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Overview of Theory

v - LIwellyn-Smith formalism for neutrino scattering
off a free nucleon.
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« A B,C are functions of nucleon
form factors and depend on:

'Dipole Form' The quasi-elastic
axial-vector mass is

 Vector form factors measured in electron scattering. the only free parameter

* Dipole form of axial vector form factor. Axial form factor can only be
determined from neutrino CCQE scattering.



Motivation

Experiment | Energy(GeV) Target MEE (GeV)
D> B.C. 1 Deuterium 1.03 + 0.05
NOMAD 3 to 100 Carbon 1.07 + 0.09
K2K 1.0to 2.5 O+Al C 1.2~1.3
MiniBooNE 0.5to0 1.0 Carbon 1.2~ 1.3
Minerva 1-8 Carbon Nuclear effects beyond RFG
MINOS 1-8 Iron Results in this talk

Early neutrino bubble chamber experiments on deuterium measure
M,**~1.0 GeV.

NOMAD uses a carbon target with higher energies and also measures
MAQE~1 .0 GeV.

More recent experiments with carbon targets (K2K, MiniBooNE, SciBooNE)
measure M,“"~1.25 GeV.

MINOS has a high statistics sample of 189,000 QE candidates on iron
recorded in a magnetized tracking spectrometer.



The MINOS Near Detector (ND)

« 1km from target.
« 0.98 kton (0.03 kton fiducial).
« 282 2.5 cm thick steel planes.

* Magnetized.




The MINOS Near Detector (ND)
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» High rates so ND is

instrumented with no deadtime.
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Segmentation:
5.94cm longitudinal
4.1cm transverse

Steel Plane

Strips on adjacent planes
are mounted orthogonal
to allow for 3D event
reconstruction.




Selecting v“-CC Events

« Select the majority of CC events by requiring a reconstructed
track and then further enrich the sample using a multi-variate technique (KNN).

« The kNN combines variables that differentiate between muon tracks and
the pion or proton tracks.

« 98% purity, 95% efficiency
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events / 10'® PoT

Selecting v“-CC Events

Select the majority of CC events by requiring a reconstructed
track and then further enrich the sample using a multi-variate technique (KNN).

The KNN combines variables that differentiate between muon tracks and
the pion or proton tracks.

98% purity, 95% efficiency
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Events in low energy beam/GeV/10'°POT

Energy Spectra and Flux Tuning
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* Moving target longitudinally and
varying horn current allows
changing of neutrino spectrum.

« Different beam configurations
sample different regions in
parent hadron x; and p..

 We tune our FLUKA hadron
production model to match data.

* The fits also include nuisance
parameters for beam optics
effects, cross section and
energy scales.



Events in low energy beam/GeV/10'°POT

Energy Spectra and Flux Tuning

1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1
MINOS Preliminary
Near Detector
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* Flux tuning procedure supported
by cross section work.

 All of the MC distributions
shown in my talk will use the
tuned hadron production model.

e Our shape only result does not

significantly depend on this
tuning.

10



MINOS MC

Neutrino interactions simulated with the NEUGEN event
generator (vuci. phys. Proc. Suppl. 112 (2002) 188), precursor to GENIE
and very similar.

e Quasi-elastic interactions:

« Llewellyn-Smith Model (phys. Rep. 3 (1972) 261)

e Custom Relativistic Fermi Gas (RFG) Nuclear Model
 Resonance Production:

* Rein-Seghal Model (Ann. Phys. 133 (1981) 79)
e DIS interactions:

* Modified Bodek-Yang model (AiP cont. Proc. 721 (2004) 358)

- KNO scaling at low invariant mass (Nucl. Phys. B40 (1972) 317)
- PYTHIA/JETSET at higher invariant mass (JHEP 0605 (2006) 026)
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Kinematics

v, (E) W (E 6,
W'l'
(EHad)
Fe (n, p) X +n, p, © etc

« MINQOS can reconstruct everything about the muon: E“, P, cos(ep).

. Just the energy of the hadron shower: E__.

12



Kinematics

Sideband Samples

QE-like Sample

E=E +E,,
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MINOS can reconstruct everything about the muon: E”, P, cos(B
Just the energy of the hadron shower: E__ .

From these reconstructed variables we can calculate the above

Kinematic quantities.

d

M
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Analysis Overview
e Sideband Samples

« Simple selections on v“-CC sample using reconstructed quantities
motivated by how different models are joined together in MC.

« Designed to isolate interaction types (RES,DIS) that are backgrounds in
the signal sample.

 Tune modeling of these backgrounds by comparing Data and MC.
 QE-like Sample
« Selections to enrich quasi-elastic fraction of vp-CC sample.

* Apply tuning of background from sideband samples.

« Extract M ®* from shape fit.
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Sideband Samples

A/N E.nhanced MINOS Preliminary
Selection 10° tec
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These selections allow us to explore the different regions of our
model using reconstructed variables.

In this way we can compare how well different parts of our .
model are simulating the data.



Sideband Samples and Resonance
Background

Two RES dominated subsamples have very different QE and DIS
background mixes. MC prediction is high in lowest Q* bins for both.
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16



(Events/10%° POT) x 10°

Resonance Weight

Fit Q* < 0.6 GeV*

Fitting the Low Q° Region

MINOS Preliminary
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Attempt to correct MC.

Start with candidate shape derived
from the A Enhanced and Transition
sideband samples, in true Q.

Apply these requirements:

e Only tune the resonances.

o Suppression turns off near 0.6
GeV~.

e Suppression function is smooth.

* No other model parameters are
tuned. Any correlations are dealt
with in the error band.
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Data/MC

Fitting the Low Q° Region

MINOS Preliminary — « Shape only fit

12—

« Two step iterative procedure:

1. Tune individual points to
reduce sum of squares of
residuals and smooth.

2. Fit for overall strength of

NEUGEN Default . . .

NEUGEN with Pauli Blocking | SuppreSS|on USIng Sca“ng

0.6 i Final Tuned Suppression | parameter.

.................... Previous Tuning Iteration

O.OI N IOI.1I N I012I N IOL?-I N I014I N I015I N IO.B *In ea_Ch Step bOth RES
Reconstructed Q? (GeV?) dominated samples, A Enhanced
and Transition, are simultaneously

fit in reconstructed Q>.

0.8 Transition Selection
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Data/MC

Fitting the Low Q° Region

MINOS Preliminary

MINOS Preliminary
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* The RES re-weighting does a good job of describing two samples
with very different backgrounds.

» Only significant deviation from unity in Data/MC is lowest Q*bin in
A Enhanced sample, which has a larger QE component than

Transition sample. o



Background Weighting with Error Band

_MINGS Preliminary e Two alternative suppression

Hor ) shapes were considered.
s | _
8 08| . * Alinear function that turns off
s | . at lower Q* ~ 0.3 GeV~>.
g e — Final Suppression | * And a function that turns off at
U%)' /i e Error Band ] higher Q*~ 0.67 GeV>.
0.4 |5 .
» These two shapes define the
0.0 0.2 0.4 0.6 0.8 iNiti
e @ (GeV) Initial error band.
 We considered a variety of effects when constructing the error band.

These include migration effects such as:

E scale, E_ scale, and low Q* DIS migration.

 And model differences such as:

Final state interactions, CC coherent, and the axial mass parameters. 20



Comparison with MiniBooNE

MiniBooNE CC 11" Sample

2 Note that:
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Quasielastic-like Selection

- Low E__: Select from v“-CC sample events with Reconstructed
E _ <225MeV.

a

» Select events with muon tracks that stop in ND.
* Includes the RES re-weighting function.

Select these
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Quasielastic-like Selection

Selects QE events with 44% efficiency and 63% purity.

MINOS Preliminary

L B LA A s 1.0 ' T LA —
- QE-like Sample % : . Efﬁciency
— —— Data g 0.8 H —
x 06 AreaScaled | 3 '
~ ___ Area _ : ]
i~ Flux Tuned MC g - Purity -
O . 06} i
a === True v,-CC QE & [ ]
2 04 LT ccres | = | '
S 7 e 1 2 oaf §
G 0.2 1 £ _
(m o 02f
— o [
0.0 I - NS 0.0
0.0 0.2 0.4 0.6 ) 0.8 él.o 1.2 0.0 0.5 1.0 1.5
Reconstructed Q. (GeV”) Reconstructed Q7 (GeV?)

23



Events x 10°

Method

. Extract M, “* from shape fit to Q* distribution.

e Three nuisance parameters included in fit:
« Stopping muon energy scale: E“

. Resonance axial mass: M ARES

. Quasi-elastic Pauli blocking parameter: k-

Fermi

MINOS Preliminary
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Events x 10°

Best Fit Results

Result from the principal fit configuration.

M,%(GeV) E, Scale M & (GeV) k*_
Principal: 0 < Q*< 1.2 1.21+0.18 | 0.996 +0.007 |1.10+0.15 | 1.10 +0.02
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Events x 10°

Best Fit Results

Results from the principal and alternative fit configurations.

QE RES QE
M,%(GeV) E, Scale M R (GeV) k%
Principal: 0 < Q*< 1.2 1.21+0.18 | 0.996 +0.007 1.10+0.15 | 1.10+0.02
-0.10 -0.015 -0.16 -0.03
Alternative: 0.3 <Q*<1.2 1 1.19+0.19 | 0.995+0.008 1.13+0.17 | Not fit
-0.17 -0.016 -0.18
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Systematic Error Table

Best Fit:
M =1.21770( fit) g 13 (syst) GeV

Systematic Source +ve Uncertainty (GeV) | -ve Uncertainty (GeV)
E .4 selection cut 0.084 0.079
Neutrino flux 0.027 0.027
Vertex x, y 0.046 0.040
y— angular resolution 0.057 0.057
Hadronic energy offset 0.034 0.036
INTRANUKE parameters 0.053 0.053
DIS cross sections 0.026 0.021
RES nuclear effects 0.018 0.078
Quadrature Sum 0.134 0.150
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Summary

« MINOS observes an deficit of low Q* RES events compared to our
MC and has developed a data driven re-weighting function to better
describe this region.

- Recent M ““results are thought of as measuring an effective
parameter that is convoluted with nuclear medium effects.

« MINOS reports results for an effective axial vector mass for
quasi-elastic interactions on iron in the range 1 <E < 8 GeV from

two configurations:
M =1217010( fit) o 1i(syst)GeV (0.0<Q*<1.2 GeV)

M9 =1.19"1(fit)GeV (0.3<Q°<1.2GeV)
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DIS Samples
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. Selecting W___ > 2.0 GeV provides a sample dominated by DIS.

 Flux tuning procedure pins the DIS rate.
» Supporting evidence from cross section work.
e Able to consider other channels relative to DIS.
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tion of Selection Cut
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< 225 MeV

shower
A

E
M “E=1.21 GeV
< 225 MeV.
shower

cut, expressed as purity.
 Shows a well defined minimum.

» Map of x2 surface as a function of M, “=and hadronic shower energy
Reconstructed E

 Allows for optimization of main selection cut:



Parameter Effects on Q2
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