutrino energy Good
agreemeh betweenthe data and the MC simulation is obtained for EQF > 475MeV;
howewer, an unexplained excessof electron-like everts is obsened for EQF < 475



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

MeV. As shavn in Fig. 6, the magnitude of the excessis very similar to what is
expected from neutrino oscillations basedon the LSND signal. Although the shape
of the excesss not consisten with simpletwo-neutrino oscillations,more complicated
oscillation models 45678 have shapesthat may be consistem with both the LSND
and MiniBo oNE signals.

Table 2 shows the number of data, badkground, and excessewvens for di erent
ECE ranges,together with the excesssigni cance. For the nal analysis,an excess
of 1288 204 383 ewrts is obsened for 200< E®F < 475MeV. For the ertire
200< EQF < 1250MeV energyregion, the excesss 1510 283 507 ewerts. As
shown in Fig. 7, the event excessoccursfor Eis < 400MeV, whereE,;s is the visible
energy

Figs. 8 and 9 shav the ewernt excessas functions of Q2 and cos() for evers
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
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 assumeshe  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.
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Figure 6: The event exessas a function of EQF . Also shown are the expectations from the best

oscillation t (sin2 = 0:0017 m? = 3:14 eV?) and from neutrino oscillation parametersin the
LSND allowed region. The error bars include hoth statistical and systematic errors.
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Figure 7: The event neutrino exessas a function of Eyis for EE > 200 MeV. Also shown are
the expectations from the best oscillation t (sin?2 = 0:0017, m?2 = 3:14 eV2) and from neutrino
oscillation parameters in the LSND allowed region. The error bars include both statistical and
systematic errors.



Table 2: The numker of data, backgiound, and exesseventsfor di er ent E9F 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 8: The neutrino event exessas a function of Q2 for 300< EQF < 475 MeV.
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Figure 9: The neutrino eventexessas a function of cog ) for 300< EQF < 475 MeV.

Table 3: The 2 valuesfrom comparisons of the neutrino event exeessQ? and coq ) distributions
for 300< EQE < 475MeV to the expected shages from various NC and CC reactions. Also shownis
the factor increase necessaryfor the estimated backgiound for each processto explain the low-eneigy
exeess.

Process 2(cos )=9 DF | ?(Q?=6 DF | Factor Increase

NC © 13.46 2.18 2.0
' N 16.85 4.46 2.7
Ll eX 14.58 8.72 2.4

Ll e X 10.11 2.44 65.4
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Figure 10: The estimated neutrino uxes for neutrino mode (top plot) and antineutrino mode (bottom plot).

2.6. Initial Antineutrino Oscillation Results

The sameanalysisthat wasusedfor the neutrino oscillation resultsis employed for
the initial antineutrino oscillation results 9. Fig. 10 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 modeand 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. 11, the estimated badkgroundsin the two modes
are very similar, especially at low energy Fig. 12 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 results for antineutrino mode are shovn in Table 4 and
Figs. 13 through 15. It is quite surprising that no excesy 0:5 7:8 8.7 ewerts)



Figure 11: 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 12: 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).



is obsened in the low-energyrange200< EQF < 475MeV. In order to understand
the implications that the antineutrino data have on the neutrino low-energyexcess,
Table 5 shows the expected excessof low-energyewvens in antineutrino mode under
various hypotheses.Thesehypothesesinclude 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-currem everts.

Kaon Scaled: Scaledto number of low-energykaon everts.

Neutrino Scaled: Scaledto number of neutrino ewerts.

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 best and 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.

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 shovn in Fig. 16. At presem, the
oscillation limit is worsethan the sensitivity. The best oscillation t correspndsto

m? = 4:4 eV?, sinP2 = 0:0047,and a tted excessf 186 132 ewerts, which is
consistet with the LSND best t point of m? = 1:2 eV?, sin?2 = 0:003,and an
expectedexcesf 147 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%).

2.7. MiniBooNE NuMI Results

Neutrino ewerts are also obsened in MiniBooNE from the NuMI beam?”. The
NuMI beam,asshavn in Fig. 17, di ers from the Booster neutrino beam (BNB) in
seeral respects. First, the NuMI beamis o axis by 110 mrad, whereasthe BNB
is on axis. Second,neutrinos from NuMI travel 700 m, comparedto 500 m for



Table 4: The number of antineutrino data, backgiound, and exasseventsfor di er ent EE ranges,
togetherwith the signi c ance of the exassesin antineutrino mode.

Evert Sample | Final Analysis
200 475MeV
Data 61
Badkground 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 13: The comparison betwa=n data and Monte Carlo expectation as a function of reconstructed
neutrino enemy for the presentantineutrino data sample correspnding to 3.4E20 POT.



Figure 14: The comparison between data and Monte Carlo expectation (top) and the exaessnumber
of events (bottom) as a function of reconstructed neutrino enemy for the presentantineutrino 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.



0.25

> =
§ 0.2 o data - expected background
DT —— best-fit M, ® 7,
C ) -
o e sin®2¢=0.004, D m’=1.0eV?
Ll S
n - —— sin?2g=0.2, D m*=0.1eV?
o 005 M
i g - e P oo neocoeeaooneeans
0 — ‘ l T —
- t .
-0.05[
-0.1;
_015 : | | | ‘ | | ‘ | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | |

200 400 600 800 1000 1200 1400 1600 1800 2000
E,. (MeV)

Figure 15: The exessnumber of events (data minus Monte Carlo expectation) as a function of
visible energy for the presentantineutrino data sample corresnding to 3.4E20 POT. Also shown
are the expectations from the bestoscillation 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%




Figure 16: The antineutrino oscillation allowed region in the enemy range475< E % < 3000MeV
for the present antineutrino data sample correspnding to 3.4E20 POT. Also shown are the best
oscillation t ( m2 = 4:4 eV?, sin?2 = 0:0047, correspnding to an exassof 186 13:2 events)
and the LSND best t point ( m2 = 1:2 eV?, sin?2 = 0:003 correspnding to an exessof 14:7
events).



Figure 17: The NuMI beam.

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. 18 shaws the estimated neutrino ux at the
MiniBooNE detector from the NuMI beam, while Fig. 19 comparesthe neutrino
uxes from the BNB and NuMI beams.

Figs. 20 and 21 shov the comparisonbetween data ewernts (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 evernts
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
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
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Figure 18: The estimated neutrino ux at the MiniBooNE detector from the NuMI beam.
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Figure 19: A comparison betwe=n the BNB and NuMI neutrino uxes.
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Figure 20: The comparison between data events (points with error bars) and the MC simulation
(histogram) for NuMI-induced = CCQE candidate events.
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Figure 21: The comparison between data events (points with error bars) and the MC simulation
(histogram) for NuMl-induced . CCQE candidate events.



CCQE sampleis produced mostly from the deca of kaonsand cortains a dominart
fraction of intrinsic . ewerts. 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. Physics Goals with 1E21 POT in Antineutrino Mo de

MiniBooNE, so far, has collected 6:5 10?° POT in neutrino mode and
34 10?° POT in antineutrino mode. For the future, it is imperative to understand
the MiniBo oNE low-energyexcessand to determine whether there is an unexpected
di erence betweenneutrino and antineutrino properties. The evert excessn neutrino
mode (and the apparert lack of an excessn antineutrino mode) is very interestingin
its own right and important for future long-baselineexperimerts sut asT2K, NO A,
and LBNE. T2K will have a very similar neutrino energydistribution 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.

3.1. Testingthe Low-Enegy Excesswith Antineutrinos

With 1E21POT in antineutrino mode, MiniBo oNE will be ableto determinecon-
clusively whetherthere is an anomalousdi erence betweenneutrino and antineutrino
properties. Table 6 shows the expected excessof low-energyeverts in antineutrino
mode under various hypothesesfor 1E21. Also shown in the Table is the probability
(from a two-parameter t to the data and assumingno excesdn antineutrino mode)
that ead hypothesisexplainsthe obsened number of low-energyneutrino and an-
tineutrino ewerts, assumingonly statistical errors, correlated systematic errors, and
uncorrelated systematic errors. As can be seenin Table 6, the Neutrino Scaledhy-
pothesiscan be veried (and the other hypothesesrejected) with 1E21 POT if no
excesds obsened in antineutrino mode.

3.2. A Direct Testof the LSND signal with Antineutrinos

With 1E21POT in antineutrino mode, MiniBooNE will be able to make a direct
andfairly sensitive test of the LSND signal. For the best-t LSND point of m? = 1:2
eV? and sir2 = 0:003%, MiniBooNE should obsene in the 475< EF < 3000
MeV energyrangean excesof 400 152 209 ewrts, correspndingtoa 1.5
signal. The signi cance of sud a signalmay be improved by further reductionsin the
systematicuncertainties (e.g. by comparingantineutrino data to neutrino data). Fig.
22 shows the expected antineutrino oscillation sensitivity for a threshold energy of



Table 6: The expected exessof low-eneigy eventsin antineutrino mode under various hypotheses
for 1E21 POT. Also shownin the Table is the protability (from a two-parameter t to the data
and assumingno exessin antineutrino mode) 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 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%

475MeV. The curvescorresmnd to 3.4E20POT, 5E20POT, and 1E21POT. With
1E21POT, most of the LSND regionis coveredat 90% CL.

3.3. MiniBooNE Follow-On

For the future, it will be imperative to understand the MiniBooNE low-energy
excess.This excesss very interesting in its own right and important for future long-
baselineexperimerts sud as T2K, NO A, and LBNE. T2K will have a very similar
neutrino energy distribution to MiniBooNE and will, therefore, be a ected by the
samelow-energyexcess.By analyzingthe MiniBo oNE antineutrino data, NuMI data,
and SciBooNE data, it may be possibleto reduce systematic errors and determine
whether any of the published models 45678 can provide an explanation for the
excessA full error matrix with correlatedand uncorrelatedsystematicerrorsis used
to estimate the systematic error at low energiesand includes errors from neutrino
ux, neutrino crosssections,and detector response. By comparingdata sets,someof
thesesystematicerrorswill cancel. If the low-energyexcessortinuesto be consisten
with a signal, then new experimerts at FNAL (MicroBooNE and BooNE) or ORNL
(OscSNS)should be built to explore physicsbeyond the Standard Model.

4. MicroBo oNE

The MicroBooNE experimert 28, which was recerily approved at Fermilab, ex-
ploits the precise di erentiation of photons versus electrons in a detector, as is
uniquely available from a Liquid Argon Time Projection Chamber (LArTPC). The
detector consistsof a 70 ton ducial volume LArTPC. It will run near the Mini-
BooNE enclosureon the BNB with an expectedexposureof 6 10?° protonson target.
Approximately 10° everts will be collectedwith the BNB and about 6 10* everts
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Figure 22: The expected antineutrino oscillation sensitivity for a thresholdenemgy of 475 MeV. The
curves correspnd to 3.4E20 POT, 5E20 POT, and 1E21 POT.

with the o -axis NuMI beam. The high spatial resolution and energy measuremen
down to the MeV scalewill substartially improve on information available from the
MiniBo oNE detector. The experimert will run in 2011.

The MicroBooNE detector, as shovn in Fig. 23, can separateelectron shavers
from photon showers using the energydepositedin the rst 2.4 cm of the track. For
an electrone ciency of 80%, cortamination is expectedto be < 5%, basedon MC
studies. The electronand energyresolutionis < 10% for energiesabove 15 MeV.
Given the excellen e= separation, MicroBooNE can identify the sourceof the low
energy ewerns obsened in MiniBooNE. MicroBooNE's sensitivity to the low energy
excessis 5 if the signalis electron-like and 3 if the signal is photon-like,
in a strictly courting-based experimert. Fits to shape-signaturesmay increasethe
signi cance.

5. BooNE

The BooNE experimert would involve building a seconddetector at a cost of
$8M along the BNB at FNAL at a di erent distance. With two detectors, many
of the systematic errors would cancel, as the neutrino ux varies as 1=r? to good
appraximation, sothat a simple ratio of events in the two detectorswould provide a
sensitive seart for  appearanceand  disappearance.Furthermore, by comparing
the rates for a NC reaction, sucd as NC © scattering or NC elastic scattering, a



Figure 23: A schematicdrawing of the MicroBooNE detector.

sensitive seart for sterile neutrinos can be made.

An ewen cheaper option would be to move the MiniBo oNE detectorto a di erent
location at a costofonly  $3M. For example,if the MiniBo oNE detectorweremoved
to a distanceof 200 m from the neutrino source,then the ewvert rate would increase
by a factor of 6 due to the 1=r? dependenceof the neutrino ux. After a year
of running, the comparisonof the event rates at the two locations could determine
whether the low-energyexcessobsened by MiniBooNE was due to neutrino oscilla-
tions. In addition, and disappearancecould be searted for with high precision
in the m? > 0:1 eV? massregion.

6. OscSNS

The OscSNSexperimert 29 would involve building a MiniBo oNE-like detector at
adistanceof 60 m from the SNSbeamdump at ORNL. The detectorwould be the
sameasMiniBo oNE exceptwith a higher phototube coverageof 25%and the addition
of 0:031g/l of butyl-PBD scirtillator. Due to the higher phototube coverage,the
estimatedcostis  $12M.Fig. 24 shaws the layout of the SNS,which is running with
a proton energyof 1 GeV with a goal of evertually reacing a beampower of 1:4
MW. The great advantage of the SNSis that the neutrino ux is extremely intense
and known almost perfectly, and the neutrino crosssectionsare known well. Fig. 25
shows the neutrino ux energydistribution, which includesa monocenergetic30 MeV



Figure 24: The layout of the SNS.

from * DAR and and from * DAR. Furthermore, asshown in the left plot
of Fig. 25, the moncenergetic can be identi ed by timing, as was performed by
the KARMEN experimert at the ISIS proton accelerator.

With the SNSneutrino ux, OscSNSwould be capableof making precisionmea-
suremens of ¢ and . appearanceand disappearanceand proving the existence
of sterile neutrinos via the NC reaction C'! C (15:11). Any obsened reduction
of this crosssection would be evidencefor active-sterile neutrino oscillations. Fig.
26 shows the expected active-sterile neutrino oscillation sensitivity as a function of

m? and sin?2 2. Fig. 27 shows the expected . appearancesensitivity. Other
physics goalsinclude precisionmeasuremets of e! e elastic scattering (and the
world's bestsensitivity for the  magneticmomen) and .C! e N charged-curren
scattering.

7. Conclusion

The MiniBo oNE experimert obsenesan unexplainedexcesf electron-like everts
at low energiesn neutrino mode, which may be due, for example,to either a neutral
currert radiative interaction ¥ or to neutrino oscillations involving sterile neutrinos
45678 and which may be related to the LSND signal. No excessof electron-like
ewvents, howewer, is obsened sofar at low energiesn antineutrino mode. MiniBo oNE,
therefore, has requestedadditional running in antineutrino mode for a total of 1E21



Figure 25: The right plot showsthe neutrino ux enegy distribution, whichincludesa moncenergetic
30 MeV from * DAR and . and from * DAR. The left plot showsthe neutrino time
distribution. The moncenergetic  can be identi e d by timing.

Figure 26: The expected OscSNSactive-sterile neutrino oscillation sensitivity as a function of m?
and sin®2 after three years of data taking.



Figure 27: The expected OscSNS | oscillation sensitivity as a function of m? and sin? 2
after three years of data taking.

POT. With this additional data taking, which should be completed by the end of
2011, the MiniBooNE collaboration will be able to determine conclusiely whether
there is an anomalousdi erence betweenneutrino and antineutrino properties.

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 3.4E20POT in antineutrino mode, almost all of the LSND region is still
allowed, asthe currert limit is worsethan 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 oscillations at the LSND best-t point, a 1.5
event excessvould be expected.

If the low-energyexcessortinuesto be consiste with a signal, then new exper-
iments at FNAL (MicroBooNE and BooNE) or ORNL (OscSNS)should be built to
explore physicsbeyond the Standard Model.
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