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1. Introduction: MiniBooNE Experiment

ng&illaﬁjons?

FNAL booster target and horn

S decay region ——
(8 GeV protons) (174 kA) [5?[1 IT?I dirt detector
(~500 m)
by switching horn polarity, we focus negatively
charged mesons, yielding an anti-v, beam 800 ton mineral oil Cherenkov detector

12 m in diameter (450 ton fiducial volume)
lined with 1280 inner PMT’s, and 240 outer veto PMT’s
NIM A599, 28 (2009)



1. Introduction: MiniBooNE Experiment
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MiniBooNE can look for both (;: appearance ((Gu —>(§e) oscillations)

(=) 4 (=) (=) -
and v, disappearance ( v, —>)/u oscillations) 4



1. Introduction: MiniBooNE Experiment
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MiniBooNE can look for both (Ge) appearance ((52 —>(§e) oscillations)

(=) 4 (=) (=) -
and v, dlsappearance(vu —>)/u oscillations) S



1. Introduction: Sterile Neutrinos

LSN@ and the [In]Famous Sterile Neutrino...
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Sterile neutrino interpretations:
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1. Introduction: Sterile Neutrinos

Other experimental constraints to these models:

experiment result search (channel) constrains

LSND signal - v, —>V, u,U,

KARMEN ull v, —>¥, u,U, APPEARANCE
NOMAD null Vv, —>V, u,u.

Bugey null v, disappearance u,,

CHOOZ null v, disappearance U, Ve DISAPPEARANCE
CCFR null Vi disappearance ULH

CDHS null Vi disappearance L.TLH v, DISAPPEARANCE
atm constraints null Vi disappearance ULH

Null short-baseline (SBL) experiments and LSND are incompatible under two-
neutrino oscillations (3+1).

However, models with more than one sterile neutrino are more promising:
“All experiments are compatible at 2.1%" [Sorel, et al. PRD 70 073004 (2004)]

(3+2) model: effectively a three-neutrino oscillation analysis
— room for observable (Dirac) CP violation
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2. MiniBooNE Results: v, —>/&u and ;ﬂ _’/7u Disappearance Results

Neutrino running provides a high-statistics, pure v, beam.
The analysis is dominated by systematic flux and cross-section uncertainties — perform a shape-only fit.
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The antineutrino disappearance search uses a smaller data
sample (POT, flux, cross section differences).
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2. MiniBooNE Results: v, —>/&u and 5“ _’/7u Disappearance Results

MINIBOONE SEES NO v, OR Vu DISAPPEARANCE AT 90% CL
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The antineutrino disappearance search uses a smaller data
sample (POT, flux, cross section differences).
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2. MiniBooNE Results: v, oV, Appearance Results
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Phys. Rev. Lett. 98, 231801 (2007);
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2. MiniBooNE Results: v, oV, Appearance Results

MINIBOONE SEES AN EXCESS OF v_EVENTS AT LOW ENERGY

s 3 " low-energy Distribution of v, events
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2. MiniBooNE Results: v, oV, Appearance Results

MINIBOONE SEES AN EXCESS OF v_EVENTS AT LOW ENERGY
BUT NO v, oV, OSCILLATIONS AT THE LSND L/E
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2. MiniBooNE Results: v, oV, Appearance Results

MINIBOONE SEES AN EXCESS OF v_EVENTS AT LOW ENERGY
BUT NO v, oV, OSCILLATIONS AT THE LSND L/E
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2. MiniBooNE Results: Ju — v_ Appearance Results
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2. MiniBooNE Results: Ju — v_ Appearance Results

MINIBOONE SEES NO SIGNIFICANT EXCESS AT LOW ENERGY
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2. MiniBooNE Results: Ju — v_ Appearance Results

MINIBOONE SEES NO SIGNIFICANT EXCESS AT LOW ENERGY
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2. MiniBooNE Results: Vu — v_ Appearance Results

MINIBOONE SEES NO SIGNIFICANT EXCESS AT LOW ENERGY
AT THIS POINT, INCONCLUSIVE WITH RESPECT TO V.oV, OSCILLATIONS AT THE LSND L/E
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2. MiniBooNE Results: NuMI Off-Axis v, CCQE Results

To Soudan-,
MiniBooNE -
iniBooNE Booster Neutrino Beam L/E : ~ 500m / 700MeV
.. NuMI Beam to MiniBoo Detector : :
& ————————Otfaxis il —>—ap—————— NuMI Off-axis Beam L/E  :~700m /800 MeV
S~ ‘.¢: .
NuMI Beam to Soudan e el
Target Hall Beam Absorber Minos Hall
Minos Near - . ] ]
Detector Distribution of v_ events
i = Data
20 _—I— Predicted v, Spectruun
- - |' [ Uncertainty in Prediction
""..1- B ™ - " :-':t'.
QL + mmmeeeme Nenitrinos from K7's
— 060 memmrimmns Neutrinos from K{’s
. Neutrinos from Ju’s
- s Weanitrinos from m's
= 50 , e Different backgrpund
S T e _Et composition and
i """ .., systematics than |BNB
Dataset ccz)orresponds to ) Ll_l_l-_:-l-lu-u_..'- LR ¥ Iu'.-'.-l'-l:':::.-i":'. .T-: _
1.42 X 107" protons on 0.2 0.6 1 1.4 1.8 22 2.6 3
target Reconstructed E, [GeV]

19



2. MiniBooNE Results: NuMI Off-Axis v, CCQE Results

MINIBOONE SEES A 1.2 SIGMA EXCESS FROM THE NUMI BEAM
AT 200-900 MEV
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i = Data
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Events / MeV

3. Global fits to Sterile Neutrino Models: (3+1)

Appearance results from MiniBooNE were included in global sterile neutrino fits to
short-baseline data [arXiv:0609.1997]
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3. Global fits to Sterile Neutrino Models: (3+1)
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3. Global fits to Sterile Neutrino Models: (3+1)
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3. Global fits to Sterile Neutrino Models: (3+1)
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3. Global fits to Sterile Neutrino Models: (3+1)
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3. Global fits to Sterile Neutrino Models: (3+1)

CPT conservation in a (3+1) model implies that vand v
oscillations cannot be different.

Does the data 64(&9&52‘ otherense? ...
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3. Global fits to Sterile Neutrino Models: (3+2)

Before we get carried away,
could this be our good ol/d frend, CP violation?

Examine SBL results under (3+2) scenario: naturally allows for CP violation
— different appearance probabilities for neutrinos vs antineutrinos

Datasets CpPV PG CPC
X*-prob X2-prob
” ot _
Crowblemakers — »| | BNB-MB(v)+ BNB-MB(v)}+LSND 21% 13%
(90% closed contours)
BNB-MB(v)+BNB-MB(v)+LSND+ 27% 2e-2% | 22%
NUMI-MB+KARMEN+NOMAD
(appearance)
all SBL 52% 2e-7% | 52%
v SBL 48%
v SBL 87%
v appearance 57%
v appearance 37%

(3+2) CPV fit to appearance-only datasets provides a good
description to BNB-MB(nu) and NUMI-MB, (comparable to
(3+1) neutrino-only fit), but not for BNB-MB(nubar).
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3. Global fits to Sterile Neutrino Models: (3+2)

Examine SBL results under (3+2) scenario: naturally allows for CP violation

—

" rowd/ ema,éeré —»

Datasets

CPV PG
X2-prob

CPC
X2-prob

BNB-MB(v)+ BNB-MB(v)+LSND
(90% closed contours)

21%

13%

BNB-MB(v)+BNB-MB(v)+LSND+
NUMI-MB+KARMEN+NOMAD
(appearance)

all SBL

v SBL
v SBL
v appearance

v appearance

27% 2e-2%

52% 2e-7%

48%
87%
57%
37%

22%

52%

Again, grouping datasets in neutrino-only and

antineutrino-only sets yields higher compatibilities!
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4. Conclusions ()

MiniBooNE Oscillation Results:

« MiniBooNE has reported two-neutrino oscillation search results at Am® ~ 1 eV?,
and has seen

o It sees an unexpected excess of events at low energy in neutrino mode

 The antineutrino appearance search, a direct test of LSND independent of CP or CPT

assumptions, is, at this point, with respect to two-neutrino oscillations at
the LSND L/E

New results expected in the near future:

- Updated antineutrino appearance analysis (~SE20 POT)

- Joint neutrino + antineutrino (~5SE20 POT) appearance analysis and
investigation of low energy excess

- Joint MiniBooNE and SciBooNE (BNB near detector) disappearance analysis

- NuMI appearance analysis with higher statistics and reduced systematics

30



4. Conclusions (ll)

MiniBooNE's Impact on Sterile Neutrino Models
(3+1) models are still disfavored, but

Antineutrino experiments provide good f ts and higher compatibilities.
A (3+1) f t to all antineutrino SBL data yields 86% X*-probability, and allowed

regions which exclude the no-oscillations point at > So. However, there is
large tension between neutrino and antineutrino data.

(3+2) provides only a marginally better description of all short-baseline (SBL)
data over (3+1); CP violation in (3+2) offers small improvement in f ts
to appearance-only experiments.

New results from MINOS and a joint MiniBooNE/SciBooNE v, and ;N

disappearance analysis, expected soon, will provide additional
information.
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Model parameters: (arXiv:hep-ph/0906.71997)

approximate m,=m,=m,=0*

two independent mass splittings: Am?,,, Am?,,
four moduli: (U, |, |U,, |U,4, |U,4

one CPV phase: ¢,, = arg(U* U, U, U*,)

Fit method:

Generate masses and mixing parameters (models) by importance sampling:

Model acceptance probability:
P(xiexiﬂ) = min {I’exp ['(X2i+l' 2;)/T]}
X =X te

0.01eV> < Am?,, Am’;, < 100eV?

2 2
Am’ > Am’,;

= (UL U Ul U,
— CP violation option: Fix ¢,,= 0, =, or allow to vary within (0,2zx)

« Minimize y?=2 y* , i=dataset (LSND, KARMEN, etc...)

* Determine allowed regions by Gaussian approximation

Goodness-of-fit and compatibility tests:

*Parameter Goodness-of-fit (PG) e =2 Z VI

[hep-ph/0304176] _ o
PG = .'I'I'II”'I“: k) F,r:-‘._ "”",.'If:'-':'.' |



Appearance Fit method

;ﬁ"ir e -+ ;ﬁ"ir

V2= Z (D; — P)M; 1{D P;)
i,j=1

N, = 811} is the number of Ep @F ins for observed electron antineutrino events
for E' = 200 MeV (E = 470 MeV) fits

N, =8 is the number of EY “E Yins for observed muon antinentrino events

D;=(D™(j=1....N.), DF“ (j=1....N,]) is a 1D side-by-side array of observed
electron antineutrino events and observed mmon antineutrino events as functions
of "

P, = IIB” + 501 = L ...N.), P (7 = 1....N,)) is a 1D side-by-side array
of predicted electron antineutrino events from background, B plus any possible

signal, 5;, from 7, — 7. oscillations, and predicted muon antineutrino events, B
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Sterile Neutrinos in 2007

Maltoni & Schwetz, PRD 76 093005 (2007):

Global fits to sterile neutrino oscillations, (3+1) and (3+2)
with MiniBooNE neutrino appearance data included

They found that:
* all experiments still incompatible under (3+1)

* all appearance experiments are compatible under (3+2)
with large CP-violation

) 0.8 L LI I L L I B T LI N B Y I B
* appearance and disappearance . appearance best fit 4 [4 |o glabal best fit -
experiments are incompatible at = o5, i 1 E —1
more than 30 l | —— MB475 | | — = MB475 i
E 0.4 ‘ e MNBdata| — o NB data —

.H] | l +
| | |
11l | | 1 I | | 11 | | | 11 I 1]
0.3 0.4 0.9 1.2 1.3 303 0.6 ne 1.2 1.3
ESNF [GeV] ESC9F [GeV]

FIG. 3: MB spectral data in bins of reconstructed COCQE neutring energy. The histograms show the
prediction at the best fit points in (34+2) mass schomes for SBL appearance data LSND, KARMEN, NOMAD,
ME (left), and for the global data (right). For the solid histograms the full MB energy range has been used
m the fit (MB300), whereas for the dashed histogram the two lowest energy data points have been omitted

(MBEATH). The corresponding parameter values are given in Tab. 1.



PG test

bl

Dataset v (dof) '-,_E-prn--lmhilit}r (5 P (%

all SEL 1902 (192 G243 P BENBE-MB(w) BNE-MEB( &), NUMI-ME LSND KA RMEN,
NOMAD Bugey, CHOOZE, CCFRE4,CDHS ATR = Probi{ 49.1.5 ) = 2.2x 0=
PG APP,DIS = FProbi 16.3,4 ) = 0,26
PO 1.5 ) — Prob{ 21.0,5 ) = &.2x10—"
all APP 026 (85) 26.0 P BNE-MB(w) BNE-MB( &), NUMI-ME LSND KA RMEN,
MOMALD = Probi 246,51 = 1.7=10—*2
all DIS 31.3 (103) 04 .4 P ELJEL‘}'.':?H';:”;:'E.CCFF{S4.¢:EDHE‘-..i'L.I.]".'I I = Prob{ 8.14.4 ) = 5.6
all v 6.1 (86) 47.8 PG BNE-MEB(w) NUMI-ME NOMAD CCFRE4,CDHS ATKM 1+ = Prob{ 174,51 = 0.37
all & 83.2 (00 B7.2 PG ENE-]".'IE[."-].K.‘—"LH['.IEN.LE-ND.Eu%v:_','.CHDCJE i = FProbi 10.7,5 ) = 5.8
v APP LG (53] LE.3 PS{ BENE-MB( ) NUMI-ME NORAD = Prob{ 3915 = LG
v APP 259 (27 36.7 P BENE-MBE(& ), KARMEN . LSEND = Prob{ 7.55,0 ) = 15
PG v APP.7 AFPP ) = Probi 131,51 = 2
all - BEMNE-ME{w) | 167.2 {174 G632 PGi all SEL - BENBE-MEiw) . BENE-ME{w) 3 = Probi 12.1,5 ) = 3.4
all - BNE-MBE(&) | 1658.5 (174 GoLa P& all SEL - BNEB-ME(#F) . BNE-ME(&) ) = Probi{ 7.34.5 ) = 20
all - NURMI-ME [184.2 (1323 43.0 P all SBL - NUMI-ME |, NUMI-ME = Probi{ 4.34.5 ) = ni
all - LEMD 176.1 (1387 706 P& all SBEL - LEND | LEND = Prob{ 1255 = 2.4
all - KARMEN 1802 (133 L6 P& all SEL - KARMEN | KARMEN = Prob{ 4725 ) = 45
all - NOMAD 154.2 (162) Go.6 PG all SBL - HOMAD |, MOMAD = Prob{ 1.838.5) = 36
all - Bugev 142.2 {132 25.7 Pi all SEL - Bugey . Bugey ) = Probi 2074 ) = L
all - CHOOE 180.9 (173 42.6 PG all BBL - CHOOY | CHOOE ) = Probi{ 3064 ) = hLh
all - CCFRE4 174.7 (174 7.0 P all SBL - CCFRE4 |, COFREL = Prohi{ 0,324 ) = £
all - CDHS ThA (177} 1.9 P& all SEL- CDHS | CDHHS = Prob{ 7434 ) = 11
all - ATM 1344 (190 G0 P all SEL - ATRL , ATRL = Prob{ 5.73,2 ) = L6

TABLE V: Comparison of j.;z—pru:uha,hilities for (342) CP-vicolating fits with different combinations of SBL datasets. Also shown
are PG results testing compatibility among different datasets. The last eleven rows of the table provide the compatibility (PG
between the experiment being removed from each fit and all remaining experiments. See text for more details.



PG test

[hep-ph/0304176]

Gives sensible results even in cases where
* the errors are estimated very conservatively
* the total number of data points is very large

Avoids the problem that a possible disagreement
between data sets becomes diluted by data points
which are insensitive to the problem in the fit

Can also be very useful when a set consisting of a
rather small number of data points is combined with a
very large data sample
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PG test

Example from hep-ph/0304176:

LLDIIIIII

h|
[ %]
]
|
Il
.-"--""'
# B
H h
T R =

- .!: - \ )
_"‘l-lt" }_\l- = - min ll"s“‘._ - -:'.T.'.';,;.f =
| s ~ = \ y, =
(4 — ATM |~ 7 —{ soL REAC N \ / ]
_T_ hH -""-. ID :_ = ""f : _:
Ty > X - Ay~ ,a-"f A atm .
_:."': A o _.' e — _____:.3"""- -]
oL et o b L e
0 0.2 04 06 0.8
n,
data sets Niat  Xoy min/d.0f. 8G S.FB. P 3. /F. PG
sol + atm 146 126.7/140  78.3% 344 6 215/1 354« 107°
react 4 =ol 1= TT.4/105 08.0% 243 3 0.13/2 03.5%
react + atm 02 40.0 /86 99.9% 244 6 0.0/0 —
KamL + =0l 4+ atm 159 132.7/153  8&8.1% 24344 6 201.7/3  7ThE3 = 10°°
react + sol + atm 173 1358.2/167  95.0% 243+4 6 21.7/3  Th3 = 10°°

Table II: Comparison of SG and PG for various combinations of the data sets from solar, atmo-

spheric and reactor neutrino experiments.



Atmospheric constraints

Super-K and K2K re-analyses:

Fitted parameter: | | — 1T —14

i )

=

Adds 1 degree of freedom

o |

A=1(1- |E-;,_L|2 - |'r-:|"J|:3:'I:|'r'.'I-J|j + Hl.,-—ilj:' + ||r'“.1|'.3||r'“._ll_
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10"

1072
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(3+1)

__MiniBooNE Vu 90% CL
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sinz(zew)

—h

v SBL 90% CL
I~ SBL 99% CL

(3+1)

__MiniBooNE Vu 90% CL

10° 107 10"

sinz(zew)
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MicroBooNE

LArTPC detector designed to advance LAr R&D and
determine whether the MiniBooNE low-energy
excess is due to electrons or photons.

Approximately 70-ton fiducial volume detector,
located near MiniBooNE (cost <$20M).

Received Stage-1 approval at Fermilab
and initial funding from DOE and NSF.

May begin data taking as early as 2012.
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Constraints from Each SBL Experiment
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