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just going to jump right in...
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v CCQE-Like

Analysis .
Analyses being presented :

Double

Differentia

L e e Neutrino Charged-Current Quasi-Elastic-Like (CCQE-Like)
e — protons, protons, protons

Conclusion

e Double Differential Neutrino Charged-Current Quasi-Elastic
— muons, Muons, muons
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Quasi-Elastic Scattering
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Outline

v CCQE-Like . . . .
Analysis By using both muon and hadron kinematic variables, we have

more information available in an effort to decouple nuclear
effects from Final State Interactions (FSI)

—
Double !

Differential which can strongly affect the reconstructed neutrino energy
v CCQE

Analysis

Conclusion



Defining Quasi-Elastic-Like
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Outline

v CCQE-Like

Analysis
° FSI alter the kinematic
distributions of the recoil nucleon e
° FSI can produce many
osbie nucleons in the final state
Differential J Non-QE scattering
Analysis processes that look QE-like

Conclusion "




Defining Quasi-Elastic-Like

how it differs from the quasi-elastic definition
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Outline

— just focus on what comes out

v CCQE-Like

Analysis
Signal definition : ~
. -
r
® one negatively charged muon ;
Bouble e at least one proton with momentum h—
u 2
Differential greater than 450 MeV/c v
R elele]= . 4
Analysis (due to tracking threshold)
Conclusion ® no piOnS v, -t
Selection criteria is as follows... ’



Proton Track ldentification

distinguishing a proton from a pion

Nulnt14

GMVESEEE — Require all hadron tracks to

i look like range out protons

v CCQE-Like

A e Fit each hadron track
energy loss (dE/dx) profile
to standard proton and

pion energy loss fit

Double templates

Differential

v CCQE e Use x?/d.o.f. for both fits
to give a particle
identification (pID) score
and particle momentum

Selection
Criteria

Analysis

Conclusion

e Require pID score > 0.35

dE/dx ( MeV/cm )

Events / 0.05 units

E Energy loss in the last 15 planes of the track
r Data
-
E — pionfit
3
— proton fit
Py
1=
O: L L 1 1 L L L Il
775 780 785 790 795 800 805 810
z position (cm )
<10 \ Tracker — " p
J00 MINERVA Preliminary [ provn
= POT Normalized
3.04¢+20 Data POT pion
80 D203 other
r >0.35
r P »
!
oL | | i e
0 0.2 0.4 0.6 0.8 1

Proton Range pID Score




Remove Unattached Energy

define a topological observable : unattached visible energy

Nulnt14
e Large amounts of extra energy, not associated with the muon or

C.L. McGivern :
proton, usually comes from untracked particles

Outline
v CCQE-Like
Analysis PS p—y
-—- \ —_ event vertex
~ — vertex energy
,7 \J0cm b \
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N -,
Double S
Differential
v CCQE
Analysis
Tracker Region ECAL Region HCAL Region

Conclusion

e Plot this versus the 4-momentum transfer QE scattering from a
nucleon at rest, using proton kinematics (QéE’p), and define a
signal region
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Remove Unattached Energy

define the signal region
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Michel Electron Veto

removes events with soft pions (below tracking threshold)
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Outlin n — e Veyl/« o) — e VeVp,
v CCQE-Like
Analysis
Selection
Criteria .

e Veto events with a 10 v, Tracker - 1" p
I\/Iichel electron 45 MINER VA Preliminary

g [
found near the % 40f 5.04e+20 Date POT
Double vertex or the track e 25 g —
fioee endpoint n: 5
Conclusion e Removes low energy 2F o mickel
pions that stop and 55: .
decay in the *
detector 0 no yes

has vertex michel electron
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Criteria

Interpretations
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Which Muons to Keep?

all of them!

MINERVA Tracker
Region: X-view.

Data Event

| MINERVA Side HCAL
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MINERVA Tracker \
Region: X-view \
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foduie number

| MINERVA Side HCAL

Data Event

Look for muons that exit the

tracker and are

matched to a track in
MINOS (52.7%)

matched to hits in MINOS
(7.9%)

matched to hits in the side
HCAL region (27.5%)

NOT matched to MINOS or
the side HCAL (11.8%)



Muon Acceptance

and consequences
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Analysis
Conclusion .

The 6, acceptance is , but due to poor energy

reconstruction for non-matched tracks, we can't use muon
kinematics to reconstruct event kinematics (i.e. QzQE)
=



CCQE-Like Candidates
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Outline

e Using the complete

v CCQE-Like x10° v, Tracker - ' p
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Background Subtraction

use data to tune the background - step 1

Nulnt14

e Create 4 sidebands outside of signal region - separates the
background into two components : Resonant (A*™ produces a
Outline pion) and DIS+Others

v CCQE-Like

C.L. McGivern

e Use a multi-sideband procedure to obtain the “two component”

background scales

Background
Subtraction

v, Tracker — " p  MINERVA Preliminary Vv, Tracker — i p ® MINERVA Preliminary
Background

Signal

Double
Differential
v CCQE

Analysis

Sideband 4

Conclusion
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Background Subtraction

use data to tune the background - step 2

Nulnt14 e Extract weights that force the data and simulation to match
C.L. McGivern perfeCtly
e As you increment the sideband, further away from the signal
region, note that
v CCQE-Like e the fraction of signal events decreases
e relative fraction of Resonant to DIS events decreases
e agreement between data and simulation improves

Outline

Background
Subtraction
ic v, Tracker — " p ® MINER VA Preliminary
1.6 j sideband1
- L sideband2
b4 ,
Double g sideband3
Differential E E debandd
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Analysis s L
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Background Subtraction

use data to tune the background - step 3

Nulnt14

e Fit each QF 1, bin to a line

e Extract scale factors for the two background components
Outline simultaneously
v CCQE-Like

C.L. McGivern

e we see the same linear progression in each QzQEp bin

Background

Subtraction v, Tracker — p” p ® MINER VA Preliminary
16 sideband1
- 2 2
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ER E 14—
£ 4 320524098k sideband3
Double B350 y¥mdf=286/2 + sidebandd
Differential [ L2
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Analveic £ 2
Analysis L) 25 7 - , . .
Conclusion 2 slope = DIS scale factor . *
+ E— —
1.5 y-intercept = Resonant 0.8 .y ++._+ A
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Courtesy of T. Walton



Background Subtraction

use data to tune the background

Nulnt14

e Results show that GENIE overestimates resonant production

C.L. McGivern . . . .
e Scale factors are a combination of the modeling of the neutrino
Outline primary interactions and the FSI
v CCQE-Like
25 v, Tracker — p” p ¢ MINERVA Preliminary
Background s Resonant
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- - L DIS + Other
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Analysis

Conclusion

CCQE-Like Systematic Uncertainties

sources of uncertainty

Look at

e Estimate by varying systematic inputs within uncertainties and
then rerun the analysis

several uncertainties (i.e. NuMI Flux)
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of systematics to help reduce the impact of
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due to FSI Models, Cross Section Models,
Geant4 Response, and Energy Response



CCQE-Like Differential Cross Section

in bins of Qi,
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Outline not to “generator 02~

v -Like 2 2
i Qoe — QoE

Differential cross- backgrounds
section vs. 4-momentum reco p true p constrained by
transferred to nucleon kinematics kinematics data

R - bk
Results and do‘ 1 1 Ej U'l, . NJdata _ N g

Interpretations Wi

Double =
Differential szQE D ¢T AQ2QE D €
’ 9 >

v CCQE

Analysis

Conclusion flux, targets bin width product of selection
efficiency and acceptance



CCQE-Like Differential Cross Section

first EVER proton based CCQE-like cross section measurement!!

Nulnt14 - -
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e Interpretating the results :
e compare the total CCQE-like cross section to various models
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Results and
Interpretations
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Differential
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Analysis

Conclusion

Total CCQE Cross Section

consists of both QE and inelastic components
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RFG = Relativistic Fermi Gas model
LFG = Local Fermi Gas model
GENIE: www.genie.org, NIM A614, 87 (2010)
NuWro: Acta Phys. Polon. B40, 2507 (2009)
TEM = "Transverse Enhancement Model",
A. Bodek, et al., Eur. Phys. J. C71 1726 (2011)
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Double Differential v CCQE Cross Section

using muon observables :

Muon P, (GeV)

See good beam resolution in the parallel and

pr and Pz

e Complementary measurement to the published CCQE results

e Consider a QE-like topology to reduce model dependence and
increase sample purity

V. Tracker — CCQE-like

DATA

MINERVA Preliminary
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perpendicular components of the muon momentum



Double Differential CCQE Cross Section

look at muon’s kinetic energy : T’

Nulnt14

C.L. McGivern Not only use to remove pions near the vertex but

utine also use a Michel background sample to constrain the charged pion

) CCQE Like background
Analysis
Double x10° x10°
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Conclusion

what to look for next

Nulnt14

C.L. McGivern e Currently putting a lot of effort into our CCQE analyses
Outline e in the da/dQéEvp anaylsis, we have distributions with

v CCQE-Like both proton+muon kinematics

Analysis °

Double

Differential

v CCQE °

Analysis . . _ .

"o o double differential ¥, cross section measurement

e cross section measurements using muon and proton
observables in the nuclear targets region

e use medium energy data to calculate the cross sections

Conclusion

e MINERVA continues to run during the NOvA-era medium
energy beam

e Lots of exciting results to come!



Thanks for listening!! Please also see the following
Nulnt talks being presented

Nulnt14
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CCQE scattering cross sections and future analyses

uidfine e see talk and poster
» CCQE-Like . . .
e Charged current pion production cross section

Double ® see talk
Differential
v CCQE
Analysis

Charged current coherent pion production cross section
® see talk

Conclusion

Inclusive cross section vs. various nuclei: He, C, O, Fe, Pb
e see talk

Strangeness production cross section
® see poster

Importance of the Flux measurement
e see talk
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Outline
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v CCQE-Like
Analysis
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Motivation

what are we trying to learn here?

Nulntl4 . . .

e [Vain |Njector ExpeRiment v-

C.L. McGivern . . . .

e measure the cross sections of neutrino-nucleus interactions

ESAD SRS e Cross sections between 0.1-10 GeV not as well known, but

important in the regime of oscillation experiments

Motivation
NuMI Beam

MINERVA
Experiment

G. Zeller G. Zeller

CCQE-Like

s F T MINERVA S 0.4F MINERVA
Analysis 814 ’ 15-10 Gev 3003': 15210 GeV
’ 1.2 b 0
Cross Section ; q ,;’ 0.3
Models e 20.25F
ui0-8 ul goF
c c
-§°'6 £0.15F
50.4 Z 0.1
go.2 go.05f
> 0 I> 0
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J.A. Formaggio and G.P. Zeller, Rev. Mod. Phys. 84, 1307-1341, 2012



Motivation

what are we trying to learn here?

Nulnt14

e Do not understand the in the CCQE

C.L. McGivern cross section

e MiniBooNE and SciBooNE disagree with the higher energy
NOMAD data, MINERVA is in the energy range that can
help resolve this discrepancy

e Primary signal in the oscillation experiments

Backup Slides
Motivation

NuMI Beam

0% T. Katori, MIT

——%— NOMAD data with total error
(b) ———— LSND data with total error
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CCQE-Like
Analysis
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Models
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e Additionally, neutrinos make for a good weak-interaction
probe of the nuclear structure



NuMI| Beam

Neutrinos at the Main Injector

FLUKA: A. Ferrari, P.R. Sala, A. Fasso’, and J. Rantft,
CERN-2005-10 (2005), INFN/TC_05/11, SLAC-R-773

Nulnt14
un e 120 GeV proton beam from
C.L. McGivern the Main Injector R e e S
NuM| Beam MC
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figure courtesy Z.
Pavlovic



NuMI| Beam

low energy (LE) beam flux

Nulnt14 f(xF, pT) for n* using FTFP_BERT
10°%

NA49 Data

C.L. McGivern 10 vs.Geantd | x 00
X¢=0.05 (x 107)
Backup Slides e Neutrino flux is estimated Xe20.15 (x 10
. X=0.20 (x 10°%)
Motivation from hadron pI’OdUCtlon =025 (x 109)
) x=0.30 (x 10%)
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The Detector

Nulnete 120 “modules’ perpendicular to the beam direction,

L McGivern containing ~32k readout channels
Finely-segmented scintillating central tracking region
Nuclear targets, plastic (CH), EM and Hadronic

Mi Beam calorimeter with additional lead and steel plates
MINERVA ° doubles as a muon spectrometer

Backup Slides

Motivation
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CCQE-Like
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The Detector

in more detail

Nulnt14

Extruded scintillator &

C.L. McGivern wavelength shifting fibers.

Backup Slides .
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Data Collected

big THANKS to the Accelerator Division at Fermilab!!

Nulnt14

e 4.0x10%0 POT in v-mode
e 1.7x10%0 POT in #-mode

C.L. McGivern
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CCQE-Like Candidates

courtesy of T. Walton, FNAL Exp./Theory Seminar, May 9, 2014
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CCQE-Like Systematic Uncertainties

sources of uncertainty
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CCQE-Like Systematic Uncertainties

FSI modeling

Nulnt14

e Applied as an efficiency
C.L. McGivern correction ‘o
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CCQE-Like Systematic Uncertainties

cross section modeling, using GENIE 2.6.2
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CCQE-Like Differential Cross Section

first EVER proton based CCQE-like cross section measurement!!
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Modeling the Nuclear Structure and QE Scattering
GENIE RFG vs. NuWro RFG/LFG

Nulnt14

C.L. McGivern The differences between GENIE and NuWro are due to both the

modeling of the momentum distribution of the initial state nucleons
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and FSI effects
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Inelastic Components of the Cross Section
modeled with GENIE vs. NuWro

Nulnt14

€L McGivern Reduce the GENIE RFG resonant component
by 30% to match NuWro peak
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Total CCQE Cross Section

reduce GENIE RFG resonant component by 30

Nulnt14 GENIE still best describes the cross section measurement

C.L. McGivern
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Cross Section Models

for comparison

Nt Interpretation #1: do/dQ? Shape

C.L. McGivern

* Models that introduce nuclear correlations of various kinds fend fo modify

Backup Slides the QE cross-section as a function of Q2 (for a given v energy spectrum)

Motivation

NuMI Beam * The models:
MINERVA — Relativistic Fermi Gas (RFG), M, = 0.99 GeV/c?
Experiment = The canonical model in modern event generators used by all neutrino experiments

CCQE-Like
Analysis

— Relativistic Fermi Gas (RFG), M, = 1.35 GeV/c?

N = Motivated by recent measurements where this change was fairly successful at reproducing data
Cross Section

Model
el — Nuclear Spectral Function (SF), M, = 0.99 GeV/¢?

» More realistic model of the nucleon momentum — energy relationship than standard RFG

— Transverse Enhancement Model (TEM), M, = 0.99 GeV/c?

» Empirical model which modifies the magnetic form factors of bound nucleons to reproduce an
enhancement in the transverse cross-section observed in alectron-nucleus scatfaring attributed
to the presence of meson exchange currents (MEC) in the nucleus

Bodek, Budd, Christy, Eur. Phys. J. C 71:1726 (2011}, arXiv:1106.0340

David Schmitz, UChicago Fermilab Joint Experimental-Theoretical Seminar - May 10, 2



Transverse Enhancement Model

courtesy of G. Perdue, APS 2013 talk

Nu|nt14 Praliminary EO4—001, E = 4.629, © = 10.661
Transverse 5 o
C.L. McGivern g::: iILI <] — ':
Enhancement -
Backup Slides 3
Vit e o The sort of model experimenters love - it -
may or may not be right, but it matches soom

Nrbl) Sz data (MiniBooNE - NOMAD). -
MINERVA D B e s
Experiment o Theorists often prefer being right to Bodek, Budd,and ity Ermysc. Cr oty 726 ()

mat:hmg data. © Transverse Enhancement Carbon 12

CCQE-Like
Analysis

Carlson et al.

o

Modify only vector magnetic form factors
with e scattering data - everything else
is single free nucleon.

Cross Section
Models

Ratio to Free Nudeons

o

e’ scattering data suggests only the
longitudinal portion of the QE x-section
is ~universal free nucleon response
function - the transverse component SR
shows an enhancement relative to this . )

Fit to electron scattering data from JUPITER (JLab
approach. E04-001) to extract enhancement as a function of Q2.

1 s
Q? (GeV/c)?

Gabriel N. Perdue 46 The University of Rochester
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dofdQ@’, v+ n = p +u, E=1GeV

courtesy of G. Perdue, APS 2013 talk
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Transverse Enhancement Model

Transverse
Enhancement

o do/dQ? w/ Ma=1.014 GeV &
TEM is very similar to the result
for Ma=1.3 GeV for Q2 < 0.6
(GeV/c)2.

o For high Q2,the TEM
contribution is small.

o Experiments at high energy
often remove low Q? values from
their M, fits - predict an even
lower M, due to steep slope for
do/dQ?at Ma = 1.014 GeV.

The University of Rochester



	Outline
	 CCQE-Like Analysis
	Selection Criteria
	Background Subtraction
	Systematic Uncertainties
	Results and Interpretations

	Double Differential  CCQE Analysis
	Conclusion
	Appendix
	Backup Slides
	Motivation
	NuMI Beam
	MINERvA Experiment
	CCQE-Like Analysis
	Cross Section Models


