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Synopsis:

@ A number of anomalies have appeared in neutrino data
in E and L regions corresponding to a Am?~ 1 eV?

@ Predominantly from single detector experiments...

@ There is a possibility that the some of the effects are due
to oscillations between sterile neutrinos and active
neutrinos

@ A definitive two-detector experiment is warranted

@ BooNE would be such an experiment

Sterile Neutrinos at the Crossroads



Motivation....

Anomalies in Neutrino Data

Sterile Neutrinos at the Crossroads



Motivation....

Excess Events from LSND still remain:

o

LSND found an excess of v _in v
beam

MU

Beam Excess

Signature: Cerenkov light from e* with
delayed n-capture (2.2 MeV)

Excess: 87.9 + 22.4 + 6.0 (3.8s)

The data was analysed under a two
neutrino mixing hypothesis*

1.27 L Ant®
E

0.245+0.067 £0.045 %

P(vy—Ve) = sinz(ZG)sinz<

175}
15}
125}
10}
75|
5)

251

® Beam Excess

EZE p—V.en

0.4

0.8 1 1.2 14
L/E, (meters/MeV)

KARMEN at a distance of 17 meters saw no evidence for oscillations —low Am?2
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Motivation....

* Inclusion of new beta decay estimates in reactor flux calculations
* Increases expected flux

Best fit: 0.943 + 0.023
Posc~10%, Am?~1 eV?

1 dof Ay? profile
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Reactor Anomaly in v, Data
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Motivation....

Gallium Source Anomaly in v, Data

* Observed too few v, interactions observed from an electron capture source
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Other data: KARMEN & LSND v, Disappearance Limit

_ Vo >Verite (18547 C)
N% 102_ T LN | L | T T T T T v - 12C 12
= V.V, i Giunti 02 ] =
: : (Vo,€7) "“Ngs
<N>theory 806.2 % 66.1
bg 139+ 07 100 +
Nobs 860 +29.3 .
Nocci -39.9+723
10 = -
: sin?(20) < 0.13 (90%CL) for large Am?
10 4
VeV erite KARMEN 90%CL —
1 :— 1 '%
1t
10" N % S S S (S A S
0.5 Oscillation-Amplitude sin’(20) |
| ' - IR g I g
044 LSND IS G Sy
L
8 i ] o.l lllllllll : lllllllll : lllllllll : lllllllll : lllllllll
2 03 0 0.2 04 06 08 1
CS -
§ 0.2} sin“29
& 0.1t FIG. 4: The 95% v. disappearance limit from the Fukugita
g 4 (EPT) fit (solid, black line) compared to the predicted sensi-
g:l 0.0 a - tivity (dotted line). Also shown is the 68% (darker, shaded
“ TT region) and 90% (lighter, shaded region) contours from the
—0.1¢ ' Gallium experiments. The dashed line is the Kolbe (CRPA)
fit. The Gallium best fit point and the Reactor Anomaly best

-0. . . . ,
8.0 0.2 04 0.6 0.8 1.0 fit point are shown as the plus and cross symbols respectively.
L/E, (m/MeV) The Gallium best fit point is excluded at 3.60.

Not usually included in global fits



MiniBooNE Data
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MiniBooNE looks for an excess of electron neutrino events in a
predominantly muon neutrino beam

™ oscillations?
: ]‘L - ¥ 78 |5
. & -
///,, \“ v,
' :i\/“'\g’ v I/t- ’
= , ! N .
FNAL booster target and horn g :
(8 GeV protons) (174 kA) ecay region _
g (50 m) dirt detector
(~500 m)
g e mede X o v mede flux
§ 10 _§ § 10*"2— 77;_%[1_\7# —_Va —g
é E é 10 P T " ; 3'“ u
§ 10710 - § 10 Ve E
L;i} ; 510-11 _;
5 10 . - ;
% 1012 -
1012 . 10.132_ ;
10" | 10.14%_ o= _%
E £ i :

~ 0

neutrino mode: v,— V, oscillation search

antineutrino mode: v,— v, oscillation search
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d“o/dpdQ, (mb c/(GeV sr))

Meson production at the Proton Target
Kaons:

K* Production Data and Fit (Scaled to Py, = 8.89 GeV)

Pions(+/-):

HARP P, =8.9GeV
250 F 7 T " l AL B A B = T T T ) T ]
200 f et 6=45 mrad 3 6=75 mrad ]
180 | L N T : ]
100 | RN 3 oo .
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0 - 1 l“\:":"'l‘**‘ﬁ b 1 ! ! ) :‘:‘:’“‘:V-u-..,,___ e
1 2 3 4 5 1 2 3 4 5
p,(GeV) p,(GeV)
HARP collaboration,
hep-ex/0702024
@ MiniBooNE members joined the HARP
collaboration
= 8 GeV proton beam
- 5% Beryllium target
@ Spline fits were used to parameterize the

data.
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0 2.5 5
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¥ =0.225 ® Allaby 19.2 GeV O Abbott 14.6 GeV
%« Dekkers 20.9 GeV * Eichten 24.0 GeV
* Marmer 12.3 GeV
1 1 1 I 1 1 1
2.5 5
Py (GeV/c)

Kaon data taken on multiple targets in
10-24 GeV range

Fit to world data using Feynman scaling
30% overall uncertainty assessed
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v/IPOT x 107"
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Benchmark Reaction: Charged Current Quasi Elastic (CCQE)

Normalizes our (flux x cross section )
Neutrino mode events V

*  data with statistic error v

...... MC before fitting

— MC after fitting W +

12000
10000

8000 .
systematic error

6000/
4000
2000 Antineutrino mode events
0704 02 03 04 65 06 0.7 0.8 08 2250 b M,=1.23 GeV, x=1.019
Q? (GeV?) ool E— M.=1.03 GeV, k=1.000
] ] 1750
We adjust the parameters of a Fermi 500
2 T , _
Gas model to match our observed Q 150 | v Fit Reproduces v Data
Distribution. 1000 |
Fermi Gas Model describes CCQE .
n., data well i
500 |
M, .=1.23+-0.20 GeV ;
A eff 250 |
®=1.019+-0.011 I D it o™
Also used to model v, and Vv, interactions _ 0 02 04 06 08 1 12
Sterile Neutrinos at the Crossroads Q° (GeV?)




Separating muon-like and electron-like events
by using a likelihood ratio technique

log(L./L,,)>0 favors electron-like hypothesis

Note: photon conversions

are electron-like.

This does not separate e/m°.

Separation is clean at

high energies where

muon-like events are long.

Analysis cut was chosen

to maximize the

V2V, sensitivity

Sterile Neutrinos at the Crossroads



Reconstruction of NC 11° events

Separating electrons from neutral current 7t%s

— Monte Carlo Simulation
® Data

by using a likelihood ratio combined

with the yy invariant mass

Signal regio

Invariant Mass

Sterile Neutrinos at the Crossroads



MiniBooNE Antineutrino Oscillation Results
update of A. A. Aguilar-Arevalo, Phys. Rev. Lett. 105, 181801 (2010)

. 8.58E20 POT (~50% more data than published and new K+ constraint from SciBooNE)
o Excess =57.7+-18.8+/-22.4 (200-3000 MeV)

Events/MeV

1 .O - ' | ' ' ' | ' ’ ’ | ' ' ' I Y ’ ’ | ' ' ' | ’ ’ ! | i
i ° Data (stat err.) )
(1 3 ve fromu™ 1

08 | 3 v. from K*" i

| — v from K° |
i 4_ 1 =” misid i}
C—JA—->Ny |
0.6 B dirt |
[ other .
*— L Constr. Syst. Error .
0.4 + Preliminary ]
[ July 2011 .
0.2 |
s |

0.0

0.2 0.4 0.6 0.8 1.0 1.2 1.4 3.0

EQE (GeV)
15
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MiniBooNE Antineutrino Oscillation Results
update of A. A. Aguilar-Arevalo, Phys. Rev. Lett. 105, 181801 (2010)

> : ] I I I I 1 1 :
D - _
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L<11>J) 0.25 - July 2011 ------ Best Fit E
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O [~ —— ]
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Ll - | L ——— ’
0.10 |- jl——rh N 7
0.05 |- (41 =
.—s—“ ------------------ -
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0.00 I—- ] T [ :
-0.05 |- l _]’— =
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0.2 0.4 0.6 0.8 1.0 1.2 1.4 3.0
ESE (GeV)
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Fit to a 2-(anti)Neutrino Model

107 g

Oscillations favored over background only
hypotheses at 97.6% CL (model dependent)

No assumption made about low energy excess
. P(null) = 10.1% 10¢
« P(bestfit) =50.7%

-

Clearly a 2-neutrino model doesn’t describe the ‘f

data very well ;Eg T
=

« No v disappearance included in fit

107k

>
§ 0.30 D d back o]
= 0. — . ata - expected background—] '
2 ] - 'CLPREI_IMI ~
@ U. -1+ 1+  eeecse=. Best Fit ] L
2 F i =% Juy 20m
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oo || [LLAT : sin?(29)

0.05  [&=p=|" E

0.00 [ 8.58E20 POT

0.05 |-
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0.2 0.4 0.6 0.8 1.0 1.2 1.4 3.0 17
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Model Independent Comparison
of LSND & MiniBooNE Antineutrino mode

0.020

0015

0.000F-

—0.005

0.005

0.010f

Preliminary
July 2011

8.58x102° POT

Karmen reports no signal
around L/E ~ 0.5
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And with MiniBooNE neutrino mode:

8.58x10%° POT

0.000}-

_0.005}

0015}

? 0.010|

= 0.005}
= |
0.000
—0.005!
Sterile

0020 e
0.015} 1
= oo0l0f
|§ 0.0055— MiniBooNE

LSND

e Measured (stat error)

[ Background (sys error) +

(v mode) +

x5

bt

0.5 1.0 1.5 2.0
L m
( )
E, MeV
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Conclusions (I)

@ Excessesin v, (~3 o) and v.(~2.75 o) above background are
emerging in both neutrino mode and antineutrino mode in

MiniBooNE
@ Antineutrino mode: statistical errors dominate (more data?)

@ MiniBooNE plans has now accumulated almost 102! protons on
target in anti-neutrino mode and will continue until March, 2012

@ Difficulties remain:

= We cannot determine whether or not the excess
events are due to an oscillation phenomena because
MiniBooNE has only one detector

Sterile Neutrinos at the Crossroads



The solution: BOONE
» A MiniBooNE near detector at ~200 meters

» Accumulate a sufficient data sample for both neutrino and
antineutrino modes in < 1 year

» will dramatically reduce errors in neutrino mode, the 30
low energy excess has a ~ 60 significance with statistical
errors only.

» Many short runs for checking systematic effects would be
possible, as was done for MINOS (e.g. 25 meter absorber
and different horn currents) .

Sterile Neutrinos at the Crossroads



BooNE Proposal

A Proposal to Build a MiniBooNE Near Detector:BooNE

October 12, 2011

. Stancu
University of Alabama, Tuscaloosa, AL 35487

Z. Djurcic
Argonne National Laboratory, Argonne, IL 60439

D. Smith
Embry-Riddle Aeronautical University, Prescott, AZ 86301

R. Ford, T. Kobilarcik, W. Marsh, C. D. Moore, & G. P. Zeller
Fermi National Accelerator Laboratory, Batavia, IL 60510

J. Grange, B. Osmanov, & H. Ray
University of Florida, Gainesville, FL 32611
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Example: New Location at 200 meters
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B X
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v,Charged Current Event Rates Near and Far

7
o 10°

S - Neutrino Mode:

uu? E Ty Near (black) : 1.0 x 10’ POT
§ i | “‘L"*Jfar (red) : 6.462 x 10°° POT

E—

ou

| llllITI
:I_ﬁ

|

10°

| I lIlTll'

| | 1 1 | I 1 1 1 | l | | 1 1
0 0.5 1

Quasi elastic event rates
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BooNE Performance
> Use full MiniBooNE sensitivity machinery

» Use identical detector response (fully correlated errors)
> 1x1020 POT per mode (2 % 0.5 years at current rates)
» Reweight MC events for fluxes at 200 meters

» Full oscillation analysis package applied

Sterile Neutrinos at the Crossroads



Near/Far Sensitivity for Several Distances

* 150 m : 0.6x1020 POT méo’é‘ T
*+ 200 m: 1.0x1020 POT S |
* 250 m : 1.5x1020 POT -

- 300 m : 2.0x1020 POT 10¢

*Near/Far comparison relatively
insensitive to detector distance for 1
roughly the same number of events i

» 200 meters gives similar flux 107"
shapes i

10-2_IIIIII| | | IIIIll| | IIIIllll | L _
10° 102 10 1
sin°20
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Sensitivity with Near/Far Comparison

ogoz:
a

—90% C.L

* Near/Far comparison sensitivity 30 CL

— 50 C.L
»Near location at 200 meter 10

v 1x102° pot ~1 yr of running

Preferred by some fits

» Full systematic error analysis

v'Flux, cross section, detector o
response

10-2 ||||||| | |||||||| | |||||||| | LT ILdl
10° 1072 10~

2.1
sin“(20)
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Sensitivity with Near/Far Comparison Anti-nu Mode
L —

AmZ

! - 90% C.L

- Near/Far comparison sensitivity ; | 0 cL

== 50 C.L
»Near location at 200 meter 10

v 1x102° pot ~1 yr of running

|

S W by some fits

i -1
v'Flux, cross section, detector 10 ¢
response :

» Full systematic error analysis

10-2 ||||||| | IIIIIIII | IIIIIIII |
10° 2 10™

10 a1
sin"(20)
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Am? (eV?)

Neutrino Disappearance Sensitivity with
Detector at 200 Meters

v, Disappearance 2

10° [ %% min
1o

[ 190% CL
B 99% CL
Bl 3c

10 |

10° 102 10

sin’(26,,,)
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Am? (eV?)

Antineutrino Disappearance Sensitivity
with Detector at 200 Meters

v, Disappearance y?

10° [ %2 min
1o
[190% CL
B 99% CL
Il 3o

10 |

Preferred by some fits

10° 10 10" 1

sin’(26,,)
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Conclusions and Outlook

@ BooNE proposal:
- Cloning MiniBooNE at a near position following the v run

= Cost ~ TOMS$ for new detector, 5M$ reusing the existing
MiniBooNE detector.

~ Data can be accumulated in < 1 yr at present proton
delivery rates

. Precision measurements of disappearance and appearance

@ Powerful addition to MicroBooNE/MiniBooNE running
- Photon/electron rates

= Nu/nubar disappearance and appearance (~5c for both in
some cases)

~ Very little systematic error

Sterile Neutrinos at the Crossroads



Near Term Steps Towards BooNE

@ Will present proposal to the Fermilab PAC early
December, 2011

@ Dust off MiniBooNE engineering designs
- Would like to reproduce MiniBooNE as much as possible

~ May transfer old oil an/or electronics to new location in
order to reduce any systematic changes

@ Optimistic schedule would put turn-on (CD-4) in early
FY2014

Sterile Neutrinos at the Crossroads



BACKUP
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BooNE Proposal Sep 14, 2011

Gantt Chart >
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Canh the anomalies be due to a more
complicated oscillation picture?

@ Sterile neutrino models

_ ° o A\ o
- 3+2 9.next minimal | Am - 04100 oV2
extension to 3+1 models
vy ! mE
*2 independent A m?  Am?, ~0.1-100 eV?
*4 mixing parameters v )
o N 3 N
1 Dirac CP phase which v, [ Am2,, = AmZ,,= AmZ,, = 0
I
allows difference between v, Ee—
neutrinos and antineutrinos mY. @Y, @, (v
?
Oscillation probability: 2 2
Am; = Am

(=) () . .
P(v,2v,)= 4|Uﬂ4|2|Ue4|2sm2x41 + 4|U”5|2|Ue5|2sm2x51 +
+ 8 |Us||U,sl|U,dl|U, glSinx ysinx s ,cos (x5, 5)
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Motivation....

Cosmology Fits for the Number of Sterile Neutrinos

0.8

0.6

% 04

-CMB + LSS + ACDM "
N.= 1.6 % 0.9 00

Hamann, Hannestad, Raffelt, Tamborra,
Wong, PRL 105 (2010) 181301

* BBN:

m, (eV)

N.= 0.64 + 0.4

|zotov, Thuan, ApJL 710 (2010) L67
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Illl I llllllll 1 LI =

E>200MeV 10° T

« 8.58E20 POT antineutrino mode :ggigt

. Oscillations favored over background | ZZij: it ]
only hypotheses at 94.2% CL (model e Preliminary ;
dependent) WP July 2011 |

. Subtract low energy excess assuming
neutrinos in antinu mode contribute to
excess (17 events)

o P(nU”) = 28.3% 10"k x
« P(bestfit) =76.5% : DLSND 90% CL
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Far to Near Neutrino Flux Ratios at 200 m

MiniBooNE Far/Near fluxes o =

Scaled by 1/r?

0.8

0.6

0.4

0.2

1.4

1.2

0.8
0.6
0.4
0.2

— Oscillation region

%

Neutrino mode

0.5
(R EV (GeV)
DR
e

Anti-neutrino mode

1.5 2 2.5

Sterile Neutrinos at the Crossroads



Events/MeV

Background prediction v mode
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v, Background Uncertainties

Uncertainty (%) 200-475MeV 475-1100MeV

___
K 0.5 1.2
———
Target and beam models
_ﬁ_
NC 10 yield
———
Dirt 1.6 0.7
Electronics & DAQ model oz
Optical Model u 3.7
I I
Total 13.4% 16.0%

« Unconstrained v
background
unhcertainties

« Biggest contributors:

« Detector response
o Cross sections

(V,, constrained error ~10%)
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