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0. Nulnt09 summary

Nulnt09, May18-22, 2009, Sitges, Spain
This talk is based on the discussions and results presented in Nulnt09.

Nulnt09 MiniBooNE results
In Nulnt09, MiniBooNE had 6 talks and 2 posters

1.

2.

3.

charged current quasielastic (CCQE) cross section measurement

by Teppei Katori

neutral current elastic (NCE) cross section measurement

by Denis Perevalov

neutral current nt® production (NCn°) cross section measurement (v and anti-v)
by Colin Anderson

. charged current single pion production (CCx*) cross section measurement

by Mike Wilking

. charged current single t°® production (CCx°) measurement

by Bob Nelson

. improved CC1x* simulation in NUANCE generator

by Jarek Novak

. CCn*/CCQE cross section ratio measurement

by Steve Linden

. anti-vCCQE measurement

by Joe Grange
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by Teppei Katori
0-1. CCQE cross section in MiniBooNE

Flux-averaged double differential cross section

| will discuss the great detail in this talk later. The main conclusion was,
1. the first measurement of double differential cross section

2. ~30% higher absolute cross section from the recent NOMAD result

. x10™%°
&’ cm0.1/0.1GeV) — e 1 2 [ [
dT dcos el e s MiniBooNE data (SN,=10.8%) 0 ]
0 M w T T - 12 l l
39— o
............ . E MiniBooNE data with shape error 13
_ MiniBooNE data with shape error
""""""""""" 6 MiniBooNE data with total error
4 RFG model with Mf‘{’=1.03 GeV, k=1.000
~~~~~~~~ 2 RFG model with M{'=1.35 GeV, k=1.007
"""""" P B .1...|...|..'.|...|...
8 RFG
........ 4 06 1 12 14 1.6 gRFS(Gey)
-39
~ 16 x10
....... o =
£ 14E
= B
= 125
© 10& bk kg
8 == MiniBooNE data with total error
6 % NOMAD data with total error
. \n 4E LSND data with tot:}l error
T (Ge = RFG model with M;"=l.03 GeV, k=1.000
2F RFG model with M{'=1.35 GeV, k=1.007
0:_x=.4 L L T | L nRFénnnun
1
10 10 E) ” (GeV)

11/30/2009

Teppei Katori, MIT

4



by Denis Perevalov

0-2. NCE cross section in MiniBooNE
V,+p >V, +DP
VM+H%VM+H

NCE measurement and As
By definition, longitudinally polarized quark functions are normalized with axial vector
nucleon matrix element.

1 _
fo dx <N|uy,ysu-dy,ysd-sy,yss|N>=<N| ~G,(Q° )Y YsT3 + Ga(Q® WuYs N>

Then, strange quark spin contribution in the nucleon (called As) gives simple
connection of DIS and elastic scattering world.

[ 01 dxAs(x) = As = G (Q> = 0)

Since As is the Q2=0 limit of isoscalar axial vector form factor, it can be accessed by
NCE scattering measurement.

However, measured As in HERMES semi-inclusive DIS measurement (~0) and
BNLE734 neutrino NCE measurement (~0.15) don’t agree within their errors (so
there is a great interest for the precise NCE measurement!).
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by Denis Perevalov

0-2. NCE cross section in MiniBooNE

Proton fitter

NCE proton track energy/position/direction are measured by minimizing the charge and
time likelihood made from each PMT response. the proton fitter based on the proton
scintillation and Cerenkov light profile. This fitter is especially powerful when proton
exceeds the Cerenkov threshold (Ax~0.7m, A8~20°, AKE~25% ).
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6000— [ Y NC elastic neutron
- 1
- / L ‘
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Dirt event constraint

Modeling the neutrino interaction outside of the
detector (dirt event) is hard. The dirt event
distributions are constrained from the data with dirt

enriched sample (~10% error).
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by Denis Perevalov

0-2. NCE cross section in MiniBooNE

Flux-averaged NCE p+n differential cross section

Measured cross section Results: Flux-averaged MiniBooNE NC elastic differential cross-section
agree with BNLE734. %107
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0-2. NCE cross section in MiniBooNE

NCE proton exclusive measurement

To measure As we need a
exclusive measurement of
NCE proton scattering. The
separation is only possible at
high energy (above proton
Cerenkov threshold).

This is an ongoing analysis.

11/30/2009

Reconstructed proton angle

by Denis Perevalov
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by Colin Anderson

0-3. NCmt° cross section in MiniBooNE

o o MiniBooNE collaboration,
v, + N — v, + AN — v, + N+  arXiv:0911.2063

v +A%VM+A+J1:°

NCn© event definition A = &
All pion production channel need to be defined from it’s final state. NCx® event is deflned as
NC interaction resulting with one w° exiting nuclei and no other mesons. Clearly,

- This definition includes w° production by final state interactions (FSls).

- This definition excludes NCx° interaction when n° is lost by FSis.

This is the necessary definition for the theorists to understand final state interactions (FSlIs)
without biases.

Measurement is done both v and anti-v mode.

Events Passing Cuts Purity  Efficiency

. 21542 w/ 6.461E20 POT
Neutrino Mode o 73% 36%
Data/MC = 1.10

. . 2305 w/ 3.386E20 POT
Antineutrino Mode i 58% 36%
Data/MC = 0.94
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0-3. NCmt° cross section in MiniBooNE

NCare differential cross section

Unfolding is carefully studied.
Different techniques (Tikhonov
regularization and iterative
Bayesian method) are used
depending on the biases of
unfolding. Inverse response matrix
method is never used.

This is the first measurement of
NCr° production differential cross
section.
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by Colin Anderson

0-3. NCmt° cross section in MiniBooNE

NCm° coherent production models

Forward angular distribution is sensitive with
coherent w° production.

The measured rates are compared with several

theoretical models.
Hernandez et al.,

arXiv:0903.5285

Alvarez-Ruso et al.,
PRC76(2007)068501
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by Mike Wilking

0-4. CCrxt* cross section in MiniBooNE
v, +p(n) = u+A" = p+pmn)+a’
V.+A—=u+A+m’

CCx* event as a background of CCQE events '~
CCx* event without pion is the intrinsic background for CCQE in Super-K. Therefore we
need a good understanding of CCx* kinematics comparing with CCQE for a better energy
reconstruction (= better oscillation measurement).

mis-reconstruction of neutrino energy by
misunderstanding of CCx* events spoils
v, disappearance signals

o
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by Mike Wilking
0-4. CCx* cross section in MiniBooNE

CCx* kink fitter

CCx* kink fitter is based on the nature that pion has a hadronic interaction whereas muon
doesn’t have. Then, pion occasionally shows “kink” in the middle of its track. This kink fitter
improves pion energy measurement.
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muon
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by Mike Wilking
0-4. CCx* cross section in MiniBooNE

%

) 012
CCa* cross section

After the cut, there is ~48,000 events with 90%
purity, and correct pion/muon identification rate -
is 88%.
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o(E,) :total cross section with function of E,
do/dQ? : differential cross section of Q2 CH2 Target
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d?0/dT, /dcos6,, : double differential cross
section of pion kinematics
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by Bob Nelson

0-5. CCn® measurement in MiniBooNE

+ O
V,+tn—=u+A" —=u+p+m

CCn° event
There is no coherent contribution.
There are only ~5% total and swamped by other CC channels.

CCmpo fitter (3 tracks fitter)
Probably the most complicated fitter. First primary Cerenkov ring is found, then fitter searches

2 additional rings, then the right combination (1 muon, 2 gammas) is found from 3 possible
particle combinations.
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by Bob Nelson

0-5. CCn® measurement in MiniBooNE

Kinematics

invariant mass of 2 gammas show n® mass peak. Muon ID rate is >80% at n° mass peak.
Reconstructed Q2 shows suppression at the first bin.

The differential cross sections are coming soon.
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by Jarek Novak
0-6. Improved CCx* simulation 8 |

Improved CCxt* prediction

All recent improvements are integrated in MiniBooNE simulation, including,
- muon mass correction,

- state-of-arts from factors

M, '~ fit with Q2 distribution S000¢- POT normalized
The 3 different fits in Q2 are performed, 45001 *— MinSoollE {siatseys)
. . w0 R et tM, =1,

1 . IVIA'ITE flt Wlth Q2>0'2 g 40(”'; best fit M, =1.15 GeV and coh = 0.04
2. M'm-coherent fraction simultaneous fit = ssooffll:1i, | e best fit M, =1.37 GeV and C(0)=0.97
3. M,'=-C,5(0) simultaneous fit 3 3000 . Rein-Sehgal. M, =1.1 GeV

5 s .1 Best fit values obtained for the new model

% 2500 b, with BRS (muon mass), new G, and C;A

< 2000f}: Ty
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500
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by Steve Linden
0-7. CCn*/CCQE cross section ratio 3

MiniBooNE collaboration,
PRL103(2009)081801

picture wanted
CCn*/CCQE cross section ratio measurement
There is a complication for systematic error analysis, because CCQE is the background in
CCx* sample, and CCx* is the background in CCQE sample.

Fraction of CC1xw*- |Fraction of CCQE-

Process like events (%) like events (%)
CClw" Resonant 86.0 9.4

17t : 9 . .
U ot S L. CCxa*/CCQE cross section ratio formula
CCQE 9.4 85.4 .- )
Multi-pion 2.5 0.02 Tizty _ CQEs™ 25 Utnt a3 * fims 3% Nizs —cuts g
CClx’ 1.0 25 oQrs  Enta* ), Ugry * for g * NoE-—cuts 5
DIS 0.2 < 0.01
Other 1.6 2.5
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by Steve Linden
0-7. CCa*/CCQE cross section ratio

MiniBooNE collaboration,
PRL103(2009)081801

CCr*/CCQE cross section ratio measurement

There is a complication for systematic error analysis, because CCQE is the background in
CCx* sample, and CCr* is the background in CCQE sample.

As is same with other pion production analysis, we emphasize that the FSls are not
corrected. We corrected it only when we want to compare with other experimental data.

CCr*like/CCQElike cross section ratio CCa*/CCQE cross section ratio
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by Joe Grange
7 Gt i

2

0-8. anti-vCCQE measurement

~ +
V,+p—u +n

anti-vCCQE measurement is more complicated! '
Comparing with vCCQE, anti-vCCQE measurement at least has following difficulties,
1. higher wrong sign background

2. hydrogen scattering

3. no data-based CCx background tuning is possible (nuclear - capture)

After cuts, ~27,000 events with 54% purity.

component anti-v mode v mode
right sign CCQE 54% 77%
wrong sign CCQE 22% 2%
QE hydrogen scattering 19% 0%
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by Joe Grange
0-8. anti-vCCQE measurement

anti-vCCQE Q?2 distribution

The current analysis is done with quite parallel manner with vCCQE.

The preliminary result also support high M, value in data-MC Q? shape-only comparison.
We are working on the improvement of this analysis.

anti-vCCQE Q?Z plot with world anti-nCCQE Q? plot with new M,
averaged M, extracted from vCCQE

——— MC World Values, x = 1000, M, = 1.02 With Shape Error MC v mode fit,x = LODT, M, = 1.35 With Shape Error
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by many people
0-9. Nulnt09 conclusions - a

All talks proceedings are available on online (open access),
http://proceedings.aip.org/proceedings/confproceed/1189.jsp

Some realizations from Nulnt09
Nulnt is the far most advanced place to discuss neutrino cross sections.

1. Importance to use the better models for neutrino interaction generators

2. Importance to provide data with the form available for theorists, this includes,
i) detector efficiency is corrected

ii) free from reconstruction biases (data as a function of measured quantities)
iii) free from model dependent background subtraction, rather provide inclusive data

e.g.) MC comparison of double U
differential cross section of NCx°
production with En=0.5GeV, angle=60°
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1. Booster neutrino beamline

2. MiniBooNE detector

3. CCQE events in MiniBooNE
4. CC1n background constraint
5. CCQE M, ¢« shape-only fit
6. CCQE absolute cross section

7 Conclusion
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MiniBooNE collaboration,
PRD79(2009)072002

1. Booster Neutrino Beamline

MiniBooNE extracts 8.9 GeV/c momentum
proton beam from the Booster

FNAL Booster absorber dirt detector
\. | / / /
Booster Y i
primary beam . secondary beam R tertiary beam .
(protons) ~ (mesons) g (neutrinos) :
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MiniBooNE collaboration,
PRD79(2009)072002

. Booster Neutrino Beamline

Magnetic focusing horn
. £

Protons are delivered to a beryllium
target in a magnetic horn
(flux increase ~6 times)

o) =

FNAL Booster absorber dirt detector
il B r
Booster *
primary beam secondary beam tertiary beam
(protons) ~ (mesons) - (neutrinos) .
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MiniBooNE collaboration,
_ _ PRD79(2009)072002
1. Booster Neutrino Beamline

Modeling of meson production is based on the
measurement done by HARP collaboration

- Identical, but 5% A Beryllium target

- 8.9 GeV/c proton beam momentum

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

T
W - =

-

HARP expieiimenti\QERN)

Booster neutrino beamline pion kinematic space
450

400
350
T 300
. ®

= 200

150
Majority of pions create neutrinos 100
in MiniBooNE are directly
measured by HARP (>80%)

HARP kinematic
coverage

0 1 2 3 4 5 6 71 8
pm(GeV/c)
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1. Booster Neutrino Beamline

HARP expﬂiment . (CERN

L e
e R L )
L =

e

)

The error on the HARP data (~7%)
directly propagates.

The neutrino flux error is the
dominant source of normalization

error for an absolute cross section
in MiniBooNE.

11/30/2009
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MiniBooNE collaboration,
PRD79(2009)072002

Modeling of meson production is based on the
measurement done by HARP collaboration

- Identical, but 5% A Beryllium target

- 8.9 GeV/c proton beam momentum

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

xgec (mb) vs p; (GeV)

|
A 0.12<4,<0.15
300 & 1 HARP data; HARP data
— ata/jerrs .
200 -— SW fit with 8.9 GeV/c
“fg_ ™ new method proton beam
100 % momentum
[ |
D l l - 2 l 3
g 2 4 6
|
[ |
|
[ |
-1
400 ]
300 : 0.18<¥4,<0.21
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200 f
100 #7
5 nl 1 Fo— | 1 l
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MiniBooNE collaboration,
PRD79(2009)072002

1. Booster Neutrino Beamline

Predicted v, -flux in MiniBooNE

X102

— The decay of mesons make the neutrino beam. The
J;H FH neutrino beam is dominated by v, (93.6%), of this,
96.7% is made by w*-decay

S B R
-

+ +
T u+V,

neutrinos/POT/50MeV of MiniBooNE tank
-
N

6|
af]
R T R S 3
E, (GeV)
FNAL Booster || target and horn decay region absorber dirt detector
Booster
primary beam secondary beam tertiary beam
(protons) ; (mesons) - (neutrinos) ;
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1. Booster neutrino beamline

2. MiniBooNE detector

3. CCQE events in MiniBooNE
4. CC1n background constraint
5. CCQE M, ¢« shape-only fit
6. CCQE absolute cross section

7 Conclusion
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MiniBooNE collaboration,
NIM.A599(2009)28

2. MiniBooNE detector

The MiniBooNE Detector
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MiniBooNE collaboration,
NIM.A599(2009)28

2. MiniBooNE detector

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

11/30/2009 Teppei Katori, MIT 31



MiniBooNE collaboration,
NIM.A599(2009)28

2. MiniBooNE detector

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,
NIM.A599(2009)28

2. MiniBooNE detector

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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2. MiniBooNE detector

The MiniBooNE Detector

Extinction rate of MiniBooNE oil

Extinction Rate for MiniBooNE Marcol 7 Mineral Oil

100
ET — 7 T T T T T T T T T T —  JHU Lem Oil-Water

—— JHU l cm Oil-Cyclohexane
FNAL L cm
--- FNAL2cm
''''' FNALS cm
—— FNAL10Ocm

— — MiniBooNE L6 m
// R @@ MiniBooNE 1.6 m variable length
\ 9 )

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

Extinction or Fluorescence Rate (1/m)

0.1k ZiRs <
= W/ 7

001E

Wavelength (nm)
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MiniBooNE collaboration,
NIM.A599(2009)28

The MiniBooNE Detector

| - 1280 inner phototubes,
- 240 veto phototubes
Simulated with a GEANT3 Monte Carlo

\

N\

[ e
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MiniBooNE collaboration,
NIM.A599(2009)28

2. MiniBooNE detector

Times of hit-clusters (subevents)

Beam spill (1.6us) is clearly
evident

simple cuts eliminate cosmic
backgrounds

Beam and
Cosmic BG

%102
1400

A Tank hits > 10
1200

1000

800

600

400

200

L L L 1; LI B R B I L N

0lllllllllllllllllllllllllllllllllllllll

2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
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MiniBooNE collaboration,
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2. MiniBooNE detector

Times of hit-clusters (subevents)

. . Beam and
Beam spill (1.6us) is clearly :
evident Michels
simple cuts eliminate cosmic
backgrounds :
- p Tank hits > 10
60000 1 s Veto hits < 6
Neutrino Candidate Cuts : Js
<6 veto PMT hits oo -
Gets rid of muons K P
40000 _— :
30000 :— “‘;~_
E * ‘“..N..*I
20000 [ieenessenmtvatons - Sovtanytintchue
10000 :— :
0—|||||||||||||||||||||||||||||||||||||||

2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
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2. MiniBooNE 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!

11/30/2009 Teppei Ka

20000

18000

16000

14000

12000

10000

8000

6000

4000

2000

MiniBooNE collaboration,
NIM.A599(2009)28
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. . MiniBooNE collab ion,
Muons 2. Events in the detector N.',(‘A'_,f5°99(2‘5%9§2§ra“°”

~Sharp, clear rings

-Long, straight tracks
*Electrons

~Scattered rings

-Multiple scattering

-Radiative processes

Neutral Pions

~Double rings

-Decays to two photons
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~Sharp, clear rings

-Long, straight tracks

*Electrons

-Scattered rings

-Multiple scattering

-Radiative processes

*Neutral Pions
-Double rings

-Decays to two photons
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Muons 2. Events in the detector NIMLAS99(2000128

—~Sharp, clear rings

-Long, straight tracks

*Electrons

~Scattered rings

-Multiple scattering

-Radiative processes

Neutral Pions —\/'

~Double rings

-Decays to two photons
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3. CCQE event measurement in MiniBooNE

v, charged current quasi-elastic (v, CCQE) interaction is an important channel for the neutrino
oscillation physics and the most abundant (~40%) interaction type in MiniBooNE detector

V,tn—=>p+u v, w

(v,+°C—X+u) W

MiniBooNE detector
(spherical Cherenkov detector)
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3. CCQE event measurement in MiniBooNE

v, charged current quasi-elastic (v, CCQE) interaction is an important channel for the neutrino
oscillation physics and the most abundant (~40%) interaction type in MiniBooNE detector

V,tn—=>p+u v, w

(v,+°C—X+u) W

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

e
12C L \

Cherenkov 2

v=-beam

...’ o0 0000 o0 00000

N
p

(Scintillation)
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3. CCQE event measurement in MiniBooNE

v, CCQE interactions (v+n — utp) has characteristic two

“subevent” structure from muon decay
1

v, Tn—=lultp v, +Ve—|—+p

220
200
180
160
140
120
100

80

60

27% efficiency ;g |

77% purlty [ | = [ oo b b Ly . [0 AR I | T AT T AR Y |
146,070 events 0 2000 4000 6000 8000 1000012000 1400016000 18000
with 5.58E20POT Hit Time (ns)

.........

120

100

muon | " *F
60

high hits

20

W ——

oL _1 .
9500 4550 4600 4650 4700 4750 4800

Michel electron
low hits

TTTTT I|II | II’I I IIII I |III III‘II |I||II

LI llll | llll | llll | Illl llllll Illlll‘
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3. CCQE event measurement in MiniBooNE

All kinematics are specified from 2 observables, muon energy E, and
muon scattering angle 6,

Energy of the neutrino E,“F and 4-momentum transfer Q2. can be
reconstructed by these 2 observables, under the assumption of CCQE
interaction with bound neutron at rest (“QE assumption”)

poe _ 2(M-Ep)E, - (E; -2ME; +m; + AM?)
K 2[(M-E,)-E, +p,cos0,]
Qg =-m, +2E’*(E, -p, cosH )
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4. CC1r background constraint, introduction

data-MC comparison, in 2 subevent sample (absolute scale)

Problem 1

CCQE sample shows good

. CCQE 1
agreement in shape, because PR - TG +7++
we tuned relativistic Fermi gas Ve TRTILTD TV, T Ve p

(RFG) parameters. CCx ;

MiniBooNE collaboration, - — i
PRL100(2008)032301 Vv, N =W+ N* Vv, TV Tle [+ N
(m-absorption)

However absolute
normalization does not agree.

The background is dominated = 7

with CC1x without pion £ Sw0E . 2 subevent (CCQE Sam.p(ligza
(CCQE-like). We need a it 4000 IéﬁcCéogtal
background prediction with an 2000 canga. I
absolute scale. 1°°gd
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4. CC1r background constraint, introduction

data-MC comparison, in 3 subevent sample (absolute scale)

Problem 2

CC1m sample is worse
situation, data and MC do
not agree in shape nor
normalization.

Under this situation, we
cannot use CC1x prediction
for background subtraction
for CCQE absolute cross
section measurement.

11/30/2009

Events

3 subevent (CC1r* sample)

+ data
—MC total

others

Teppei Katori, MIT

LA A R oy :
0.3 0.4 0.5 0.6 0.7 0.8

09 2 (GeV’)

+ 3t + N—= Vv, +Te+|é+N
LVM+ uw"—s \/M—I—Ve—i--i-N
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4. CC1x background constraint

data-MC comparison, before CC1x constraint (absolute scale)

Solution

Use data-MC Q?Z ratio in
CC1n sample to correct all
CC1m events in MC.

Then, this “new” MC is used
to predicts CC1r background
in CCQE sample

This correction gives both
CC1x background
normalization and shape in
CCQE sample

11/30/2009

Events

CC1x* weight

Events

2500 =

2000 .," ++

1500

1000 / EE%@

500 £ . others
Ll s SN ey

3 subevent (CC1r* sample)

+ data
—MC total

1 / Lol X 2
03 04 05 06 07 08 09 QQE(GeVZ)

So a2l N
DB NN

o

02 04 b»\\ 08 1 1z 14 16 18 g _(Gev)
- -
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4. CC1x background constraint

data-MC comparison, after CC1x constraint (absolute scale)

0 7000——
£60005 +° - 2 subevent (CCQE sample)
05000 .,

Now we have an absolute (11 4000E .y

prediction of CC1n 3000

background in CCQE 2000

sample. 1008§. .

0 01 02 03 04 05 06 0.7 0.8 QéE(GeVZ)
We are ready to measure
the absolute CCQE cross

0 N +
section! §2000 __ 3 subevent (CC1rn 3:::11ple)
) * gata
2 1500 i~ —MC total
' 7N CCQE
1000; ZICCln
5007 i others
0 . //////’///M‘ﬂlm’maam

0102 03 04 05 06 0.7 08 Q> (GeV)
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4. CC1x background constraint

This data driven MC tuning is based on 2 assumptions.
1. Kinematics measurement consistency between 2 and 3 subevent sample

Since 3 subevent has an additional particle (=pion), light profile is different. ~9%
of events are misreconstructed to high Q2 in 3 subevent, but majority of them
are Q%>0.5GeV?, so they don't join the background subtraction.

2. Pion absorption

The background subtraction is based on the assumption that our pion
absorption model in the MC is right. We assume 25% error for nuclear pion
absorption, 30% for nuclear pion charge exchange, 35% for detector pion
absorption, and 50% for detector pion charge exchange.

On top of that, we also include the shape error of pion absorption by change the
fraction of resonance and coherent component.
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4. CC1n background constraint
5. CCQE M, ¢f'-x shape-only fit
6. CCQE absolute cross section
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Smith and Moniz,
Nucl.,Phys.,B43(1972)605

5. Relativistic Fermi Gas (RFG) model

Relativistic Fermi Gas (RFG) Model
Carbon is described by the collection of incoherent Fermi gas particles.
All details comeEEIrom hadronic tensor.

(W) = ff(E,q,W)TWdE hadronic tensor

Elo

f(f( 4,w) : nucleon phase space density function

T, =T, (F,F,F,,F) : nucleon tensor

F,(Q%) = gA/(1+Q2 M?|)* : Axial form factor

Ehi : the highest energy state of nucleon = X/(Pi +M?)

Elo : the lowest energy state of nucleon = Ew(pf: +M?) —m+EB)

We tuned following 2 parameters using Q2 distribution by least 2 fit;
M, = effective axial mass
Kk = Pauli blocking parameter
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MiniBooNE collaboration,
PRL100(2008)032301

5. Pauli blocking parameter “kappa’,

We performed shape-only fit for Q2 distribution to fix CCQE shape within RFG
model, by tuning M ¢ (effective axial mass) and «

Pauli blocking parameter "kappa”,

To enhance the Pauli blocking at low Q2?, we introduced a new parameter k, which

is the energy scale factor of lower bound of nucleon sea in RFG model in Smith-
Moniz formalism, and controls the size of nucleon phase space

_ 2 N
final nucleon Elo= EK\/(pF +M7) -w+E, )

phase space

Initial nucleon
phase space

Pauli blocked Pauli blocking
phase space is enhanced
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Butkevich and Mikheyey,
Phys.Rev.C72:025501,2005

5. Kappa and (e,e’) experiments

In low |q|, The RFG model systematically over predicts cross section for
electron scattering experiments at low |g| (~low Q?2)

Data and predicted xs difference for 12C

i I I I | I I I | I | I l | I | I I | I |
40 12C —
B A triangle: RFG model A
ey B A circle: DWIA model ]
N 2 | ]
~ A
< B O 0 A A N
i o4 0 L]
[ S L T T R T o L S ——— -3 = -
i | | 1 I | 1 l | 1 l OI I 1 | 1 I | 1 1 |
0 200 400 600 800 1000
Igl (MeV)
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5. Kappa and (e,e’) experiments

In low |q|, The RFG model systematically over predicts cross section for
electron scattering experiments at low |g| (~low Q?2)

We had investigated the effect of Pauli blocking parameter “c” in (e,e’) data.
Kk cannot fix the shape mismatching of (e,e’) data for each angle and energy,
but it can fix integral of each cross section data, which is the observables for
neutrino experiments. We conclude « is consistent with (e,e’) data.

black: , 25 E=240MeV a E=730MeV

ack: (e,e’) - 6=60 degree - 06=37.1 degree

energy transfer 20— Q2=0.102GeV?2 | 20 Q2=0.182GeV?

data - -

red: RFG o 15—

model with - -

kappa (=1.019) [ . 10

blue: RFG :*x* C XX *xxxxx*

model without 5 . o ot

kappa i j KXxxxxxxxx¥N [ %

PP ;ﬂ‘|..\r’:‘|...|.H|‘..|!.‘|‘..|‘.@|(Mﬁv‘) x* ) 00|(Mev|)

% 20 40 60 80 100 120 140 160 180 200 220 % " 5o 00 150 200 250 300
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5. Kappa and (e,e’) experiments

In low |q|, The RFG model systematically over predicts cross section for

electron scattering experiments at low |g| (~low Q?2)

We had investigated the effect of Pauli blocking parameter “c” in (e,e’) data.
Kk cannot fix the shape mismatching of (e,e’) data for each angle and energy,

but it can fix integral of each cross section data, which is the observables for

neutrino experiments. We conclude « is consistent with (e,e’) data.

1.6

1.5

1.4

1.3

prediction / data

1.2

1.1

0.9
05/36/2009

RFG prediction-(e,e’) data ratio in Q2 (GeV?)

I‘IIII‘IIII‘IIII|IIII’IIII’IIIIIIIII|II

red: RFG prediction with kappa (=0.019)
blue: RFG prediction without kappa

 Q2(Ge\?)

~ 015 0.2 025 03 035 04

0.45
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eff '
5. M,®"-x shape-only fit
M, e - k shape-only fit result
M,ef =1.35+ 0.17 GeV (stat+sys)

Kk = 1.007 *0.007 _ (stat+sys)
v2/ndf = 47.0/38

Q2 distribution before and after fitting

¥ data

Q2 fits to MB v, CCQE data using
the nuclear parameters:

total error

4000 %_ shape error
_ _ ssool . e T M4"=1.03 GeV, k=1.000
M,eff - effective axial mass o RFG model after fit
K - Pauli Blocking parameter 30005
2500;
Relativistic Fermi Gas Model with 2000
tuned parameters describes 15004

v, CCQE data well 1000% S
500 L 111 l 1111 I L 111 I 1111 l 1111 I L1l | 1111 I 1111 I 111l [ 1 Ill -l-
0 01 02 03 04 05 06 07 08 09 1

2 2
Qe (GeV')
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5. M,¢"-x shape-only fit

M, e - k¥ shape-only fit result

M, =1.35+ 0.17 GeV (stat+sys)
Kk = 1.007 +0.007 __(stat+sys)
v2Indf = 47.0/38

M,e" goes even up, this is related to
our new background subtraction.

K goes down due to the shape
change of the background. Now «x is
consistent with 1.

k doesn’t affects cross section
below ~0.995.

M, & only fit
M,ef=1.37 £ 0.12 GeV
x?/ndf = 48.6/39

Fit parameter space

A
% C X New fit with 1-c contour
C 150 34 Old fit with 1-c contour
5. L O M{'=1.03 GeV, k=1.000
> 14l
4 11=47.0/38
¥ M (GeV)=1.35
13- k=1.007
C 3
121
1.1
1 C 1 1 1 Q I I ] L1 11 I | I I I 1 1 1 I 11 1 1
0.99 1 1.01 1.02 1.03 1.04
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5. M,*"-x shape-only fit

coseu

M,¢" - ¥ shape-only fit result

M, =1.35+ 0.17 GeV (stat+sys)

Kk = 1.007 *0.007 __(stat+sys)

Data-MC agreement in T -cos6
kinematic plane is good.

World averaged RFG model

(d)

(b

0.8 1.15
0.6
0.4 p (a) EQ"=0.4GeV '
0288/ / (b) E2*=0.8GeV 1.0
(¢) E®*=1.2GeV

2 72
0.2 (d) Q=0.2GeV 0.95
0.4 () Q4 =0.6GeV*
0.6 ® Qf)E=l.0Gev2

0.85

02 04 06 0.8 1 1.2 14 16 18 2
T, (GeV)

11/30/2009 Teppei Katori, MIT 61

cosG}1

eff = =
I\{Ia,)A 1).03, 1((0) 1.000 —_—

This new CCQE model doesn’t affect our
cross section result.

data-MC ratio in T -cos8 kinematic plane after fit

1
0.8
0.6
0.4 ¥4 (2) B> =0.4GeV
028/ (b) E{'=0.8GeV
0 (¢) EY=1.2GeV
0.2 | () ()ZE:o.z(;ev2
04 (e) Qi);o.()(:ev2 05
0.6 (f) Q,=1.0GeV’ ! '
0.85

0.8

0 02 04 06 08 1 12 14 16 18 2
T, (GeV)



MiniBooNE collaboration,
PRL100(2008)032301

5. T,-cosH, plane

Without knowing flux perfectly, we cannot modify cross section model
R(interaction) o [ (flux)x (xs)

Data-MC ratio for T‘u-coseM plane, before tuning

cosGu

1 12 14 16 18 2
T, (GeV)
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MiniBooNE collaboration,
PRL100(2008)032301

5. T,-cosH, plane

Without knowing flux perfectly, we cannot modify cross section model
R (interaction[E,,Q?]) o f (flux[E,, 1) x (xs[Q?])

Data-MC mismatching follows Q2 lines, not E, lines, therefore we can
see the problem is not the flux prediction, but the cross section model

Data-MC ratio for Tu-coseM plane, before tuning
(a) (b) (c) (d)

%
0.8
8 —1.15
0.6
—1.1
0.4 ) ’ ™ - (a) E,=0.4GeV
° /) (C) E\-=1.2Ge\*"
> (d) Q2=0.2Ge\-’2
0.4 ol = | © Q2=0_6Ge\,.12
> (1) Q=1.0GeV?

0 02 04 06 038 1 12 14 16 18 2
T, (GeV)
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5. T,-cosH, plane

MiniBooNE collaboration,
PRL100(2008)032301

Without knowing flux perfectly, we cannot modify cross section model
R (interaction[E,,Q?]) o f (flux[E,, 1) x (xs[Q?])

Data-MC mismatching follows Q2 lines, not E, lines, therefore we can
see the problem is not the flux prediction, but the cross section model

Data-MC ratio for T -cos6, plane, before tuning Data-MC ratio for T -cos6, plane,after tuning
(a) (b) (c) (d) .1_2 1 1.2
0.8 —1.15 . .—1.15
0.6 11
o« Bl o L (a) E,~0.4GeV |
0.2 - (b) E,=0.8GeV
-0 i/ (c) E,=1.2GeV
0.2 (d) Q*=0.2GeV>
0.4 S M (e) Q*=0.6GeV>
0.6 (f) Q’=1.0GeV>
-0.8

. - | o
0 02 04 06 08 1 12 14 16 18 2 02 04 06 08 12 14 16 18 2
T, (GeV) T, (GeV)
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6. CCQE absolute cross section

Absolute flux-averaged differential cross section formula

i :true index U; :unsmearing matrix
J :reconstructed index

dj :data vector

The cross section is
function of true value, for

example, E U (d;-b; e |
_

do?/T /cosH,, o

b; :predicted background

do/dQ?, etc ! g (OT)

removed, so it is called

flux-averaged cross T :integrated target number
section offici

If flux is corrected bin-by LY -erieiency

bin, it is called flux- @ :integrated v-flux

unfolded cross section
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6. CCQE absolute cross section o =

Absolute flux-averaged differential cross section formula

MiniBooNE raw data
. . 30000
! :true index . Predicted background
] reconstructed index 25000 Predicted irreducible background

The predicted background 20000
(MC based on data driven
tuning) is subtracted from dat

a1 5000

bin by bin (reconstructed bin) 400

MC also provide the 5000

distribution of irreducible s o
background (have to be % 02 04 06 08 1 12 14 16 18 2
defined carefully). Muon energy (GeV)
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6. CCQE absolute cross section nwasszioosusr o, =

D’Agostini, i

Absolute flux-averaged differential cross section formula

| :true index
J :reconstructed index

- = -
b O O N

True distribution is obtained
from unsmearing matrix
made by MC. This
technique is called “iterative
Bayesian method” and
known to be biased
(discuss later).

—
- N

0.8
0.6
0.4
0.2

0lllllllIlllllllllIlllllllllllllllllllllll 0

Reconstructed muon energy (GeV)

Notice, this unsmearing
corrects detector effect of

muon detection, and no
nuclear model /
dependence. function of reconstructed

muon energy

0 02 04 06 08 1 12 14 16 18 2

T GeV
rue muon energy (GeV)

(\

function of true
muon energy
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D’Agostini,

zu._ (d -b,)
J\—) J
6. CCQE abSO|Ute CFOSS SeCtIOn NIM.A362(1995)487 O = )

T

Absolute flux-averaged differential cross section formula

' i 0.4

| :true index

j :reconstructed index 0.35
0.3

Then, efficiency is corrected
bin by bin (true bin). 0
Again, efficiency correction 0.15
correct detection efficiency of 0.1
muon, and no nuclear model ;s
dependence.

0 el v b b b v P Py gy o
0 02 04 06 038 1 12 14 16 1.8 2

Other word, if target Efficiency of muon detection (GeV)
distribution is reconstructed & function of true muon
variable (Q2, Ev, etc), you energy, before cut
have to be careful how these function of true
processes have been done. muon energy,

after cut
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D’Agostini, i

6. CCQE abSO|Ute CFOSS SeCtIOn NIM.A362(1995)487 o = T)
& qq)

Absolute flux-averaged differential cross section formula

60000 . .
. . ———— Unfolded data (1st iteration)
I :true index ——— Unfolded data (0th iteration)
. : 50000 —————— Prior probability
J ’ reConStrUCted IndeX —— Unfolded irreducuble background
. . 40000 — —
Then, efficiency corrected — _|_
data is used to generate next ,

unsmearing matrix (18t
iteration). Any higher 20000
iteration gives ~same result.

10000

IIIIIIIIIllllllllllllllllllllll

Irreducible background is 4,—'_'_‘—'—.__‘_‘_
v b b by T L ey !

unfolded same way, by O 02 04 06 08 1 12 14 16 18 2
assuming efficiency is same.

Muon energy (GeV)
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6. CCQE absolute cross section o

Absolute flux-averaged differential cross section formula

i :true index
J :reconstructed index

Finally, total flux and target
number are corrected.

MiniBooNE flux prediction
100% rely on external beam
measurement (HARP) and
beamline simulation, and it
doesn’t depend on neutrino

measurements by
MiniBooNE.

g (PT)
Predicted v -flux in MiniBooNE
_12 !
» 24700
[ -
S 22f
o =5E
§ 20~
m 18f
c e
s 16p
5 14f
T 12}
= F
10 10?
o 8ff
n_ -
v Bf
o -
£ 4t
3 2E
| = o=
0 | | & Lot
0 0.5 1 1.5 2 25 3
E, (GeV)

Flux @ = integral of predicted v -flux
T = volume X oil density X neutron fraction
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6. CCQE absolute cross section

Flux-averaged single differential cross section (Q?4g)

The data is compared
with various RFG
model with neutrino flux
averaged.

Compared to the world

averaged CCQE model
(red), our CCQE data is
30% high

Our model extracted
from shape-only fit has
better agreement
(within our total
normalization error).

11/30/2009

X107
AN 18_— . . .
% [ .m = MiniBooNE data with shape error
O 16 o [ [— RFG model (M""=1.03 GeV, k=1.000)
NE 14j off
o 12 o R — T RFG model (M, =1.35 GeV, k=1.007)
W = RFG model (M, =1.35 GeV, k=1.007) x1.10
10
O - :
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62
4 R
28 T i
O:l | 1 I 1 1 1 11 1 I 1 1 1 I 11 1 Illl]llllllli_ll‘ﬁi'lll
0 02040608 1 1214 16 1.8 2
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Q, (GeVY)
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6. CCQE absolute cross section

Flux-averaged single differential cross section (Q?4g)

Irreducible background %1039
distribution is overlaid. N> 18 ;_ o ] MiniBooNE data with shape error
s £ CCQE 8 16E & RFG model (M, =1.03 GeV, x=1.000)
um o Cross = . F off
section and irreducible £ V45 il T REG model (M, =135 GeV, 1=1.007)
background makes L 12 F| - RFG model (M, =1.35 GeV, k=1.007) x1.10
cross section of o~ 3102 \ |lllll| Irreducible background distribution
CCQE-like sample. g = I
— 8i """
5 .0
Remember, to do that, 6~
we need to assume 4t N
irreducible background o =
has same efficiency W """""""" ]
: : Yt e T i s s e s
with CCQE, but that is 0 0204 0.6 0.8 1 12141618 2

not completely true.
QE (GeV )
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6. CCQE absolute cross section

Flux-unfolded total cross section (E “&RFG)

New CCQE model is
tuned from shape-only
fit in Q2, and it also
describes total cross
section well.

11/30/2009

)

c (cm

x107°
16
14 I ] g
12 [ I
10
g MiniBooNE data with shape error
———— MiniBooNE data with total error
4 ————— RFG model with M?{‘=1.03 GeV, k=1.000
2 —  RFG model with M{'=1.35 GeV, k=1.007
8......1...|...|...|...|...|...
4 06 08 1 12 14 16 g6 (Gey)
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6. CCQE errors

Error summary (systematic error dominant)

Flux error dominates the total _4¢x10™

normalization error. §14
12
Cross section error is small 10

because of high purity and in 8"

. 6 Flux
situ background MiniBooNE data
measurement. 4 shape error (6N,= 8.4%)
2 —— RFG model
Detector error dominates 80808 11214 16 ERFE (GeV)
shape error, because this is 10
~16

related with energy scale.

Unfolding error is the
systematic error associated to

unfolding (iterative Bayesian Detector
MiniBooNE data
method). 4 shape error (SN,= 4.6%)
2 —— RFG model
0406708 1 12794 16 ERFS (GeV)
11/30/2009 Teppei Katori, MIT

8" Background
6 Cross section
MiniBooNE data

shape error (6N,= 4.3%)
—— RFG model

030608 1 9274 18 '.gg'r'e'('Gev)
10
S
334
A2

Unfolding
MiniBooNE data
4 shape error (SN,= 0.6%)
2 —— RFG model
040608 1 427416 ERFS (GeV)

75



6. QE cross section comparison with NOMAD

Flux-unfolded total cross section (E “&RFG)

New CCQE model is org 16
tuned from shape-only S 14E
fitin Q2, and it also o

' l

describes tOtaI Cross 8 MiniBooNE data with shape error
section well. 2 ———— MiniBooNE data metrp total error
————— RFG model with M A =1.03 GeV, k=1.000
2 ——— RFG model with M, r—l 35 GeV, k=1.007
Comparing with 0206 08 1 12 14 16 ERFS (GeV)

NOMAD, MiniBooNE

o -39
cross section is 30% — 16>-i10
higher, but these 2 € 145
. 3 — e ———
experiments leave a o 125
i 105 B S S AFRIL bTs I
gap in energy to allow 8E i
. . — . MiniBooNE data with total error
some interesting 6E NOMAD data with total error
. 4E LSND data with tota] error
= RFG model h M, =1.03 GeV, k=1.000
physics. 2F RFC model with MY=1.35G eV, k=1.007
0 :_=_‘ 11 1 1 1 1 [ | 1 1 1 1 111
10" 1 10  E°(GeV)
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6. CCQE total cross section model dependence

Flux-unfolded total cross section (E “&RFG)

x10°
Unfortunately, flux org 16
unfolded cross sectionis & :IéE { — I —~
model dependent. © 10 I

MiniBooNE data with shape error
MiniBooNE data with total error
RFG model with M<"=1.03 GeV, k=1.000

RFG model with M h—l 35 GeV, k=1.007

4706 08 1 12 14 1.6 gfF6 gy

Reconstruction bias due 2
to “QE” assumption is 2
corrected under “RFG” 8

model assumption.

x107°
One should be careful € 14E
. 3 — T ——
when comparing flux- " :'lgg— EOE)
unfolded data from 8E T T ]
] . — . MiniBooNE data with total error
different experiments. 6 NOMAD data with total error
4 - LSND data with totaﬂ error
= RFG model with M (trr_l 03 GeV, x=1.000
2= RFG model with M =1.35 GeV, x=1.007
0 :_=_‘ 11 1 1 1 1 [ | 1 1 1 1 111
10! 1 10  EI™(GeV)
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6. CCQE total cross section model dependence

Flux-unfolded total cross section (E RFC)

24000 —
Unfortunately, flux & r2000E-
: . £ 20000E-
unfolded cross section is £ 3sm0E-
model dependent. ey
12000 =
_ ) 10000 =
Reconstruction bias due 8000 =
to “QE” assumption is ;gggi_
corrected under RFG % 0z Toa o6 o8 1 iz 4 ie I1'I%I(<‘3e.vf
model assumption. :
— 10
N 16 —
One should be careful ~ § &
when comparing flux- b E
10—
unfolded data from =
different experiments. ==
4
21
0z 04 o6 o8 1 iz 14 16 '1.'85' (Ic;elvf
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6. CCQE double differential cross section

Flux-averaged double differential cross section (T -cos6)

This is the most

complete information d’c 2

2bout NeUtrinG Cross W(CI;IGeV) ............ | — MiniBooNE data (3N,=10.7%)
SeCtion based on muon 25_; .............. T MiniBooNE data with shape error
Kinematic 1 Mt
measurement. 1 Bl
153
The error shown here 103
is shape error, a total 53
normalization error :
(ON=10.7%) is %%
separated. °°sg -%_‘b. ) ,
'90._7%) s 14 16 11-&9\”
%8-10.2 04 0.6 O v
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6. CCQE double differential cross section

Flux-averaged double differential cross section (T -cos6)

This is the most
complete information
about neutrino cross
section based on muon
kinematic
measurement.

The error shown here
is shape error, a total
normalization error

(ON=10.7%) is
separated.
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da 2
W(cm 10.1/0.1GeV) .
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7. Conclusions

Using the*high statistics and high purity MiniBooNE v, CCQE data,
sample (146,070 events, 27% efficiency, and 77% purity), the
.+ absolute crossesection is measured. We iemally emphasize the
measurenient of flux-averaged double diff@fential cross séection,
because this’‘is the most complete set of |nformat|on for myon
klnematlcs based neutrino interaction measure'ment The double
differential gross sectlon i$ the mode] mdependent result
We measured-30% hlgher Cross sectlon than RFG model with.the *
world averagéd ruclear parameter Interesting to note our-total cross
. section is consistent with RF.G model with nuclear parameters
extracted'from shape-onjy fitin our Q2 data. «~ -, ..




BooNE collaboratlon

. University of Aldbama

Biucknell Unlver3|ty Los Alamos National Laboratory

Lowslana Statg University

 University of Cincinnati - Massachusetts Institute of Technology
University of Colorado <. ‘

 Golusnbia U O o Unlver3|ty of Mlchlgan |

+ Columbia University Prif@eton University

Embry Riddlé Agronautical University * Saint Mary's University of Minnesota
Fermi Najional Accelerator Laboratow . Virginia Polyteohnlc Instltute

* Indiana University
University of Florida™ Yale Unlver3|ty

. Dzi‘gkuje,:bardzo!'.




11/30/2009

Back up

Teppei Katori, MIT

83



1. CCQE event measurement in MiniBooNE

CC inclusive cut

5.

. veto hits <6 for all

subevents

1st subevent is within
beam window,
4400<T(ns)<6400
fiducial cut, muon vertex
<500cm from tank center
visible energy cut, muon
kinetic energy >200MeV
u to e log likelihood cut

11/30/2009 Teppe

This cut is not designed to remove CC1n
events, but trying to remove “others”. This is an
important step for CC1x background fit.

¢ 14000

T 12000
$ 10000
L 8000
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2000
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1. CCQE event measurement in MiniBooNE

CC inclusive cut

— CCQE cut

1.

2.

2

11/30/2009

v, CCQE interactions (v+n — u+p) has characteristic

two “subevent” structure from muon decay

veto hits <6 for all
subevents

1st subevent is within
beam window,
4400<T(ns)<6400
fiducial cut, muon vertex
<500cm from tank center
visible energy cut, muon
kinetic energy >200MeV
u to e log likelihood cut
2 and only 2 subevent

Teppe
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1. CCQE event measurement in MiniBooNE

CC inclusive cut
— CCQE cut

1. veto hits <6 for all
subevents

2. 1stsubevent is within
beam window,
4400<T(ns)<6400

3. fiducial cut, muon vertex
<500cm from tank center

4. visible energy cut, muon

kinetic energy >200MeV

u to e log likelihood cut

2 and only 2 subevent

u-e vertex distance cut

NOo O

11/30/2009 Teppe

This cut is not designed to remove CC1r,
but trying to remove “mis-reconstructed
CC1x” and “others”. This is an important
step for CC1x background fit.
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1. CCQE event measurement in MiniBooNE

cut type efficiency
1. veto hits < 6 for all subevents 45.1
2. 1stsubevent time T is in beam window 44.7
3. 18t subevent reconstructed vertex < 500 cm 37.5
4. 1st subevent kinetic energy > 200MeV 32.7
5. u to e log likelihood cut 31.3
6. 2 subevent total 29.0
7. u-e vertex distance cut 26.5

26.5% cut efficiency
75.8% purity
146,070 events with
5.58E20POT
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[ ] @1
2. CC1x background fit 2 o
0.6
MC T,-cosb plane 04 o (a) EX'=0.4GeV
0.2 : (b) EX*=0.8GeV
] QE_
CC1x kinematics has different ’ () E, =1.2GeV
) ) 0.2 () Q*, =0.2GeV
shape from CCQE kinematics. o ,
0.4 (e) QQE=0.6G6V
. 0.6 } =1.0GeV?
The background cross section 0o (D Qqi~1.0Ge
errorismaXimumatthebinS | IIIIIIIIIllllllllllllllllllll

-1
where CC1x has larger number of 0 02 04 06 08 1 12 14 16 138

: : 1 ith 2
event comparing with CCQE. e 1“ svery " (b)SUbeV((ca)nt

=5 C
[ap) L
& o08F
& -
0.6
0.4 (a) E)"=0.4GeV
0.2F (b) EY"=0.8GeV
OF (¢) E*=1.2GeV
020 (d) Q) =0.2GeV* 15000
04F (e) Q,=0.6GeV’ 10000
06[ (f) Q=1.0GeV?
08F 5000
.1:II I|III|III|III|III|III|III|III|IIIO
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2. Energy scale of MiniBooNE

Mis-calibration of the detector can mimic large M, value. Roughly, 2% of

energy shift correspond to 0.1GeV change of M,.

To bring
M,=1.0GeV, 7%
energy shift is
required, but this is
highly disfavored
from the data.

Question is what is
the possible
maximum mis-
calibration? (without
using muon tracker
data)

11/30/2009

M-k fit for 2% muon energy shifted data
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% data
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Q2 correlation matrix
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nergy scale of MiniBooNE

Energy resolution is very good.
Typical resolution is <10%, and the error is 20-80MeV.

T, resolution is various bins of T,

-0
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2. Energy scale of MiniBooNE

Range is the independent measure of muon energy. So range-T,, difference
for data and MC can be used to measure the possible mis-calibration.

This variable agrees in ~ Range - T, X 0.5+100

.
homd 1 homd 2 homd 3
a e n e rg y re g I O n S Entries 842223 Entries 700359 Entries 409917
800| Mean 9117 [ Mean  82.08 F i Mean  91.06
H t h H 1 (y 700| RMS  20.62 10001~ : RMS 2556 500 f RMS 2669
Wi N . 5 0. o0 hdmd_1 sook hdmd_2 F hdmd_3
Entries 48668 C Entries 40860 400 Entries 24058
500 Mean 9284 r Mean 8335 F Mean  90.79
RMS 2092 600~ RMS 2589 300 RMS  27.61
400| F E
300 400 200F-
200| r £
200 100
100) E E
0F bt B T e A, ORI et e L s o_ Al S o U s = By - SO
0 2040 "60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
hOomd_4 hOmd_5 hOmd_6

Entries 39762
Mean 1058

Entries 224772
Mean  97.54 200)

Entries 108111
Mean 1009

70
250

RMS 28.09 180 RMS 30.43 60 RMS 32.48
200 hdmd_4 160 hdmd_5 hdmd_6
Entries 12802 140 Entries 5656 50 Entries 2036

Mean 95.48 120
RMS 28.91

Mean 97.05
RMS 31.16

Mean  97.84
RMS

15!

3

ETTT T T T T T

40

3417

30
100

20

hOmd_7 hOomd_8 hOmd_9
Entries 10116 Entries 2247 - Entries 384
F Mean  108.9 sf Mean  98.47 16 Mean 87.64
25 RMS 3463 F 1af RMS  36.57
E hdmd_7 aF 12 E hdmd_9
20 Entries 527 F “E Entries 34
C Mean 96.73 b 1= Mean 73.8
150 RMS  37.37 r osF RMS  30.65
Wb 2 06[
E r 04
11/30/2009 £ 3 i
= F 02f
0, [ SN P f (PR el Y 0:' Lol bl il L Lol
20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200 100 120 140 160 180 200




4. CCQE normalization fit

data-MC comparison, after CCQE normalization fit

After the CC1x correction, 7000 <— fit region —>
normalization of CCQE is ‘26000 o 2 subevent (CCQE sample)
also found from CCQE

sample.

We use limited Q? region to
find CCQE normalization, so

that this fit is insensitive with : 0.4 05 0.6 0.7 0.8 Q (G\évz)
CCQE shape v%rykmucp.
utkevic " s
arXiv:0904.1472 Ezooo 3 subevent (CC1r* ga;nple)
o « data

Now, CCQE normalization u>_|1500 —MC total
and CC1x normalization 1000 CCQIE
and CC1x shape looks 7 CCln

ood, except CCQE shape 5001 others
9 ’ P pe. (| i / .// Wl thtisirdinsimnoe st

0 01 02 03 04 05 06 0.7 08Q = (Ge Vz)
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3. CC1r background constraint

This data driven MC tuning is based on 2 assumptions.
1. Kinematics measurement consistency between 2 and 3 subevent sample
Since 3 subevent has an additional particle (=pion), light profile is different. ~9%

of events are misreconstructed to high Q2 in 3 subevent, but majority of them
are Q%>0.5GeV?, so they don't join the background subtraction.

trueq2

04 =
0.6 =
0.8

.1IlllIllIIIIlIIIllllI.ll'II L ; T B U
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

(\I> 1 Entries o,é;:? ~9(y f t

() 08 -o.:;%: o OT events are
(%D/ 0s Ltan misreconstructed
% - S to high Q? (mostly
S og et >0.5GeV2)

T 02k : e :"A:.‘./

g .

>

trueQ? (GeV?)
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3. CC1r background constraint

This data driven MC tuning is based on 2 assumptions.

2. Pion absorption

The background subtraction is based on the assumption that our pion absorption model in
the MC is right. To study this, we change the amount of pion absorption by a single number.
Since pion absorption is the function of pion momentum, this is justified if pion momentum
has week correlation with muon kinematics in CCxt event.

S

. I (] o

Interaction probabilities of & O o09f

generated in 5Q ek

N no Inferaction absorption e 0'8:—

| olastic scattering == charge exchangs }E’ 07t

“T O oef

E Tk
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3. CC1r background constraint

This data driven MC tuning is based on 2 assumptions.

data-MC Q?Z ratio in 3 subevent
coh frac = 0.5

2. Pion absorption

The background subtraction is
based on the assumption that
our pion absorption model in
the MC is right. To study this,
we change the fraction of pion
absorption.

Pion absorption is increased
0%, 15%, and 30%, meantime
coherent fraction is decreased
0%, 50%, and 100%.

Any new xs models can

provide good fit in 3 subevent
sample in Q2.

11/30/2009
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3. CC1r background constraint

This data driven MC tuning is based on 2 assumptions.

data-MC T -(:oseM ratio in 3 subevent

2. Pion abso rption , coh frac = 1.0 L cohfrac=05 coh frac = 0.0

However, we can differentiate xs
models in T -cos8, plane.15%
increase of piabs and 0% of
coherent fraction gives the best
fit.

We chose 15% for piabs, and
50% for cohfrac as new cv MC
which will be used to estimate
background from all kinematic
distribution. This changes are
well within our error (pion
absorption 25%, charge
exchange 30%). The rest of
models go to make a new error
matrix.

06
08

5702 04 06 08 1 12 14 16 1 0 02 04 C& 08 1 12 14 16 A y Y02 04 06 08 1 12 14 16 1

11/30/2009 Teppei Katori, MIT 96



4. M-k fit
Least 2 fit for Q? distribution
x? = (data - MC)T (M,,,))" (data - MC)

w2 minimum is found by global scan of shape only fit with 0.0<Q?(GeV?)<1.0

Input error matrices The total output error matrix
keep the correlation of systematics keep the correlation of Q2 bins
dependent :
A <€ > Mo = M(mt+ production)
n+ production (8 parameters) + M(rt- production)
- production (8 parameters) + M(K+ production)
% K+ product.ion (7 parameters) + M(KO production)
e KO production (9 parameters) + M(beam model)
%’_ beam model (8 parameters) + M(cross section model)
2 cross section (20 parameters) + M(detector model)
v detector model (39 parameters) + M(data statistics)
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4. CCQE absolute cross section

Absolute flux-averaged differential cross section formula

i ‘true index U; :unsmearing matrix

J :reconstructed index

dj :data vector

The cross section is
function of true value, for

example, EUij(dj _bj;\
_ ]

d02/TM/coseu, G
do/dQ2q, etc 1 £. (PT)

b; :predicted background

Integrated flux is \
removed, so it is called

flux-averaged cross

T :integrated target number

section

g, -efficiency

® :integrated v-flux

11/30/2009 Teppei Katori, MIT
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4. CCQE absolute cross section

Absolute flux-unfolded total cross section formula

i :true index
J :reconstructed index

The cross section is
function of true neutrino
energy, o[E Y]

Flux shape is removed bin

by bin, so it is called flux-
unfolded cross section

11/30/2009

U; :unsmearing matrix

dj :data vector

/

EUij(dj —bj |

; =

£ (PT)

b; :predicted background

\

T :integrated target number

g, -efficiency

®, :v-flux vector

Teppei Katori, MIT
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5. CCQE double differential cross section

Flux-averaged double differential cross section (T -cos6)

This is the most

—_

. . 2

complete information %(cmzlo.uo.mew
about neutrino cross : >

section based on muon

| e MiniBooNE data

MiniBooNE data with total error

_ : 0.25

kinematic ]
measurement. 023 Wl

0.15-

The error shown here 0.1

is total error. '
0.05-
3

11/30/2009 Teppei Katori, MIT 100



5. CCQE double differential cross section

Flux-averaged double differential cross section (T -cos6)

This is the most
complete information
about neutrino cross
section based on muon
kinematic
measurement.

The error shown here
is total error.

11/30/2009

3,
fenl
© 0.8

3,
fes
0
©0.8

da 2
Wﬂn 10.1/0.1GeV) .

o

0.6
0.4
0.2

-0.2
-0.4
-0.6
-0.8

value

=]
T T T [T [T [T [T [T [ T[T ToT

-10 02040608 1121416

-

©0.6
04
0.2
0.2 fractional
-0.4
-0.6
-0.8

=]
T T T [T [T [T [T [T I [ TT [ TrrToT

-10 02040608 1121416

Teppei Katori, MIT

Cross section

18 2
T (GeV)

total error

18 2

T (GeV)

total error

..:111 sy Lo Lo b s b baaa baaa o
0 02040608 112141618 2
T.(GeV)
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5. CCQE flux error

Flux error

The flux error - s _da

dominates total 3 DS

normalization error. “E :
oF fractional _

The shape error is 3 shape error Fps

weak, except high orf o= 8.4% !

energy region, where e I

HARP measurement

has large error and R a0

skin effect of horn has ~ §“F st Joit

large error. o LN
sff ~g§.zs_.
- N
ST Teveeey) U T e

RFG
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5. CCQE background cross section error

Background cross section error

The background cross
section error is small,
because of high purity
and in situ background
constraint.

The large error comes
from pion absorption,
so the kinematic space
of CC1x events has
large error

11/30/2009

TT T[T [T [T [T [T [T [ T[T

fractional
shape error

5N;= 4.3%

paa Lo Lo Lo a Lo s b laaa o
02 04 06 08 1 12 14 16 18 2

Teppei Katori, MIT

IUINNT S T T T T T T I W N O O O
0.4 0.6 0.8 1 1.2 14 1.6 18 2

ERFS (GeV)

0.22
0.
0.1
0.1
0.1
0.1
0
0.0:
0.
0.0
0.

SRR ERERE R RI FRETI FRRRE FRETY FRRRE ERRTE FRRRE FNAT!
0 01 02 03 04 05 06 07 08 09

2 2
Q2__ (GeV?)

RFG
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5. CCQE detector error

Detector error

The detector error has .
the largest contribution ~ ..:
to the shape error o
because it is related
with the energy scale :
of muon. o

However the
contribution to the total

normalization error is R
not so large. i
11/30/2009

shape error 2

3 fractional
3 Ny= 4.6% )

o sl Laaa g
0 02 04 06 08

oo Lo s by alaaal e
1 12 14 16 18 2

PN T N T T T T
4 0.6 0.8 1 1.2 14

I TS W A
1.6 18 2

ERFS (GeV)

Teppei Katori, MIT
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aT chos()L
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A MY L AL

e
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. . . E 23, NUMBER 11 1 JUNE 1981
Fermilab Wine & Cheese seminar

Quasielastic neutrino scattering: A measurement of the weak nucleon axial-vector form factor

N. J. Baker, A. M. Cnops,* P. L. Connolly, S. A. Kahn, H. G. Kirk, M. J. Murtagh, R. B. Palmer, N. P. Samios, and

M. Tanaka
@(\ Brookhaven National Laboratory, Upton, New York 11973
Y < (Received 12 February 1981)
QN %)

O\(‘ quasielastic reaction v,n—u ~p was studied in an experiment using the BNL 7-foot deuterium bubble chamber
%‘0 ?\CQ O‘prosed to the wide-band neutrino beam with an average energy of 1.6 GeV. A total of 1138 quasielastic events in

\0\6 the momentum-transfer range Q% = 0.06 -3.00 (GeV/c)® were selected by kinematic fitting and particle

\SO identification and were used to extract the axial-vector form factor F,(Q? from the Q7 distribution. In the
framework of the conventional ¥ — 4 theory, we find that the dipole parametrization is favored over the monopole.

Q\Oq’ The value of the axial-vector mass M, in the dipole parametrization is 1.07%0.06 GeV, which is in good agreement
A with both recent neutrino and electroproduction experiments. In addition, the standard assumptions of conserved

vector current and no second-class currents are checked.

We have used a maximum likelihood method to They didn’t even try to determine
extract M, from the shape of the @2 distribution . . :
~ for each observed neutrino energy. This likeli- their v flux from pion prOdUCtlon

hood function £ is independent of the shape of the and beam dynamics.

neutrino spectrum... Phys. Rev. D 251 617 (1982)
The distribution of events in neutrino energy for
In Subsequent Cross section the 3C vd —u " pp, events is shown in Fig. 4 to-

: ‘ » gether with the quasielastic cross section
analyses the theoretical ( Known ) o(vn—pu~p) calculated using the standard V' —A4

quas-ielastic cross section and theory with M, =1.05+0.05 GeV and M, —0.84
observed quasi-elastic events GeV. The absolute cross sections for the CC in-

. teractions have been measured using the quasielas-
W@J&&ésed to determine the ﬂu%'ppei Katogidevents and its known cross secticg)n.4 : 105
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Fermilab Wine & Cheese seminar

REVIEW LETTERS

12 JuLy 1982

o
«°” Neutrino Flux and Total Charged-Current Cross Sections

200

'\\’5’1 eO\(\ in High-Energy Neutrino-Deuterium Interactions
Qe‘ <e)\§O\OT. Kitagaki, S. Tanaka, H. Yuta, K. Abe, K, Hasegawa, A, Yamaguchi, K, Tamai,
Qv T. Hayashino, Y. Ohtani, and H. Hayano
'\6‘{\ Tohoku University, Sendai 980, Japan
102 T r 7 T T
To obtain the total cross section from the num-
ber of events, the neutrino flux has to be meas- = |
ured on an absolute scale. In this analysis, we 38
determine the neutrino flux using 362 quasielastic TS
events identified in our data!® and the cross sec- ks |
tion for reaction (2) derived from the V —A theo- B
ry. 7 \3\\\\‘:\
L?J | \.‘_\\\
Again, they use QE events and theoretical . 10| S
cross section to calculate the v. : o O
When they try to get the flux from meson (1T B
and K) production and decay kinematics 0 o e
v e

they fail miserably for E, <30 GeV.

11/30/2009

FIG. 2. Neutrino flux distribution obtained from the

quasielastic events and the predicted cross section with
M, =1.05 GeV. The solid curve is obtained from the
best fit to the flux data for E,> 30 GeV. The dashed

Teppei Katori, MIT

flux.

curve is taken from the Monte Carlo simulatidnfof the
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Determination of the neutrino fluxes in the Brookhaven wide-band beams

L. A. Ahrens, S. H. Aronson, P. L. Connolly,* B. G. Gibbard, M. J. Murtagh, S. J. Murtagh,’
S. Terada, and D. H. White
Physics Department, Brookhaven National Laboratory, Upton, New York 11973

o
QA
O\[S\ S fo\o‘ The beam calculations described here were based on
Q}O ?‘Co ‘ \Q\\\\ the Grote, Hagedorn, and Ranft (GHR) (Ref. 11) pa-
.660 rametrization; that of Sanford and Wang was used for
O comparison. An estimate was made of pion production

by reinteracting protons guided by the shape of the ob-
served v, spectrum and the observed angular distribution
of muons from quasielastic events. The procedure is
described'? in the Appendix.

The Procedure

*Pion production cross sections in some low momentum bins are
scaled up by 18 to 79%.

* The K*to 11* ratio is increased by 25%.
 Overall neutrino (anti-neutrino) flux is increased by 10% (30%).

All driven by the neutrino events observed in the detector!
11/30/2009 Teppei Katori, MIT 107



Jon Link, Nov. 18, 2005

. . . 16, NUMBER 11 1 DECEMBER 1977
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S ‘0?} Study of neutrino interactions in hydrogen and deuterium:
Q/L%Q@pﬁon of the experiment and study of the reaction v+ d —p+ p + p, T

O@?@Kﬁsh} J. Campbell,} G. Charlton,® Y. Cho, M. Derrick, R. Engelmann,' L. G. Hyman, D. Jankowski,

?Sg % ann,’ B. Musgrave, P. Schreiner, P. F. Schultz, R. Singer, M. Szczekowski,** T. Wangler, and H. Yuta''
o Argonne National Laboratory, Argonne, Illinois 60439

&

8
Flux derived from pion production data. Were able to test assumptions about

the form of the cross section using absolute rate and shape information.
TABLE IV. Results of axial-form-factor fits.

Likelihood function MRiPke (Gev) MYororole (Gev) M TPl (Gev)
Rate 0.7520:13 0.45%0:14 0.962%-17
Shape 1.010 £0.09 0.56+0.08 1.32+0.11
Rate and shape 0.95 £0.09 0.52+0.08 1.254+0.11
Flux independent 0.95 £0.09 0.53+0.08 1.25+0.11

 Pion production measured in ZGS beams were used in this analysis
* A very careful job was done to normalize the beam.

* Yet they have a 25% inconsistency between the axial mass they measure
considering only rate information verses considering only spectral information.

Interpretation: Their nor,mTclTIization IS wrong.
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