Oscillation Results from
MiniBooNE




Long v history of solving data-driven mysteries

ALPHA DECAY
@ Starting with the original mystery of the americium —# neptunium + alpha partici
224 544 472 220,810,405 ITEBAZE MeV/?

continuous nature of the [ decay spectrum

“Dear Radioactive Ladies and Gentlemen,
...as a desperate remedy to save the principle
of energy conservation in beta decay,...I
propose the idea of a neutral particle of

spin half” W. Pauli 1929 B —

5486
Alpha particle energy (MaV)] —= Mel

Mumber of events —m=

‘T have done something very bad today

by proposing a particle that cannot be s
detected; it is something no theorist thodium  —= palladium  +  beta particle .
should ever do.”W. Pauli 1929 08,452 874 98,649.196 0.5M MeV/e
Detective Pauli E
]
‘_né
¢ And so the neutrino was 'discovered'! 2 |

3169
Beta particle energy (MeV] —®*  MeV
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Neutrino Flux

Starting in the 1960's solar v mystery arises

@ The sun is fueled by fusion reactions
« 4'H + 2e” > *He + 2v_+ by

* More reaction chains follow...
@ Neutrinos are produced copiously
* Note all ve have Ey below ~10MeV
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¢ Ray Davis sets out to measure
solar v's for the first time.
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Ray DaV|s Experlment at Homestake

@ Used a large vat of dry cleaning solution to
look for Argon from inverse beta decay

v Found 1/3 of the v, from sun
compared to Bahcall's prediction!

@ Remained mired in controversy for 30
years. Do we understand fusion? Is the
experiment correct? Could it be new
physics, e.g. Pontecorvo's oscillations?
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Pontecorvo first to point out possible v mixing

@ Back in 1957, Pontecorvo pointed out that if v's
have mass, then it could be the case that the
mass eigenstates were not identical to the weak

Ve Uel UeZ Ue3 T Vi
Uul Uuz Uu3 Vo

Yy _ Url UT2 UT3 i V3

=
I

@ Sounds a little far-fetched, but similar to kaon

mixing where it was already known that the weak ‘f'_____ _ v
and strong (mass) eigenstates differed

@ Neutrino mixing is a direct result:

Bruno Pontecorvo

P(v,—v,)=sin’20sin*(1.27 Am’

L) “At present this is highly speculative-
E there is no experimental evidence for
neutrino oscillations...” D.J. Griffiths

¢ By measuring the mixing, the mass (1995), Introduction to Quantum
) Mechanics
differences of the neutrino can be inferred!
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Definitive proof via systematically dlfferent expts

@ SNO: Definitive proof of solar mixing
- Measured same disappearance signal as Davis

-+ Also measured NC total xsec consistent with
Bahcall's expected total v flux

NCD phase:

Amglz (8 + 03)
107° eV?
61> = (33.8 + 1.4)°

7 Latest results, including

3rd phase of SNO, see Ryan
Martin talk, this conference!

e Data-BG-GeoV,
[ — Expectation based on osci. parameters
+ determined by KamLAND

1_

@ Kamland: Confirmation of the physics £

-+ |nd. v source, reactor vs. solar
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== Confirms anti-v. behave like v, 02
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Lake Louise Winter Institute, 20 Feb 2009 6



Data/Prediction

Events/GeV

Similarly compelling story in atmospheric sector
Super-K Data

@ Super-K: New mixing found in atmospheric v,

1'85 Preliminary —— Oscillation

16 — Decay - found 1/2 as the upward v, as downward
1.4 —— Decoherence

12 = Am,? ~2x107 eV?, sin2(20;3) ~ 1.0

1 ki @ K2K: Confirms Super-K

0.8} .

0 6: - accelerator vs. cosmic source

0_4§ == much smaller L, confirms L/E invariance

0.2} @ MINOS: Entering the precision era
T e T T @ OPERA: Looking to confirm vy -> v,

hep-ex/0404034 -/E (Km/GeV) . 300 pm =

Minos Data Nuclear fragment . g

60— T T T T 1 T T T T T T T T ] Q )

:_ Beam Matrix Unoscillated _: -
505 NDFit Unoscillated . ' . Nuclear f"agmen*
40 :_ Beam Matrix Best Fit _: .

- NC Background . 3
303— +MISJOS Data _ O  Muon track

— . . e . J
20 =

- _ —Nuclear fragment
10 ——

iU s : < O 2

o % Emulsion from OPERA, see talk by

Guillame Lutter, this conference!
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So where do we stand with many mysteries solved?

@ Now know neutrinos have mass and weak /mass eigenstates differ

@ SM has a much richer v sector Source of CLFV in SM
—>_—?—>%e>—o—>—
: .. v, v, | -
neutrino mixing (mass—weak) oo w e 8
W+ S o~ W+
' Uer Uer U 0.8 0.5 <0 b\xy
Uy Up U 0.4 0.6 O. BR(u—ey) < 10

BR(uN—eN) < 10-34
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So where do we stand with many mysteries solved?

@ Now know neutrinos have mass and weak /mass eigenstates differ

@ SM has a much richer v sector Source of CLFV in SM
>
: .. v, v, | -
neutrino mixing (mass—weak) oo w e 8
W+ S o~ W+
' Uer Uez U 0.8 05 <0 b\xy
U,y Up U 0.4 0.6 O.
MRS e 04 oo o BR(u—sey) < 10-52
o T e T BR(uN—eN) < 10-54
quark mixing (strong/mass—weak)
Vyg Vus Vy 0.974 0.225 0.00
Vckm Vg Ves Ve 0.226 0.973 0.04
(PDG 2

@ Why is the PMNS matrix so different from CKM?

v« MORE MYSTERIES!!!

Lake Louise Winter Institute, 20 Feb 2009 9



Open questions from the mixing matrix...

neutrino mixing (mass—weak)

Ue1 Ue2 U 0.8 0.5 <0 \2/3 +[1/3
UpMNSEE U Uz U 04 0.6 0.8 =UrpulE 176 V173 1/
Uy Up U 0.4 0.6 O. \1/6 V172 1/
At 1st order mixing is tribimaximal, why? V3__
What is causing the PMNS symmetry? ‘
How big is the Ug3 component? Zero if Am Zatm~ 2 4x10 3 eV 2
consistent with tribimaximal.
Is there still enough room for CP violation \
in the v sector for leptogenesis? VZZ_T ,
Unitarity? Am ii|~ 8x10 *eV
Vl
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Mass [giga-electron-volts)

Even more basic questions...

BOSONS —‘

FERMIONS
First Second Third
10° Generation Generation Generation

Top quark Higgs
Fy
10°
W
103 Bottom quark
Charm quark
10° Tau
o Strange quark
1D-! -
Muon
Down quark

0

Up quark
107

Electron
0
S S~ 7 L MASSLESS
101 BOSONS
Muon-
neutring Tau- Photon
107t Electron- ] neutrino
neutring ° Gluon

10+

Shamelessly stolen from Scientific American

Why is the v mass so small?

What is the absolute mass scale?

Is the hierarchy normal or inverted?
Are v's Dirac or Majorana?

Are there right-handed partners?

Sterile neutrinos at any mass scale?

Y€ Many experiments/theories out there
seeking answers right now. Too many to

discuss and still have time for MiniBooNE.
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They say the sun is gonna grow So many questions even
someday. . i
Bob Seger is curious!!

It's gonna get real close and burn
us all up...

...| can't promise you tomorrow. No

one has the right to lie. Let me see a show of hands.

You can beg and steal and borrow.
It won't save you from the sky.

| can't tell you about tomorrow.

I'm as lost as yesterday. In
between your joy and sorrow,

| suggest you have your say:
Here's to the little things...




A more recent mystery...LSND

@ LSND looked for ve appearing in avy, beam
800 MeV proton beam from

LANSCE accelerator @ Signature:
- Cerenkov light from e+ (CC)
Water target - Scintillation light from nuclear recoil
Copper beamstop == Delayed n-capture (2.2 MeV)

LSND Detector
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Picture of LSND photomutiplie | use_d_ Iat_e_r in MB)
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MiniBooNE's motivation...LSND

LSND found an excess of ve in v, beam % _
g 17.5 — ® Beam Excess
Signature: Cerenkov light from e+ with E sl EEE 7,6
delayed n-capture (2.2 MeV) S S o)
O - B pv,e’)n
Excess: 87.9 + 22.4 + 6.0 (3.80) w125 S othor
Under a 2v mixing hypothesis: 10| |
1.27 L Any’ :
PV —Ve) = 51112(29)31112( z - ) 751
— 0.245+0.067 £ 0.045 % 5t
25|
0f

0,4. IO..6 | .0.8. | 1 | I1.2 1.4.
L/E, (meters/MeV)
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MiniBooNE's motivation...LSND

LSND found an excess of ve in v, beam % _
g 17.5 ® Beam Excess
Signature: Cerenkov light from e+ with W : BEE e v
delayed n-capture (2.2 MeV) S 15 ¢ o
) i B pwv,e')n
Excess: 87.9 + 22.4 + 6.0 (3.80) @ 125¢ S
Under a 2v mixing hypothesis: 10| |
1.27 L Any’ :
PV —Ve) = 51112(29)31112( z - ) 751
= 0.24540.067 £0.045 % o F
o [ T rrrrm TTTT T T T ITT T T TTTT 2'5
> | ] 0 g o
< KARMENZ (90% CL) . 0.4 0.6 0.8 1 1.2 1.4
. L/E, (meters/MeV)
1 E E
- e 9073 @ Other experiments, i.e. Karmen and Bugey, have
L LSND (99% CL) - . .
L LSND (90% CL) ] ruled out portions of the LSND signal
—1
U 1 @ MiniBooNE was designed to cover the entire
- LSND allowed region
10‘2_ Ll |
10* 10° 102 10" 1
sin®219
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Interpreting the LSND signal

e
V3

@ The other two measured mixings fit
2 _ _3 2 conveniently into a 3-neutrino model
Am atm 2.4x107 eV @ With Am ;%> = Am,?> + Am,;?, the LSND
Am? ~ 1 eV2 does not fit

@ 'Simplest' explanation...a 4™ neutrino
V__

~8x10~- feV2
V“—

e

Lake Louise Winter Institute, 20 Feb 2009
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Interpreting the LSND signal

e
V3

Am? ~2.4x10°eV?

V__
ii|~ 8x10 ‘5feV2
Vi Vv, V,

e

neutrino flavors

even more exotic solution
- Sterile neutrinos hep-ph/0305255
- Neutrino decay hep-ph/0602083
- Lorentz/CPT violation PRD(2006)105009
- Extra dimensions hep-ph/0504096

Width of the Z implies 2.994 + 0.012 light

Requires 4™ neutrino to be 'sterile' or an

The other two measured mixings fit
conveniently into a 3-neutrino model

With Am ;2 = Am,,*> + Am,.?, the LSND
Am? ~ 1 eV2 does not fit

'Simplest’ explanation...a 4™ neutrino

: # ALEPH
¥ DELPHI
°L3

+5 = Epmy (GeY)
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The MiniBooNE Collaboration

A A Aguilar-Arevalo®, C. E. Anderson ¥, L. M. Bartoszek &,
A, O, Bazarko™, 5. J. Brice®, B. C. Brown®, L. Bugel®,
I Caat, L. Coney®, 1. M. Conrad=, D. C. Coxi, A. CurioniP,
Z. Djurcic®, D, A, Finley®, B. T. FlemingP, K. Ford &,
F. G. Gareia®, G. T. Garveyl, C. Greenl®, J. A, Green'd,
T. L. Hart?, E. Hawker '*, R. Imlay*, R. A. Johnson®,
G. Karagiorgi®, P. Kasper®, T. Katori!, T. Kohilarcik 2,

[. Kourbanis2, 5. Koutsoliotas®, E. M. Laird™, S. K. LindenP,
J. M. Link®, Y. Lin®, Y. Liu®, W. C. Lounisi, K. B. M. Mahn®,
W. Marsh®, P. S Martin®, G. MeGregorl, W. Metealf®,
H.-O. Meyer®, P. D. Mevers™, F. Mills®, G. B. Mills/,

J. Monroe®, C. D. Moore®, R. H. Nelson?, V. T. Nguven®,
P. Nienaber®, 1. A. Nowak®, S. Ouedraogo®, R. B. Patterson ™,
D. Perevalove, C. C. Pollyi, E. Prebyse, 1. L. Raaf¢, H. Rayib,
B. P. Roef, A. D. Russell®, V. Sandbergl, W. Sands™,

E. Schirato!, G. Schofield*, D. Schmitz®, M. H. Shaevitz ®,
F. C. Shoemaker™, D. Smithf, M. Soderberg?, M. Sorel®?,
P. Spentzouris®, I Stancu®, R. J. Stefanski®, M. Sung*,

H. A. Tanaka™, R. Tavloe!, M. Tzanovd, R. Van de Water],
M. O, Wascko®?, D. H. Whited, M. J. Wilking9, H. J. Yang®,
G. P. Zeller=i, E. D. Zimmerman 9

~80 physicists from ~18 institutions

OUTLINE

@ Part 1: Recap of the analysis method and '07 v, result
@ Part 2: Analysis updates, emphasis on ve-like excess at low energy

@ Part 3: New results from anti-v run (including v, disappearance)
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The MiniBooNE design strategy...must make v,

oscillations?

+ VM
N

Ve >
\K; & Ve >
FNAL booster  target and horn

decay region
(8 GeV protons) (174 kA) (5y0 mg) dirt detector

(~500 m)

L
x4

Start with 8 GeV proton beam from FNAL Booster
Add a 174 kA pulsed horn to gain a needed x 6

Requires running v (not anti-v like LSND) to get flux

Pions decay to v with E, in the 0.8 GeV range

Place detector to preserve LSND L/E:
MiniBooNE: (0.5 km) / (0.8 GeV)
LSND: (0.03 km) / (0.05 GeV)

@ Detectv interactions in 800T pure mineral oil detector
= 1280 8” PMTs provide 10% coverage of fiducial volume

=& 240 8” PMTs provide active veto in outer radial shell
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Key points about the signal

Muon candidate
sharp ring, filled in
LSND oscillation probability is < 0.3% V “_
@ After cuts, MiniBooNE has to be able to find H |

~300 ve CCQE interactions in a sea of :W+

~150,000 v, CCQE Vp

@ Intrinsic v background

L #]

-s Actual ve produced in the beamline from

muons and kaons Electron candidate

fuzzy ring, short track

- |rreducible at the event level Vi
=& E spectrum differs from signal ~|W+
@ Mis-identified events i
- v, CCQE easy to identify, i.e. 2 “subevents” n p
instead of 1. However, lots of them.
- Neutral-current (NC) n0 and radiative A are Pmp Ca_ndfld?te
more rare, but harder to separate two "e-like" rings

@ Effectively, MiniBooNE is a ratio meas. with |
the v, constraining flux X cross-section

-+ Can be reduced with better PID M P

N A 1

Lake Louise Winter Institute, 20 Feb 2009
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Beam Flux
Prediction

Y

X-Section
Model

Optical
Model

PN

Analysis Chain: Flux Prediction

Track Based
Recon

Point Source
Recon

' '

Simultaneous
Fit to\r'u &Ve
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Pre-Normalize
to Vu; FitV;
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d“a/dpdL, (mb cf{GeV sr))

Meson production at the target

Pions: Kaons:
HARP Pygar,=8.9GeV K* Production Data and Fit (Scaled to Py, = 8.89 GeV)
250 F T T T T T — T T T
T T T T T T L L L L
200 F #=45 mrad #=75 mrad " L N _ = _
15 i ;8\- % % =0.015 ;,‘i' B = 0.045 1
: i o
100 B B
%0 _ ¥ SRR
200 | I___ ' " - taaa:
150 | ) #=105 mrad 3 p=135 mrad
100 F % + 1 2
200 F ARERRR S R o 25 s L 5
150 | =165 mrad T p=195 mrad P. (GeV/c) P. (GeV/c)
100 | : + ; L St
X o . = 0.135 o #.=0.175
50 g ) ~.10 - ~10 —
° 1 ::_' :'3 4 5 1 2 3 4 5 "“' e ""' L
p.(GeV) p(GeV) . %5 2.5 5 3 25 5
HARP collaboration, Py (Gev/c) P (Gev/c)
hep-ex/0702024 ] L B B O Aleshin 9.5GeV ¢ Voronsov 10.1 GeV
3%10 o =0.225 4 ® Alaby 19.2GeV O Abbott 14.6 GeV
@ MiniBooNE members joined the HARP | £ [/ ey en Do
. [} ra armer . e
collaboration R Bl R
. P (Gev/c)
- 8 GeV proton beam . .
P @ Kaon data taken on multiple targets in
- 5% A Beryllium target 10-24 GeV range
@ Data were fit to Sanford-Wang @ Fit to world data using Feynman scaling
arameterization for '07 analysis ,
P 0 Y @ 30% overall uncertainty assessed
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¥

&(E ) (v/POT/GeV/cm?)
o

1u-‘|2

Final neutrino flux estimation

| anaany
B ;” _§ @ Flux intersecting MB detector (not
— V. i cross-section weighted)
v 3 @ Intrinsic contamination v, /v, = 0.5%
_: - ur - e v, v, (52%)
~ K L me v, (29%)
_ = KL mev, (14%)
; - Other (5%)
= @ Wrong-sign v, content: 6%

Lake Louise Winter Institute, 20 Feb 2009
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Beam Flux
Prediction

Y

X-Section
Model

1

Optical
Model

PN

Analysis Chain: X-Section Model

Track Based
Recon

Point Source
Recon

' '

Simultaneous
Fit to\fu &Ve
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Pre-Normalize
to VH; FitV;
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Nuance Monte Carlo

O 12000 |-
D. Casper, NPS, 112 (2002) 161
. . Emooo
Comprehensive generator, covers entire E, range
Predicts rates and kinematics of specific v > 8000
interactions from input flux E 5000
Expected interaction rates in MiniBooNE (before ¢
cuts) shown below 1 4000
Based on world data, v, CC shown below right 2000

Input flux

vl Vi ~1Zr
\/ _ %
Z Vi l O
Multi = e
NC 70 gge, =% n p ~
NC 7* 4o E
CC P ma% CC QE =
O39% ~
>
'3
v, 1~ 0
CC rtm25% =
\/ 5
W+ n+ ©
w16% _<
NC EL P A Np
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Nuance Monte Carlo

O 12000 |-
D. Casper, NPS, 112 (2002) 161 ©
. . Emooo
Comprehensive generator, covers entire E, range
Predicts rates and kinematics of specific v > 8000
interactions from input flux E 5000
Expected interaction rates in MiniBooNE (before ¢
cuts) shown below 1 4000
Based on world data, v, CC shown below right 2000
Also tuned on internal data

Input flux

)
X

P—""~_p

o(v,N —=> uwX)/E(GeV) (107® cm?GeV"
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Tuning Nuance on internal v, CCQE data

%  data with statistic error Before correction
12000 5 L1 (a) (b) (c (d)
e T MC before fitting 2
g os —1.15
10000 — MUC after fitting 0.6 111
0.4 (a) E,=0.4GeV
80008 - systematic error 0.2 4 (b) E,=0.8GeV |08
6000 ] . (c) E~1.2GeV oL
: 0.2 2. (d) Q’=0.2GeV> 1095
40001 0.4 [/ (e) Q*=0.6GeV> oo
- 0.6 - () Q*=1.0GeV?
2000 — 08
:I 111 | 1111 | 1111 | 1111 | | | | | | | | | | | | _1
0 01 02 03 04 05 06 07 08 09 1 0 02 04 06 08 1 12 14 16 18 2

Q° (GeV’) _After correction

cosO

@ Poor agreement in Q2
@ From Q? fits to MB v, CCQE data extract:

- M,*ff —— effective axial mass

= K —- Pauli Blocking parameter

Beautiful agreement after Q2 fit, even in 2D

@ Ability to make these 2D plots is unique
due to MiniBooNE's high statistics " 02 04 06 08

MB, PRL 100, 032310 (2008) T, (GeV)
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Tuning Nuance on internal NC n° data

R EsssEEmImEEEEe e S RiE A mERERR MR ERS
{000, Q0] Geve | - P 10, 03 Geve |

|l i S R
= O 1 2. e |1 2w e
NC 11° important background ;- T et EH i |
97% pure T sample (mainly 1 1w . B ;
A—>NT1°) | | o - :

= ] 100

Measure rate as funCtlon ad B0 100 120 140 o0 180 200 220 E-I-O_ a0 B0 103 120 L40 Lod L8] 22_ _ a0 B0 100 120 140 Lol 180 200 220 2
Of m 0 m e ntu m M,, (MeVic?) M, {MeVic?) M, (MeV/e?)

A—Ny also constrained

Default MC underpredicts rate §7 RS L EO TR
at low momentum = ] [ Y sl I g
Cg

]
B

AR

| i

Invariant mass

distributions in
“&0 B0 LOO L20 140 160 180 200 220 240 80 50 100 120 140 L60 180 200 220 240 80 B0 100 120 140 L60 LEQ 200 220 240

momentum b ins M,, (MeVic?) M,, (MeVic?) M,, (MeV/c?)

5
T

T T T T T O T T T T T O T T
P60, DLET]GeVE {100 T3] Geve
L = & Do
v weys. amos 50| e was. aros

I Bachiround

Events/10 {Me¥ic?}
25555884 W
Events/10 {Me¥ic?}
E)
Everts/10 (MeVic?)

WL @

Tﬂ 80 100 L;('J-T-I-G 160 L8O 200 220 240 6&] 80 J.(;Z] 120 140 160 L8O 200 220 240 6:3 SEJ J.(;(] J.EIU l.-ll-(] 160 180 3:30 220240
M., (MeVic?) M,, (MeVic?) M,, (MeV/c?)
B16%
NC EL MB, Phys Lett B. 664, 41 (2008)
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Beam Flux
Prediction

X-Section
Model

Analysis Chain: Track-Based Likelihood | oetea

Model

Reconstruction and Particle ID /

Point Source Track Based
Recon Recon

' _¢

Simultaneous Pre-Normalize
Fit toVu &Ve to Vu ; FitVe
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TBL Analysis: Separatin

v, CCQE events (2 subevent)

gefrompu

@ Analysis pre-cuts
=l Only 1 subevent :4000; g W Monta Carlo i 60000 e data ZZZ:
£ F "2 50000 —
=& \eto hits < 6 gauuui %zsmooof MC 500 -
H F E 1000
= Tank hits > 200 = s 3 w |
- Radius < 500 cm - A R S B
O etos ey R R R SR S R AN 090 200 4% edo 80 1000 1200
Veto Hits Tank Hits
0.3 T
@ Eventis a collection of PMT-level info (q,t,x) 02 )
@ Form sophisticated Q and T pdfs, and fit for 7 o
track parameters under 2 hypotheses 0.1
=& The track is due to an electron 5
~& The track is coming from a muon g.:
o
0.1 o
oz Hv.CCQE o
"~ [v.CCQE
-u 3I_ 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1
9200 400 600 800 1000 1200 1400

fitted E (MeV)
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Separating e from n0

@ Extend fit to include two e-like tracks

@ Very tenacious fit...8 minutes per event
@ Nearly 500k CPU hours used

2

:

1500

Events/5 MeV/c?

:

500

blind

¢

— Monte Carlo Simulationz
—— NC7°
® Data

150

250

300 350

400
Reconstructed Mass (MeV/cz)
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450

500

fitted mass (MeV/c?)

300

250

]
o
=

.IIIIII!I.III"-T

lj_lllll

. |:|"'p NC =0
. CCQE

| | 11 1 | 1 | 1 | 1 1 1 | 1 1 1 | 1 | 1 | 1

28]

400

600 800 1000 1200 1400
fitted E (MeV)

600
fitted E (MeV)
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TBL Analysis: Expected event totals

475 MeV - 1250 MeV

Stacked backgrounds: v K 94
III yK e
0O o V¥ 132
0 10 62
> 1.45 dirt events dirt 17
= -
=12 Bl ANy A-Ny 20
T 1= B other
- .- LSND best-fit signal other 33
- e s total 358
= LSND best-fitv »v 126

400 600 800 1000 1200 1400
reconstructed E  (MeV)
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In situ background constraints: NC w0

Stacked backgrounds:
A
v
th
dirt events
B ANy
- other

---- LSND best-fit signal
Am?=1.2 eV?
sin’(26)=0.003

800 1000
reconstructed E  (MeV)

1200 1400

Reconstruct majority of n0 events

Error due to extrapolation uncertainty into
kinematic region where 1 v is missed due to
kinematics or escaping the tank

Overall < 7% error on NC =0 bkgs

Weight

1.8

1.6

1.4

1.2

1.0

n.&

0B

MB, Phys Lett B. 664, 41 (2008)
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475 MeV - 1250 MeV

A 94
i 132

T e
Ir 1/
A-Ny 20
other 33
total 358

° Momentun Reweighting Function for v Made Mante Garlo
Reweighting Factors .
. Fitted Raweighting Function
n.z 0.4 0B 0s 1.0 1.2 1.4
Poo (GeV/o
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In situ background constraints: A—->Ny

800

@ About 80% of our NC ©0 events come from

resonant A production

@ Constrain A—>Ny by measuring the resonant
NC =0 rate, apply known branching fraction

1000
reconstructed E\

to Ny, including nuclear corrections

MB, PRL 100, 032310 (2008)
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Stacked backgrounds: 475 MeV - 1250 MeV
K
M v A 94
R e
0 vH 132
e
dirt events TT° 62
= At‘h’ Ny dirt 17
other ———
---- LSND best-it signal (A—» Ny 20
Ame=1.2 eV?
sin’(26)=0.003 ot h er 3
_________________ total 358
............ g 5 :
1200 1400 g 10 _
(MeV) =R =
2 -
— —
L 5o
S -
5 401
S F
O 30F
20
10

0.5 1 1.5 2

E

v

25
(GeV)
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In situ background constraints: Dirt

Stacked backgrounds: 475 MeV - 1250 MeV
M v v K 94
v e
0 vH 132
e
= : dirt events 170 62
2,20 ANy -~ di T
o L E dirt 17
£ — : B other S~— 42/
= EITTETTTTY ---- LSND best-fit signal A—->Ny 0
0.8 C R . Am?=1.2 eV?
— L sin’(26)=0.003 ot h er 3 3
o total 358
. —+—|_ } Darta
600 800 1000 1200 1400 - |
reconstructed E, (MeV) =0 | — Dirt(fitted)
' 00 | — Bkad
; :50; _H: all MC
@ Come from v events int. in surrounding dirt 7 - +
- _ll]—_ 1 |
@ Pileup at high radius and low E . |_FH_
@ Fit dirt-enhanced sample to extract dirt event o0 \ !
rate with 10% uncertainty N 1
 +r—tr——rr—rrr—rrrr

visible energy (GeV)
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In situ background constraints: Muon v,

Stacked backgrounds:
A
v
0
' dirt events
B ANy
- other

---- LSND best-fit signal
Am?=1.2 eV?
sin’(26)=0.003

800 1000
reconstructed E  (MeV)

1200 1400

Intrinsic ve from u+ originate from same
n+ as the v, CCQE sample

Measuring v, CCQE channel constrains
intrinsic ve from m+

Lake Louise Winter Institute, 20 Feb 2009

475 MeV - 1250 MeV

v 94
T 1
TtV 0’2
dirt 17
A-Ny 20
other 33
total 358

Vi
p+Be — :rn< Ve
u<
v, et
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In situ background constraints: Kaon v,

Stacked backgrounds:

AW

V.
70
: dirt events
B A— Ny
- other

Am?=1.2 eV?
sin?(20)=0.003

800 1000
reconstructed E  (MeV)

1200

At high energy, v, flux is dominated

by kaon production at the target
Measuring v, CCQE at high energy

constrains kaon production, and thus

intrinsic ve from K*

---- LSND best-fit signal

140

(D(Ev} (v/POT/GeVicm?
3 2 3
= =) ©

—

o
N
r

—

o
N
=)

475 MeV - 1250 MeV

-~ vk |~
\Ve 4 /
157
62
17
A-Ny 20
33
358
L_ v, channels
§ — all
—
K;—m*
- K'orn’

.-'"|
",

Y

==+ other

' |
! H"\E“:
LS
1 L '1|-' | L T PN ] 1 1 L 1
1 2
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In situ background constraints

Stacked backgrounds:

475 MeV - 1250 MeV

400 600 800 1000 1200 1400
reconstructed E  (MeV)

M v v K 94
[ R e
0 vH 132
e
dirt events 110 62
= ";‘t::”f dirt 17
---- LSND best-fit signal A—->Ny 20
0003 other 33
total 358

¥¢ In the end, every major source of background

can be internally constrained by MB at various levels.

Lake Louise Winter Institute, 20 Feb 2009
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events / MeV

2007 Data/fit result after unblinding...

2.5

2.0

1.5

1.0

0.5

—

+ 2v oscillation
. analysis threshold

e

* MiniBooNE data

-+ expected background
--- BG + best-fit oscillation
— v, background

v, background

h

300

1200
reconstructed E, (MeV)

1500 3000

What does it all mean? There
are a few possibilities...

- Some problem with LSND, e.g.
mis—estimated background?

- Difference between neutrinos
and antineutrinos?

== The physics causing the excess
in LSND doesn't scale with L/E?

e Low E excess in MB related?

Lake Louise Winter Institute, 20 Feb 2009

@ No sign of an excess in the analysis
region (where the LSND signal should
have highest significance for the 2v
mixing hypothesis)

@ Visible excess at low E

100

—
=]

IAm2l (eV3/c?)
—h

sin“(20) upper limit

— MiniBooMNE 90% C.L
---- BDT analysis 90% C.L.

10'F
- [7] LsnDoo% C.L.
- | ] LsND9g% C.L.
1 ||I| 1 I|I||I| | ||I| 1 L1 1 1111
107
10° 102 10" 1
sin?(26)
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Part 2: Exploring the Low E Excess

Lake Louise Winter Institute, 20 Feb 2009
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The low E excess has fueled much speculation...

Commonplace SM, but odd Beyond the SM

@ Muon bremsstrahlung @ Anomaly-mediated vy @ New gauge boson
(Bodek, 0709.4004) (Harvey, Hill, Hill, 0708.1281) (Nelson, Walsh,0711.1363)

o

MiniBooNE Oscillation Probability at Low Energy

S
k-b -
>

@ Easy to study in MB with § @ Still under study, nuc. Can accommodate LSND
much larger stats from effects neglected, 49, and MiniBooNE

events with a Michel tag Has to contribute...how Firm prediction for anti-

Proved negligible with much? neutrinos
MB data in 0710.3897

Lake Louise Winter Institute, 20 Feb 2009 4?2



events / MeV

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

Extending the analysis to lower energies

é* e MiniBooNE data (stat. error)
= -+ expected background (syst. error)
S
= } — v, background
= v, background
wil | ;
- | :
= t:
C | ;
C L §
— 1
— I
E.I...EI...I...I... |
300 500 700 900 1100 1300 1500 3000

reconstructed E, (MeV)

Original excess quoted in initial
oscillation PRL 98, 231801 (2007)

<= 475-1250 MeV, 22 = 40, 0.6¢0
== 300-475 MeV, 96 =+ 26, 3.7c

In summer 2007 extended analysis
down to 200 MeV

= 200-300 MeV, 92 = 37, 2.50

Combined significance with proper
systematic correlations

- 200-475 MeV, 188 = 54, 3.5¢
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events / MeV

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

Extending the analysis to lower energies

é* e MiniBooNE data (stat. error)
= -+ expected background (syst. error)
S
= } — v, background
= v, background
mil lf ;
- | :
= t:
C | ;
C L §
— 1
— I
E.I...EI...I...I... |
300 500 700 900 1100 1300 1500 3000

reconstructed E, (MeV)

Original excess quoted in initial
oscillation PRL 98, 231801 (2007)

<= 475-1250 MeV, 22 = 40, 0.6¢0
== 300-475 MeV, 96 =+ 26, 3.7c

In summer 2007 extended analysis
down to 200 MeV

== 200-300 MeV, 92 + 37, 2.5¢

Combined significance with proper
systematic correlations

- 200-475 MeV, 188 = 54, 3.5¢

@ Since this result a comprehensive (> 1 year) review of bkgs/errors with an
emphasis at low E was performed...detailed updates to follow
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Updates with minimal impact

70 &
60

50

@ With the ve appearance result published and the

unexpected excess at low E, we decided to go back
and perform a comprehensive re-analysis of all
aspects of the analysis ob

-& General review of all aspects 0Bl it
0.5 1 1.5 2 25

- Add improvements that had been put on hold E, (GeV)

Generated/Unsmeared =° Momentum in ¥ Mode

40

Coherent Fraction (%)

30

2(}5—

= Emphasis on the low E region

ED 00O Monte Carlo .
.
Data

@ Improvements that had no measurable impact:

—s Better pion flux determination using spline fit to HARP
data instead of Sanford-Wang parameterization

40 000

30000

— /565220 POT
c

vents

=

Flux errors calculated subject to HARP error matrix 518 2000

¢

¢

Implemented MB in situ measure of resonant/coherent oo
pion production )

0
0.0 0.2 0.4 0.6 ne 1.0 12 14

Completely independent re-analysis of ©0 backgrounds B (QV/0

7% Momentum Reweighting Function for v Mode Monte Carlo

¢

1.8

Complete combinatorial treatment of A—>NY branching | Fited Rewighing Funeton
ratio allowing for pion re-interactions in struck nucleus

¢

- Added 15% more newly-acquired v data

Lake Louise Winter Institute, 20 Feb 2009
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Hadronic bkgs/errors in v interactions

ADDITIONAL HADRONIC PROCESSES:

@ Charged - C elastic scattering

- Found 7t elastic scattering to be nearly
absent in GCALOR

== Possibility that NC n+ have more

300

250

scattering = making Cerenkov ring £ 200

look more e-like 5
© 150

@ Radiative n- capture o
=#= 11— capture is in GCALOR, but missing 5 b
radiative branching fraction (<2%, 50

~100MeV gamma)

@ 7t induced A->Ny in mineral oil

- Abs/cex allowed in GCALOR, but
radiative y branch missing

== Not as dangerous as in struck nucleus,
since ® propagates for some time and
can give multiple rings

n" C elastic
e Ashery elastic |
® GCALOR elastic
I - A GFLUKA elastic [ |
; I i GCALOR-+elastic
1 k- T T T
I T4 1
I
I
]
100 200 300

Pion KE (MeV)

% None of these processes contributed a
significant number of bkg events

Lake Louise Winter Institute, 20 Feb 2009
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Hadronic bkgs/errors in v interactions
ADDITIONAL HADRONIC PROCESSES:

3]01’5 T T T T T T1 T T T E
£ Frmeoeeenn s
@ Photonuclear interactions = ’ i
. 10°E E
- Absent in GEANT3 O "E oo
o C @ 0 ]
=% Can delete a yin a NC piO interactions, D - .
thus creating a single e-like ring g 10z E
- A 3
- 40,000 NC pi0 interactions a /‘,-"’ i\:
-# Well-known cross-section, in fact in 6 1E it =
GEANT4 which allowed for cross-check : 1 ©  Totalogy, (Hutbel) .
=& Uncertainties enter via final states Lh O Sume i
. . = l ()_ E_ E :‘:ie- rens _E
@ Only missing hadronic process found to g e etraaton ;
contribute significantly B Ous Parametization -

l()_z | 1 | | 1 11 1 |2 | | 1

10

Energy (MeV)

Vu(p’n)—}vy<p’n)ﬂ-0’ﬂ-o_>yy

Ve W v

on _Z.— T Y
/_A\p,n
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Hadronic bkgs/errors in v interactions
ADDITIONAL HADRONIC PROCESSES:

@ Photonuke bottom line: n e rp—

- Additional p0 mis-id due to all 2 400t I = misid
modified hadronic processes g 350 [ +° Photo Nuclear Abs.
(dominated by PN) = a00F []a—m

« 200-300 MeV, ~40 events ~ F I <
O 250 -olher

« 300-475 MeV, ~20 events 8 ok

e 475-1250 MeV, ~1 event &J 150%—

- Additional systematic error negligible = 100F-
relative to other errors =

=
% 600 800 1000 1200

Ey (QE)
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L #]

Additional cut to remove dirt events

Dirt backgrounds tend to come from y that sneak through the veto and convert in

tank = pile up at high radius

Don't carry full v energy = pile up at low visible energy

Define R-to-wall cut, distance back to wall along reconstructed track direction

Apply 2d cut as shown

|_y-RtoWallB, x-Evis |

H2EvisRtoWallB

1200

1000

400

R-to-wall distance [cm]

200

RED: CCQE Nue
BLACK: Background

nBe o et

v N +

- L AR /S &

) z S i K

e b by L v b e e by v ey

Entries 4300
Mean x 395.9
Meany  294.2
RMS x 2904
RMSy 2031

200 400 600 800

Lake Louise Winter Institute, 20 Feb 2009
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Events / MeV

Additional cut to remove dirt events

@ Dirt cut bottom line: Removes ~85% of the dirt backgrounds at low energy

No DIRT cuts

- [ ] V.fromp

4 [ V. fromK*
30 I v, from K°

P 7@ misid

[ A—Ny

I dirt

[ ather

—— Const. Syst. Error

1

ESE (GeV)

1415 3.

Events / MeV

With DIRT Cuts

4.5 E_ [ ] V. fromp
4 [ v, from K*
- [ v, from K°
351 I «° misid
af [CJA—Ny
g I it
2.5 [ other
- —— Const. Syst. Error
ok
|
15
1
05
i -
|
0.2 04 06 08 1 1.2 1415 3.
ECE (GeV)
50
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Events / MeV

Excess Events / MeV

1.4

1.2

0.8

0.6

0.4

0.2

0.6
0.5
0.4
0.3
0.2

0.1

-0.2

-0.3

Full update: Impact on oscillation analysis

® MiniBooNE data

Expected background
______ BG+Best fit v,—Vv,

—— v background

Y, background

ECF (GeV)

coeeee Destfity, -y,

® data - expected background

8in’268=0.004, A m°=1.0eV?
ain®28=0.2, A m°=0.1eV?

_IIII|IIII|IIII TP TrTT

¢

1 12 14 1.5 3.

ES" (GeV)

F—ra— — ——
14 15 3.

Ngoz
<]

10

107

L

£ .Limit (this work)

BLimit april 07)

1073

1072

0—1

Lake Louise Winter Institute, 20 Feb 2009
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v¢ Little impact on primary oscillation analysis!
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Full update: Compare update stages

Original (April 07)

Event Sample Updated Analysis Add New Data Add Dirt Cut
200 — 300 MeV
Data 37o 368 427 232
Background 283 + 37 332.4 £ 3R.9 386.0 = 44.3 186.8 £+ 26.0
Excess 92 1+ 37 35.6 £ 38.9 41.0 +44.3 45.2 £+ 26.0
Significance 2.50 0.9 0.9 1.7o
300 — 475 MeV
Data 369 364 428 312
Background 273+ 26 2829+ 2R3 330.0 £ 31.8 2283+ 24.5
Excess 096 + 26 51.1 £ 28.3 98.0 £ 31.8 83.7T+ 245
Significance 3.7 2.9 3lo 340
200 — 475 MeV
Data T44 732 hiT3] 544
Background 5h6 £+ 54 615.3 £ 58.0 T16.1 + 66.2 415.2 £43.4
Excess 188 + 54 116.7 £ 58.0 138.9 £+ 66.2 128.8 =434
Significance 3.50 2.0 2.1 3.00
475 — 1250 MeV
Data 380 369 431 408
Background 368 + 40 356.0 £ 33.3 412.7 £ 37.6 385.9 £+ 35.7
Excess 22140 13.0 £ 33.3 183+ 37.6 22.1 &+ 35.7
Significance 0.6 0.4 0.50 0.6c
@ Divided into 4 major rows based on energy range
@ Columns separate analysis updates
=& QOriginal
=& All update except new data and dirt cut
=& Add new data
=& Add new dirt cut
Lake Louise Winter Institute, 20 Feb 2009 52




Full update: Compare update stages

Event Sample Original (April 07) Updated Analysis Add New Data Add Dirt Cut
200 — 300 MeV
Data 375 368 427 232
Background 283 + 37 d32.4 £ 38.9 386.0 £ 44.3 186.8 + 26.0
Excess 02+ 37 35.6 £ 38.9 41.0 £ 44.3 45.2 &+ 26.0
Significance 2.50 0.9 0.9 1.7o
300 — 475 MeV
Data 369 364 428 312
Background 273 + 26 2820+ 283 330.0 £ 31.8 2283 £ 24.5
Excess 06 + 26 81.1 4+ 283 8.0+ 31.8 83.7T+ 245
Significance 3.7 2.9 3lo 340
200 — 475 MeV
Data 744 732 5] 544
Background 556 + 54 615.3 £ 58.0 716.1 £ 66.2 4152 £ 43.4
Excess 188 + 54 116.7 &= 58.0 138.9 £+ 66.2 1288+ 43.4
Significance 3.50 2.0 2.1 3.00
475 — 1250 MeV
Data 380 369 431 408
Background 358 £40 356.0 £33.3 4127 + 37.6 385.9 £ 35.7
Excess 22+ 40 13.0 £ 33.3 18.3 £ 37.6 22.1 £35.7
Significance 0.6 0.4 0.50 0.6c

@ In475-1250 MeV, excess is small/stable through all updates

@ In 200-475 MeV, excess significance reduced due to additional
hadronic bkgs, compensated by reduction in dirt background

@ Original 3.70 excess in 300-475 remains a 3.4c effect after a

comprehensive review

Lake Louise Winter Institute, 20 Feb 2009
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Full update: Compare update stages

Event Sample Original (April 07) Updated Analysis Add New Data Add Dirt Cut
200 — 300 MeV
Data ara 368 427 232
Background 283 £ 37 332.4 £ 3R.9 386.0 = 44.3 186.8 £+ 26.0
Excess 92 1+ 37 35.6 £ 38.9 41.0 +44.3 45.2 £+ 26.0
Significance 2.50 0.9 0.9 1.7o
300 — 475 MeV
Data 369 364 428 312
Background 273+ 26 2829+ 2R3 330.0 £ 31.8 2283 +245
Excess 096 + 26 51.1 £ 28.3 98.0 £ 31.8 83.7T+ 245
Significance
200 — 475 MeV
Data T44 732 b3 544
Background 5h6 £+ 54 615.3 £ 58.0 T16.1 + 66.2 415.2 £43.4
Excess 188 + 54 116.7 £ 58.0 138.9 £+ 66.2 128.8 =434
Significance 3.50 2.0 210 3.00
475 — 1250 MeV - - - -
Data 380 369 431 408
Background 358 4 40 356.0 & 33.3 412.7 + 37.6 385.9 + 35.7
Excess 22140 13.0 £ 33.3 183+ 37.6 22.1 £+ 35.7
Significance 0.60 0.4 0.5c 0.6c
FINAL
@ In475-1250 MeV, excess is small/stable through all updates
@ In 200-475 MeV, excess significance reduced due to additional
hadronic bkgs, compensated by reduction in dirt background
@ Original 3.70 excess in 300-475 remains a 3.4c effect after a

comprehensive review
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Full update: Compare update stages

Event Sample Original (April 07) Updated Analysis Add New Data Add Dirt Cut
200 — 300 MeV
Data 375 368 427 232
Background 283 + 37 332.4 + 38.9 386.0 & 44.3 186.8 + 26.0
Excess 92 + 37 35.6 + 38.9 41.0 +44.3 45.2 + 26.0
2.0 0.9 0.9 1.To

Significance

300 — 475 MeV

Data 369 364 428 312
Background 273 + 26 2820+ 283 330.0 £ 31.8 2283 £ 24.5
Excess 06 + 26 81.1 4+ 283 8.0+ 31.8 83.7T+ 245
Significance 3.7 2.9 3lo 340
200 — 475 MeV
Data 744 732 5] 544
Background 556 + 54 615.3 £ 58.0 716.1 £ 66.2 4152 £ 43.4
Excess 188 + 54 116.7 &= 58.0 138.9 £+ 66.2 1288+ 43.4
Significance 3.50 2.0 2.1 3.00
475 — 1250 MeV
Data 380 369 431 408
Background 358 £40 356.0 £33.3 4127 + 37.6 385.9 £ 35.7
Excess 22+ 40 13.0 £ 33.3 18.3 £ 37.6 22.1 £35.7
Significance 0.6 0.4 0.50 0.6c
FINAL

@ In475-1250 MeV, excess is small/stable through all updates

@ In 200-475 MeV, excess significance reduced due to additional
hadronic bkgs, compensated by reduction in dirt background

@ Original 3.70 excess in 300-475 remains a 3.4c effect after a

comprehensive review

Lake Louise Winter Institute, 20 Feb 2009
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Part 3: New antineutrino results

Lake Louise Winter Institute, 20 Feb 2009
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Anti-neutrino analysis...rates down

@ Simple matter of switching horn polarity
@ Analysis for anti-neutrinos nearly identical to neutrino mode
@ Biggest problem: Overall reduction in rate

v channel events| [ v channel events
all channels 895k | [all channels 83k
CC quasielastic 375k | [CC quasielastic 37k
NC elastic 165K | INC elastic 16k
CCm 200k | |ICCm 14k
CC P 33k CC 1P 2.6k
NC ° 53k NC 1 7.6k
NC 30k NC 2.8k
CC/NC DIS, multi-rt| 39k CC/NC DIS, multi-rt| 2.9k
6.6x1020 POT 3.4x1020 POT
v mode vV mode

@ With about half of the POT delivered in nubar mode, the overall number
of CCQE events is down by close to an order of magnitude...still useful

-+ Check part of LSND phase space with an antineutrino beam
- Useful comparison of low E anomalous region
- Cross-section measurements (very relevant for T2K)

Lake Louise Winter Institute, 20 Feb 2009



Rate down partially due to cross-section

v, CC total cross section world data T)u CC total cross section world data
12 G.P. Zeller 5—~0,45 B G.P. Zeller
s
§ 0.4

©0.35

o
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o4

e
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e
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ccgu_“N —),%)()/E(Ce\g (107* ¢m
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%%a\ | 0
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@ Recall signal channel is charged-current quasi-elastic v, interactions
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Rate also down due to n—/n+ flux

v mode flux
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@ Overall flux is also down
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@ Second complication: Wrong-sign component is much larger

- 0% anti-vy in v beam...18% vy in anti-v, beam

- WS component further amplified to 30% in nubar mode due to xsec

Lake Louise Winter Institute, 20 Feb 2009
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Projected sensitivity (90% CL) to anti-v oscillation

102 ———

— E* > 475MeV

Am2(eV?)

@ Important point, only anti-v are
assumed to oscillate in this analysis i — ES = 200 MaV

@ Already know WS component v, do 101

not oscillate from v mode result (at
least above 475 MeV) -

@ Due to low E excess in neutrino
mode, analysis is performed with 1
and without 475 MeV cut in E,(QE) -

@ Cover > half of LSND 90% CL I

10’

10-2 IIIIII| | IIIIIII| | IIIIIII| | L1 1111l

107 1072 10”7 a1
sin“(26)

Lake Louise Winter Institute, 20 Feb 2009 00



Events / MeV

Recently unblinded anti-v data...NEW RESULTS

v mode 6.6e20 POT

3.5F

2.5

15

05

02

¢

04

0.6

08

e Data
[ ] V. fromu
[ v, from K*
I v, from K°
B @ misid
A= Ny
B dirt
[ other
—— Const. Syst. Error

12 1415 3.

ESE (GeV)

Evenis / MeV

v mode 3.4e20 POT

0.25[

0.15

e Data
] v fromp™
0 v, from K*°
v, from K°
I =° misid
[ A— Ny
B dirt
[ other
—— Syst. Error

3.
ESE (GeV)

@ Unblinded Nov, first presented in Dec, some interesting observations...

- Backgrounds actually very similar

relative to systematic errors in black plotted on MC

-+ Good agreement...even at low energy

Lake Louise Winter Institute, 20 Feb 2009

- Role of stat error can be seen in blue errors plotted on data, especially
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Comparing limits and

v mode 6.6e20 POT

102:IIIIII|| LT IIIIII| T IIIIIII| T IIIIIIJ_-
— r -
C sin’(26) upper limit .
_ : i
' e ViniBooNE 90% C.L.
" === MiniBooNE 90% C.L. sensitivity
10 = BDT analysis 90% C.L.

lAm?] (eV¥c*)

] LSND 90% C.L.
[]LSND99% CL.

10

| III|
102
10° 102 10"
sin’(26)

Fit prefers to add some signal making limit curve shift to right relative to sensitivity.

1

sensitivities to 2v mixing

102

10

lam?| (eV3/c?)

-y
e

102

v mode 3.4e20 POT

—MBE E>200MeV 80% CL

----MB E=200MeV 90% CL sensitivity

A i

— BDT analysis E=500MeV 390% GL

D LSND 90% CL
. LSND 99% CL

102 10" 1

-3
10 sin?(20)

Nearly all of LSND and the null hypothesis included at 90% CL
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Data-MC prediction versus energy (nubar)

~ 0.2p
@ C
E N L data - expected background
@ 0.15 —
c S [ best-fitv.—V
g : 18 e
- 0.1 ‘ sin?26=0.004, A m*=1.0eV?
7 C
S oost— | Ot 5ir?20=0.2, A m?=0.1eV?
w B [ — |
s | —
1 1, 1
-0.05— {
- B 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
0'(].2 0.4 0.6 0.8 1 1.2 14 1.5 3.
ESE (GeV)

Counting exp. only has a 3.2 event excess above 475 MeV, where LSND's best fit
would predict 12.6 events

However, fit performed with a systematic covariance = Fit Range dof | %2(mull) | X2(LSND)
matrix that allows some normalization freedom >200 MeV| 17 | 20.2 18.2
x2 minimized by putting in a small signal that > 475 MeV]| 14 | 17.9 15.9
better matches shape of wiggle v¢ LSND best fit parameters

slightly preferred over null!
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Event excesses in various regions

- to be
E 2F range (MeV) v mode v mode ﬂ:.-anp;:ﬂed to PRL]

(3.386¢20 POT) (6.486¢20 POT)

200-300 Data 24 232

MC % syststat (consty.) 272274 186.8 £ 26.0
Excess (o) -3.2+ 7.4 (-0.4a) 45.2+ 26.0

300-475 Data 37 312
MC * sys+tstat (constr.) 343+ 7.3 228.3+24.5
Excess (o) 27+7.3 83.7+24.5

200-475 Data 61 544
MC % syststat (constr.) 61.5+11.7 4152+ 43.4
Excess (o) -0.5+11.7 (-0.040) 128.8 +43.4

475-1250 Data 61 408
MC % syststat (constr.) 57.8+10.0 385.9+35.7
Excess (o) 3.2+ 10.0 22.1+35.7

@ Simple exercise, if the low E excess had scaled with total bkg, how many events
should we have seen in anti-v mode?

== 200-475, should have observed 19 events on top of 61.5 bkg

-s With stat error only that means 2.4 ¢ downward fluctuation

== Not quite right, need fully correlated systematic analysis, compare various bkg hypotheses

Lake Louise Winter Institute, 20 Feb 2009 04



Initial study of low E compatibility

Maximum x? probability from fits to v and v excesses in 200-475 MeV range

Stat Only Correlated Syst Uncorrelated Syst

Same v,v NC 0.1% 0.1% 6.7%
NC =P scaled 3.6% 6.4% 21.5%
POT scaled 0.0% 0.0% 1.8%
Bkgd scaled 2.7% 4.7% 19.2%
CC scaled 2.9% 5.2% 19.9%
Low-E Kaons 0.1% 0.1% 5.9%
v scaled 38.4% 51.4% 58.0%

Main idea: Ignore what we think we know about various backgrounds and ask how
compatible the low E region is under various signal/bkg hypothesis

All correlated systematic errors have to be handled properly
- Work in progress, but final result has to be bracketed between 100% corr. and uncorr.

Examples:

== Low E Kaons: If the excess at low E was due to misestimating the kaon production in the
beam, then nubar mode should also see an excess.

—s Axial anomaly falls under first row

- v-scaled most compatible, but this is really just a statement that there is only 30% v, in the
anti-v, beam

Lake Louise Winter Institute, 20 Feb 2009 05



A word on v, disappearance? NEW RESULTS

Harder than ve appearance since you have to dead reckon flux and cross-section
Also know vy, rate is 30% (1.50) larger than expectation (before My fits)

Solution: perform a shape only fit to a 2v mixing hypothesis

Resulting limits shown below...will greatly improve with SciBooNE near detector data
v mode 5.6e20 POT v mode 3.4e20 POT

o~
E
< 1t R,
- VIJ — \"“ . e : v],[ - Vj.l
- PRELIMINARY - PRELIMINARY
10— 10
T, f %, CL
or o 0O o0 ™
10 T 1 ?
+ 90%CL MiniBooNE exclusion limit “" | . 90%CL MiniBooNE exclusion limit
3o MiniBooNE exclusion limit » 3o MiniBooNE exclusion limit
« 5o MiniBooNE exclusion limit R - Bo MiniBooNE exclusion limit
best fit: (17.53, 0.16) with > of 12.72, (null) of 17.78 # bestfit: (31.32, 0.96) with ¥* of 5.43, %2(null) of 10.29
[:IQO%CL excluded COHS |
Dm%CL xcluded, CCFR D 0L axcluded, CCFR
10'1 Lol ||||\||D-1 I Lo a1l L1110
-2 -1 -2 -1
10 10 2 o1 10 10 o,
sin™(20) sin“(20)
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MiniBooNE Conclusions: v mode

@ A comprehensive review of all bkgs and errors
completed (emphasis at low E)

. 102:IIIIII| [ IIIIIII| I IIIIIII| I IIIIIIt
=% No change to the analysis above 475 MeV - : ) - ]
N [ sin’(26) upper limit ]
—s Excess at low E energy reduced but still >3.0c . : y i

. . ' mm MiniBooNE 90% C.L.

significant - == MiniBooNE 90% C L. sensitivity
. . . . . == BDT analysis 90% C.L.
@ Assuming v behave like anti-v, L/E invariant 10

models for LSND are ruled out, including simple
oscillations, and 3+1 sterile models

|Am?] (eV¥c?)

> : - .
D - - _
= 4'5: e Data - .
~ b [ v. fromp - .
-g - ] V. fromK* L
2 35F I v, from K°
o : I © misid 10" E LSND90% CL.
3 [ JA—Ny C 0
: = dn - []LsND99% CL.
25 _—* [ other B ~
25 * —— Const. Syst. Error B :
| | | IIIIII| | IIIIIII| | L 111111
10_2 LLLlll
-3 N
10 107 10" 1
sin(26)

A

1.2 1415 3.
ECE (GeV)
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MiniBooNE Conclusions: anti-v mode

@ No statistical significant excess above 475
—s Shape of data-mc prefers a small signal

—s LSND best fit slightly preferred over null 10
=& Both LSND best fit and null within 90% CL
- Need more data

— MB E=200MeV 30% CL

----MB E=200MeV 90% CL sensitivity

— BDT analysis E=500MeV 90% CL

@ LSND alive and well with regard to anti-n result 10l
0.4 g
P 3 4L
= 5350 e Data - 1
=t [ v. from p* cE -
% - 1 v from K™ E B
o 03 B v, from K° = I
@ L] I  misid
0.25 A — Ny -
. dirt -
[ other
— Syst. Error |:| LSND 80% GL

. LSND 99% CL

10'2 IIIIII| | IIIIIII| | IIIIIII| 1 L1 1111l

103 107 10 1
sin®(20)

12 1415 3.
ESE (GeV)
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MiniBooNE Conclusions: v vs. anti-v

@ Very curious that there is no sign of
excess at low E in anti-v data

- Excess in visible E in plots on right

- v mode excess is 60 statistically
significant (3o with systematics)

- Many conventional possibilities,
e.g. missed bkgs, axial anomaly,
low E kaon production, ruled out

@ Has ramifications for T2K
—= T2K uses same energy n beam
-= Looks for ve appearance

== |f 13 nonzero, will want to

compare v to anti-v running for
CP violation

Lake Louise Winter Institute, 20 Feb 2009

Events/MeV

Excess Events / MeV

1.2
1=
C ®Excess
0.8
0.6
04
0-2%
oL -+‘_;_‘ ’_4_‘—% * i * ® —.— P
0-2 C 1 I 1 1 I 1
200 400 BDD BDD 1000 1200 1400 1500 1800 ZDDD
E . (MeV)
0,25
0.2 = ] data - expected background
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Looking forward....

Projected Luminosity at MiniBooNE

A 4

Amount of
anti-neutrino
data at start
of run April08

Dec 8, 2008 at 4.24e20POT T MiiBooNE -2 s

MiniBooNE - 3 Hz

e

Booster output

Planned 09 Shutdown

June 15, 2009

Green is projected POT
rates given expected

'@»Q: ‘bp'b &
@%ﬁ ?9@ ‘s@ ﬁég)é’ps

'N

@ OscSNS

- MB-like near/far detectors at Oak Ridge

Bg@; %Q:p‘b;)‘b'hp%%.bg > 29 9 9

v*’ ﬁygﬁ“ LGSR e R@d <L *‘@

a5

-& Relative to LSND

x5 detector mass

x1000 lower duty cycle
x2 n flux

x10 lower DIF background

PR

\Q\
éyf#‘§§‘@§%<$ﬁ

S

& MiniBooNE

- Will increase anti-v mode stats by
50% by shutdown, 5e20 POT

-« Proposal in to PAC last week to
double nubar stats to 1e21 POT

e 2.5 years of running without
change in program planning or
Booster upgrades

@ SciBooNE

=& Finished with 1e20 POT in both v
and anti-v mode
 Will improve v, disappearance

* Not clear they can contribute to
low E analysis, reconstruction
typically limited to >500 MeV

@ MicroBooNE
=% Valuable liquid Ar R&D to be
constructed in 8 GeV v beam
e Approved
e Can distinguish electron fromy

» Expecting 40-50 evts at low E
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Extra slides
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Calibration sources span various energies

Calibration Sources

Tracker system

goraverry
i

15%
E resolution

at 53 MeV

Franad Mard:
i
=

l Visible energy range of oscillation signal |

'I:'_'I_I L
:' g irscker
S 1500
_—I.l-_ .
o
_.-"’ ; ] Comrnic Mixm Y k
'R S0
| (]
| ) |
I @_kl-l.ﬂu!:ﬂ I ﬁ
' i e ' u
Cosmic Muon Ennrml
a m:— 5 |_¢.l E
Eoow Data
E T — —
T 3
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E S00E- -~ -
M -
= E
@ JOE =
=] F _ .
100 ™
P _ "
0o I0p 200 300 SO0 SO0 GO0 TR SO0
Cube Range Energy (MeV)

i j 1 T i 1
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Optical Model

Beam Flux
Prediction

i

X-Section
Model

Y

Optical
Model

Point Source
Recon

¢

Simultaneous
Fit to\r'u &Ve

Lake Louise Winter Institute, 20 Feb 2009

Track Based
Recon

¢

Pre-Normalize
toVy;; FitVyg
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Extinction or Fluorescence Rate (1/m)

].00 - | 1 1 L 1 1 T 1 L T v -
C —— JHU lcm Oil-Water =

10

—

0.1

0.01

@ Optical model is very complex

Light propagation in the detector

. n ; ; Timing Distribution for L E t
Extinction Rate for MiniBooNE Marcol 7 Mineral Oil e Iming istrioution for ~aser =vents ,

- \ . . Rayleigh Scattering (measured isotropic) | |

- s £ Sum of Fluomwscence Rates
o | N o —— Fluor4
5 II ~ —— Fluoor 3

—— JHU 1 em Qil-Cyclohexane
v+ FNALlem
-- FNALZcm -2
----- FNALS cm 10 B
— FNAL10cm F
— = MiniBooNE 1.6 m

B @@ MiniBoolNE 1.6 m variable length ]
".I 4 ~ = Rayleigh Scattering (Isctropic) 1

Hprompt light

late-pulsing

dark noise reflections

10 F

Rayleigh Scattering (anisotropic)

Floor 2

| - o scattering (tail)
- | \ 3. —— Floor 1

probability/(0.31 ns)
|

[
‘
; I
Z,

= I,..,"',"']'--,-..J S | .E N T TN S RS B

0 e = o i -40 -20 0 20 40 60 BO 100

corrected time (ns)
Wavelength (nm)

Michel electron t distribution

- Cerenkov, scintillation, fluorescence
== PMT Q/t response
-# Scattering, reflection, prepulses

Overall, about 40 non-trivial parameters

Unit Normalized

Started with benchtop measurements, refined
via in situ tuning. Data/MC agreement

critical (esp. for Boosted Decision Tree) 40 20 O 20 40 60 80 100 120 140 160
Time of PMT Hit (Vertex corrected) [ns]
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Ratio of Michel Mean E (MC/Data)

Tuning the optical model

M .- . ,’“\I ' / ~

j oo U _

@ Decay e- from cosmic muons are
' a great calibration source

*  Mar05 ]

e Nov05 (extinction) =% Electrons, like the signal

-
-
[£,]

= AprO6 (scintillation) -& E<50 MeV, fast to simulate

v May06 (fluorescence) =& Uniformly populate all R

—
—

?_ Inward (U er < -0.5) Outward (U er > 0.5)

1.06

—

LT . _!_r'— —e] v
| o = ~
=~
0.95 ~
F | | | | | | | | | e
0 200 400

Reconstructed R (x Sign of Uer) [cm]

@ Refining the OM: Basic idea
=#= Define n-dimensional hypercube (n~40) of allowed underlying parameter ranges
== Throw random darts (~100,000) in that space and run 5-10k MC Michel samples
- Compute a %2 for an ensemble of topology-based variables
5

Shrink allowed parameter space down to a remaining hyper-ellipse

Lake Louise Winter Institute, 20 Feb 2009 75



Ratio of Michel Mean E (MC/Data)

-
-
[£,]

—
—

1.06

—

0.95

Tuning the optical model

.l n n N
U | U .y
B *  Mar05 ]
;_,_ e Nov05 (extinction)
- = Apr0O6 (scintillation)
:_ ] May06 (fluorescence)
?_ Inward (U er < -0.5) Outward (U er > 0.5)
JE. .
S - i S e i S
' - ——
i 1 | -l | 1 1 | 1 1
0 200 400

Reconstructed R (x Sign of Uer) [cm]

Benefits are two-fold

=s Center of ellipse defines improved OM

=s Extent of ellipse defines systematic error

e Can later throw random darts in remaining hyper-ellipse, produce full neutrino samples
and fits (much more CPU intensive) to extract errors

Lake Louise Winter Institute, 20 Feb 2009

@ Decay e- from cosmic muons are
a great calibration source

=% Electrons, like the signal
- E<50 MeV, fast to simulate
- Uniformly populate all R
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e
w
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0.24

Fraction of light in Cerenkov t window

o

Breaking the UVF/scintillation degeneracy

- —s— Data |

H —=— Nov05 (extinction) —f—
- —=— Apr06 (scintillation) —>:<—

H —+— May06 (fluorescence) —f—

u —

- ——

E— A %;

-)I’-

I
1

t

—
S . =

H
|
|

|
f

40 60 80 100 120 140 160 180 200 220

Number of PMT Hits (=< Energy)

@ In general, tried to avoid tuning
OM with neutrino sampes

@ One exception...NC elastic

=% NC elastic not a significant bkg to
signal

- Sub-Cerenkov p provides direct
measure of scintillation amplitude

VH ﬁ’\)

Important due to degeneracy in original OM
=#= Ability of Cerenkov in UV region to absorb and re-emit in visible was not well-

measured

=% Means that isotropic, late light in Michel e- could either be due to UV Cerenkov
light fluorescence or due to direct excitation due to charged-particle passage
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Final step in tuning the optical model

|  Backirac Data(Uni)/CV |

;0.0 ; 1 [~
.'E.. i = _AG— Q9" -
r o.o-Backwards Fraction A®+A® §1 o I
‘T 0.0 > ;rlj |.|11‘“
0.0 o o b e o Lot e ]
E - gt: 1: o ?Ww“ﬁ:ﬂmwﬂﬁw H
' e
20.9 I
0.0 g ? rlJ _
0.0 = 0 ', Data/Prebaseline
S H IJ Data/Backfrac
0.0 v [
< 0.8 |
8 F 1 Uvi3/CV
-1 08 06 04 02 -0 02 04 06 08 1 o n
Cos © E 1 Sy detend
§ b )
G 0.74]
@ With the scintillation amplitude fixed from the “ 0 10 20 30 40 0 60 ns]
NC elastic data...could now tune the UVF
. . S 10" >
parameters with the Michels g Em% 5%
@ Look at the fraction of light on the tank wall ~ g10°¢
behind the Cerenkov cone as a function of 5103;_
corrected time = E
. . S10*k
@ Adjusted UVF amplitudes to get amount of =]
isotropic light correct 10°

40 20 0 20 40 60 20 100 120 140 160
Time of PMT Hit (Vertex corrected) [ns]
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@ 6 variables below used in Fisher discriminant v

Impact of OM tuning on v samples

to isolate v, CCQE

@ Various stages of tuning shown on left (red
Nov05, blue May06). Final OM shown on

right.
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Laser timing distributions (old and new PMTs)

397 nm laser == center flask data vs May0& baseline MC

Cld FMTs
black pontsmdata
blucmMC May0E baseline

r
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E
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‘”-E-E_Mjﬂ,.|...|.--I---l---|"""
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10 r black pointsmdata
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Full update: Background event breakdown

Process 200 — 300 300 — 475 475 — 1250
v, CCQE 9.0 17.4 11.7
Vy€e — Vye 6.1 4.3 6.4
NC 7° 103.5 77.8 71.2
NC A — Nv 19.5 47.5 19.4
Dirt Events 11.5 12.3 11.5
Other Events 18.4 7.3 16.8
ve from p Decay 13.6 44.5 153.5
ve from K+ Decay 3.6 13.8 81.9
v. from KE Decay 1.6 3.4 13.5

Total Background 186.8 4=26.0 228.3 4-24.5 385.9 £ 35.7

@ Above 475 MeV still dominated by intrinsic ve
@ At low E transitions to NC 0 and A->Ny dominated bkgs

Lake Louise Winter Institute, 20 Feb 2009
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Update #1: Treatment of & flux errors

OLD METHOD: w
@ Fit HARP/E910 data to SW parameterization. 200
- Use SW fit as central value (CV) MC 1G0
-= Use covariance matrix governing SW

parameters in x2 fit to assess error °

@ Problem: poor %2 due to SW parameterization

not fully describing data at HARP's precision

@ Old Sol'n: inflate HARP error until x2 accept. 400
@ Turns HARP's ~7% error into ~15% 200
100
0'4:::::::::. 0

6., (rad)

0352
0.3f =

0.25}-:

- 0000000000 o

= 00000000

= 00000
[ro000000000 =
Co00000O0o = «

80.8 %

81% of v flux crossing
MB covered by HARP
_~

400
300
200
1G0

6 7
p,. (GeVic

)
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0.06<®,<0.00

c (mb) vs p; (GeV)

------%--

01248, <015
- HARP data/errs
= SW fit

= new method

0.18<8,<0.21




Update #1: Treatment of & flux errors

OLD METHOD:

@ Fit HARP/E910 data to SW parameterization.
- Use SW fit as central value (CV) MC

-= Use covariance matrix governing SW
parameters in x2 fit to assess error

@ Problem: poor %2 due to SW parameterization
not fully describing data at HARP's precision

@ Old Sol'n: inflate HARP error until x2 accept.
@ Turns HARP's ~7% error into ~15%

@ Sounds dumb, but...

- Getting a good 2-dim parameterization
in (pg,0) not as easy as you might think

- More importantly, in the v, appearance
analysis the « flux is heavily constrained
from the in situ v, measurement

Lake Louise Winter Institute, 20 Fe.
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Update #1: Treatment of & flux errors

0.06<®,<0.00

NEW METHOD:

@ Forget SW, use HARP data and fit with spline

interpolation

@ Vary HARP data with their own covariance matrix to
produce flux systematic error

@ Update #1 bottom line: No impact on v appearance

-s Largest diff at low p; ,not much v flux hitting det,
further deweighted by cross-sections

=s Still have additional 5% in errors coming from horn
modeling + secondary interactions

= Errors outside of HARP measurement region actually
larger by taking covariance about old SW as 1c error

Lake Louise Winter Institute, 20 Fe.
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Parent © kinematics
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Update #2: Improved n°/radiative A analysis
Generated/Unsmeared »° Momenturn inV Mode
o Completere—extractionofnoweights

B0 0OD . Marnte Carla . :
Data - =% Independent code, improved unsmearing
50 000 L4 | technique, 11 bins, consistent with old result
Te!la - Fit over 9 bins in p; to smooth reweighting
40000 function
i
30000 | 7° Momentum Reweighting Function for v Mode Monte Carlo
1.8
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Full update: Visible energy distribution

@ Visible energy interesting to look at in

case excess is not really due to v CCQE

@ Can see excess is more consistent with

vy Mis-ID than intrinsic ve.

@ Excess piles up below 400 MeV, analysis

Events/MeV

threshold set at 140 MeV Evis

3=
- * ¢ MiniBooNE data
25 Expected background
2:_ + ——— v, background
- v, background
15— ’
] -
-4
05
D - 1 1 1 | I N I N N : I
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Excess Events / ( GeV 71000 )

08—

02|

Full update:

Q<2 and cos 6

Lake Louise Winter Institute, 20 Feb 2009

E ] data - expected background E 5(];— . data - expec*ted background
- ™ background shape L:ﬂj ok n background shape
06l ‘f‘bE_’CkgmL‘”d shaps o - A background shape
5 L Ve ng”alsmpe i 30 V. signal shape
0af- I I Ve signal shiaps 205 V. signal shape
| T ]
1 L
0 l * af ; ! 1 T
S X - S B S By S N T T
QE{GE\’E] -1 08 0.6 0.4 0.2 -0 02 0.4 0.6 0.3 (9;
COo S
Excess events plotted versus Q2 and cos 6...hope was that shapes would favor a
particular explanation.
x2 are from a shape only fit, internal constraints on absolute production ignored
== No smoking gun
- Most favored is expected excess Process y2(cos 6)/9 DF | %2(Q2)/6 DF |Mult. Factor
shape from anti-ve, but would NC =0 13.46 2.18 2.0
require MC prediction off by x 65 A—>Ny 16.86 4.46 2.7
- NC 70 next most-favored, but Ve C — e~ X 14.58 8.72 2.4
measured to better than 10% Ve C > et X 10.11 2 44 65.4
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Coherent Fraction (%)
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Update #2: Improved n%/radiative A analysis

: @ Applied in situ measurement of the
coherent/resonant production rate

-# Coherent event kinematics more forward
- Coherent fraction reduced by 35% (from RS)
@ Improvements to A->Ny bkg prediction

== Coh/res n0 fraction measured more
accurately, A—>Ny rate tied to res 70

-+ Old analysis, © created in struck nucleus not
allowed to reinteract to make new A

= Complete combinatorial derivation based on
I T I I S 1 branching ratios (I'y, I';0) and the pion

0.5 1 1.5 2 2.5 escape probability (e)
E (GeV) N.(A—Ny) 3T

v /

No(A—=Na’) 2T .

v,(p.n)=v,(p,n)n’, ' —yy
V V Vv —s Error on A->Ny bkg increased from 9 to 12%

7 @ Update #2 bottom line: Overall, produces a

Z
/T< T /< Ly small change in v appearance bkgs
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Hadronic bkgs/errors in v interactions

OLD HADRONIC PROCESSES/ERRORS:

Cross section (mb)

9

o

180
160
140
120
100
80
60
40
20

Mainly due to charged & absorption and charge exchange in the mineral oil,
analogous to the same processes in the struck nucleus

Use GEANT3 MC with GCALOR instead of GFLUKA default
- better ® abs/cex handling (error=max{Ashery error,Ashery-GCALOR})
- better neutron scattering

Cross-check: Accounting for cex/abs differences GCALOR & GFLUKA give
same result for ve appearance bkgs

n" C single charge exchange x* C absorption (no = out)

® Ashery CEX 250 ® Ashery absorption [ ]
I ® GCALOR CEX '|‘ ® GCALOR absorption
A GFLUKA CEX 5 absorpti
I 4 200 A GFLUKA absorption
=)
E I 1 T : 150 i l * 1 I
=
1 2 I 1
; ] [
I 2R 3 o 100 1
! ? I
il 1 )
50
Y L
i
0 = 2
100 200 300 400 0 100 200 300 400
Pion KE (MeV) Pion KE (MeV)
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Update #4: Additional cut to remove dirt events

@ Consistency-check: look at radial distribution after dirt cut applied
—s Uniform excess throughout tank

- n? Photo Muclear Abs.

o
- dirt
- other

12

-
+

[=]
=
[
g
=]
g

o
R [cm]
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Update #5: New data

@ Extra 0.83E20 POT during combined MiniBooNE/SciBooNE v running

- Vva—like events per POT evenly distributed throughout duration of run

@ Update #5 bottom line: ve-like event rate slightly higher for new data, but
perfectly acceptable

1.2

o

2.2
1.8 300<E(MeV)<475 2- T
1.6 180 475<E(MeV)<1500
1.4 + 1.6

1.4 ﬁ»

12

orrected v, candidate events

LM AL L A
——

oy bl

POT corrected v, candidate events

0.8 1;
s ERat
< 04 0.45—
02 chi2/dof=14.55/12 02 chi2/dof=14.42/12
%200 400 600 00 1000 1200 1400 1600 1800 o P C R T
Time (days) Time (days)
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Events / MeV

Excess Events / MeV

Full update: Extend 2v fit to low E

—+ ® MiniBooNE data
Expected background

...... BG+Best fit V,—*Ve
—— v, background

vy background

02 04 0.6 0.8 1 12 1415

3.
ESF (GeV)
1.2
i L data - expected background
........ best-fit V,—Ve
=in®28=0.004, A m=1.0eV?
sin?28=02, A m°=0.1eV?
. L 1
..... mEemmes ¥ T
u Ees
0.z
B 1 1 1 | 1 1 1 I i 1 1 I 1 1 1 | 1 i 1 I 1 1 1 | 1 1 i | 1
0.2 0.4 0.6 08 1 1.2 1.4 1.5 3.
ES" (GeV)

E,>475 MeV E,>200 MeV
Null fit 2 (prob.): 9.1(91%) 22.0(28%)
Best fit 2 (prob.): 7.2(93%) 18.3(37%)

Adding 3 bins to fit causes chiA2 to increase
by 11 (expected 3)

Can see the problem...the best 2v fit that

can be found does not describe the low E
excess.
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Background event breakdown nubar mode

N.vents 200-475 MeV 475-1250 MeV

intrinsicv, 17.74 43.23
from m/p=  8.44 17.14
from K*, K 8.20 24.88
other v, 1.11 1.21

Events / MeV
[ ] E [ }

e

CCQE 2.86 1.24
NC m? 24.60 7.17
A radiative 6.58 2.02
Dirt 4.69 1.92
other v 3.82 2.20

[ 1

=

T
Total bkgd 60.29 57.78

LSND best fit 4.33 12.63
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Data-MC prediction versus energy (nubar)

data - expected background
best-fit ¥, =V,

5in°26-0.004, A m°=1.0aV>
sin?26-0.2, A m°=0.1eV?>

Excess Events / MeV

>
Q
=
-
1)
et}
C
Q
>
w
0
0
Q
0
]
w

data - expected background
best-fit v, Ve
sin?20=0.004, A m’=1.0eV?

sin?20=0.2, A m"=0.1eV?

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

@ Best fit is not very different from LSND oscillations, easily within large error bars.
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Source v mode uncer. (%)

E °F range (MeV)

Flux from m*/u* decay

200-475 |(475-1100

Flux from m/u- decay

3.3 2.2

Flux from K* decay

Flux from K- decay

Flux from K° decay
Target and beam models
v cross section

NC m? yield

—
-]

Hadronic interactions
External interactions (dirt)

Optical model

Electronics & DAQ model 9.7

16.3

3.0

: N

W
. W e =
o~ ~

Total (unconstrained)

narison

v mode uncer. (%)

200-475 |475-1100

0.1

Ll el
NN

=9
Y|

123 | 142

Lake Louise Winter Institute, 20 Feb 2009

96



Chi2 values

X pan(dof)” Lpest.me(doD)” X’LSND best.fie(d0D)
12-prob 1>-prob 12-prob

>200 MeV || 24.51(19) 20.18(17) 18.18(17) 20.14(19)
17.7% 26.5% 37.8% 38.6%

22.19(16) 17.88(14) 15.91(14) 17.63(16)
13.7% 21.2% 31.9% 34.6%

(‘Covariance matrix approximated to be the same everywhere by its value at best fit point)
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