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Introduction to MiniBooNE

e MiniBooNEisavVv
oscillation experiment

* Goal: confirm or rule out the
LSND Vu% Ve appearance
result

- 3 Am’ regions
— antineutrinos

e First, search for oscillations
1N neutrinos

~ Appearance of v_in v, beam

* Appearance result will not be

released before the end of
2005
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Introduction to MiniBooNE

e MiniBooNEisav

oscillation experiment

v_appearance

10 1

Am?*

e Goal: confirm or rule out the
LSND Vv — V_appearance

result
- 3 Am’ regions

— antineutrinos

e First, search for oscillations
1n neutrinos

- Appearance of V_in v, beam
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Perspective: why start with cross sections?

* CCQE and CClIx" events are ~79% of the total observed rate

— Demonstrate understanding of 79% of our events before analyzing the v_

events, which are <1% of the total rate
* Connections between CC17wt" events and oscillations
— Major background to CCQE events at MiniBooNE energies
~ NC resonant processes account for two major v_mis-ID backgrounds
e NCr’ production
e Radiative A decay
* Vv physics is making a phase transition
— Hope to measure CP violation in vs in the coming decade (NOVA,T2K)

— Must improve understanding of v-nucleus interactions in the ~few GeV
region first
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v, Charged Current Cross Sections

P. Lipari, Nucl. Phys. Proc. Suppl. 112, 274 (2002) (Nulnt01)
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v, Charged Current Cross Sections

* Quasi-Elastic (CCQE)

P. Lipari, Nucl. Phys. Proc. Suppl. 112, 274 (2002) (Nulnt01)
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A Word on Neutrino Detectors

e Neutrino cross sections around

1 GeV are extremely small:<107*cm®

* Need large detectors to observe them

e Trade-off: size vs. resolution
Positron

e Bubble chambers

— great tracking capabilities
— low target mass
* few interactions

¢ Cherenkov calorimeters

- large mass (10 "*C in MB)

* many interactions!

— poorer track resolution than bubble
chambers, especially multiple tracks

— no tracks below Cherenkov thresh.
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* Trade-off: size vs. resolution

e Bubble chambers

— great tracking capabilities
- low target mass
* few interactions

e (Cherenkov calorimeters

- large mass (10* "*C in MB)

* many interactions!

— poorer track resolution than bubble
chambers, especially mulitple tracks

— no tracks below Cherenkov thresh.

Morgan Wascko, LSU Fermilab Wine & Cheese 7 October, 2005



Past Vu CClm" Measurements

* E<I GeV, light targets

- ANL
- BNL

* Heavy targets, E > 1GeV

- SKAT

* E>1GeV, light targets

- FNAL
- Gargamelle

- BEBC

e For oscillations, want E~1 GeV,
heavy nuclear target

— Past measurements are not
1deal for MBoonE or K2K

Morgan Wascko, LSU
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Charged Current Single " Interactions

* Complex final state: ©° and W™ exiting nucleus (also a recoil nucleon)

Resonant Production

CC Single Pion Production

g 14 T 4 ANL, Barish, Phys. Rev. D19, 2521 (1979), H,, D,
8 L ¥ ANL, Radecky, Phys. Rev. D25, 1161 (1982), Hp, D,
© 4o | © BNL, Kitagaki, Phys. Rev. D34, 2554 (1986), D,
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Charged Current Quasi-Elastic Interactions

| . . * Past data:
* Simple kinematics: * not much below ~few GeV

* measure lepton energy, angle * only light nuclear targets

* then calculate v energy
CC v, Quasi—Elastic Cross Section

E ® Serpukov, Belikov, 7. Phys. A320, 625 (1985), Al

V l 2 b & BNL, Boker, Phys. Rev. D23, 2499 (1981), D,
Z - ¥ ANL, Barish, Phys. Rev. D16, 3103 (1977), D,
\/ 1,75 [ © FNAL, Kitagaki, Phys. Rev. D28, 436 (1983), D,
: - O SKAT, Brunner, Z Phys.C45, 551 {1990}, CF,Br
- A CERN—WAZ25, Allosia, Nucl. Phys, B343, 285 (1990), D,

—
n
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* Fairly well known o at low v energy :
. . . r NUANCE {free nucleon)
* important error contribution 0.25 u
to oscillation searches 0
0 0

10
E, (GeV)

That's the past v, CC o data...
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MiniBooNE Overview

* 8 GeV KE protons from Fermilab Booster Accelerator
* 1.7 A beryllium target (HARP results coming soon!)

* horn currently focuses " and K*

* (an reverse polarity (anti-v beam)

Flux /0.1 GeV

w

* 50 m decay region

Fraction of v

o >99% pure v, flavor beam

e 490 m dirt berm
e 800 ton CH2 detector

* 1520 PMTs
* 1280 + 240 in veto

Morgan Wascko, LSU Fermilab Wine & Cheese
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v CC Interactions in MiniBooNE: All About 1

> We measure visible light produced by
charged final state particles in mineral oil

Cherenkov radiation

* Light emitted by oil if particle v>c/n

* Prompt Cherenkov cone

Scintillation

* Excited/ionized molecules emit light when

1
L

j -
electrons drop to lower E levels "

Wi W a0 A a8 B

* isotropic and late in time T
> en route to PMTs, photons are modified by

X/ e Fluorescence
v )

v | X$0 * Scattering (Rayleigh and Raman)

v

* Absorption

> Measure and constrain these processes with a
suite of external and in-situ measurements

Morgan Wascko, LSU Fermilab Wine & Cheese 7 October, 2005 14



Reconstructing Muons in MiniBooNE

* Time'(ns)

> PMTs collect v s, record t,Q 0-03:—
> Reconstruct tracks by fitting time and 0'0;-_| s
angular distributions b . ’ O'bos( 9)

Morgan Wascko, LSU Fermilab Wine & Cheese 7 October, 2005
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Identifying Muons in MiniBooNE

e Muons P

> Sharp, clear rings

> Long, straight tracks

e Electrons

> Scattered rings

> Multiple scattering

» Radiative processes

e Neutral Pions

> Double rings

> Decays to two photons
> Photons pair produce

Morgan Wascko, LSU Fermilab Wine & Cheese 7 October, 2005 16



Muon Decay in MiniBooNE

Charge (Size)

« ¢ ‘||||’
<

Low High

Time (Color)

¢

Early Late

> Muon decay signature is a muon-like ring followed closely in time by an
electron-like ring

o« WV, Ve (T~2us)

Morgan Wascko, LSU Fermilab Wine & Cheese 7 October, 2005
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Calibrating Muons in MiniBooNE

* Hodoscope + 7 scintillator
cubes track cosmic rays
muons entering the tank

(El) (b) Muon Tracker readout
Muon tracker
Access Pottal —— 3= | /|
Top Plane X Top Plane Y

Muon Tracker

Botom Flane X Botom Flane Y

Cosmic Muon

“ Scintillation Cube

Michel electron

—_
$)
e

Cubes Readout

Muon
Michel

Cube Charge

Time

Scintillation cube

* Trigger: match tank subevents with cube hits
7 October, 2005 19
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Calibrating Muons in MiniBooNE

> Muon tracker determines event pars (x, t,u) | 30Cm

Q.14

o.L2f

Corrected times,angles w/ known track center ,; - Data

. . . . =t *Monte Carlo
o Cherenkov rings and time peaks; isotropic = oos-

and delayed emission oosf-

I

> Use cube data for optical model studies R

* separate scintillation and fluorescence

[ 1m

-1 -05 a 0.5 1
CosPMT

Morgan Wascko, LSU Fermilab Wine & Cheese 7 October, 2005 20



Calibrating Muons in MiniBooNE

> Compare muon directions
from muon tracker and tank
event fitter

» Fitcos'(u._-u ) to function
MT Fit
xexXp(-x*/26%)

* projection of 2D Gaussian
onto 1D

> Extract angular resolution

e Correct for intrinsic
resolution of muon tracker

(2°)

* Angular resolution ~4° at
500MeV

* Typical muon energy for
these analyses

Morgan Wascko, LSU

o

> 800
700
600
500

4001

300
200
100

Muon Tracker Data

400 MeV < Ell < 500 MeV
_ &)

Fit func: Cxe
c=4.5°

5

Fermilab Wine & Cheese
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PR >
cos™ (Uy,r,* Ugy) (°)

7 October, 2005 21



Calibrating Muons in MiniBooNE

Cosmic Muon Energy
I 1 I | I

- — | | T ' — T 1
> (Calibrate I energy < 800 S
reconstruction using @ B .
range measured = 700 * Data —~
with cubes + tracker > [ == Monte Carlo .
D 600 - —

=~ L)
m — -
Lﬁ 5001 —
> Muon Tracker « - i
system energy c 400 o* B
resolution ~5% = i .
3001 —
9 ) i

0
= 200}~ .
> Will be used to set .2 - * i
energy scale > 100} o -
. o -
D 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 I
0 100 200 300 400 500 600 700 800

NIM article on cosmic muon (dE / dx) Cube Range Energy (MeV)

calibration in preparation
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MiniBooNE Analysis Strategy

External prediction for xsec

agrees
event rate : within
measurement CITOIS

Predict Cross section
Everything absolute analysis in here
in this talk e

1S ,
preliminary of signal & :
background Handle with care!

Morgan Wascko, LSU Fermilab Wine & Cheese 7 October, 2005 23



External Prediction for vy Flux

) o e

71'+/K+—>u+@ &

| +
1 Lo 17
! D Vﬁ

K+/Kgﬁ7reye

* Production of secondaries in Be target: = B v Flux
o) -1 1
= 10 B v_Flux
* Geant4 Secondary Beam Monte Carlo >
* MARS (p, n) = ,
* Sanford-Wang parametrization (7t,K) =10
fit to production data ("JAM") over E
6 < Pproton < 12 GeV/c = .
. . . . =]
e Publication in preparation (J. Link, et al.) £ 10
4
10
0"
0 0.5 1 1.5 2 2.5 3
E, (GeV)

Morgan Wascko, LSU
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External Prediction for vy Flux

) o e

* Production of secondaries in Be target:

7T+/K+_>N+@ & K+/Kgﬁ7reye

| +
1 Lo 17
! D Vﬁ

B vy Flux
B v_Flux

10

* Geant4 Secondary Beam Monte Carlo
* MARS (p, n)
* Sanford-Wang parametrization (7,K) = 10
fit to production data ("JAM") over
6 < Pproton < 12 GeV/e

* Publication in preparation (J. Link, et al.)

Flux /0.1 GeV

Fraction of v

10

* Models horn magnetic field, material
Decay pipe geometry 10

* Propagates mesons to decay,

* Keeps neutrinos pointed toward detector 10
0 0.5 1 1.5 2 2.5 3

Near future: E, (GeV)

* Constrain 6 (p Be - n" X ) at 8 GeV at HARP with MiniBooNE target, ~5% error

Morgan Wascko, LSU Fermilab Wine & Cheese 7 October, 2005
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External Prediction for vy Flux

& K+/Kgﬁ7reye

* Production of secondaries in Be target: B v Flux
L

B v_Flux

10

* Geant4 Secondary Beam Monte Carlo
* MARS (p, n)
* Sanford-Wang parametrization (7t,K) -
fit to production data ("JAM") over
6 < Pproton < 12 GeV/e

* Publication in preparation (J. Link, et al.)

Flux /0.1 GeV

Fraction of v

* Models horn magnetic field, material
Decay pipe geometry

Please see next week's
Wine & Cheese
for a HARP update by
Geoff Mills

* Propagates mesons to decay,
* Keeps neutrinos pointed toward detector

Near future:
* Constrain 6 (p Be > " X ) at 8 GeV at HA

Morgan Wascko, LSU Fermilab Wine & Cheese 7 October, 2005
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External Prediction for C

o Calculations: NUANCE v3 Monte Carlo

* open source code
* widely used by many experiments
* predicts event rates and kinematics

(have also used NEUGEN, NEUT) /

Theoretical inputs

® Llewellyn Smith free nucleon QE xsec
* non-dipole BBAO3 vector form factors
e m =103 GeV

MiniBooNE v, Flux

Analysis Chain

Arbitrary Units

NUANCE v3

* Rein-Sehgal resonance cross sections

em = 1.1 GeV MiniBooNE

. ' Detector
* Rein-Sehgal coherent cross section Monte Carlo

e m =103 GeV (Geant3.21)
* Bodek-Yang DIS formula for low Q2 /
e standard DIS formula for high Q2

* Smith & Moniz Fermi Gas Model MiniBooNE
. : Compare
* 7 absorption model tuned on T data Analysis Framework
¢ Final State Interaction (FSI) model (reconstruction, etc.) with Data!

rescatters nucleons

Morgan Wascko, LSU Fermilab Wine & Cheese 7 October, 2005 27



Event Rate Prediction

* 48% CCQE
*3]1% CClm+

e 1% NC Elastic
e 8% NC 7’

* 12% Other

Multi =
W 4%

NC "°m8%
NC ntm3%

CC n°m5%

CC QE This Analysis:
0 48% e 3.2E20 protons on target
e 60k CCQE events
(after selection cuts)
CCrt e 40k CClm+ events
m31% (after selection cuts)
¢ ~ half of current data set

1%
NC EL

Morgan Wascko, LSU Fermilab Wine & Cheese 7 October, 2005 28



Neutrino-Induced Event Selection

* Times of PMT hit clusters (Subevents)
* Beam window (1.6 us) evident e
e In addition to neutrinos, events contain 700 - - No Cuts
— Cosmic Rays 60000 [ i-'"
— Electrons from Stopped CR Decays__ I
. 50000 — ! '.
(Michel Electrons) B ;
- .
— Beam-Induced Background 0000 | s
- ot T - Sat A
— Need cuts to eliminate these BGs 30000 |- )y
* No cuts 20000 |-
— Fit function includes Michel i
. 10000
electrons from beam-induced -
muons I N ST RTINS S NN NS S S NS S T NS N AR SN R
I1-’-I-|]l]l] -2000 0 2000 4000 6000 8000 10000 12000 14000
e Veto Hits < 6 Corrected Event Time (ns)
e Tank Hits > 200
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Neutrino-Induced Event Selection

Times of PMT hit clusters (Subevents)

* Beam window (1.6 us) evident 35000
| co . . Veto hits < 6
n addition to neutrinos, events contain sggog -
i P
. +
— Cosmic Rays $
25000 ¢
+
— Electrons from Stopped CR Decays | ¢
(Michel Electrons) 20000 | |
— Beam-Induced Background [ R
15000 -
— Need cuts to eliminate these BGs I ;’ .,
* No cuts 1000017 5 “M‘*"%m.-........,_
tapeerertratoattng e LT L B
* VetoHits< 6 so00 |
— Eliminates cosmic muons I
. I1-’-II]l]IIZI I l?_‘IIZIl]II] = [II = I?.‘l]II]l]I I L—IIJII]I]I I IISI]II]IZII I Iﬂl]II]l]I I 1Il]I]l]II] I 1I2[|Il][II I 'II4I]l]I]
e Tank Hits > 200 Corrected Event Time (ns)

Morgan Wascko, LSU
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Neutrino-Induced Event Selection

* Times of PMT hit clusters (Subevents)

* Beam window (1.6 us) evident 10000

e |n addition to neutrinos, events contain

. 8000
— Cosmic Rays

— Electrons from Stopped CR Decays
(Michel Electrons)

6000

— Beam-Induced Background

— Need cuts to eliminate these BGs

e No cuts

2000

e Veto Hits< 6

e Tank Hits > 200

0

-4000

— Eliminates Michel electrons

* Background rejection about 5000:1

W

Tank hits = 200

W ;
P Veto hits < 6

'
*
'

Fermilab Wine & Cheese

Jd ' L L L L ] L L L L L L 1 L
-2000 1] 2000 4000 6000 G000 10000 12000

Corrected Event Time (ns)
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Event Rates vs. Time

v? | ndf 139 /93

= Mean 1.089 + 0.001483
Q 1.6/ ]
* Using simple vcuts & .
. 1.4 —
* v/POT vs. time e :
& i
* rate 1S constant! 120 ]
e spans two shutdowns, g .
s 4L ]
* two horns s f i
E i i
5 0.8/ —
= B 7
5 | -
2 0.6~ | | | ]

20/09/02 14/06/03 07/03/04 28/11/04 22/08/05
T | . S et
| Lotk 001 €20 * Total data set to date:
Y " Ll L L D '

” * >6.3E20 POT

-
ARRRee eslugg N2 T 38R RRRE xi0 2
gt A !
umber of Neutrino Events ([ 670k
o > events!
| To date:669143
e 11 - o Largest week:
i | } (1111 [ b Latest week: 4907
2600 - || | |=|"‘ 1500
o | Ll illl ||u I UL | 1l o
= cagEmcSman = ESa o EmEcESIARE 2 - ES oAy
(J288323525333832258822333538285822253333
LA T R R T L S
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Charged Current Event Selection

* Use Muon Decay to Identify Charged Current Event Candidates
Distribution of Tank PMT Hits

inTimeW.r.t.Beam A TR VRN N S B R N EN R | O R R O I O O N LN E N I N B

, , 220F —
Trigger Window start 200E- =
(clusters = subevents) | Example CCln+ Event 1

e Counting Michel 160 =
electrons i1s a powerful 140 .
and simple cut! 1201 =

100} —

* First subeventused to 80| ~
reconstruct final state  0f 2
particle tracks 400 ks

20F | -

e Michel electrons tell oep o g b T
us where tracks stopped 0 2000 4000 6000 8000 100001200014000 1600018000

Hit Time (ns)
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Charged Current Event Selection

* Use Muon Decay to Identify Charged Current Event Candidates
Distribution of Tank PMT Hits

in Time w.r.t. Beam I e i B T T

reconstruct final state g0
particle tracks 40

20

, , 220F
Trigger Window start S B R ST k=
clusters = subevents N 2

( ) 1801 —

* Counting Michel 160; 8
electrons is a powerful LAl o
and simple cut! 1201 =
100 | i o

o Flrst Subevent used tO 80 :_ 40} 4650 4700 4750 4800 _:

° MiChel eleCtronS tell L o5l | ILJ M| | (R ) ! 1.4 A i 2l I. | | | | IL d | L & ’
us where tracks stopped 0 2000 4000 6000 8000 1000012000140001600018000

Hit Time (ns)
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Charged Current Event Selection

* Use Muon Decay to Identify Charged Current Event Candidates
Distribution of Tank PMT Hits

in Time w.r.t. Beam T e

c C I It i
T200 72350 T300 7350 7400 T450

e First subeventused to 80
reconstruct final state g0
particle tracks 40

|

¢ MiChel eleCtronS tell | | | | ILJ l | [T ! | | i | I. I | | | | IL d | L A ’
us where tracks stopped 0 2000 4000 6000 8000 10000120001400016000 13000

Hit Time (ns)

20

. . 220
Trigger Window start 5 S ——
200 sof - ]
(clusters = subevents) < Michel subevent
* Counting Michel 160;
electrons is a powerful 140
and simple cut! 1201
100}
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CCQE Event Selection

First Level of Cuts:

e Neutrino-Induced Event Selection Cuts
e CC Selection Cut
e < 3 sub-events

Second Level Cuts: Final State ID
* event topology
* fraction of on- vs. off- ring light
* PMT hit timing
* fraction of prompt vs. late light
* u-like energy loss
* given E, is track length consistent
with u?
* 10 variable Fisher discriminant

* Result: 86% CCQE purity
* most of background from CClm+
(due to © absorption in nucleus)

Morgan Wascko, LSU Fermilab Wine & Cheese 7 October, 2005
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CCQE Data

[7}] romrJyrrr[rrrrrrryrrr 7 rrryrr07rrr T TrTr T
. . o
Vl measure visible energy %0-16
(mostly Cherenkov from W, =, (4
. .o . . w0 [ ]Monte Carlo
+ a little scintillation light = . Data
Zo.12 ]
from proton) PRELIMINARY
n 0.1
Monte Carlo error bars from: -
neutrino @,

light extinction,

Fraction cg Events /
=)
o0

‘\I\‘I\\|\\I|\\I‘\I\‘II\‘\\I|\\
‘\I\‘I\\l\\ll\\li\l\‘ll\‘\\Il\\

= 0,2?\ —— N R — I — N — T T 0.06 & light scattering length ]
8 C ] uncertainties ]
~— 0.18 L -] 0 04 F.‘lk.A
d C @ ] ’ |—.-¢F.ﬂ
E 0'16; Ko | |Monte Carlo ? 0.02 ———
S 0.14 __>-0-1 e Data ] ’ : ._#,.Jf.j. .J_._;».4’.* :
Lﬁ ; e ; Oj.l+?ﬁ.1—'\_r.\$\..i_\l‘\I\‘I\\‘Il\ll\l|l\\|\\l‘ll\7
=012 PRELIMINARY = I 08 06 04 02 -0 02 04 06 08 1
S o1 | MO“E‘? Carlo error bars from: 2 Reconstructed cos(6,) after CCQE Cuts
= UIr neutrino o, ]
8 C light extinction, ]
i 0.08— = & light scattering length ]
0.06 r uncertainties ]
VO — g2 —
004 - . Vl reconstruct |~ direction
L . from Cherenkov light,
0.027 @ _
- i cos(0) = 1 ~ low Q2
oL I I w.T'*rﬂu-J-.y,} el 1 | ] W+ ( ) Q
0 0.5 1 1.5 2 2.5 3

Reconstructed E, (GeV) after CCQE Cuts n ——-""\ p
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CCQE Data

light extinction,

Fraction cg Events /
=)
o0

[7}] LT T T T T T T T T T T T ]
. . o L

Vl measure visible energy %0- loF ]
(mostly Cherenkov from W, =, 4 -
. .o . . 0 [ ]Monte Carlo -
+ a little scintillation light = - . bata .
Zo.120 . |
from proton) - PRELIMINARY i
n 0.1— o

L Monte Carlo error bars from: -

L neutrino G,

> 02 =T 11 I T T I N L —— T T 0.06 & light scattering length - _:
8 C ] uncertainties ] ]

O. 1 8 [ _ }».«{F.A' |
A N _ 7 0.04 P ]
o r = — r—.-iF : :
@ 0.16— o | |Monte Carlo - rorei 5
E L ) il 0‘02_ .0 -
S 0.14 o, e Data - B cereial® o 7
Lﬁ B ro- 7 OT.IJF?JF\.*'\J—.\*\.\\I‘\I\‘I\\‘Il\ll\l|l\\|\\l‘ll\7
=012 PRELIMINARY = ‘I 08 06 04 02 -0 02 04 06 08 |
S 01" | MOHE‘? Carlo error bars from: 3 Reconstructed cos(6,) after CCQE Cuts
— L neutrino o, -
8 C light extinction, i
i 0.08— = & light scattering length ] .

. uncertainties ] * Deficit of forward angle muons

. — - — .
- . - (low Q2 region) also seen by K2K
0.04 - -
O 02 Z._‘ F.ﬁkﬂﬂ :
at - * Interesting physics?
oL T T'*rﬂu-J-.y,} el 1 | ]
0 0.5 1 L.5 2 2.5 3
Reconstructed E, (GeV) after CCQE Cuts * Working on understanding this feature
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CCQE Data

2
_ 2MpEu—mu

Vv use measured [~ visible energy g 0F _ 1
and angle to reconstruct E, QE ’ 2Mm ,—E,tV(E i — mi) cosf,

¥ } : I I I I I I | I I I I I | I I I I | I I I I | I I I I :
& 0.16- -
n - i i
(= - i
@ 0.14 :_ _ [ |Monte Carlo _:
E 0 ].2 :_ 1-.-:-!1§-:-i-| * Data _i
Neutrino Energy Reconstruction t ol PRELIMINARY -
D " - = El —
g 0.5 c B Monte Carlo error bars from: |
W o : o : ]
= 5 0.08 — = n-eutnno.ﬁ, - —
0.4 (AE )2_a2+ b \e © i light extinction, ]
B (E) W 006 rln & light scattering length |
B uncertainties |
o ooaf T E
- - il ]
PRELIMINARY, 0021 o4 B
**"  _CCQE MC only T . -
0 [ et v v e Ly f'ﬂrﬁw
0.1 0 0.5 | 1.5 2 2.5 3
i Reconstructed E, (GeV) after CCQE Cuts

b Lok bl b L Energy distribution used for the cross section measurement

0 02 04 06 08 1 12 14 16 1.8
Eve" (GeV)
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CCI1m" Event Selection

First Level of Cuts:
¢ Neutrino-Induced Event Selection Cuts ) .
e CC Selection Cut VuPp =l pT
* exactly 3 sub-events T — TR
d . 3
e 272 sub-events consistent
with Michel e (20 < N IS 200)

Signal:

Close Michel - No
Final State ID

Cuts yet:
84 % purity!

Main Backgrounds:
N7 and QE

Far Michel

Inclusive
final states
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CCI1n" Event Selection Validation

* validate CClm+ event selection with u" and W lifetime measurement
* separate Michels from 1" and @ by distance to W track

® close: Close Michel x?/ndf 57.56/62 Far Michel 2/ ndf 57.32/62
° F T 11 | LI | LI | N 2064+ 227 [ | LI | LI | N 1876+ 207
L~ capture (8%) - I -
¢ T 2070+ 15.5 T 2242+ 17.3
X
expec 10°k N 10°F -
1=2026%1.5 ns x . i :
measure

1=2070+15.5+18.1 nsf

e far: 10%- )

L do not capture : F

expect

1=2197.03+£0.04 ns

measure

1=2242+17.3+30.0 ns} '
T T T B I o I I N T B
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000

t.-t, (ns) t.-t, (ns)

* Same separation in Monte Carlo
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CClm" Data

Vl measurevisibleenergy > L
from Cherenkov lightonly © ]
5 0.25— —
. . + o B _|
W+ (to avoid light from ") 5 I [JMmonte Garto :
TC+ E 020 e Data -
p, p, © C PRELIMINARY ]
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E 0.2 r | |Monte Carlo n 0.05 :_ - _:
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Lﬁ : [ -8+ : : +® 4’.-#—.-3’.4—.-‘_._'#.i.4 :
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L. B r@ & light scattering length B
B uncertainties ]
| [~ N | — . .
0.05— u _ Vl reconstruct |~ direction
- : from Cherenkov light,
O;* '_._L.1.4“.*'+0—'—O+o+o+o—m+.+-+.+.+o+.+w; COS(G) = 1 ~ IOW Q2
C 1 1 1 1 ‘ I N | | I T | I T ‘ I N | ‘ I I I W+ +
0 0.5 1 1.5 2 2.5 3 TC

Reconstructed E, (GeV) after CC1r* Cuts
p, n , Il
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CClm" Data

Vl measurevisibleenergy > L
from Cherenkov lightonly © ]
5 0.25— —
. . + o B _|
W+ \ (to avoid light from ") 3 f [JMmonte Garto :
TC c - s Data 1
T - i
p, n p, n ) i PRELIMINARY i
g 0.15— et
= C Monte Carlo error bars from: P
> T T T 1T T T T T 1 T 11 1T T 7 T T T 8 . ﬂeutril’]o o, - !
(CIDJ 025 ] C 01 ligk}t extinctior.l. | .
- . - & light scattering length e A
g ™ ] B uncertainties - i
; 0.2 r | |Monte Carlo n 0.05— - —
g T e Data . i oo i
= I rem 1 - ol® _‘_._'poi.ﬂ B
L i N ] 0 jl*ro+o+-+.4—o-¢-.-r-+¢+-4—.+'*."'._r _
“60.15_ PRELIMINARY ] | | L1 1 ‘ L 11 ‘ L1 ‘ L1 ‘ L1 | L L1 ‘ L1 | L1 1 ‘ L1 17
g B Monte Carlo error bars from: i -1 -08 -06 04 -02 -0 02 04 06 038 1
© - neutrine o, : Reconstructed cos(6,) after CC1x* Cuts
S 01 light extinction, _] H
L. i r@ & light scattering length ]
- uncertainties : * Similar deficit of forward angle muons
0.05— 2 2 ]
- - - . .
- i . * Deficit larger than CCQE sample:
e Ot ie 00101010 000100000t | . . .
Or* ereesiee > clue to interesting physics?
[ T ‘ I N | | I T | I T ‘ I N | ‘ I N
0 0.5 1 1.5 2 2.5 3
Reconstructed E, (GeV) after CC1x* Cuts * Working on understanding this feature
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CClm" Data

Vl use measured U~ visible energy .
and angle to reconstruct E, QE v
+
W n+ > 0 ]_8—| T T T T T 1T T 1 | T T T | 1T T 7 | 1 7 I__
a - i
O - ]
p, >, 11 ~- 0.16- .
o B = B ]
; 0.14— - [ |Monte Carlo ]
. ‘ .'GC: E | e Data E
>0.12— .
Neutrino Energy Reconstruction @ 1 n PRELIMINARY ]
g 0.1 ) ]
. . B ro- Monte Carlo error bars from: ’
* Assume 2 body kinematics '%0_03— | heutrino 6. B
. © - light extinction, ]
(aS mn CCQE) L 0.06- . & light scattering length _]
- e+ uncertainties ]
* Assume A(1232) in final state - 5
b b 0-02__ '_.104 —
(instead of a proton as in CCQE) - -
0 L retes F|+.1_.+.¢.+H_.+.+.+.:
: I I ‘ I I | [ O | | I I | I T | | I | :
0 0.5 1 L.5 2 2.5 3

* ~20% resolution
Reconstructed E, (GeV) after CC1z* Cuts

Energy distribution used for the cross section measurement
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CC1n"/CCQE Ratio S
. PRELIMINARY +

not efficiency-corrected

I~
11

* Without cut efficiency corrections: o E
e measured N(CCIt")/N(CCQE) vs. EVQE } 4]

0.5 —e ]

i 11 1 | T p——" | L1l I L1 | | Ll | L1 | | Ll | ) | | - i
82704 06 08 1 12 14 16 18 2
(CCPiP/CCQE) After Cuts vs. E;- 0 - " CTEP (GeV)
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CCln"/CCQE Ratio 4[]
; PRELIMINARY|- :

not efficiency-corrected

* Without cut efficiency corrections: o 5
e measured N(CCIt")/N(CCQE) vs. EVQE } 4]

* CCQE cut efficiency degrades at high E . L _
due to exiting |~ O_Sf_ P e _

i 11 1 | T p——" | L1l I L1 | | Ll | L1 | | Ll | ) | | - i
82704 06 08 1 12 14 16 18 2
(CCPiP/CCQE) After Cuts vs. E;- 0 - " CTEP (GeV)
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CCln"/CCQE Ratio

* Without cut efficiency corrections:

e measured N(CCI1n")/N(CCQE) vs. EVQE
* CCQE cut efficiency degrades at high E

due to exiting |~
* CCIx" threshold > CCQE

Morgan Wascko, LSU

Fermilab Wine & Cheese

0.5

8

PRELIMINARY|+ ]

not efficiency-corrected

PRI | j

R L1 Lo | L1 1 III|III|III III_
2 104 06 08 1 1.2 14 16 L8 2

(CCRIP/CCQE) Aftér Cuts vs. E- 0 o UCTEP (Gev)
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CCln"/CCQE Ratio

* Without cut efficiency corrections:
e measured N(CCI1n")/N(CCQE) vs. EVQE
* CCQE cut efficiency degrades at high E

due to exiting |~
* CCIx" threshold > CCQE

* Motivation for measuring (CC1nt"/CCQE) ratio:
e possibility of v, disappearance

* like branching ratio measurements,
normalize to ~ golden mode" in data

* CCQE i1s the "golden mode" of low E v Gs

Morgan Wascko, LSU Fermilab Wine & Cheese

0.5
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PRELIMINARY|+ |
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2 104 06 08 1 1.2

ol b
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CCln"/CCQE Ratio

* Without cut efficiency corrections:
e measured N(CCI1n")/N(CCQE) vs. EVQE
* CCQE cut efficiency degrades at high E

due to exiting |~
* CCIx" threshold > CCQE

* Motivation for measuring (CC1nt"/CCQE) ratio:
e possibility of v, disappearance
* like branching ratio measurements,
normalize to ~ golden mode" in data
* CCQE i1s the "golden mode" of low E v Gs

* Efficiency corrected ratio measurement:
* estimate efficiency correction in MC

* systematic errors due to v cross sections (~15%),

photon atten. and scatt. lengths in oil (~20%),
energy scale (~10%)

Morgan Wascko, LSU Fermilab Wine & Cheese
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1.4:I
1.2f
I
o.sf
0.65
0.43

0.2

PRELIMINARY .
statistical and systematic ]

uncertainties -

++
3

2 04 06 .8 1 12 14 16 1.8 2
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Sources of Uncertainty

V cross section uncertainties:

* assessed inside the nucleus (in the NUANCE Monte Carlo)
* size of parameter variations estimated from past data
* parameters are assumed to be uncorrelated for now

Svystematic Parameter variation Effect on GCClnratio
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CCQE o Errors

CCOE cross section uncertainties

®* Fermi Gas Model uncertainties

total QF ¢ uncertainty (%)

totol QE cross section uncertointies

totol QE o-uncertainty
free ¢ uncertainty-
--- *C o uncertainty

o vary E_ by 25 MeV (100%)

e vary p_ by 15 MeV (14%)

* size of variations set to cover
LSND O at low energy

Morgan Wascko, LSU

Fermilab Wine & Cheese

g et s g

M,
............................................
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CCQE o Errors

CCOE cross section uncertainties

®* Fermi Gas Model uncertainties

o vary E_ by 25 MeV (100%)
e vary p_ by 15 MeV (14%)

e gsize of variations set to cover
LSND O at low energy

Morgan Wascko, LSU Fermilab Wine & Cheese

total QE o uncertainty (%)

total QE cross section uncertainties

totol QE o uncertainty
s 1688 & UNGETLGINtY
sosssinins 0 o uncertainty

15 2 25 3
CC v, Quasi—Elastic Cross Section
— C
= [ 4 BNL, Beker, Phys. Rev. D23, 2499 (1981}, D,
O 2 - ¥ ANL, Barish, Phys. Rev. D16, 3103 (1977}, D,
©1.75 F
,a 1 5 — error band includes uncertointies on m, + form facton
Ii E
M2s b
c oy ¥ s W N 2
ar 1 b
S -
s F A
Q.75
0.5 F
r NUANCE (free nucleon)
0.25 M, = 0.84 GeV, M, = 1.0 GeV
0 L 1 1 1 o ]
107

E, (GeV)

)5
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Sources of Uncertainty

V cross section uncertainties.
* assessed inside the nucleus (in the NUANCE Monte Carlo)
* size of parameter variations estimated from past data
* parameters are assumed to be uncorrelated for now

Svystematic Parameter variation Effect on GCClnratio
Fermi Gas Model (EB,pF) 100%,14% 1%
MAQE 10% 5%
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CC Single Pion Production
CCln+ o Errors Tl
3] | & ANL, Barish, Phys. Rev. D19, 2521 (1979), H,, [;
alz [ ¥ ANL, Rodecky, Phys. Rev. D25, 1161 (1982), H,, D,
© 4.5 [ © BNL, Kitagaki, Phys. Rev. D34, 2554 (1986), D,
N L & ANL, Campbell, Phys. Rev. Lett. 30, 335 (1973), H,
: y et
CCl 7+ cross section uncertainties. o 'l % [I— % ......................
'3 i Jep
0.8
/ ? I A & %
: S 06 [ 43020 G —
Resonant Production 5 | o
0.4 -
. 1 02 L NUANCE (free nucleon}
e 25% uncertainty on m, " 21 with 26% uncertainty
. [, N N N
e derived from external data ®0 05 1 15 2 28 oo
* size of error driven by
5 CC Single Pion Production
difference between ANL 07 ¢ :
G L v AL ey, e s, e 161 (o8 D
and BNL measurements 8 0.6 | 5 BN, Kianar e v D34, 2554 (10800 b
[ [
Sesf |
>4
[
'3 0.4 |
: .\ N S Sl O
* Contributes to error on the CClnt" BG cosf S T
~ ¥ S e
© o2l
0-1 _ NUANCE {free nucleon)
[ with 25% uncertainty
°0 S a— EPC R S

25 3
E. (GeV)
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NC Coherent Pion Production Cross Section

CCl1 E ¢ 80
7.c+ G rrors E - ¥ Aachen (NC), Faissner, PL 1258, 230 {(1983), Al
§ s | O GGM (NC), Isiksal, PRL 52, 1096 (1984), CF,Br
&) i
o | —— NUANCE §Rein—Sehgol)
. L. ;:; P Marteau (hep—ph/9906449)
CClm+ cross section uncertainties: g 40 [ " Paschos (hep—ph/0309148)
o | — Kopeliovich (hep—ph/040907
3 L
| e L
S+ T
R e O
- -
)
20 -
10 A L—"
0_.."'.. - A PR R
0 05 1 1.5 25 3 35 4
E, (GeV)
CC Coherent Pion Production Cross Section
%500 F
K
9 | o SKAT (CC), Grabosch, Z.P. C31, 203 (1955) CF{Br
g [+ BEBC (cce Marage, Z.P, C43, 523 (1989), Ne
(3400 | « CHARM 11 (€C), Viiain, PL 3138, 267 (1993), glags
L
» €|
:\. hep—ex/0506008 ?U 300 +
120 ¢ ® Data . IE o(v, +A > w+n" +A)
s [ ] CC Coherent pion = UANGE va
V.
80 | CC1xn,DIS,NC 200 -
40 100 |
0 ) e —— o \
0 02 04 06 0.8 1 1.2 olL L
o 10 125 15 175( 20)
GeV
Q.. (GeV/c)
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NC Coherent Pion Production Cross Section

CCln+ocE g 0
7.c+ rrors E - ¥ Aachen (NC), Faissner, PL 1258, 230 {(1983), Al
§ 6o | © GGM (NC), Isiksal, PRL 52, 1096 (1984), CF3Br
&) L
o | —— NUANCE §Rein—Sehgol)
. L. ;:; wo b Marteau (hep—ph/9906449)
CCl 7+ cross section uncertainties. g #0 [ " Paschos (hep—ph/0309148)
o | —— Kopeliovich (hep—ph,/040907
3 -
] . B
S+ T
— r- 1
" .
20 |
10 |
0 L Ll Ll Ll Ll
0 05 1 1.5 5 3 35 4
E, (GeV)
CC Coherent Pion Production Cross Section
9 500 F
o
9 | o SKAT (CC), Grobosch, Z.P. C31, 203 (1986), CF4Br
g |+ BEBC (ch’ Marage, Z.P. C43, 523 (1989), Ne
(> 400 |~ CHARM 11 (€C), Viiain, PL 3138, 267 (1993), glogs
|
e
1 hep—ex/0506008 ?U 300 +
2 ® Data , :C_’ oclv, + A = w+n" +A)
| CC Coherent pion N UANGE v
8 | CC1x,DIS,NC ® 200 | ’

0 02 04 06 08 1 12
gz, (GeV/c)?
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Sources of Uncertainty

V cross section uncertainties.
* assessed inside the nucleus (in the NUANCE Monte Carlo)
* size of parameter variations estimated from past data
* parameters are assumed to be uncorrelated for now

Systematic Parameter variation Effect on GCClnratio
Fermi Gas Model (EB,pF) 100%,14% 1%
MAQE 10% 5%
coherent T production 100% 4%
MA“t 20% 2%
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CClmn+ o Errors

.. . Multi Plon Production
Uncertainties on CCIl1r" -like processes:

B | LN e v G, 2554 Y588,
Multi-Pion Production ?53 T S — 1
* Comparison between NUANCE and {
external data o
e 35% uncertainty on m " N

olv,n —>

.............. 35% uncertainty

Conservative Guess

* Are-interaction: P(AN — N N)
* 50% uncertainty for now,
constrain in future with e- data
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CCI1m+ o Errors

Final state interactions:

L#7)
o
s

total = inel + abs + ce
inelastic

absorption

charge exchunge+

1

e NUANCE FSI model tuned to

reproduce external T—""C scattering
data

cross section (mb)
n
)
o
I

=

Q

Q
|

* Comparison between NUANCE and i
data 300 4

-

Uncertainties on NUANCE 200
compared with external data [
100 | +
® 25% on (T absorption) i
* 30% ™ o(charge exchange) 1) I — ' ' ' ' '

0 50 100 150 200 250 300 350
n* kinetic energy {MeV}
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data

data

—~ 300
CCln+ o Errors £
% 250 |
Final state interaction uncertainties.: S
150 |
NUANCE FSI model tuned to 100 |
reproduce external T—"°C scattering _
50
0
Comparison between NUANCE and
o~ 200
. . é 180 :
* Uncertainties on NUANCE s
e o 160
compared with external data g .. |
120
® 25% on (1 absorption) 100 |
* 30% © o(charge exchange)

Morgan Wascko, LSU

Fermilab Wine & Cheese

" absorption ("*C)
L oom Noven, PRC 28, 2548 (1983)
L+ Ashery, PRC 23, 2173 (1981)

% o Jones, PRC 48, 2800 (1993)
. o Ransome, PRC 45, R509 {(1992)

............ v3 NUANCE (25% ‘Systemotic)
— PR P P

I IR T M- P PRI SR SR
100 200 300 400 500
7i* kinetic energy (MeV)

80 |
60 |
40 |

20 |

¥ charge exchange ("°C)

= Ashery, PRC 23, 2173 (1981)
o Jones, PRDC 48, 2800 (1993)

— v3 NUANCE (30% systematic)

— PRI (IS (I S ST T SR S T N S BT R
50 100 150 200 250 300 350
7i* kinetic energy (MeV)
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Sources of Uncertainty

V cross section uncertainties.
* assessed inside the nucleus (in the NUANCE Monte Carlo)
* size of parameter variations estimated from past data
* parameters are assumed to be uncorrelated for now

Systematic Parameter variation Effecton 6 ratio
Fermi Gas Model (EB,pF) 100%,14% 7%
MAQE 10% 5%
coherent T production 100% 4%
MA“E 20% 2%
M ™ 35% 5%
A re-interaction 50% 5%
T absorption 25% 4%
A width 4% 3%
n CE 30% 3%

* systematic errors due to v cross sections (~15%),
. SSYSVG(EV) ~15%, SSTAT(EV) ~51t0 6%

Morgan Wascko, LSU Fermilab Wine & Cheese
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Sources of Uncertainty

Photon propagation in detector oil (optical model) uncertainties:
* assessed inside the detector oil (in the Geant3 Detector Monte Carlo)
* size of parameter variations estimated from external and internal measurements
* parameters are assumed to be uncorrelated for now
* in reality they are anti-correlated (only dominant uncertainties shown)

Systematic Parameter variation Effect on Gccmratio
attenuation length 33% 17%
scattering lengths 16% 8%
o« 5V (E)~20%, 8™ (E ) ~5to6%
opticalModel * v A
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Sources of Uncertainty

Photon propagation in detector oil (optical model) uncertainties.:
* assessed inside the detector oil (in the Geant3 Detector Monte Carlo)
* size of parameter variations estimated from external and internal measurements
* parameters are assumed to be uncorrelated for now
* in reality they are anti-correlated (only dominant uncertainties shown)

Systematic Parameter variation Effect on Gccmratio
attenuation length 33% 17%
scattering lengths 16% 8%
o« O (E) ~20%,, 6" (E )~ 10%,
opticalModel ~ v Energy Scale® v

8% (E)~30%, &™(E)~5to6%

TOTAL
vV Flux Uncertainties
([ J . (KN "
do not enter here because we normalize to ~" golden mode" in our own data
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Sources of Uncertainty

Photon propagation in detector oil (optical model) uncertainties:
* assessed inside the detector oil (in the Geant3 Detector Monte Carlo)
* size of parameter variations estimated from external and internal measurements
* parameters are assumed to be uncorrelated for now
* in reality they are anti-correlated (only dominant uncertainties shown)

Systematic Parameter variation Effect on Gccmratio
attenuation length 33% 17%
scattering lengths 16% 8%
o« 5V (E ) ~20%, &5 (E )~ 10%,
opticalModel * v Energy Scale> v
SSYST (E ) ~30%, 8™ (E ) ~ 5 to 6%
OTAL \Y% \Y

V Flux Uncertainties
* do not enter here because we normalize to ~ golden mode" in our own data

Preliminary — Final Result

* Estimate/measure MC parameter correlations
* Reduce detector optical model uncertainties with continued analysis of calib data

* Reduce v ¢ errors with analysis of e data (JUPITER @ JLab)
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CC1rw"/CCQE o Ratio on CH,

* efficiency corrected ratio measurement as a function of v energy:

P _N(CCIm) o(CClm)
MEASURED N(CCQE) o O'(CCQE)

e PRELIMINARY -
statistical and systematic ]

| uncertainties J
0.8 — % —

+ -
Lo :

IIIII|IIIII III|IIIIII|III|III_
04 06 038 1 12 14 16 1.8 2

(CCPiP/CCQE) o vs. E, (GeV)

co
b T
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CCInt" o on CH2

* efficiency corrected ratio measurement as a function of v energy:
_N(CCIm) o(CClm)
MEASURED N(CCQE) O_(CCQE)

* use  golden mode" to convert to 6(CC1n+):
o(CCIT) = Rypasurep X O nuance (CCOE)

R

1.4:—I III_
1o PRELIMINARY E

i statistical and systematic ]

1= uncertainties -
ek T E Multiply by
I + I\ U ANCE MC
T | - 6 CCQE
o4t _]_+ - m,=1.03
4 —:

Lovuly bl

i 11 1 | 1 1 I | - L1 1 1 1 L 1 1 1 1 L 1 ]
82704 06 08 1 12 14 16 18 2
(CCPiP/CCQE) o vs. E, (GeV)
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CCInt" o on CH2

* efficiency corrected ratio measurement as a function of v energy:

R

_N(CCIm) o(CClm)

MEASURED N(CCQE) o O'(CCQE)

* use ~"golden mode" to convert to 6(CC17"):

o(CCI)

1.4

= Rypasvrep X UNUANCE<CCQE )

~ _II|III|III|III|III|

- 9 008 - e Data w/ statistical errors _E
L - ) - | ) -
b PRELIMINARY | Lo e E
i statistical and systematic ] N & Preet 1
B L i ~ —— NEUGEN predicted ¢ J
| uncertainties - 0.06[- =
i — ] M ] t 1 b PRELIMINARY . B
0.8]- 7 uttiply 0y 0.05F- ) =
B SBNUANCE MC : 0T f
- ] 0.04- e —
T E o CCQE 5 - 5
- _]_ 1 0.03 = N
0.4 — = - e ]
' _l_ . mA—l .03 0.02f h E
021 + . 0.0Lf — &
| 11 1 | | | I L1 1 | L1 | I L1 1 | L1 | L1 | L1 | I L1 | 1 0 - | - | L Ll 'T | | L1 | | L1l | 11| | L1 | 1 1| | L1 | | 11| .
8.2 0. 06 08 1 12 14 16 18 2 0O 02 04 06 08 1 1.2 14 16 18 2
(CCPiP/CCQE) c vs. E, (GeV) Gecirr (PD) VS. E, (GeV)
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CCImt" o on CH2

® Compare with NUANCE MC prediction

e Inclusive o(CCIn"): vyp—>pu prnandvyn—->pu nn'andvy A > pu AT

e Ratio to predicted & (CClm") is ~75%, but ~within 0G (CCl1r")
NUANCE NUANCE
e NUANCE error band comes from MA“t and coherent production
0_09 _—I T T | T T | T | T 1T | T T | T T | T T | T T | T 1T | T T 4—_ [ 17T | T T | T 1T | T T | T T | T T | T T 17T T T ]
— - Dataw/ statistical N 1.4 |
& 0.08 :_ . ata w/ statistical errors _: - PRELIMINARY .
g - |:’ Data w/ systematic errors . A |
% 0.07F NUANCE predicted o 4|_|—'_'_—: L2 n
— u . ] = -
— C —— NEUGEN predicted o J 7 L
~ 0.06]- — . L
- PRELIMINARY . : - .
i i _:
0.04f e N i i
- | . 0.6/ -
0.03F i ] - ]
- e | 0.4 Ratio w/ Systematic Error —
0.02f- = - )
- —* s i Ratio w/ Statistical Error 4
- R 0.2 —
0.01 3 T B - |:| NUANCE o__,.. Systematic Error i
O : Ll | - iﬁ | | 111 | L1 | L1l | L1l | L1 | | 111 | L1 | . | Ll | L1 | L1 1 | Ll | L1l | L1 | L1l | | | L1 ]
02 04 06 08 1 1.2 14 16 18 2 8.2 04 06 038 1 1.2 14 16 18 2
Gccm(pb) vs. E, (GeV) Data / NUANCE c vs. E, (GeV)
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effective CC1mt" ¢ on CH2

®* MiniBooNE can also measure ""effective" o(CCI17t")
* Final state is “CCln*-like” =1 u and 1 ©t* (before particles decay)
* define numerator of MC efficiency correction as anything CC17"-like,

notjustvyp—>Wpn,vyn—->punn,andv, A—->pw AT

Vv i
® MC efficiency correction includes NUANCE MC FSI model “\/u

since we use MC to correct back to generated CC17+ events
* Test of NUANCE FSI model

W+

Morgan Wascko, LSU Fermilab Wine & Cheese 7 October, 2005
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effective CC1mt" ¢ on CH2

®* MiniBooNE can also measure ""effective" o(CCI17t")
* Final state is “CCln*-like” =1 u and 1 ©t* (before particles decay)
* define numerator of MC efficiency correction as anything CC17"-like,

notjustvyp—>Wpn,vyn—->punn,andv, A—->pw AT

Vv i
® MC efficiency correction includes NUANCE MC FSI model “\/u

since we use MC to correct back to generated CC17+ events
* Test of NUANCE FSI model

W+
X
| - | x— =
Final State Interactions (with uncertainty):

= 25%)

=30%)
NUANCE
e P(AN—NN) (A-reinteraction) (SN

e O pion absorption (SNUANCE

e G charge exchange (0
UANCE = 50%)
* from MC: N ( CCln*-like ) / N ( true CCIn*)=0.8

* 249% true CCln" are not CClx’-like (7" absorption)
* 7% true non-CCln" are CCln*-like
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effective CC1mt" ¢ on CH2

* efficiency corrected ratio measurement as a function of v energy:
REFFECTIVE . N(CC]T('_llke) O_(CC]T(_llke)

MEASURED

N (CCQE) o (CCOE)
* use ~“golden mode" to convert to 6(CClmt*-like) and compare with 6(CC17")

EFFECTIVE O cims
0_09:—| T 1 | LI | T 71 | LI | T T 71 | T T 1 | LI L LI T T 4—: 0.09__" — | — | T | — | — | — — — — — '__
‘:; 0.08[— *+  Dataw/ statistical errors —f OE 0 085— e Dataw/ statistical errors _E
o - E Data w/ systematic errors E o . E I:I Data w/ systematic errors :
go 0.07:_ NUANCE predicted effective E go 0.07F NUANCE predicted o 4|_'_'_,__;
- B J ¥ C —— NEUGEN predicted o J 4
~ 0.06- 4 — - .
- PRELIMINARY : 0% PRELIMINARY —/i E
0.05F- - 0.05F — ! B
- ] E g ]
0.04} = 0.04F — . =
0,03 . 003 e E
0.02[- - 0.02F - E
0.01f- - ootF- — E
Oozltb,, 04"'0'6':3'8""1"'1',;"1'4"'1'6"'1'8"':,, A T == T T T T TR
= Us 060 = e Lo be 2 0 02 04 06 08 | 12 14 16 18 2
Effective 6,.. (Pb) vs. E, (GeV) Gerer (PD) VS. E, (GeV)
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effective CC1mt" ¢ on CH2

® Cross check NUANCE FSI by comparing (Data/MC) ¢ to (Data/MC) ¢

EFFECTIVE CClm+

e Ratio to predicted GNUANCE(CC17t+—1ike) is similar to ¢ (CC17") result

(Data/MC) o (Data/MC) o
EFFECTIVE CClm+

[ T 1T 1 T T T | 1T T | T T T | 1T T | 1T T T 1T |‘| T T T T T ] [ T T 1 T 1TT | T 1TT | T 17T | T 1TT | T 11 r | | T T T 17T ]
L4 . 1.4 .
i PRELIMINARY ] i PRELIMINARY ’
L2} . 1.2} ]
18 i L i
H + | SRS HH# -
0.6 ' . 0.6/ -
0.4:— Ratio w/ Systematic Error —: 0.4:— Ratio w/ Systematic Error —:
i Ratio w/ Statistical Error ] i Ratio w/ Statistical Error ]
0.2 — 0.2 —
- [ | NUANCE o, Systematic Error . - [ | NUANCE o, Systematic Error |
i || | | | L1 1 | | | | L 11 | | | | L 11 | L1 1 | L1 1 ] B L1 1 | L1 1 | L1 1 | L1 1 | | .| | I | | L1 1 | | I | L1 1 i
8.2 04 06 08 1 1.2 14 16 1.8 2 8.2 04 06 08 1 1.2 14 1.6 1.8 2

Data / NUANCE Effective c vs. E, (GeV) Data / NUANCE c vs. E, (GeV)

* Implies that low CCIx" rate is not due to FSI model deficiency,
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Interpretation

What does this result mean?
* ANL and BNL results disagree
1n normalization
* NUANCE splits the difference
* MiniBooNE result more consistent
with ANL

CC Single Pion Production

s

|l & ANL, Barish, Phys. Rev. D19, 2521 (1979), H,, D,

I ¥ ANL, Radecky, Phys. Rev. D25, 1161 {1982), H, D,
| © BNL, Kitagaki, Phys. Rev. D34, 2554 {1988), I,

| = ANL, Campbell, Phys. Rev. Lett. 30, 335 (1873), H,

(10 ® em?)

.....

B pm
[ ]
m —
| |

o L
:‘a. 0.8 __ ________________________________________________________
L ) 7 0 I N
= I
0.4
- NUANCE (free nucleon)
0.2 1 with 25% uncertainty
o Lo P R RN R
0 0.5 1 1.5 2 5

5 3
E, (GeV}

Morgan Wascko, LSU

0.09

_—f T 1 | L | T T T | ' T T | T TT1 | T T T T T T ' T T T T l—_

0.08 :_ = Data w/ statistical errors _:
. - [ | Data w/ systematic errars |
0.07F NUANGE predicted o 4|_|—'—,__;
N —— MEUGEN predicted o ] ]
0.06- — =
- PRELIMINARY s :
0.05F — i —
- = .
0.04} e =
0.03F- e =
- : N
0.02F- -
0.01F i =
O : 11 | Ll jﬁ | | L1 1 | 11 | L1 1 | L1 1 | L1 | | L1 | | |- :

0 02 04 06 038 1 1.2 14 1.6 1.8 2

Fermilab Wine & Cheese

Cocir (PD) vS. E, (GeV)
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Implications for Oscillations

What does this result mean?

e V_appearance oscillation search

* CCIn" reduction constrains
resonant backgrounds

*V, disappearance oscillation search

* effective CCITt" constrains
non-QE contamination
* Improves energy resolution
* Important for Super-K and K2K
* Agreement between data/MC in

true CC1mt" and effective cross section
measurements demonstrates NUANCE
modeling of FSI is reasonable
* Good nuclear models important for

V physics phase transition

Morgan Wascko, LSU Fermilab Wine & Cheese
How do we use this result?

1.4

I|III|III|III|III|III|III
PRELIMINARY GCC1n+

Eeitiu

— Ratio w/ Systematic Error

Ratio w/ Statistical Error

I:I NUANCE o__,.. Systematic Error

_III|IJI|III|III|III|III|III|III|III

2 04 06 038 1 12 14 16 1.8

0.6

i

0.4f

lQI\I

Data / NUANCE c vs. E, (GeV)

PRELIMINARY GEFFECTIVE

— Ratio w/ Systematic Error
Ratio w/ Statistical Error

I:I NUANCE o ,.. Systematic Error

vy b b b by by s by Iy
04 06 08 1 12 14 16 18

l\)lllll\lllllll\llll

Y

Data / NUANCE Effective c vs. E, (GeV)
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Future Directions

At MimiBooNE s
82000 E
. © E
e Extract resonant and coherent fractions %1750 |
e Understand source of low Q deficit 51500 | v, resonant{7
o [
o g’1250 -
* Tune NUANCE to match MiniBooNE £ oo
= _
> [
measurement S Jeo b
g7
. € 500 F I LA o A B B
SciBooNE 2 | :
=20 v, coherent 7 ]
e New collaboration formed to bring SciBar 072080604020 02040608 1 ]
detector from K2K to FNAL cos0O, -
: : m ]
* Fine grained detector s - PRELIMINARY i
: : €0.15 .
e Excellent final state reconstruction R Monte Carlo etror bars from: .
3 - neutrino o, .-
- traCk PID (dE/dX) i 0.1— light extinction, .
i & light scattering length e a
. B rtainti [ 2 :
— multiple track - sneeTe ]
0.0S? I».4. i
* Improved event kinematic reconstruction for - areret §
. —_o1—.+o+-+.+-+.¢-+.4—.—#.*"*“’.)(.4 B
thls and many Other prOCeSSeS O: L1 | L1 1 ‘ L1 1 ‘ L1 1 ‘ L ‘ L | L1 ‘ L1 1 | L1 1 ‘ L1 \i

1
p—

-08 -06 -04 -02 0 02 04 06 038

o

Reconstructed cos(6,) after CC1rn* Cuts
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Future Directions

.. Extruded
At MiniBooNE scintillator %
. (&
* [Extract resonant and coherent fractions (15¢) _ W % .

e Understand source of low Q° deficit

e Tune NUANCE to match MiniBooNE
measurement A\ /

SciBooNE

Multi-anode

* New collaboration formed to bring SciBar
PMT (64ch.)

detector from K2K to FNAL

* Fine grained detector

[ N e
TN ]
e Excellent final state reconstruction 15 S
FHHAEEE
~ track PID (dE/dx) JRE
S
1 AREEES HHRN G
— multiple track abifihitdie i |
ik ikt sl «— —>
* Improved event kinematic reconstruction for 1.7m
- Wavelength
this and many other processes .
shifting fiber

http://nome.fnal.gov/~wascko/scibar. paf
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Future Directions

At MiniBooNE

e Extract resonant and coherent fractions
e Understand source of low Q° deficit

e Tune NUANCE to match MiniBooNE
measurement

SciBooNE

* New collaboration formed to bring SciBar
detector from K2K to FNAL

* Fine grained detector

e Excellent final state reconstruction
— track PID (dE/dx)

— multiple track

this and many other processes

* Improved event kinematic reconstruction for

*:# | Displays of v, events
from SciBar at K2K

p

"-.'l"'.“:-.:_l

=
r

http://home.fnal.gov/~wascko/scibar.paf

Morgan Wascko, LSU Fermilab Wine & Cheese
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Future Directions

At MiniBooNE 1l
¢
* [Extract resonant and coherent fractions ‘.-'._
e Understand source of low Q° deficit A P
4
A

e Tune NUANCE to match MiniBooNE . |
measurement w I

LT
e F

SciBooNE "f‘l"?:-h;_‘! |
* New collaboration formed to bring SciBar . Displays of v_events
detector from K2K to FNAL i . W
: : v M | from SciBar at K2K
* Fine grained detector :
e Excellent final state reconstruction ;
— track PID (dE/dx) ol
.
— multiple track ‘;P
* Improved event kinematic reconstruction for T
this and many other processes v
[

http://nome.fnal.gov/~wascko/scibar. paf
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Conclusion

MiniBooNE QOutlook:

e [ate '05;
* CClz" paper
* NC 1’ 6 measurement

e HARP 8 GeV Be results
e After the end of 2005:

e CCQE v_appearance result

e CCQE v, disappearance result

Morgan Wascko, LSU

PN

STAY TUNED!

Fermilab Wine & Cheese
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Backup Slides

Morgan Wascko, LSU

Fermilab Wine & Cheese
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Systematic Error Calculation

Estimate uncertainties by constructing an error matrix from MC to calculate
I derivatives with respect to each source of systematic error

1. vary parameter(s) for a source of systematic error, e.g. 3 400?_‘5‘*""?"? L A
+ total y extinction (attenuation length A, — A +31) & - . e

o scattering length (A, > A +061) 1000, ) e E

800|- N

2. measure the first derivative Fi in each bin i "““;‘ JJ |LT ‘
awof | E

« E*=[N (A +8A)-N(A)1/81, A 571 |

« F S= N (XS + 0 XS) -N. (7»5) 1/9 7”5 A e = %;(-G;V?

3. construct first derivative matrix Fij

* i: energy bins, J: systematic error parameters

4. construct error matrix M from parameter correlation matrix P, . and F
1, Js 1

eM = (F) P _F

il 1] j.k 1]

J
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Systematic Error Estimator

Estimate uncertainties by constructing an error matrix from MC to calculate
I derivatives with respect to each source of systematic error

Total errors estimated by summing absolute values of fractional errors in each
bin:
> Jon)

2N,

ErrEst =

Morgan Wascko, LSU Fermilab Wine & Cheese 7 October, 2005 82



Non-Dipole Vector Form Factors (NUANCE v3)

@ Jargest effect 1s going from dipole to non-dipole form factors (Bosted 1995)
few-% effect on Q distribution for QE events ...

NI
GMP(Qz) = up/(1+O.35Q+2.44Q2+O.5Q3+1.O4Q4+O.34Q5) o -
GEP(Qz) = 1/(140.62Q+0.68Q*+2.8Q+0.83Q" zj:(aaing Sl |
G _"(Q%) = W /(1-1.74Q+9.29Q%-7.63Q*+4.63Q") o[ e rT i
G "(Q%) =-1.25p t/(1+18.31)(1+Q%0.71)*, 1=Q*/4M> . :*—*"-“‘*"“*“. e IT\_
é " 1.2 | T | IGM' _
effecton Q*° | H+ Jﬁ ‘ 1,0%, (© nés |
distribution T | } ++ + J[ L T MS .

of generated 3 —— +++ + Jﬂl 0.6 % '
. sy f+++++ t H# 06 - ; i
QE events: i L J{ %d)(ﬁ)a_
0.5;25 — 0.2 i ._4,7.-;’/$ [*l LE!l |

0.9; 02 04 06 0B 1 12 1.4 -0.2 : ’ ” | “ .T’T L L—
o? (GeV2) 01 02 0.502 1[((393!0)2] 5 i0 20
P.E. Bosted,
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Non-Dipole Vector Form Factors (NUANCE v3)

NUANCE MC v3 uses BBA2003:

effect on Q° %.0'25 f }
distribution & [ TUEh . JPANE:
SRR = SR S R
of generated 007 | e Tt +++
BQ]];‘A?]‘B@TZ 0.95 Bodek, Budd, Arrington
( osted) o025 | BBA-2003 fit values
08 G55 64 o8 o8 1 (h@p-@X/OSOSOOS)

Q7 (GeV®)
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Energy Scale Uncertainty

Energy scale uncertainty comes from different performance between
CCIr" and CCQE neutrino energy reconstruction.

* CCQE | ! CCln* |
: ;ﬂﬁ ry ﬁ
TR

EnuMC vs. EnuQE, after CCQE cuts (CCQE only) EnuMC vs. EnuQE, after CCPIP cuts (CCPIP only)

3 3
a

; [ T | T T T T T T T T | T T T T | T T T T ; -J, T T T T T T T T | T T T T T T T T | T T T T | T T T T
025 . 025
Qs 2251
= = = L
[= = [= L
w | w [
c 2+ — c 2
[1:] - m -
o [ o [
= | = |
L5 L = L5

1:_ Error Bar = RMS 1= J
Error Bar = RMS/sqrt(N) 1

05} 7 05} -

O:lll\Illll\\llllll\lllll\\l_ 0:111\\||||||\|||||||\\|||||_

0 0.5 1 1.5 2 2.5 3 0 0.5 1 L.5 2 2.5 3

EnuQE bi ter (GeV . . EnuQE bi ter (GeV

Morgan Wascko, LS! nu in center (GeV) Fermilab Wine & Cheese n in center (GeV) )5
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CCQE ""Golden Mode"

: MC Comparisons

Same CCQE cuts, different Monte Carlos ...

¢ Absolute normalization

Monte CCQE | Efficiency] (Rate / proton
Carlo (%) of cuts (%] after cuts) / v2
NUANCE v2 38.7 24.8 1.0
NUANCE v3 39.8 24.8 1.05

NEUT 38.0 24.5 1.07
NEUGEN 38.0 25.2 1.0

Monte CC PEUSE TR PR (%)

Carlo (%) I ® (%) | background
NUANCE v2 83 14 17
NUANCE v3 80 16 20
NEUT 78 13 22
NEUGEN 80 16 20

Morgan Wascko, LSU

Fermilab Wine & Cheese

-18

10
g fl T | 1T T TT T | LI | T TT | T TT | LI T TT TT I_
B 035 I:I Nuance v2 3
& ¢ = Nuance v3 ]
2 o3[ | - NEUT E
g £ || NEUGEN ]
2 025 — =
o C
@ C =
-§ 02F 3
Z 015 — 3
- ]
015 _ 3
0,05 — —
0 =:——_._l P .

¢ 02 04 06 08 1

-16

1.2 14 l.6l 18 2
CCQE Selection: Visible Energy (GeV)

e
[

Number of Events / Proton

Nuance v2: All Events
= Nuance v2: CCQE ]
= Nuance vZ: CC Resonant 1
Nuance v2: other

.|

0 02 04 06 08 1
CCQE Selection: Visible Energy (GeV)

18 2
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Extinction or Fluorescence Rate (1/m)

Extinction Rate for MiniBooNE Marcol 7 Mineral Oil

100 | ] ] ] ] | ] | ] ] | B =
—— JHU 1 cm Oil-Water -
—— JHU 1 cm Oil-Cyclohexane 3
....... FNAL 1 cm :
& ---- FNAL 2cm
H ] ENAL 5 cm .
1oL @4- —— FNAL 10cm 1
- % % — — MiniBooNE 1.6 m 3
- o @ —@ MiniBooNE 1.6 m variable length ]
B — — Rayleigh Scattering (Isotropic) 7]
i .—. Rayleigh Scattering (measured isotropic) | |
Rayleigh Scattering (anisotropic)
1= Sum of Fluorescence Rates -
= —— Fluor4 3
= —— Fluor 3 -
i Fluor 2 ]
™~ - —— Fluor 1 1
2
0.1 YA V-
E' Il I p ‘ ) \ \ ARl A
N . ¥ | L (R L/ / I
| T - N {
n T~ —— \ V f i
d ‘ =
ootk A N =
- I I I L I |'-.|""|'--4. I I | L [
250 300 350 400 450

Wavelength (nm)

* Measurements of the transmission of light in samples of Marcol 7 oil drawn from the MiniBooNE detector;
shown is the extinction rate (inverse of extinction length) over a range of wavelengths.

Morgan Wascko, LSU
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§22007| ‘ ‘ \zl L I N g T T T[T T T[T T[T T T T[T T[T T T T[T I T T[T T[T [TTIT]
- ¥ /ndf  7.813/7 i = = v2/ ndf 941/6 .
:2()()()_— . Perp. Plal’le po 877.9+ 8.227 -] Py = X [ ] T
T u p1 -0.4316+ 13.76 . = 2500~ po 0.01672 + 9.262 —
o 1800 2 — o i i
- x*/ndf  7.556/6 — u 1 5.695e+04 + 624.4 N
T & o Par. Planc ;™ o500+ 7.61 . « P ]
3 1600— pl 31661507 g 3 2000 |
o 1400:_ p2 149012968 ¢ _: O B _
1200:— B 15001 u
1000 i - i
R — PO - i
800|— ] - _ . N
n . 1000(— ¢ Nanosphere Solutions —
600{— — - = Marcol 7 =
N N = s Marcol 7 Isotropic .
200— _ = i
:| | | ‘ | | ‘ | | ‘ | 1 |7 “7 [ | L L1 | [ | L L1 | L1111 | L1111 | [ | [ | L1 11 | [ \7
0

-1 -0.5 0 0.5 1 0 0005 001 0015 002 0025 003 0035 004 0045
. . -1
Scattering Coefficent (m )

c0osS 0O

e L: Angular distribution measured with goniometer at 442 nm. The distributions are consistent with Rayleigh
scattering off isotropic density perturbations in the mineral oil with an additional contribution from non-
1sotropic fluctuations.

e R: Scattering in perp plane to the incident polarization. Black points correspond to different concentrations of
nanospheres, Red point is the total observed scattering in Marcol 7, blue point is due to isotropic density
fluctuations, isolated using the measured angular distributions. These points are at the scattering coefficient

Predicted by the Einstein-Smoluchowski equation.
Morgan Wastko, LSU Fermilab Wine & Cheese 7 October, 2005



150 nm wmizian

—— Totd poadicted

—— EVD L puacicted

Optical Model:
Fluorescence

e VD 2 praicted
—— 5D 3 praicid

VD 4 puaicsed

Additional information: All data

1] ran gl Lm
280 300 3210 340 350 380 400 4210 440 450 480

were taken in 1 cm fused-silica Emission Wavelength (nm)
cells using the Hitachi T
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Figure 10: Comparison of background and scattering-subtracted emission curves (black points)
with emission predicted by the SVD analysis (black line). The expected contribution from each
fluorophore is shown by the colored lines (red, blue, violet and green for fluorophores 1,2,3 and 4,

no. 7 on independent data taken
at Johns Hopkins using Marcol

Morga;ZI'Wascko, LSU respectively).



