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1 Executive Summary 
MiniBooNE has accumulated 5.58 x 1020 protons on target (POT) with the horn in 
neutrino mode and, earlier this year, published a search for Ve appearance that ruled 
out a two neutrino oscillation interpretation of the results of the LSND experiment 
[23]. These data also showed an excess of Ve candidates at low energy that is under 
active investigation and the wider data set is being used to make a suite of neu-
trino cross-section measurements. At this time the collaboration believes there is no 
compelling need for more neutrino mode data. 

Since January of 2006 the beamline has run with the horn in anti-neutrino mode 
and has so far accumulated 2.33 x 1020 POT in that configuration. As laid out in the 
documents that requested this running period [26, 27], these events are being used 
to make a series of anti-neutrino cross-section measurements and a search for anti-
numu disappearance. The 2.33 x 1020 POT are still considered sufficient to make these 
measurements. There is one crucial analysis, however, that would significantly benefit 
from more POT: a search for De appearance. The LSND result was an indication of 
anti-Ve appearance and hence it is critical that MiniBooNE test LSND in anti-neutrino 
mode as well as with the already published neutrino mode search. 

With 2.33 x 1020 POT in anti-neutrino mode MiniBooNE is insensitive to much 
of the LSND allowed parameter space, but if these data were increased to 5.0 x 1020 

POT then the coverage of the LSND region would be significantly improved. In 
FY2008 the Booster Neutrino Beamline (BNB) is slated to provide 1.0 x 1020 POT 
in neutrino mode and 1.0 x 1020 POT in anti-neutrino mode; this is the already 
approved SciBooNE run. Having the BNB deliver 2.0 x 1020 POT in FY2009 is within 
the projections of the Proton Source Department. MiniBooNE therefore makes the 
following request: 

MiniBooNE requests an additional 3.0 x 1020 POT in .anti-neutrino 
mode to give the experiment a total of 5.0 x 1020 POT in this configuration 
and enable a powerful check of the LSND result in anti-neutrinos. The 
experiment further requests that these POT be delivered in FY2008 and 
FY2009. 
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2 Introduction 
MiniBooNE was motivated by the result from the Liquid Scintillator Neutrino Detec-
tor (LSND) experiment [1] in the mid 1990's, which presented evidence for Dµ - De 
oscillations at the 6.m2 ~ 1 eV2 scale. The 3.Sa- excess of electron anti-neutrino 
candidates seen by LSND would correspond to a Dµ - De oscillation probability of 
0.26 ± 0.08%. While the KARMEN experiment observed no evidence for neutrino os-
cillations [2], a joint analysis [3] showed compatibility at the 64% C.L. Solar neutrino 
[4, 5, 6, 8, 7], atmospheric neutrino [9, 10, 11, 12], long-baseline accelerator neutrino 
[13, 14] and reactor anti-neutrino experiments [15] have convincing evidence for neu-
trino oscillations, but at two 6.m2 scales very different from that indicated by the 
LSND result. This would necessitate the introduction of one or more new neutrino 
states ( which must be sterile [16]) or other extensions to the Standard Model. 

MiniBooNE was built with a baseline and a neutrino energy spectrum peak both 
roughly ten times that of LSND. This enables the experiment to be sensitive to 
roughly the same oscillation phase space, since L / E was the same as that of LSND, 
but with very different systematics, as the neutrino energy is so much higher. 

Between 2002 and late 2005 MiniBooNE accumulated 5.58 x 1020 protons on tar-
get in neutrino mode ( the configuration where the horn focuses positively charged 
particles). With these data, the experiment searched for evidence of electron neu-
trino appearance consistent with an oscillation interpretation of LSND. The analysis, 
done via two independent methods, was released in April 2007 [23] and ruled out a 
two-neutrino oscillation interpretation of LSND by looking above a neutrino energy 
threshold of 475 MeV. The neutrino energy histogram of electron neutrino candidates 
and the curves showing the excluded region of oscillation space are shown in Figs. 1 
and 2. Below 475 MeV neutrino energy there is an excess of events in the data. This 
area is currently under intense study. 

The sources of systematic error in the measurement divide into three categories: 
uncertainties in the neutrino fluxes, uncertainties in the neutrino cross sections, and 
uncertainties in the modeling of the detector. These groups of errors are taken to be 
independent, and an individual error matrix is formed for each that includes the full 
correlation among the systematic parameters. This is mapped to a matrix describing 
the correlated errors in predicted background plus possible signal in eight Ve E<JE bins. 
The final covariance matrix for all sources of uncertainty (statistical and systematic) 
is the sum of the individual error matrices. This method of estimation of systematic 
uncertainties is CPU intensive, but, once set up, can be used to estimate errors for 
any MiniBooNE dataset. In particular this system has been used in this document 
to produce a complete estimate of the uncertainties associated with a De sample 
used to search for De appearance oscillations. The signal extraction is performed by 
computing the x2 comparing data to predicted background plus a (sin2 (20), 6.m2)-

determined contribution from vµ - Ve two-neutrino oscillations in the eight E<JE 
bins; this quantity is then minimized with respect to these two oscillation parameters 
across their physical range. When setting limits or calculating sensitivity curves a 
raster scan in 6.m2 is performed and for each raster a single parameter, one sided 
confidence point is found. The set of these points forms the limit/sensitivity curve. 

With the 5.58 x 1020 POT in neutrino mode MiniBooNE is also pursuing a number 
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Figure 1: The top plot shows the number of candidate Ve events as a function of E<;]E. 
The points represent the data with statistical error, while the histogram is the expected 
background with systematic errors from all sources. The vertical dashed line indicates 
the threshold used in the two-neutrino oscillation analysis. Also shown are the best-fit 
oscillation spectrum ( dashed histogram) and the background contributions from vµ and 
Ve events. The bottom plot shows the number of events with the predicted background 
subtracted as a function of E<;]E, where the points represent the data with total errors 
and the two histograms correspond to LSND solutions at high and low 6.m2 . 
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Figure 2: The fop plot shows the MiniBooNE 90% CL limit (thick solid curve) and 
sensitivity ( dashed curve) for events with 4 75 < E~E < 3000 Me V within a two-
neutrino oscillation model. Also shown is the limit from the boosted decision tree 
analysis (thin solid curve) for events with 300 < E~E < 3000 Me V. The bottom plot 
shows the limits from the KARMEN [2} and Bugey [22} experiments. The MiniBooNE 
and B'ugey rnrves are one-sided upper limits on sin2 20 corresponding to .6.x2 = 1.64, 
while the KARMEN curve is a "unified approach" 2D contour. The shaded areas show 
the 90% and 99% CL allowed regions from the LSND experiment. 
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of other analyzes each of which have, or will shortly, yield publications. At the start of 
2006 MiniBooNE switched to running in anti-neutrino mode (where the horn focuses 
negatively charged particles) and since that time has accumulated 2.33 x 1020 POT 
in that configuration. As described in previous submissions to the PAC [26, 27], a. 
suite of measurements are also being pursued using this dataset. 

3 Anti-Neutrino Sensitivity 
In previous requests to the ·PAC, MiniBooNE has asked for running in anti-neutrino 
mode to make a set of ground-breaking anti-neutrino cross-section measurements and 
to make a search for Dµ disappearance. Notably absent from these requests was the 
possibility of using the requested POT to make a search for De appearance oscillations. 
Since anti-neutrino charged current cross-sections are typically a factor of ~ 3 less 
than their neutrino equivalents, and since the flux in anti-neutrino mode is almost 
a factor of 2 smaller than in neutrino mode, it was known in each of the previous 
requests that a De appearance measurement would need more POT than were being 
asked for at the time. The present request, however, is for enough additional anti-
neutrino mode POT to perform a De appearance search. 

MiniBooNE has now completed the Ve appearance analysis and with it a complete 
assessment of all the relevant systematics. As explained in Sec. 2, the systematic 
uncertainties were determined by assessing all the low level uncertainties· in processes 
such as pion production in p-Be collisions and the uncertain parameters of neutrino 
cross-sections, and then propagating these uncertainties into an error matrix in the 
final neutrino energy histogram. This method can be readily transferred to the De 
appearance analysis; this section shows the results of that transfer. 

In the Ve appearance result the systematic errors were larger that the statistical, 
though not dominantly so. This gives reason to hope that despite the lower interaction 
rate (a factor of~ 5 for the same POT), a De appearance search might have "similar" 
sensitivity to the Ve appearance result for a comparable number of protons on target. 
Fig. 3 shows the MiniBooNE De appearance sensitivity curves for 2.33 x 1020 , 5.0 x 1020 , 

and 10.0 x 1020 delivered POT. As Sec. 4 explains, the already delivered 2.33 x 1020 

POT corresponds to 2.0 x 1020 POT in usuable statistics. These curves have been 
laid over the region allowed at 90% by a joint analysis of LSND and KARMEN [3). 

For the total of 5.0 x 1020 POT in anti-neutrino mode requested in this document, 
Fig. 4 shows the sensitivity curves that result when one considers statistical errors 
only ( red curve), statistical plus detector ( optical model) errors (green curve), and 
all relevant errors except the contribution from dirt events (blue curve). The blue 
curve in Fig. 4 is identical to the cyan curve in Fig. 3. In Fig. 4 the curves are laid 
over the region allowed at 90% and 99% by LSND alone; this allows direct com-
parison with the neutrino mode exclusion limit result of Fig.2. In keeping with the 
neutrino mode oscillation analysis the sensitivities shown here only consider events 
with a reconstructed neutrino energy above 475 MeV. A couple of approximations 
have been made in the MiniBooNE curves of Figs. 3 and 4 for reasons of CPU time. 
The fractional effect of the detector optical model uncertainties on the De signal and 
background histograms has been taken from the neutrino mode error matrix rather 
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Figure 3: The sensitivity to De oscillations for the already accumulated 2.33 x 1020 

protons on target, for 5.0 x 1020 , and for 10.0 x 1020 POT. These curves are laid 
over the 90% confidence region that results from a combined fit to both LSND and 
KARMEN. 
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Figure 4: The sensitivity to De oscillations for 5.0 x 1020 POT for statistical errors only 
(red)) for statistical plus detector (optical model) errors (green)) and for all relevant 
errors except the contribution from dirt events {blue). These curves are laid over the 
regions allowed at 90% and 99% C.L. by the LSND result. The sensitivity curves on 
this figure can be directly compared with the neutrino mode exclusion curves of Fig. 2. 
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than being recalculated specifically for anti-neutrino mode, and the effect of back-
grounds for neutrino interactions outside the tank have been left out. The optical 
model approximation is expected to be extremely good, but the absence of dirt back-
grounds will make the curves of Figs. 3 and 4 slightly better than they should be. 
The effect will not change any conclusions drawn from these plots, but will result in 
future versions of these figures looking slightly different as the approximations are 
removed. 

From Fig. 3 it is clear that 2.33 x 1020 delivered POT in anti-neutrino mode 
covers a sliver of the region allowed at 90% by a combined LSND-KARMEN analysis. 
However, the coverage is significantly expanded by increasing the dataset to 5.0 x 1020 

POT. The 10.0x 1020 POT curve is even better, of course, but it will be shown in Sec. 4 
that this number of POT is probably not achievable within a reasonable time. The 
extra POT being requested will allow a real test of the LSND result in anti-neutrino 
mode. 

4 Run Feasibility 
The achievement of the physics goals outlined above depends critically on the experi-
ment's ability to complete the run, i.e., can enough POT be accumulated in two years? 
Are there sufficient personnel to staff shifts and do the analysis? Is the apparatus 
sufficiently robust? and are there enough spare parts? 

Table 1 shows the POT collected in the anti-neutrino run starting Jan 18, 2006. 
This corresponds to a total of 54 weeks of running. Due to hydrogen embrittlement 
of the chains suspending the 25 ton steel absorber plates, two separate plates fell 
into the decay pipe at different times. The biggest effect of this was to reduce the 
neutrino flux by 20% for one plate, and a total of 30% with two plates down. A 
further effect was a small distortion of the energy spectrum at low energy. However, 
a comparison of data and Monte Carlo shows that this distortion can be accurately 
reproduced and corrected in the analysis. Therefore, the data with the absorber 
plates are usable, with only a reduction in neutrino rates. Table 1 shows the POT 
corrected for this effect. The 2.33 x 1020 POT collected are equivalent to 2.03 x 1020 

POT in anti-neutrinos with no absorber problem. 

Condition Total Corrected 
x1020 POT x1020 POT 

No absorber 1.15 1.15 
One absorber plate down 0.57 0.45 
Two absorber plates down 0.61 0.43 
Totals 2.33 2.03 

Table 1: Integrated protons on target in anti-neutrino mode for various run conditions. 
The third column includes a correction for reduced neutrino rates due to the absorber. 

Proton delivery projections are generated as part of the "Proton Plan." In these 
estimates it is assumed that anti-proton production and the NuMI beamline have 
priority, and will get as many protons as the Main Injector can accelerate. It is 
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also assumed that the MiniBooNE experiment will get whatever protons the Proton 
. Source cah produce beyond that. Over the next year, both the protons to NuMI and 
the total Booster output are expected to increase, and because the MiniBooNE flux 
depends on the difference, this results in a significant uncertainty. This projection 
includes the negative effects of slip-stacking and positive effects of correctors and the 
improved running of the Booster achieved so far ( the last three months of running 
prior to the 2007 shutdown achieved~ 0.5 x 1019 POT /week, with NuMI running). In 
this scenario, the Booster should be able to continue delivering protons to MiniBooNE 
at roughly the 1 - 2 x 1020 POT /year level for the next few years. 

Running in FY2008 would be concurrent with SciBooNE. Their goal is to collect 
1 x 1020 POT initially in neutrino mode, then switch to anti-neutrinos for a further 
1 x 1020 POT. Thus, next year would only count as 1 x 1020 POT toward anti-neutrino 
data collected, and it would require a further year (2009) of anti-neutrino running to 
achieve the goal of an additional 3 x 1020 POT, to give a total of 5 x 1020 POT in 
anti-neutrinos. 

The success of the run requires the personnel to staff shifts, and the reliability 
of the hardware and availability of spare parts for a further two years of operations. 
A three year projection of personnel available for running shifts, based on replies of 
collaboration members, is shown in Table 2. In FY2008 shift responsibilities would 
be shared with SciBooNE; beyond that MiniBooNE would be entirely responsible 
for shifts. As can be seen, there is 69% of shifters available in FY2009 compared to 
present. This can be offset by requiring more shifts per person, and allowing remote 
shift operations. A third year of running (FY2010) would see a 50% drop in shift 
personnel below present levels, making staffing shifts more problematic. 

I Year I Projected Shift personnel (FTE) I 

present 54 
2008 44 
2009 37 
2010 29 

Table 2: Projected MiniBooNE shift personnel. 

With everything in place from the Ve appearance result one can perform the De 

appearance analysis using these same tools. There will likely be some fresh optimizing 
of cuts and tuning of simulations, but nothing compared to the level of work required 
to produce the Ve appearance result. Consequently, De appearance results are expected 
to be available shortly after the 5.0 x 1010 POT is accumulated. 

The beamline, horn system, and detector have been operating well for the duration 
of the experiment since 2002. One horn replacement has been needed, and a repair 
of the 25 m absorber, but no major detector repairs or downtime have been incurred. 
A third horn and target are ready, as are spare accelerator parts, and spare detector 
electronics sufficient to run the experiment two more years. Also available is a fourth 
horn inner conductor (the part with the longest lead time). One possible trouble spot 
is the detector HVAC, which has been problematic over the years. It should continue 
to run for two more years with preventative maintenance and spare parts for the most 
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likely failure modes. An inspection of the 25 m absorber during the 2007 shutdown 
shows it to be working well with no corrosion present on the new hanging fixtures. 

5 Summary 
Increasing MiniBooNE's anti-neutrino POT from the current 2.33 x 1020 POT to 
5.0 x 1020 POT will significantly increase the experiment's ability to test the LSND 
indication of oscillations. It should be remembered that the LSND measurement was 
an indication of anti-Ve appearance and so it is imperative that MiniBooNE test it 
with anti-neutrinos as well as with the already published neutrino mode search. OP-
violating models with the addition of two or more sterile neutrinos and which allow 
LSND style De appearance while showing no measurable Ve appearance are allowed 
by all the existing data, albeit with some tension (see Appendix C). 

The additional, requested POT should only take FY2008 and FY2009 running. 
This estimate allows for the approved SciBooNE running of 1.0 x 1020 POT in neutrino 
mode and 1.0 x 1020 POT in anti-neutrino mode in FY2008. To complete the picture 
Appendices A and B describe how the extra running might improve MiniBooNE's 
anti-neutrino cross-section measurements and whether it would shed any light on the 
excess of low energy electron neutrino candidates seen in neutrino mode. 
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A Cross-Section Measurements 
Increasing the anti-neutrino sample from 2.33 x 1020 POT to 5.00 x 1020 POT will 
clearly benefit the anti-neutrino cross-section measurements that MiniBooNE is mak-
ing, since the extra statistics will shrink error bars. That having been said, the benefit 
is not expected to be great. Many of these measurements already have enough statis-
tics with 2.33 x 1020 POT that they are becoming systematics limited. An exception 
is the wrong-sign measurement in energy bins. This analysis, described in more detail 
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Figure 5: This plot is identical to the upper plot of Fig. 1, but with an extra bin added 
at low energy from 200 to 300 Me V. See caption of Fig. 1 for details. 

in [26, 27], involves measuring the angular distribution of the muon in anti-neutrino 
mode CCQE interactions in bins of neutrino energy in order to extract the wrong sign 
(vµ) flux as a function of energy. Increasing the anti-neutrino mode POT would en-
able this analysis to bin the neutrino spectrum more finely. In addition the Dµ NC1r0 

cross-section will benefit from more statistics as it has a relatively small cross-section. 

B The Low Energy Excess 
It was noted in Sec. 2 that MiniBooNE found an excess of Ve candidates between 300 
and 475 MeV in its Ve appearance search. Since that time the collaboration has looked 
lower in energy, down to 200 Me V, and found the excess persists. This is shown in 
Fig. 5. (At the present time MiniBooNE is not fully confident in the systematic errors 
below 200 Me V and so is not willing to lower the threshold still further). 

Table 3 breaks down the Monte Carlo estimated backgrounds for the three energy 
regions 200-300 MeV, 300-475 MeV, and 475-1250 MeV for the 5.58 x 1020 POT of 
the neutrino mode result (where the data numbers are also listed) and for 5.0 x 1020 

POT in anti-neutrino mode. This table shows a neutrino mode excess of 91 ± 25 ± 19 
Ve candidate events between 200 and 300 MeV and 95 ± 21 ± 19 between 300 and 475 
MeV. The two neutrino oscillation analysis region above 475 MeV shows no significant 
excess (hence MiniBooNE's ability to rule out two neutrino oscillations as the source 
of the LSND result). At this time it is not known whether the excess is due to a 
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Reconstructed Ev [Me V] 
200-300 300-475 475-1250 

Ex~ess ± (sys) ± (stat) 91 ± 25 ± 19 95 ± 21 ± 19 22±35±19 
Data ±(stat) 375±19 369±19 380±19 
Background ±(sys) 284±25 274±21 358±35 
Ve Intrinsic 26 67 229 

5.58 X 1020 vµ MisID 258 207 129 
POT NC 1r0 115 76 62 

v mode NC~-,. N 1 20 51 20 
Dirt 99 50 17 
other 24 30 30 
Excess - - -
Data - - -
Background ±(est. sys) 112±10 90±7 113±11 
Ve or De Intrinsic 11 24 80 

5.00 X 1020 vµ or Dµ MisID 101 66 33 
POT NC 1ru 42 21 15 

D mode NC L}.-,.N1 8 13 4 
Dirt( est. from v mode) 45 22 7 
other 6 10 7 

Table 3: A breakdown of the backgrounds to the ve(De) appearance search in three 
reconstructed neutrino energy bins. The top block shows the data and Mante Carlo 
prediction for the backgrounds for the 5.58 x 1020 POT published in neutrino mode. 
The bottom block shows the Monte Carlo background predictions (no data) for the 
5.0 x 1020 POT being requested in anti-neutrino mode. The D mode dirt background 
has been estimated by scaling down the v mode dirt assuming it comes from NC1r0 

interactions. Also, the D total systematic error on the background estimate is obtained 
by just scaling the v mode systematic error. These are both expected to be tolerable 
approximations. 

new type of background, mis-estimated backgrounds, mis-modeled detector effects, 
or some beyond Standard Model physics and the collaboration is working hard to 
understand this. The question arises whether the anti-neutrino mode sample can 
help in this effort and whether 5.0 x 1020 POT in this mode provides significantly 
more information th.an 2.33 x 1020 POT. If one simply scales the neutrino mode 
excess down by the ratio of anti-neutrino mode to neutrino mode backgrounds one 
would predict an anti-neutrino mode excess of 27±6.6(sys)±10.4(stat) for 2.33 x 1020 

POT and 67±16.7(sys)±l6.4(stat) for 5.0 x 1020 POT (these numbers conservatively 
assume the systematic error is fully correlated between the two low energy bins). 
Thus the extra anti-neutrino mode running would turn a 2o- excess into a 3o- one . . 

The big question with the low energy excess is whether the extra events are elec-
trons from a Ve charged current process, in which case there's a strong indication 
of new physics creating these extra ves; or from gammas from vµ neutral current 
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True Neutrino Energy [MeV] 
200-300 300-475 475-1250 

Vµ flux [MB-1 POT-1] 4.076 X 10-3 8.512 X 10-3 3.464 X 10-2 

V Dµ flux [(v mode vµ flux)-1] 0.0867 0 . .0587 .0.0311 
mode Ve flux [(v mode Vµ flux)-1] 0.00609 0.00518 0.00393 

De flux [(v mode vµ flux)-1] 0.000587 0.000469 0.000363 
vµ flux [(v mode vµ flux)-1] 0.125 0.0879 0.0670 

D Dµ flux [(v mode vµ flux)-1] 0.807 0.728 0.514 
mode Ve flux [(v mode Vµ flux)-1] 0.00131 0.00110 0.000747 

De flux [(v mode Vµ flux)-1] 0.00420 0.00308 0.00167 

Table 4: The fluxes of the four neutrino types (vµ, Dµ, Ve, De) in neutrino mode and in 
anti-neutrino mode. The fluxes are given in each of three neutrino energy bins - 200 
to 300 Me V1 300 to 475 Me V1 and 475 to 1250 Me V. The vµ flux in neutrino mode 
is given first in units of neutrinos crossing the MiniBooNE detector (radius 610. 6cm) 
per proton on target. Subsequent fluxes are given in units of the neutrino mode vµ 
flux. 

processes, which would indicate mis-estimated backgrounds. The ratio of neutrino 
to anti-neutrino cross-sections for charged current processes in this energy range is 
about 3.0; the ratio for neutral current processes leading to the production of a 6-
resonance is about 1. 7; and the ratio for several other neutral current processes ( e.g. 
coherent 1r0 production or the recently suggested neutral current anomaly mediated 
photon production [17]) is about 1.0. In principle one could compare the low energy 
Ve candidate excess in neutrino mode with a low energy De candidate excess in anti-
neutrino mode, and then, assuming the two excesses have the. same cause, use these 
different factors to infer whether the excesses are due to a charged current process or 
one or other neutral current process. The question is whether the limited statistics 
make the excesses in the different scenarios significantly different. 

One can use the information in Table 3 together with the details of the neutrino 
fluxes in each mode given in Table 4 to predict anti-neutrino mode low energy excesses 
under each of three scenarios: 1) the excesses are due to Ve charged current events, 
2) the excesses come from mis-estimating the rate of neutral current 6- production, 
and 3) the excesses come from other neutral current processes whose cross-section 
is the same for neutrino and anti-neutrino. These three scenarios are not intented 
to exhaust the list of possibilities, just to provide a sampling of the range of anti-
neutrino excess that might be inferred from the neutrino mode excess. The results of 
the calculation are shown in Table 5. Noticeably different anti-neutrino mode excesses 
result from the three scenarios, but the uncertainties are also large. If one considers 
a ratio of the excesses in neutrino and anti-neutrino mode the systematic error will 
be reduced as much of it is in common between the two modes. The statistical errors 
from the two modes will not cancel and must be combined in quadrature. Even if 
one sets the systematic error to zero, however, the uncertainty on the excess ratio 
is too large to enable a measurement of an anti-neutrino mode excess to distinguish 
between the three scenarios. That being said, it is always possible the anti-neutrino 
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Reconstructed Ev [Me VJ 
200-300 300-475 

5.58 x 1020 POT v mode data excess 91 ± 25 ± 19 95 ± 21 ± 19 
Ve CC excess 32 ± 12(stat) 28 ± ll(stat) 

5.0 x 1020 POT D mode vµ NC .6.. excess 30 ± 12(stat) 31 ± ll(stat) 
other v µ NC excess 47 ± 13(stat) 50 ± 12(stat) 

Table 5: The first row of the table gives the measured excesses of Ve candidates in the 
200-300 and 300-415 Me V bins of the neutrino mode Ve appearance result. The next 
three rows give the excesses that would result from 5.0 x 1020 POT in anti-neutrino 
mode under three scenarios: 1) the excesses are due to Ve charged current events, 2) 
the excesses come from mis-estimating the rate of neutral current .6.. production, and 
3) the excesses come from other neutral current processes whose cross-section does 
not change in going from neutrino to anti-neutrino. The numbers in the first row are 
given with systematic errors first followed by statistical. All other numbers are given 
with just statistical errors. 

mode run may reveal an important clue to the origin of the low energy excess in a 
way not predicted. Perhaps there will be no excess in anti-neutrino mode or an excess 
even larger than that seen in the neutrino mode running. 

C Oscillation Theory 
Confirmation of the LSND signal in anti-neutrino mode would indicate new physics. 
Assuming CPT conservation, the Standard Model with three light neutrinos predicts 
two independent .6.m2 describing flavor transitions. Before the MiniBooNE oscilla-
tion result, the experimental situation regarding neutrino oscillations indicated three 
distinct mass regions at the solar, atmospheric, and LSND scales [18]. Under the 
assumption of CPT and CP conservation, the recent MiniBooNE oscillation analysis 
from neutrino mode data has ruled out a simple two neutrino oscillation interpreta-
tion of the LSND result. However, should there be any CPT or CP violation in the 
neutrino sector, the LSND signal would not have been fully tested, since oscillation 
probabilities may be different for neutrinos and anti-neutrinos. In that case, Karmen 
and Bugey, which are the only experiments performed in anti-neutrino mode, rule 
out only a portion of the LSND phase space as shown in Figure 2. 

There are several models that predict CPT violation in the neutrino sector [19]. In 
these models neutrinos and anti-neutrinos have different .6.m2 splittings, resulting in 
differences between neutrino and anti-neutrino oscillation probabilities. If CPT were 
to be violated, then there is still the possibility of oscillations in anti-neutrino mode, 
which is the mode in which LSND ran. Thus, for MiniBooNE to completely rule 
out LSND, sufficient statistics in anti-neutrinos need to be collected. With 5 x 1020 

POT in anti-neutrinos, a De appearance measurement of similar sensitivity to the 
MiniBooNE neutrino result can be achieved. 

An interesting idea that produces differences between neutrino and anti-neutrino 
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Figure 6: Expected oscillation probabilities at MiniBooNE in neutrino and anti-
neutrino running modes, for GP-violating (3+2} models /20/. Here, the neutrino 
masses and mixing are fixed to their best fit values from all short baseline data fits 
(except MiniBooNE}, and GP-violating phase c/>45 is allowed to vary. 

oscillation probabilities, and is more subtle than full CPT violation, is the possibility 
of CP violation in models with two or more sterile neutrinos. These are known as 
(3+2), or more generally (3+n) models [16][20]. 

If more than one b;.m2 contribute to the oscillations, MiniBooNE can be sensitive 
to a OP-violating (CPV) phase in the mixing matrix. Only appearance measurements 
are sensitive to such a CPV effect. This is the motivation for CPV searches at NOvA 
and T2K, where only the three active neutrinos are generally assumed. In the case 
of LSND-like oscillations, additional CPV phases may affect the CPV searches both 
at long and short neutrino oscillation baselines. For the case of (3+2) models [20], 
CPV phases can affect neutrino oscillations in short-baseline experiments, where the 
oscillation probability is given by: 

P()°;J-/;;l) = 41Ue4J 2 JUµ41 2 sin2 
X41 + 41Ue5l 2 1Uµ51 2 sin2 X51 + (1) 

81Ue4IIUµ4JIUe5IIUµ51 sinx41 sinx51 cos(x54=j=cp45) 

where 

(2) 

CPV affects the oscillation probability through the interference term appearing 
in the second line of this equation (¢45 ---+ -¢45), which can lead to differences in 
oscillation probabilities between neutrinos and anti-neutrinos. 

Within these models, expectations for MiniBooNE neutrino and anti-neutrino 
running can be significantly different. Figure 6 illustrates this result for a particular 
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Figure 7: MiniBooNE neutrino mode spectral data in bins of reconstructed CCQE 
neutrino energy. The histograms show the prediction at the best fit points in (3+2) 
mass schemes for SBL appearance data LSND, KARMEN, NOMAD, and MB (left), 
and for the global data (right). For the solid histogram the full MB energy range has 
been used (MB300) in the fit, whereas for the dashed histogram the two lowest energy 
data points have been omitted (MB415) as was done for the original MB oscillation 
analysis. The plots are from {21}. 

sample of (3+2) models with CPV. The calculation uses the MiniBooNE neutrino 
and anti-neutrino mode fluxes (including Ve and De backgrounds), thereby taking the 
energy dependence and wrong-sign neutrino contamination into account. The abscissa 
is the MiniBooNE oscillation probability that would be observed in neutrino mode 
and the ordinate is the oscillation probability that would be observed in anti-neutrino 
mode, based on the model parameters considered. One can see that CP violation may 
enhance or decrease the oscillation probability in anti-neutrino mode with respect to 
neutrino mode, depending on the value of the CPV phase. Even for small values of 
oscillation probability in neutrino mode, CPV can cause an enhancement ( of up to 
60%) in anti-neutrino mode. 

An example of a CPV (3+2) model fit [21] to the recent MiniBooNE oscillation 
data is shown in Figure 7. Also included in the fit are the appearance measurements 
from KARMEN, NOMAD, and LSND (left), and all short baseline measurements, 
including LSND (right) [21]. Even though the low energy excess below E;jCQE < 475 
MeV has not yet been substantiated, a fit was extended into this region assuming the 
excess events are electron neutrino candidates. As can be seen, a decent fit can be 
obtained in the appearance-only case. However, there is tension for global fits that 
include neutrino disappearance measurements. For details of the fit, see Table I in 
[21]. The point here is that (3+2) models with CPV have some success in fitting 
the short baseline data, including the MiniBooNE neutrino result and LSND anti-
neutrino signal. An important consideration to note is that the (3+2) fit done here is 
without the MiniBooNE full error matrix. This analysis is currently being performed 
by MiniBooNE and will be published soon. 

Based on the best-fit model parameters obtained by [21] in a global data fit with 
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the full MiniBooNE energy range, MiniBooNE would observe a 0.1% oscillation prob-
ability in anti-neutrino mode, PBooNE· Compared to the corresponding oscillation 
probability in neutrino mode, this would indicate an oscillation probability asymme-
try of 45%. MiniBooNE's ability to discern such an asymmetry is under investigation. 
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