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1. Neutrino oscillation

The neutrino weak eigenstate is described by neutrino Hamiltonian eigenstates, v,,
v,, and v, and their mixing matrix elements.

|Ve>:|§2Ue. [v,)

The time evolution of neutrino weak eigenstate is written by Hamiltonian mixing matrix
elements and eigenvalues of v,, v,, and v,.

v, (1)) = zu ey

Then the transition probability from weak eigenstate v, to v, is

P ®) =[(v.)v, )| =-4% U,U,U.U, )sin (ATI)
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So far, model independent
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MiniBooNE, a neutrino oscillation
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1. Neutrino oscillation

From here, model dependent formalism.
In the vacuum, 2 neutrino state effective Hamiltonian has a form,
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Therefore, 2 massive neutrino oscillation model is
. ., Am?
P,.(t)=sin?20sin?| —t
4E

Or, conventional form

P_.(L/E)=sin"26sin 2(1.27Am2(ev 2y L(m) j

E(MeV )
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1. Introduction
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1. Neutrino oscillation

Neutrino oscillation is an interference experiment (cf. double slit experiment)

light source I slit screen

VM. I

If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation, they cause
quantum interference.
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1. Neutrino oscillation

Neutrino oscillation is an interference experiment (cf. double slit experiment)
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If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation, they cause
quantum interference.

For massive neutrino model, if v, is heavier than v,, they have different group velocities

hence different phase rotation, thus the superposition of those 2 wave packet no longer
makes same state
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If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation, they cause
quantum interference.

For massive neutrino model, if v, is heavier than v,, they have different group velocities
hence different phase rotation, thus the superposition of those 2 wave packet no longer
makes same state
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LSND Collaboration,
PRD 64, 112007

1. LSND experiment

LSND experiment at Los Alamos
observed excess of anti-electron
neutrino events in the anti-muon
neutrino beam.

— oscillation
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1. LSND experiment

3 types of neutrino oscillations are found:

e
-
2 LSND neutrino oscillation: Am2~1eV?
5 3 Atmospheric neutrino oscillation: Am2~10-3eV?2
B Solar neutrino oscillation : Am?~10-5eV?
o'k
But we cannot have so many Am?!
B Atmospheric ]
Wl VuiVx Am2 £ Am2 + Am,2
0l Solar MSW |
VoV 4
mé L 3 Irz L 1
10 1o 10 1
sin’20
We need to test LSND signal
MiniBooNE experiment is designed to have same L/E~500m/500MeV~1 to test
LSND Am2~1eV?
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1. MiniBooNE experiment

Keep L/E same with LSND, while changing systematics, energy & event signature;
P(v,~v,)= Sin*20 sin(1.27Am*L/E)

MiniBooNE is looking for the single isolated electron like events, which is the signature of v, events

[l

‘ FNAL Booster H target and horn ‘ ‘ decay region ‘ ‘ absorber ‘ dirt
2272

V, = Ve 77 '

primary beam secondary beam
(protons) (mesons)
MiniBooNE has;
- higher energy (~500 MeV) than LSND (~30 MeV)
- longer baseline (~500 m) than LSND (~30 m)
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tertiary beam

(neutrinos)
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1. Introduction

2. Neutrino beam

3. Events in the detector
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. Oscillation analysis

. Cross section model

. Neutrino oscillation result
. New Low energy excess result
. Anti-neutrino oscillation result

. Neutrino disappearance result
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2. Neutrino beam

MiniBooNE collaboration,
PRD79(2009)072002

MiniBooNE extracts beam
from the 8 GeV Booster

N\

\

i -

MiniBooNE collaboration,
PRD79(2009)072002

2. Neutrino beam

4 x10'2 protons per 1.6 us pulse
delivered at up to 5 Hz.

5.58x1020 POT (proton on target)

1.5ns

2. Neutrino beam

Magnetic focusing horn
=

MiniBooNE collaboration,
PRD79(2009)072002

®

8GeV protons are delivered to
a 1.7 A Be target

within a magnetic horn
(2.5 kV, 174 kA) that
increases the flux by x 6
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Beam micro structure Beam macro structure
primary beam secondary beam tertiary beam primary beam secondary beam tertiary beam
(protons) (mesons) (neutrinos) (protons) (mesons) (neutrinos)
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MiniBooNE collaboration, MiniBooNE collaboration, MiniBooNE collaboration,
. PRD79(2009)072002 . PRD79(2009)072002 . PRD79(2009)072002
2. Neutrino beam 2. Neutrino beam 2. Neutrino beam
Modeling of meson production is based on the Modeling of meson production is based on the
) measurement done by HARP collaboration . measurement done by HARP collaboration
HARP experiment (CERN) - Identical, but 5% A Beryllium target HARP experiment (CERN) - Identical, but 5% 2 Beryllium target Neutrino Flux from GEANT4
- 8.9 GeV/c proton beam momentum - 8.9 GeV/c proton beam momentum Simulation

Majority of pions create neutrinos
in MiniBooNE are directly
measured by HARP (>80%)

09/27/2010

HARP collaboration,
Eur.Phys.J.C52(2007)29

Booster neutrino beamline pion kinematic space

HARP kinematic
coverage

p,. (GeV/c)
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HARP collaboration,
Eur.Phys.J.C52(2007)29

xgec (mb) vs p; (GeV)

30 0.1244,<0.15
06 o e ’ HARP data
-— atajerrs
200 - SW fit with 8.9 GeV/c
= new method proton beam
08 momentum
° e} : 2 4 &
The error on the HARP data (~7%) directly !
propagates. .
The neutrino flux error is the dominant 400 fou
source of normalization error for an absolute 4, | & 0.18<8,<0.21
cross section in MiniBooNE, however it !t
5 — N 200
doesn't affect oscillation analysis.
100
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Fraction of Y Flux /0.1 GeV
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MiniBooNE is the v, appearance
oscillation experiment

“Intrinsic” v, + v, sources:
ut— eV, v (52%)
K*— 0 e* v, (29%)
KOs mev, (14%)
Other ( 5%)

Velv, = 0.5%
Antineutrino content: 6%
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2. Neutrino beam

3. Events in the detector
4. Cross section model
5. Oscillation analysis

6. Neutrino oscillation result

7. New Low energy excess result
8. Anti-neutrino oscillation result
9. Neutrino disappearance result
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3. Events in the Detector

09/27/2010
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MiniBooNE collaboration,
NIM.A599(2009)28

The MiniBooNE Detector

- 541 meters downstream of target

- 3 meter overburden

- 12 meter diameter sphere
(10 meter “fiducial” volume)

- Filled with 800 t of pure mineral oil (CH,)
(Fiducial volume: 450 t)

- 1280 inner phototubes

- 240 veto phototubes
Simulated with a GEANT3 Monte Carlo
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MiniBooNE collaboration,
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3. Events in the Detector

Extinction rate of MiniBooNE oil

Extinction Rate for MiniBooNE Marcol 7 Mineral Oil

]
]
H
]
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MiniBooNE collaboration,
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3. Events in the Detector
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The MiniBooNE Detector

- 541 meters downstream of target

- 3 meter overburden

- 12 meter diameter sphere
(10 meter “fiducial” volume)

- Filled with 800 t of pure mineral oil (CH,)
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MiniBooNE collaboration,

3. Events in the Detector

Times of hit-clusters (subevents)
Beam spill (1.6us) is clearly evident
simple cuts eliminate cosmic

backgrounds
Neutrino Candidate Cuts
<6 veto PMT hits

Gets rid of muons

>200 tank PMT hits
Gets rid of Michels

Only neutrinos are left!
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3. Events in the Detector

Times of hit-clusters (subevents)
Beam spill (1.6ps) is clearly evident
simple cuts eliminate cosmic

backgrounds
Neutrino Candidate Cuts
<6 veto PMT hits
Gets rid of muons

>200 tank PMT hits
Gets rid of Michels

Only neutrinos are left!
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MiniBooNE collaboration,
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3. Events in the Detector

Times of hit-clusters (subevents)
Beam spill (1.6us) is clearly evident
simple cuts eliminate cosmic

backgrounds
Neutrino Candidate Cuts
<6 veto PMT hits
Gets rid of muons

>200 tank PMT hits
Gets rid of Michels

Only neutrinos are left!
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*Neutral Pions
- Double rings

« Decays to two photons

4. Cross section model
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MiniBooNE collaboration,

NIM.A599(2009)28

Beam
Only

Tank hits > 200
Veto hits < 6

S
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Predicted event rates before cuts
(NUANCE Monte Carlo)

— 0 > Yy

Pi==—==luihy

1 Casper, Nucl.Phys.Proc.Suppl.112(2002)161

NC 1t may

CCn"Dﬂ-.

CC n*m25%

NC EL

Event neutrino energy (GeV)
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“Muons 3. Events in the Detector
- Sharp, clear rings

« Long, straight tracks

4. Cross section model
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MiniBooNE ¢

3. Events in the Detector Nl

*Muons
Sharp

r rings

- Long, straight tracks

«Electrons
- Scattered rings
« Multiple scattering

- Radiative processes

4. Cross section model

v, Vv, .
1 1 Predicted event rates before cuts
~ __ (NUANCE Monte Carlo)
z v 1 Casper, Nucl.Phys.Proc.Suppl.112(2002)161
— 10 — Y \/
P—""~~p w+
Multi =
man [~ —~7»
NC 7° ggor
NC ntmay,
CC n'ma% CCQE
039%
CC n*m25%
Vl 1~
~~ w16%
Wt NC EL
Event neutrino energy (GeV)
P p
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4. CCQE cross section model tuning

CCQE (Charged Current Quasi-Elastic)
v, charged current quasi-elastic (v, CCQE) interaction is the most abundant (~40%)
and the fundamental interaction in MiniBooNE detector

U

V,+N—>p+u Vi W
(v, +C—>X+u)

MiniBooNE detector

(spherical Cherenkov detector)
muon like Cherenkov
light and subsequent
decayed electron
(Michel electron) like
Cherenkov light are the
signal of CCQE event

Cherenkov 1

LG

Cherenkov 2

v-beam 12¢

Ny
p

(Scintillation)
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4. CCQE cross section model tuning

19.2 ps beam trigger window with the 1.6 ps spill
Multiple hits within a ~100 ns window form “subevents”

v, CCQE interactions (v+n — p+p) with characteristic two
“subevent” structure from stopped p—v,v.e

Number of tank hits for CCQE event
220 T !
200
180} i 3 1
160
140
1201 )
100

80
60

40 e
20 | |

9500 ISS0 A0 des0 4700 750 00

. LS |
U() 2000 4000 6000 8000 10000120001400016000 18000
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MiniBooNE collaboration
PRL100(2008)032301

4. CCQE cross section model tuning 4. CCQE cross section model tuning 4. CCQE cross section model tuning
All kinematics are specified from 2 observables, muon energy E, and muon The data-MC agreement in Q? (4-momentum transfer) is not good Without knowing flux perfectly, we cannot modify cross section model
scattering angle 0 ' " We tuned nuclear parameters in Relativistic Fermi Gas model g i and moniz.
M )

Nucl.,Phys.,B43(1972)605
Energy of the neutrino E,QF and 4-momentum transfer Q,QF can be reconstructed

by these 2 observables, under the assumption of CCQE interaction with bound

Q2 fits to MB v, CCQE data using the
neutron at rest (“QE assumption”). CCQE is the signal channel of v, candidate.

nuclear parameters: Q2 distribution before and after fitting
M, - effective axial mass » D?ta-MC ratio for T -cos, plane, before 1u:nlng
« - Pauli Blocking parameter & data with all errors ES ’
_ _ simulation (before fit) H
V,tN—=>ptu Relativistic Fermi Gas Model with 10000 __ simulation (after fit
. i backgrounds
(V +2C 5 X ny ) tuned parameters describes {¢]
“ v, CCQE data well 8000
v,+n—>p+e This improved nuclear model is used in  eoo0]
12 - v, CCQE channel, too. [
v+ C > X +e7) 2000
02 04 06 08 1 12 14 16 18 2
T, (GeV)
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Q" (GeV?)
4. CCQE cross section model tuning 4. CCQE cross section model tuning . NCro rate tuning
. . . X X . i . NCr° (neutral current n° production)
Without knowing flux perfectly, we cannot modify cross section model Without knowing flux perfectly, we cannot modify cross section model The signal of v, candidate is a single isolated electron
Data-MC mismatching follows Q? lines, not E lines, therefore we can see the Data-MC mismatching follows Q2 lines, not E, lines, therefore we can see the - single electromagnetic shower is the potential background
problem is not the flux prediction, but the cross section model problem is not the flux prediction, but the cross section model - the notable background is Neutral current re-production
Data-MC ratio for T -cos0, plane, before tuning Data-MC ratio for T, -cos0, plane, before tuning Data-MC ratio for T -cos0, plane,after tunin i %

Py o © N @ o et "l A u P 9 Because of kinematics, one always has the possibility/to'miss one

12

cos0,
cos6,

gamma ray, and hence this reaction looks like signal

0 04 06 08 1 4 16 18 2 14 16 18 2 : : .4 14 16 18 2
T, (GeV) T, (GeV) T, (GeV)
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4. NCr° rate tuning 4. MiniBooNE cross section results
production) Wi Data-Mc comparison of = kinematics (after tuning) N e e, Spam i
The signal of v, candidate is a single isolated electron g ] e tuned NCr° rate from our NCn® =~ : & All talks proceedings are available on online (open access),

measurement. Since loss of gamma ray is
pure kinematic effect, after tuning we have
- single electromagnetic shower is the potential background \ gg:c:zer?éig:Ctlog fo:anrtan:cselzcsgngh
- the notable background is Neutral current teproduetion grou Ve 8PP :

http://proceedings.aip.org/proceedings/confproceed/1189.jsp

+ Dam

— Full MC Fit 2 19.5% Coherent

Fit CL.=5.97%

Nulnt09 MiniBooNE results
In NuInt09, MiniBooNE had 6 talks and 2 posters
1. charged current quasielastic (CCQE) cross section measurement
by Teppei Katori, PRD81(2010)092005
y . neutral current elastic (NCE) cross section measurement
T & Corrected Data o;ﬁ/*‘—t—;02 e T by Denis Perevalov, arXiv:1007.4730
"} Gevic § Gev . neutral current n° production (NCn°) cross section measurement (v and anti-v)
wMes Bill-c0s 0) by Colin Anderson, PRD81(2010)013005
. charged current single pion production (CCn*) cross section measurement
by Mike Wilking, paper in preparation
. charged current single n° production (CCn°) cross section measurement
by Bob Nelson, paper in preparation
. improved CC1r* simulation in NUANCE generator
by Jarek Novak
. CCn*/CCQE cross section ratio measurement
by Steve Linden, PRL103(2009)081801
anti-vCCQE measurement
by Joe Grange, paper in preparation

0311512010 Teppei Katori, MIT 5

Resonant
Coherent
— Background

N

£+ Raw Monte Carlo|

Because of kinematics, one always has the possibility/to'miss one \ =
gamma ray, and hence this reaction looks like signal - 2

w

IN

Resonance Coherent
= v,tNo>v +N+n° v +A->v +A+n’

R

o

s
GeVie

o

7’ Momentum

MiniBooNE collaboration
PLB664(2008)41

~

©
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4. MiniBooNE cross section results

Nulnt09, May18-22, 2009, Sitges, Spain
All talks proceedings are available on online (open access),
http://proceedings.aip.org/proceedings/confproceed/1189.jsp

Nulnt09 MiniBooNE results

In NuInt09, MiniBooNE had 6 talks and 2 posters
1. charged current quasielastic (CCQE) cross section measurement
by Teppei Katori, PRD81(2010)092005

. the first measurement of CCQE double differential cross section
measured Q? shape prefer high axial mass (M,) under RFG model
. ~30% higher absolute cross section from the recent NOMAD

wN R

nt (v and anti-v)

2. Neutrino beam
3. Events in the detector
4. Cross section model

5. Oscillation analysis

5. Blind analysis v.th—p+e

(v,+C > X +
The MiniBooNE signal is small but relatively easy to isolate

The data is described in n-dimensional space;

.,
awiny

e)

—_— o 6. Neutrino oscillation result veto hits
(ccn| § EEE
© 10 - -
como| 7. New Low energy excess result ‘y
4 N
2 <
B.l 06 08 1 1 1 I I r
Eoenl " 8. Anti-neutrino oscillation result
= 18]
E14
remef €12 ) .
|t 9. Neutrino disappearance result
:
05— N
Flux-i d double diff | 10" Flux-unfolded total cross section | . . " .
L integrated double differental cross section | o w 09/27/2010 Teppei Katori, MIT 47 09/27/2010 Teppei Katori, MIT 48
5. Blind analysis Veth—>p+e 5. Blind analysis 5. Blind analysis
(v, +°C > X +¢e7) Z
The MiniBooNE signal is small but relatively easy to isolate (1) measure v, flux from v, CCQE event to 3
> “Intrinsic” v, +v, Sources: constraint v, background from p decay
The data is described in n-dimensional space; <§ 10 W et v, (52%)
S K > m0ety (29%) v,CCQE is one of the open boxes.
E 5 KO mev, ¢ (14%) Kinematics allows connection to = flux, hence »
£ = o Other ( 5%) intrinsic v, background from u decay is veto hits
® ; constraint. In the really, simultaneous fit of
5 vCCQE and v, CCQE take care of this.
g5
£ 10 Since MiniBooNE is blind analysis TRV, | v, Flux Ev-En space
veto hits experiment, we need to constraint W vl
E intrinsic v, background without
" 10 1L —> € vu Ve measuring directly
v, candidate
& (closed box) . K> meve (1) p decay v, background
10 (2) K decay v, background
The data is classified into "box". For boxes to be "opened" to analysis they must be E. (GeV)
shown to have a signal < 1c. In the end, 99% of the data were available v
(boxes need not to be exclusive set) Velv, = 0.5%
Antineutrino content: 6% o
E, (GeV)
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5. Blind analysis

(2) measure high energy v, events to constraint
v, background from K decay

At high energies, above “signal range” v, and
“v, -like” events are largely due to kaon decay

veto hits

example of open boxes;
-v,CCQE

- high energy event

- CCrn*

- NC elastics

-NC n°

- NC electron scattering
- Michel electron

etc....

signal range

E, (GeV)

09/27/2010 Teppei Katori, MIT
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5. MiniBooNE oscillation analysis structure

Beam Flux
Prediction

X-Section
Model
detector
model

Start with a GEANT4 flux prediction for the v
spectrum from = and K produced at the target

Predict v interactions using NUANCE neutrino
interaction generator

Pass final state particles to GEANT3 to model
particle and light propagation in the tank

Starting with event reconstruction, independent “BDT" “TBL”
analyses form: (1) Track Based Likelihood (TBL)

o Point S Track Based
and (2) Boosted Decision Tree (BDT) °;ec::m ra;ec::e
Develop particle ID/cuts to separate signal from ¢ ¢
background Boosting Likelihoo

. . Particle ID d Particle
Fit reconstructed E,QF spectrum for oscillations 5]
L 72
Simultaneous Pre-
Fitto v, & v, Normalize to

09/27/2010 Teppei Katori, MIT
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5. Track-Based Likelihood (TBL) analysis

TBL analysis summary
- Oscillation analysis uses 475MeV<E<1250MeV

Stacked backgrounds: 475 MeV - 1250 MeV

v

= " A 94

X — v 132
..... ks

14 dirt events 0 62

=2 ANy dirt 17

% 1 B other A—Ny 20
H 08 - AL’i:llzD.szest-lit signal other 33
sinf(es)=0003 total 358
LSND best-fit v,—v,

600 120

0
reconstructed E, (MeV)

09/27/2010 Teppei Katori, MIT
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5. Track-Based Likelihood (TBL) analysis

We have two categories of backgrounds:

1%°

(TB analysis) " 37%

09/27/2010 Teppei Katori, MIT

intrinsic v,
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6. Neutrino oscillation result

09/27/2010 Teppei Katori, MIT 56

MiniBooNE collaboration,
PRL98(2007)231801

6. The MiniBooNE initial results

TBL analysis

TBL show no sign of an excess in the
analysis region (where the LSND signal is
expected from 1 sterile neutrino
interpretation)

e ivochoid  + MiniBooNE data

~+ expected background
- BG + best-it oscillation
— v, background

v, background

events / MeV
s &

Visible excess at low E

0.5|
300 600 900 1200 1500 3000
reconstructed E, (MeV) 2 et ik slg : (061000, 0.000) .
5‘50
‘ v h EE—
BDT analysis b BEMNI100-000 o
BDT has a good fit and no sign of an o e 1
excess, in fact the data is low relative to ) q
the prediction .
150f°
Also sees an excess at low E, but larger 100)
normalization error covers it 0|
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6. The MiniBooNE initial results

The observed reconstructed energy distribution
is inconsistent with a v,—v, appearance-only model

MiniBooNE collaboration,

PRL98(2007)231801

10°F
E Sin(20) upper limit Energy-fit analysis:
i S — MiniBooNE 90% CL solid: TBL
10 W ....BDT analysis 90% GL. dashed: BDT

Independent analyses
are in good agreement.

MiniBooNE collaboration,

i PRL98(2007)231801
6. Excess at low energy region?

Our goals for this first analysis were:
- A generic search for a v, excess in our Va beam,
- An analysis of the data within a v,—v, appearance-only context

Within the energy range defined by this oscillation analysis, the event rate is
consistent with background.

» data - expected background

E s Howeyer’ th?re IS 3 ---- best-fit to full range
F Within the energy range statistically significant = 2610 004, Am—1 0 v
F defined by this oscillation excess at low energy region. 8 = EUEEC L ATt e R 7. New Low ener excess result
L analysis, the event rate is g — sin(20)-02, AmF-0.1 eV* : gy
| consistent with The low energy excess is E
10 E background. 2 neutrino not consistent with any 2 8
[ snoso%cL massive oscillation model neutrino massive oscillation @ - 1" 5 1
| [ isnpssw%clL. is rejected as a models. 0.0 —1 1 i T
vl g ! ¢ T explanation of LSND 300 500 900 1200 1500 3000
10 10° 102 107 1 signal. reconstructed E, (MeV)
sin’(26) 58 09/27/2010 Teppei Katori, MIT 59 09/27/2010 Teppei Katori, MIT 60
i 2 i 2 Nelson, Walsh, 1 i i
7. Excess at low energy region 7. Excess at low energy region? N e 33001 7. Oscillation analysis update
S TR e T e We re-visit all background source, to find any missing components
. Beyond the Standard model (most popular)
Commonplace idea Bodek, arxiv:0709.4004 Photonuclear effect
Muon bremsstrahlung - . ! . . -
New gauge boson production in the beamline Low energy gamma can excite nuclei, an additional source to remove one of
X - can accommodate LSND and MiniBooNE gamma ray from NCn® =10
o . - - =
- We studied from our‘data, and rejected. solid prediction for anti-neutrinos. 5 s
Zﬁ:ﬁgg%gg?bm“""‘ Photonuclear effect g 4
~ oy T T T =] L g mom
% | KARMEN LSND § 8 .
=10 18 10 |
£ — POV —_— i @«
107 - P, %) Lorentz violating oscillation model 2
Harvey, Hill, Hill, - can accommodate LSND and MiniBooNE S
Standard model, but new ~ PRL99(2007)261601 0E - predict low energy excess before MiniBooNE result. N
Anomaly mediated gamma emission v\/‘f v 10 pes - Under study Kostelecky, TK, Tayloe, L ]
pal Tt OseSNS, PRD74(2006)105009 10
v =
= . .
- Under study, need to know the coupling constant /‘*’K 10 (Sjctgﬁgrrinr:;mrr;%i;;ﬁ,cees?(zzbgﬁ;g elastic 10° -
- naive approximation, same cross section for v-N | X X 3t , " ) T 102
and v-N ”® . induced A radiative decay) are negligible Energy (MeV)
07 I contribution to the background
mE (\Ill%\’)
09/27/2010 Teppei Katori, MIT 61 09/27/2010 Teppei Katori, MIT 62 09/27/2010 Teppei Katori, MIT 63




7. Oscillation analysis update

We re-visit all background source, to find any missing components

New radiative gamma error

- single gamma emission process

- Delta resonance rate is constraint from data, so not hard to predict

- new analysis take account the re-excitation of Delta from struck pion, this

increases the error from 9% to 12%.

7. Oscillation analysis update

We re-visit all background source, to find any missing components

New flux prediction error
- external measurement error directly propagates to MiniBooNE analysis, without relying
on the fitting.

New low energy bin
- analysis is extended down to 200MeV

New data set
- additional 0.83E20 POT data.

New dirt background cut
- remove 85% of dirt originated backgrounds (mostly n° made outside of the detector)

New v, appearance oscillation result

- low energy excess stays, the original
excess in 300-475MeV becomes 3.4c
from 3.7c after 1 year reanalysis.

- again, the shape is not described by
any of two neutrino massive oscillation

MiniBooNE collaboration,
PRL102(2009)101802

7. New oscillation analysis result

Events / MeV

models

Now, we are ready to test exotic
models, through antineutrino oscillation

Excess Evonts /MeV.

¢ data- expectsd background
bast fty, v,
Sin"26=0.004, A =108V

data aaf sr26-02.4 =018V
T u!. L
E* (GaV)
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MiniBooNE collaboration, MiniBooNE collaboration,
. X X X PRL103(2009)111801 X . . . PRL103(2009)111801
8. Antineutrino oscillation result 8. Antineutrino oscillation result
Many exotic models have some kind Implications
of predictions in antineutrino mode. 3 So many to say about models to 3 o Dan
a explain low energy excess... FE E%:m«m
2 El vafram
Analysis is quite parallel, because H S Evg"m'::;"
MiniBooNE doesn't distinguish e- ¥ - The models based on same NC Yo [
and e* or y and p* on event-by- cross section for v and antl-v (e.g., wsl Eg;ﬁw
event basis. anomaly gamma production) are | — Syst, Ermor
) disfavored. s
] ) 3 E + data- expoctec background
= -The models proportioned to POT = asf- —————
" § he | 2 (e.g., physics related to the neutral 2 wE { §r20-0,004, & P DoV
Bottom line, we don't see the low K particles in the beamline) are 2 o bl 220-0.2, A n-0.18V2
energy excess. 8 disfavored. 8 t Tt F
3 £
ai
. . . . " - The models which predict all excess “ o - : + L N
8. Ant|'neutr|n0 OSCIllatIOH result only in neutrino mode, but not ESE (GeV)
antineutrino are favored, such as
neutrino-only induced excess
09/27/2010 Teppei Katori, MIT 67 09/27/2010 Teppei Katori, MIT 68 09/27/2010 Teppei Katori, MIT 69

MiniBooNE collaboration,

arXiv:1007.1150

8. New antineutrino oscillation result

- Antineutrino mode is the direct test of LSND signal

- Analysis is limited with statistics

New anineutino osaiation s | O N

- 70% more data

- low level checks have been done
(beam stability, energy scale)

- new dirt event rate measurement
(consistent with neutrino mode)

- new NCr° rate measurement
(consistent with neutrino mode)

- v fraction is measured in anti-v beam

09/27/2010

New antineutrino oscillation result
(presented at Neutrino 2010, Athens)

Teppei Katori, MIT

70

MiniBooNE collaboration,
arXiv:1007.1150

8. New antineutrino oscillation result

- Antineutrino mode is the direct test of LSND signal

- Analysis is limited with statistics
New anineutino oscilaton resut. | N
100.5+14.3

MC (stat+sys)
Excess (stat+sys) 18.5 +14.3 (1.30)

90.1£139
20.9 +13.9 (1.50)

233.8+225
432+ 22,5 (1.90)

- 70% more data

- low level checks have been done
(beam stability, energy scale)

- new dirt event rate measurement
(consistent with neutrino mode)

- new NCn° rate measurement
(consistent with neutrino mode)

- v fraction is measured in anti-v beam

Events/MeV

MiniBooNE now see the excess in
LSND-like Am? region!
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8. New antineutrino oscillation result

- Antineutrino mode is the direct test of LSND signal

- Analysis is limited with statistics _—

New antineutrino oscillation result _-

- 70% more data
- low level checks have been done
(beam stability, energy scale)

- new dirt event rate measurement 3 0.30
(consistent with neutrino mode) Zo2sfF
- new NCn° rate measurement 5

T 0.20

(consistent with neutrino mode)
- v fraction is measured in anti-v beam

MiniBooNE now see the excess in
LSND-like Am? region!

- flatness test (model independent test)
shows statistically significance of signal.

09/27/2010

]
FCRERS
k<]

+  Data-expected background
dio10

MiniBooNE collaboration,
arXiv:1007.1150
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Backg
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MiniBooNE collaboration, MiniBooNE collaboration,
arXiv:1007.1150 PRL103(2009)061802

8. New antineutrino oscillation result 9. Neutrino disappearance oscillation result

- Antineutrino mode is the direct test of LSND signal

ARSSEIMOLAISASES b e
v, and anti-v, disappearance oscillation
0 0
New antineutrino oscillation result _-

- 70% more data

- test is done by shape-only fit for data and
T MC with massive neutrino oscillation model.

(beam stability, energy scale) —9%5%CL - Mini i
“new it evert rate measurement T el E2aT MY past Experimonts, cspecialy here o no teds
-=---- KARMEN2 90% CL ! MiniBooNE v, 80% CL sensitivity

(consistent with neutrino mode)
- new NCn° rate measurement
(consistent with neutrino mode)
- v fraction is measured in anti-v beam

for antineutrino disappearance between _ MiniBooNE v, 80% CL imit

BUGEY 90% CL |
' Am2=10eV2 and atmospheric Am? .

' best fit: (17.50, 0.16) with 32 of 1272, z¥null of 17.78 |
[190%CL exciuded, CDHS
B 90%CL excluded, GGFR

MiniBooNE now see the excess in
LSND-like Am? region!

10l
- flatness test (model independent test) Best ft point E E
o s ’ 4 T 0
shows statistically significance of signaf DLSND s / A2 = 0.0646V2 ) ) ;l £
3 i oon E
2 massive neutrino model is favored over |:| sin“20 = 0.96 9 NeUtrI no d |Sap pearan ceresu lt = MiniBooNE 7, 90% GL sensitivity
0 LSND 99% CL [ —MiniBooNE v, 90% CLIi
99.4% than null hypothesis C 3 am: n(:a(aw 30, 0.96) wn}\q: of 5.43, z(null) of 10.29
102 L L L ,| I 90%CL exctuded, CGFR
09/27/2010 10° 102 107 " 73 09/27/2010 Teppei Katori, MIT 74 09/27/2010 Teppei Kalori,“ﬁ z Ll Sin*20) 1
sin’20
scintillation from LigAr
. . . . . . . . . l, 128nm
9. Neutrino disappearance oscillation result 9. Neutrino disappearance oscillation result Future: MicroBooNE l Jsomm
_ MiniBooNERH#TOF VSciBooNEEH@D\,\t?;ﬁH < s e e e e
S [ 20000l Toaten 3 .
MiniBooNE-SciBooNE combined v, 2 | b ol lﬂlﬂ W MiniBooNE-SciBooNE combined v, E Liquid Argon TPC experiment at Fermilab
disappearance oscillation analysis 16000 MR o aomef- i & e disappearance oscillation analysis = - 70 ton fiducial volume LigAr TPC |
o 3 - R&D detector for future large LigAr TPC for DUSEL Cryogenic PMT system
- combined analysis with SciBooNE 10 1 - combined analysis with SciBooNE 1 - 3D tracker (modern bubble chamber) \
can constrain Flux+Xsec error. ot can constrain Flux+Xsec error. - data taking will start from 2013(?) A
Flux-> same beam line ki Flux-> same beam line 2 S sanaifiviy - dE/dx can separate single electron from gamma ray (e*e- pair) \\
Xsec->same target (carbon) L T T Xsec->same target (carbon) b SN FIRECaNE Wk T spader \
Feconsniciod s (G i = =nE{n =g el
- this significantly improves 1 Eneray loss In e first 2.4cm of rack: 250 MeV e, vs 250 MeV y ~—
sensitivities, especially at low Am2. An i MEEESoINE COR
analysis for anti-v, is ongoing. — = o € liquid Argon TPC
: i, 01z .
o1 J
PrEmingry e'e
1077701 02 03 04 05 06 07 08 09 1 o)
in? o4l
— SciBooNE Hi20 4
% 0.0z}
(SR L CLVPROUTN ¥ ol V- WL | _—
8 GeV 8 GeV e e o .
proton o 76 proton : 77 09/27/2010 Teppei Katori, MIT 78
( _ 440 m i fi _ 440 m .
Conclusions” - oo BooNE cellaboration-: -
7 5 : . ; i gz:ﬁi;r{ﬁlﬁa‘fma . Los Alamos National Laboratory : '
Ry UL Y B : — i ¢ e ISy S i ; Lotisiana State University
MiniBooNH is a v, appearance oscillation expetiment to test LSND signal, ) University of €incinnati . . . Massachusetts Institute of Technology
. ; ; . . gy Universityiof Col(zrado University of Michigan £
MiniBooNE su sfully rejectedtwo neutringmassive oscillation model as . 5 Columbia University - . Pringgfon University
an explahation of LSND sighal. However, MiflBQNE first fesultincludes g Enibry Riddie Aeronautical Umiversity = RN o iy,
unexplained lov eriergy event exce: . o Fermi National Accelerator Laboratory . Virginia Polyteghnic I
. ; : N : A L Indiana University: 5 NSO arsiy EIi
After 1 year re-visit for all background ource; the low énergy excess is now . 3 University of Florida ; p AL 5 ¢ § ; 2 B u C k u
confifrmed. ¢ 1 - : v - 3 P y a % i . p
The initial data from éﬁlmquu‘mb sclllation’result doesn’t'show any lev
energy excess. . & J
The new high'statistics antinestrino illation show small exggss at low
energy region and the \argé excess at where LSND-like Am? expect signal.
The meBooNE—Su_BbbNE tombined v tdisappearance analys;s is hngomg.
. . ' o s : 3 f »
=P % . 1
TI? a k yo u fo' yO ur atte,ntlo-n P 09/27/2010 Teppei Katori, MIT 81




2. LSND experiment

In terms of the oscillation probability,
P(V,~V,)=0.264 * 0.067 + 0.045

Under the 2 flavor massive neutrino

‘% oscillation model, one can map into
;E’ o Am2-sin220 space (MS-diagram)
= KARMEN2 (90 CL) This model allows comparison
to other experiments:
s Karmen2
ugey (90% CL): Bugey
LSND (99% CL) disapp_
LSND (90% CL)
10"
167 - !
0t 107 1072 10! 1
sin“29
09/27/2010 Teppei Katori, MIT 82

3. Stability of running

Events per 1615 POT vs Week
5

£ T TAEe T E
14 b

F Full v Run
1a b
T i
RSN + .mtf.. 40, Uittt

P Thg st se - g Fetptey

E R T T
v L 20 @ Observed
os [ §| u Predicted
05 g 20 o f é

2

Observed and
expected events
per minute

09/27/2010

3 3 9
number of neutrinos candidates in minute

4. Calibration source

Laser flask
system

Timing Distribution for Laser Events

—Promptight
late-puising

reflections

Muon tracker
and scintillation
cube system

3| darnoise

N ¥ soartenng ()

\\

0 0

pro-pulsing

R
corrected time (ns)
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4. Calibration source

Tracker system ;‘,— i - Fj?
- L E resolution f L
150 at 53 MeV 1 Sm~20%

th s

s e
v

i Michel electron dis! ion (absolute calibration)

= ¥ 1
S w0’ :
e . I e crersis
e > T T & Coe
5 -
£ o * Through-going cosmics | ]
G o : ]
2
£ Visible energy range of oscillation signal
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4. MiniBooNE cross section results :

NuInt09, May18-22, 2009, Sitges, Spain
Al talks proceedings are available on online (open access),
http://proceedings.aip.org/proceedings/confproceed/1189.jsp

Nulnt09 MiniBooNE results

In Nulnt09, MiniBooNE had 6 talks and 2 posters

1. charged current quasielastic (CCQE) cross section measurement
by Teppei Katori, PRD81(2010)092005

4. MiniBooNE cross section results

2. neutral current elastic (NCE) cross section measuremanrt
by Denis Perevalov, arXiv:1007.4730 & | CCQE double differential cross section
3. neutral current n° production (NCn°) cross section n @ .

by Colin Anderson, PRD81(2010)013005 025~

e TTGRvy /W p—————y

[ st it
=

by Denis Perevalov

Nulnt09, May18-22, 2009, Sitges, Spain
All talks proceedings are available on online (open access),
http://proceedings.aip.org/proceedings/confproceed/1189.jsp

Nulnt09 MiniBooNE results

In NuInt09, MiniBooNE had 6 talks and 2 posters

1. charged current quasielastic (CCQE) cross section measurement
by Teppei Katori, PRD81(2010)092005

2. neutral current elastic (NCE) cross section measurement
by Denis Perevalov, arXiv:1007.4730 - - -

3. neutral current 7° production (NCr°) cross sernml Flux-averaged NCE p+n differential cross section
by Colin Anderson, PRD81(2010)013005 10°

- first double differential cross section measurement 02
- observed large absolute cross section 015
" 0.1

by Bob Nelson, paper in preparation

6. improved CC1xn* simulation in NUANCE generator
by Jarek Novak

7. CCn*/CCQE cross section ratio measurement
by Steve Linden, PRL103(2009)081801

8. anti-vCCQE measurement

18 2
418 (Gen)

- highest statistics cross section measurement
- new As (strange quark spin) extraction method
- T

R T——

Monte Carlo NCE-like background

S

a
2 2
do/dQ? (cm?/GeV?)

by Bob Nelson, paper in preparation
6. improved CC1z* simulation in NUANCE generator
by Jarek Novak
. CCn*/CCQE cross section ratio measurement
by Steve Linden, PRL103(2009)081801
. anti-vCCQE measurement

~

©

" i 100 300 500 700 900 1100 by Joe Grange, paper in preparation by Joe Grange, paper in preparation . >
Cuba Ranga Enargy (MeV) MeV 03/15/2010 Teppei Katori, MIT 86 03/15/2010 Teppei Katori, MI 8™ 70ede o T e e s
by Colin Anderson by Mike Wilking by Bob Nelson
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Nulnt09 MiniBooNE results

In Nulnt09, MiniBooNE had 6 talks and 2 posters

1. charged current quasielastic (CCQE) cross section measurement
by Teppei Katori, PRD81(2010)092005

. neutral current elastic (NCE) cross section measurement

by Denis Perevalov, arXiv:1007.4730

. neutral current 7° production (NCn®) cross section measurement (v and anti-v)
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4. MiniBooNE cross section results

NuInt09, May18-22, 2009, Sitges, Spain
Al talks proceedings are available on online (open access),
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Nulnt09 MiniBooNE results

In Nulnt09, MiniBooNE had 6 talks and 2 posters

1. charged current quasielastic (CCQE) cross section measurement
by Teppei Katori, PRD81(2010)092005

2. neutral current elastic (NCE) cross section measurement

- first double differential cross section measurement
- observed large absolute cross section

by Colin Anderson, PRD81(2010)013005 v, NC 1x° Production Cr

N - - - Sectio § 1o cvioemen
- first differential cross section measurement e .
5| - observed large absolute cross section section 1L eef

by Bob Nelson, paper in preparation
. improved CC1xn* simulation in NUANCE generator
by Jarek Novak
CCr*/CCQE cross section ratio measurement
by Steve Linden, PRL103(2009)081801
. anti-vCCQE measurement

by Joe Grange, paper in preparation
03/15/2010 Teppei Katori, MIT

NCre differential cross section
(both v and anti-v)
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charged current single pion production (CCn*) cross section measurement

by Mike Wilking, paper in preparation

charged current single n° production (CCn®) cr
by Bob Nelson, paper in preparation

improved CC1r* simulation in NUANCE gener
by Jarek Novak

CCr*/CCQE cross section ratio measurement
by Steve Linden, PRL103(2009)081801
anti-vCCQE measurement

by Joe Grange, paper in preparation
03/15/2010 Teppei Kator

double differential cross section
(both pion and muon)
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. neutral current elastic (NCE) cross section measurement

by Denis Perevalov, arXiv:1007.4730
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- first differential cross section measurement
- observed large absolute cross section

tion me
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by Mike Wilking, paper in preparation Q [GeV
. charged current single n° production (CCn°) cross section measurement

by Bob Nelson, paper in preparation
. improved CC1n* simulation in NUANCE generator
by Jarek Novak
CCr*/CCQE cross section ratio measurement
by Steve Linden, PRL103(2009)081801
. anti-vCCQE measurement

by Joe Grange, paper in preparation
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In NuInt09, MiniBooNE had 6 talks and 2 posters

1. charged current quasielastic (CCQE) cross section measurement
by Teppei Katori, PRD81(2010)092005

by Jarek Nov:
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by Steve Linden
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In Nulnt09, MiniBooNE had 6 talks and 2 posters

1. charged current quasielastic (CCQE) cross sectior £ %
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Nulnt09 MiniBooNE results

In NuInt09, MiniBooNE had 6 talks and 2 posters

1. charged current quasielastic (CCQE) cross section measuremel
by Teppei Katori, PRD81(2010)092005

by Joe Grange

2. neutral current elastic (NCE) cross section measurement 2. neutral current elastic (NCE) cross section measut g 1.4 2. neutral current elastic (NCE) cross section measurement
by Denis Perevalov, arXiv:1007.4730 by Denis Perevalov, arXiv:1007.4730 ?:1.2— by Denis Perevalov, arXiv:1007.4730
3. — ] measurement (v and anti-v) 3, 0 L g tion . 1 3. neutral current n° production (NCn°) cross section measuremen
I - state-of-art models are implemented, tested | - data is presented in theorist friendly style S oel  highest statistics in this channel E o e
4. charged current single pion production (CCr*) cross section measur| ?AAJK fit with Qzldistribu[tjioln 4. charged current single pion production (CCx*) cros ® | | 4 - support neutrino mode result ecti ™ s
N e B i for various nuclear models X i - - Wroog Sign
by Mike Wilking, paper in prepara.llon — by Mike Wilking, paper in prepargtlon - - new method to measure neutrino contamination oo it
5. charged current single n° production (CCn°) cross e MnBooNE (siatesyst) 5. charged current single n° production (CCn°) cross B CITaTgE U U STTYTE T ProUUTTOT {CT T TTUSS SECLOT - s
by Bob Nelson, paper in preparation s e o s by Bob Nelson, paper in preparation o2 o by Bob Nelson, paper in preparation -l
6. improved CC1n* simulation in NUANCE generator = o8 et 37 Oekand (o047 6. improved CC1xn* simulation in NUANCE generator o5 1 15 25 6. improved CC1lz* simulation in NUANCE generator £
by Jarek Novak % e e by Jarek Novak . . _E.GeD by Jarek Novak by
7. CCn*/CCQE cross section ratio measurement % ::: | Wit BRS (mom mass) e Oy and G54 7. CCr*/CCQE cross section ratio measurement CCrlike/CCQElike cross section ratio 7. CCr*/CCQE cross section ratio measurement 3
by Steve Linden, PRL103(2009)081801 £ 10 . PRELIMINARY by Steve Linden, PRL103(2009)081801 by Steve Linden, PRL103(2009)081801 R
8. anti-vCCQE measurement = 1000 N 8. anti-vCCQE measurement 8. anti-vCCQE measurement - —
by Joe Grange, paper in preparation 500 by Joe Grange, paper in preparation by Joe Grange, paper in preparation anti-vCCQE Q? distribution
03/15/2010 Teppei Katori, MI D ! 03/15/2010 Teppei Katori, MIT 92 03/15/2010 Teppei Katori, MIT 93
reconstructed Q” (GeV?)
5. Cross section model 5. Boosted Decision Tree (BDT) analysis 5. Error analysis
Events producing pions BDT analysis summary Handling uncertainties in the analyses:
- Oscillation analysis uses 300MeV<E<1600MeV
CCr* - PID cut is defined each E,QF bin What we begin with... ... what we need
Easy to tag due to 3 subevents.
Not a substantial background to
25% the oscillation analysis. o 20 P . .
S s [ von-oscilaton events 5 Monte Carlo Prediction - v, For a given source
a w . fomp of uncertainty,
NCro = 1 — sideband selection cuts W, fromK'
The n° decays to 2 photons, g S v "‘?"_‘dK" Errors on a wide range
which can look “electron-like” g0 o _ of parameters
mimicking the signal... [ in the underlying model
8% other
<1% of n° contribute
N to background.

N

(also decays to a single photon

R IR BN IR IR

1.5

1.2

1.4 1.6

with 0.56% probability) E% (GeV) E2 (GeV)
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5. Error analysis 5. Multisim 5. Multisim cross section
ex) cross section uncertainties parameter space
Handling uncertainties in the analyses: M, 6%
o o . o ) E s 204 correlated
What we begin with... .. what we need Multi-simulation (Multisim) method Input error matrices e 10:/
many fake experiments with different dependent QE o norm ? uncorrelated
parameter set give the variation of + production (8 parameters)
it . g N .
For a given source correlated systematic errors for each P ) P Input cross section error matrix
f . . n production (8 parameters)
of uncertainty, independent error matrix X
K* production (7 parameters)
Errors on a wide range L < KO production (9 parameters)
total error matrix is the sum of all <
of parameters independent error matri B beam model (8 parameters)
i i 1 X @ .
in the underlying model P 2 | cross section (27 parameters) o
i E
2 79 yield (9 parameters) cross section error for E,
) « )
. dirt model (1 parameters) 1* cross section model
i ‘multisim” . N meirum. Meth AS70(2007)157 detector model (39 parameters) 2 cross section model
iy '"ptLt‘][ er:r" mat|r|>t<_ nonlinear error propagation Output error matrix ucl. nstrum. Meth, AS70(2007) p 3 cross section model repeat this exercise many times to
eep the all correlation i !
F:)f systematics keep g}eEagEc;::Iatlon create smooth error matrix for E,QF
v
[
n, n, Ny N, ng ng n;ng  ERE(GeV)
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5. Multisim 8 cross section 5. Multisim 5. Multisim
ex) cross section uncertainties 3 parameter space ) ) ex) cross section uncertainties
3 Output cross section error matrix for E Q€
M,QE 6% ated M,QE 6%
s 20% correlate E,sf 2% determined from
QEcnorm  10% uncorrelated QEocnorm  10% MiniBooNE
QE o shape function of E, v, QE data
. . ve/v, QE & function of E,
Input cross section error matrix ®
NC nlrate  function of n° mom determined from
M,", coh o +25% MiniBooNE
A — Nyrate function of y mom + 7% BF v, NC n° data
cross section error for E, Q% cross section error for E QF Eg. Pr 9 MeV, 30 MeV
15t cross section model 1t cross section model Oscillation analysis use output error matrix As 10% determined
2" cross section model 2nd cross section model for 2 fit; M, 25% from other
31 cross section model repeat this exercise many times to 31 cross section model 12 = (data - MC)T (Mo (data - MC) MASN“ ‘;O‘Zf’ experiments
create smooth error matrix for E,QF DISc 5%
i — etc...
n,n,n; n, ng ng n,ng  EQF(GeV) n, N, ng N, Ng Ng N; Ng E,QF (GeV)
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5. Multisim 6. Track-Based Likelihood (TBL) analysis | 6. Boosted Decision Tree (BDT) analysis
Muon decay electron spectrum
Total output error matrix Oscillation analysis ¥ fit his al h found to h he b Events are reconstructed with point-like . T T T T =
- + : _ . This algorithm was found to have the better sensitivity to v, —v, appearance. - — Mone Carlo simlaion
M, = M roduction 2 = (data - MC)T (M 1(data - MC, - 3 . wve ) model £ F .
total (p . ) = ( )T (M) ) Therefore, before unblinding, this was the algorithm chosen for the “primary result” P
+ M(p- production) c ] i b ol ]
. . ) ) . : ) . onstruct a set of analysis variables F E
+ M(K* production) Fit event with detailed, direct reconstruction of particle tracks, (vertex, track length tir)rlle cluster. particle o)
+ M(K? production) and ratio of fit likelihoods to identify particle T 9th, uster, p: TE 1 E
+ M(beamline model) . . direction, event topology, energy, etc) —
+ M(cross section model) Fit event_under the different hypotheses;
+ M0 yield) - muon like
Ty - electron like
+ M(dirt model)
+ M(detector model) Fit is characterized by 7 parameters
+ M(data stat)
Fit k_no_ws ) _ . txy.z
- scintillation, Cherenkov light fraction dtk
- wave length dependent of light propagation
- scattering, reemission, reflection, etc
- PMT efficiencies
Point-like model R
cos 6
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6. Boosted Decision Tree
(seﬁ\ ugﬁglliﬁgs Ifrceu?s

based on MC study) (Niignai/Nokga)

(BDT) analysis

Variable 1

bkgd-lik signal-like
9755/23695
siolike o oasr16305 =
1906/11828 -
7849/11867 Z
sigike | pgd-like
; ; 20455/3417
This tree is one of 0790/12888
man
poss)i/bilities etc.
09/27/2010 Teppei Katori, MIT
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6. Boosted Decision Tree (BDT) analysis

Boosted Decision Tree
- a kind of data learning method (e.g., neural network,...)
- training sample (MC simulation) is used to train the code
- combined many weak classifiers ( ~1000 weak trees) to make strong "committee”

SN I aETw(xJ
a2/ 1
Weighted Sample - Ty
B BS T
374 \d14s_/ I
Leaf <026
R =, - Tyx)
s L el L. -
. Ny
(N (1P wm e Leaf (k¥ —=
. 2 —

h isi .
ki decision tree Boosted Decision Trees
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6. Boosted Decision Tree (BDT) analysis

Fake data sample

Example of
classification problem

Two ways to use
decision trees. 1)
Multiple cuts on X and Y
in a big tree, 2) Many
weak trees (single-cut
trees) combined

The goal of the classifier is to
separate blue (signal) and red
(background) populations.

2) Many weak trees (single cut
trees) only 4 trees shown

1) Development of a single
decision tree
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6. Boosted Decision Tree (BDT) analysis

¥

Single decision tree 500 weak trees committee

Boosting Algorithm has all the advantages of single decision trees,
and less suceptibility to overtraining.

09/27/2010 Teppei Katori, MIT
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Events/bin

7. Error analysis

:

* Dala (corrected)

i

—— Tuned Monte Carlo

i

g

§ 8§ § 8

1 L L
0 02 04 06 08 1 12 14
Momentum (GeV/c)

Because this constrains the
Aresonance rate, it also
constrains the rate of A—>Ny

09/27/2010

We constrain r°
production using data from
dhid&ddess the error on
predicted mis-identified n°s
£1800
51600

+ Data

1400 = - Monte Carlo

1200~ — Corrected MC

1000

800 -

600

200 fwmet™ ;
) ST EEE . [
-1 -0.5 0 0.5 il

cos 6,

Reweighting improves
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7. Multisim

Error Matrix Elements:

M
B = ﬁZ(Nia - NiMCXNT - N?"C)
1 Correlations between
E,QF bins from
the optical model:

« N is number of events passﬁfg cuts
*MC is standard monte carlo
* o represents a given multisim
« M is the total number of multisims
«i,j are E,QF bins

v

Total error matrix
is sum from each
source. %

TB: v,-only total error matrix
BDT: v,-v, total error matrix

09/27/2010 T

v

08
06
04

0.z

02
-04
-0.6

-0.8




