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MiniBooNE and Final State Interactions

O. Lalakulich et al, Nulnt12 Proceedings
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GiBUU (after normalization adjustment) and
GENIE predict slightly stronger absorption,
softer spectrum than data
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The NuMI| Beam and
MINERVA Detector
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NuMI| Beam and Flux Measurement

Current Flux Uncertainties
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MINERVA Detector

*Fine-grained scintillator tracker surrounded by calorimeters
-search for pion tracks!
-beware of secondary pion interactions

*MINQOS near detector is the muon spectrometer (magnetized)
-limited muon acceptance (>1.5 GeV, < 20°)
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MINERVA Charged Current
Charged Pion Analysis

1.5 GeV<E, <10 GeV

Goal: Measure pion energy and angle distributions to determine
strength and nature of FSl interactions

Data set: Entire MINERVA (with MINOS) Low Energy neutrino data:
3.04e20 Protons on Target (P.O.T.)
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Signal Definition & Event Selection

Data Candidate

Signal: Interaction on scintillator (~CH)
Selection: Vertexin the tracker

i\
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Signal Definition & Event Selection

Data Candidate

Signal: Interaction on scintillator (~CH) ‘
Selection: Vertexin the tracker
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Signal: CC muon neutrino interaction

Selection: Muon track that is
matched with the correct charge sign
in MINOS




Signal Definition & Event Selection

Data Candidate

Signal: Interaction on scintillator (~CH) ‘ /

Selection: Vertexin the tracker /‘l/
\

\
\

- \
Signal: Exactly one charged pion in the final state Signal: CC muon neutrino interaction

Selection: 1-2 non-muon tracks at the primary

Selection: Muon track that is
vertex

matched with the correct charge sign
in MINOS
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Signal Definition & Event Selection

1 03 v, Tracker — u" 1= X (W < 1.4 GeV)

2.5 Area Normalized (MCx0.84) —+— Data
3.04e+20 POT B Other
[ =
2 I Interacting Proton
[ Stopping Proton
[ ] Interacting n*
Il Stopping =*

Uses track

1.5

+ s 7t
T uv,

andidates / 0.02 Score

+ T
u —=evy,

00 0.1020304050.6 070809 1

Pion Range Score

<1 03 v, Tracker — u 1= X (W < 1.4 GeV)

Area Normalized (MCx0.68) Data
3.04e+20 POT I Other
[

I Interacting Proton
[ Stopping Proton
["] Interacting ==
I Stopping *

Candidates

Signal: Exactly one charged pion in the final state

Selection: 1-2 non-muon tracks at the primary
vertex
1 reconstructed pion candidate

15 2 25 3 35 4
Michel Views

Nulnt14 Brandon Eberly, University of Pittsburgh / SLAC



Signal Definition & Event Selection

And one more: Hadronic invariant mass (W) < 1.4 GeV
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Signal Definition & Event Selection

And one more: Hadronic invariant mass (W) < 1.4 GeV

Do not want to treat high-activity
events as signal

Choose W because it’s simple, intuitive

...except in multi-nucleon interactions
(more on this later)
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Signal Definition & Event Selection

And one more: Hadronic invariant mass (W) < 1.4 GeV

Do not want to treat high-activity
events as signal

Choose W because it’s simple, intuitive

...except in multi-nucleon interactions
(more on this later)
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Background Constraint
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Making a Cross Section

Iterative Bayesian unfolding

Efficiency correction partially constrained by data
Correct for all muon phase space — including muons not seen by MINOS
(introduces a Q* model dependence from My, ¢z, My, pes — very small effect on cross
section shape in the measured variables)

Make flux-integrated (1.5-10 GeV) cross sections per nucleon

Tracker — u 1= X (W < 1.4 GeV
T, Migration Matrix: v, Tracker — u 1= X (W < 1.4 GeV) 3 Yy fracke e (W< GeV)
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Systematic Errors

Largest systematic errors are from flux and GENIE cross section model parameters

Other important systematics: GEANT4 interaction model, hadron tracking and PID
efficiency, and detector energy response and calorimetry

Shape measurement is statistics limited in most bins
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PRELIMINARY

v, Tracker — " 1= X (W < 1.4 GeV) v, Tracker — " 1= X (W < 1.4 GeV)
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*GENIE prediction is much higher than data (flux, vN cross sections?)
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Shape Results

PRELIMINARY

v, Tracker — u” 1= X (W < 1.4 GeV) v, Tracker — y 1= X (W < 1.4 GeV)
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MC is normalized to match the integral of the data

Conclusion: Data prefer GENIE with final state interactions
Comment: GENIE has difficulty reproducing the shape of the angular distribution
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Shape Results, W < 1.8 GeV

PRELIMINARY

v, Tracker — u” Nn* X (W < 1.8 GeV)
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* Another version of the analysis, allowing for multiple pions in the final
state and higher order resonances: W < 1.8 GeV

* At higher W, GENIE better matches the angular shape.

* Consistency with W < 1.4 results provides reassurance that the analysis is
robust against choice of W cut, multi-nucleon correlations
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Results Compared to MiniBooNE

PRELIMINARY
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Results — Model Comparisons

PRELIMINARY
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Conclusion: Neut and NuWro normalization agree the best with data.
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Shape Results — Model Comparisons

PRELIMINARY

v, Tracker — u” 1n* X (W < 1.4 GeV) v, Tracker — " 1= X (W < 1.4 GeV)
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Normalize all models to integral of data, then divide by GENIE prediction

Conclusion: NuWro, Neut, GiBUU and GENIE all predict the KE shape
well. GENIE seems to do best with the peak

Conclusion: All models have some trouble with the angle shape — by eye,
NEUT does the best job
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Antineutrino CC 1® Production

v, Tracker — u*tn®X (X has no mesons)

Signal definition: O A L
9 Lok
-Muon antineutrino CC interaction > 0-91e+20 POT
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fé’ 4of
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Future Pion Measurements in MINERVA

*See Aaron Mislivec’s talk on coherent pion

production!
*Full suite of (anti)neutrino resonant pion 1D S pOTVN“oT:i:;HMWX (W <1.8 GeV)
and 2D differential cross sections Q pof  svwenoror e e
*As statistics allow & F o Besrone
*Pion production in the nuclear targets é E:
*A-dependence of cross sections, FSI S sb
© 6
*Multi-pion events ::
*Small sample, requires more statistics (ME R T T R T
beam) and/or better reconstruction (low Reco. Leading Pion Kinetic Energy (MeV)

energy pion reconstruction with Michels?)
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Conclusions

*First neutrino pion production measurement from MINERVA:
*Measured delta resonance dominated differential cross sections with
respect to pion energy and angle
*Paper is in preparation and we hope to submit soon

*MINERVA data prefer the GENIE model with FSI

*MINERVA and MiniBooNE data are inconsistent when compared using the
GENIE model

*Most models do a good job of reproducing the shape of the MINERVA KE
distribution, though have some trouble with the location of the peak

*Modeling the MINERVA angle distribution at W < 1.4 GeV is a bit more
difficult

*More MINERVA pion measurements are underway and coming soon!
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Back Ups

Nulnt14 Brandon Eberly, University of Pittsburgh / SLAC



Shape Results — Model Comparisons

PRELIMINARY
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Normalize all models to integral of data
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Results, W < 1.8 GeV

PRELIMINARY

v, Tracker — u” Nn* X (W < 1.8 GeV)
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Another version of the analysis, allowing for multiple pions in the
final state and higher order resonances: W < 1.8 GeV
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Delta Decay Model

Compare GENIE default model (isotropic) to an anisotropic model
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Shape Model Comparison Normalizations

Shape normalization of 1-Pion analysis distributions
(relative to GENIE in parentheses)

T, Normalization 8, Normalization
Factor Factor

0.66 (1)
0.54 (0.82)
0.86 (1.3)
0.83 (1.26)
1.11 (1.68)
N/A

GENIE with FSI 0.66 (1)

GENIE no FSI 0.54 (0.82)
Neut 0.91 (1.38)
NuWro 0.86 (1.30)
Athar 0.95 (1.44)
GiBUU 0.74 (1.12)

Nulnt14
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6. Error Summary
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MINERVA Experiment
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Pion Models & Deuterium Data

v,cctn* (v, p—ppr’) GENIE — with estimated systematic error

BNL: Kitagaki et al, Phys. Rev. D34 2554 (1986)
ANL: Radecky et al, Phys. Rev. D25 1161 (1982)

0.8

Red: BNL
Black: ANL
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Courtesy of S. Dytman1 2 3
E, (GeV)
08 Courtesy of P. Rodrigues
> . - . .
G [T NETe vp—uwpnt(W<2GeV) *GENIE and Neut are fairly consistent at
Eoogl t AW % % lower energies, but appear to diverge by
8 b e f} % ~20% at MINERVA energies (~3 GeV)
o N
e
T
o
% 00 % 5 5 ;
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Pion Models & FSI

GENIE: Use p,it Athar: Use an Eiknonal approximation.
scattering on Fe data Reduces observed pions, but does not
as basis for FSI model significantly change T, shape

. Clour:cesy of'M.lAthlar .

2_ | | ]

o =+ Free Case 1

L = = Medium Effects (ME) |

- —— ME + m Abspn 4

%\ 15_— 12 _—

= [ c ]

S )

. , P Athar — 1mt* N

NuWro, Neut: Step interaction ~or SN orediction for s
LoT i

products through nucleus and use s [ MINERVA flux ]
nucleon cross sections “F ]
0. ''''' » | -

-—— GiBUU: Solve the BUU equation
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MINERVA Detector

Front view of a tracker module

Lead collar — side ECAL

Central scintillator
tracker (inner detector)

Outer HCAL with
scintillator bars
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MINERVA Detector

: V
Triangular scintillator strips allows charge-
sharing for good position resolution (3 mm)

10’ [ Track Node Residual |

-~ globalResid
{ Entries 8341357
Mean  0.005417
RMS 3.203

3 different rotated plane views to
resolve high-multiplicity events

0 5 10 15
xtrack—ﬂt _ Xc!uster (mm )
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A Day in the Life of a MINERVA Pion

Data Candidate: Scattering t*

IS il Color = energy
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110

100

90

Bean

=
‘
D
(@]
S

10

X-view
. I - (overhead view) 5 10 15 20 25
" MeV

T T T T 1 T T T T T I T 1
-g é 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 160 165 140 115

o U-view R I N P n
2 V-view (Cropped)

g | | | | | | | | | | | | | | | 6 6 4
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A Day in the Life of a MINERVA Pion

Simulated event: Pion Charge-Exchange

< X -vi . . .
X-view Analysis strategy: Avoid pions that
> wn ” . .
IS L interact in these ways
s ’.‘__,.a' H
N

.

< p <y < e
> ‘ZT:;= .E*W : ffr
// L ™

Simulated event: Pion Disappearance
B X-view
L 264 MeV nt* travels as far as a
~60 MeV nt*
~ e/ N
-
n+
- . K > >
N s e <
g
- ’ =
< <P 7 T
-
<)
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Track Reconstruction

_ _ U Tracking Efficiency
*First search for a long, muon-like track. > 10 H_____________J
5 o0
. ) _ , § 0. « | ~MINOS
*Use it to predict the interaction vertex 07E = Acceptance
. 0.6 g
location 0sE =
04 m
o H ) o 0.
*Employ a “cleaning” algorithm that removes 02E"™
overlapped hadronic energy from the muon i DT Y
; 1 2 3 - S
Momentum (Ge\ic)
A
DATA Event =
e $ o9
. / € 08
= /ﬁ > 0.7 .
: ~“' i candidate 0e °
- M - .
E e 04 . ;
e * g
'.! % 0.2 . .
R “ 0.1 . :
042020 60 80 100 120 140 160 180
q o (Degrees)

Module Number
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Track Reconstruction

V,CH- pw =t X
o, 1- MINERVA Preliminary
*Next, look for additional tracks at the 8 o Tuerians Tavra s
. o Q C
interaction vertex S 08 .
Y S —
. : . . 5 06 7

*Fit for the interaction vertex using all S osf -
available tracks & °";§‘ Pion tracking efficiency is

0. . reduced by secondary

0.2 . .

- interactions
0.1
I I T B R B

& Momentum (GeV/c)

DATA Event

Strip number
E
0
g
o
(0N
et
()

1t candidate

Module Number

Nulnt14 Brandon Eberly, University of Pittsburgh / SLAC



More Complicated Tracking Example

*Find “kinked” tracks by looking at the end of each track

*Overlap is handled correctly in the X view . v

*The pion appears “straight” in the | ——g |
U view and track is divided correctly
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Events / 250 MeV

CC Inclusive Muon Energy

103 vy CC Inclusive
8 [ MINERVA Preliminary

E POT Normalized
7E 9.43e+19 POT Nonv, CC=0.6%
6
5
4F
3
2}
1 .,

o T T

IIIII 1 1 1 Ll Illl -
2 4 6 8 10 12 14 16 18 20

Muon Energy (GeV)

vy CC Inclusive

MINERVA Preliminary

POT Normalized
9.43e+19 POT

1 I L 1 1 1 l 1 1

5 10
Muon Energy (GeV)

~10% normalization discrepancy between data and
simulation in the peak region — dominated by GENIE

uncertainties

1 1 I 1 1 1 1
15 20

Nulnt14
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Detector Calibration

*Muon calibration sample used to set absolute energy scale
*2% systematic error

*Cross check with Michel electrons — agree within 3%

+ + L
. —
Michel electron: /u € Vevu
S 0.035 Muons
= . > 6000
= 0.030 Pata 2 - . § Data
S — simulation = s000E Michels B simulation
g 0.025 2 -
c L
2 S Lo0oF
& 0.020 - 4000—
12 =
=] -
S 0.015 3000F-
° —
S 0.010 -
3 20001~
Z 0.005 .
| | | | | | | | 1000-_
0.000 =g g g s T T8 e 10 -
Reconstructed cluster energy (MeV) 00 20 30 20 0

Electron energy (MeV)
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Signal Definition & Event Selection

-t
v, A2 pmX
*A is a nucleus in the tracker
*X includes the recoil nucleus

and any particles except
charged pions

vp (Ev’pv)

n(E,8,)

Q% =-q*

-

W2 =-Q?+m2+2m,(E,E) <=~

*Other Requirements:
°1.5GeV<E, <10 GeV
Invariant hadronic mass (W — not
the boson!) is less than 1.4 GeV

*Motivation:
*Choose a MiniBooNE-like sample
*Avoid high-multiplicity interactions

_:y/? > | B > = icl
<« < ~ [ Av&ld t’]hJS-
A e - > -
< < . > -
. I <4 <
[ P ) >
__ = >
P~
~"a | M BT
- < [f4Wq <« ~ w <
~ L~
== - > T - n >
< ; ;
> >
a S 3 n
> | < . -< > . 3
g Simulated Event

Nulnt14
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Event Selection - Pion

Find pion candidates:

*Require one or two hadron track candidates

3 v, Tracker — u 1= X (W < 1.4 GeV)
x10
— POT Normalized —+ Data
3.04e+20 POT 1 Pion Mis-ID
[ CC v, Multi ==
[ E,>10 GeV
B W, > 1.4 GeV
[ NotCCv,
[ Outside F.V.
I Signal

-
o
o

Candidates
S

}
]

2 3 4 5 6
Hadron Candidates
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Event Selection — Pion ID

Select a pion (Particle ID):
*Use energy loss (dE/dx) profile of each hadron
track to separate protons and pions

*Find the best fit momentum for a pion
hypothesis: this is the reconstructed momentum

y 03 v, Tracker — u” 1= X (W < 1.4 GeV) 1 03 v, Tracker — u” 1= X (W < 1.4 GeV)
X
2 5[H POT Normalized —+ Data 2.5 Area Normalized (MCx0.84)  _,  paia
3.046+20 POT B Other 3.04e+20 POT B Other
. - o

I Interacting Proton
[l Stopping Proton
[ Interacting ==
I Stopping n*

Candidates / 0.02 Score

Candidates / 0.02 Score
(6]

o
&)

0 0

Pion Range Score

Nulnt14 Brandon Eberly, University of Pittsburgh / SLAC

I Interacting Proton

[ Stopping Proton
[ Interacting n*

Il Stopping n*

0 0102030405060.70809 1 0 0102030405060.70809 1

Pion Range Score




Event Selection — Pion ID

Select a pion (with good energy reconstruction): q5 — ﬂ+1/
*Select pions that stop and decay in the detector by “
looking for a Michel electron at the end of the track ﬂ+ S e+Ve‘7,,¢

Shape Comparisons

y 03 v, Tracker — " 1= X (W < 1.4 GeV) v, Tracker — u 1 X (W < 1.4 GeV)
X
Area Normalized (MCx0.68)  _, paia > 900F Area Normalized (MCx0.70)  _, paia
3.04e+20 POT B Other é’ 3.04e+20 POT B Other
a° 800 [ n°
I Interacting Proton (e] I Interacting Proton

Candidates

= menner 3 7000 = ner

\ -
I Stopping =* — I Stopping n*
@ 600F
® 5000
o 500}
g 400 3
O 300F
200f
100F
= - Lovee ool
15 2 25 3 35 4 % 10 20 30 40 50 60 70 80 90 100
Michel Views Michel Energy (MeV)
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Reconstructed Muon P

eLarge error bars on simulation from flux and signal model
uncertainties

*We assign errors that effectively cover the disagreement with data

03 v, Tracker — u" 1= X (W < 1.4 GeV)

x1 v, Tracker — u” 1n* X (W < 1.4 GeV)
(o ~  POT Normalized
> B 3.04e+20 POT —4— Data O - POT Normalized
% 25__ = Monte Carlo = 1-8:_ 3.04e+20 POT
g - MC Background E 1.6F
- 2F S 1.4F
=~ - n
(7] B 1.2
2 15F £
© - -
© B N
.-E i 0.85—
(1] B 0.6:— +
© I 0.4f +
0.5 -
B 0.2
O:----« e ; O:||||||||||||||||lll
0o 1 2 3 4 5 6 7 8 9 10 0 2 4 6 8 10
Reconstructed u” Momentum (GeV/c) Reconstructed u” Momentum (GeV/c)
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Reconstructed Muon 6

eLarge error bars on simulation from flux and signal model
uncertainties

*We assign errors that effectively cover the disagreement with data

v, Tracker — u 1 X (W < 1.4 GeV) v, Tracker — " 1= X (W < 1.4 GeV)
000 e - S e
E=— Monte Carlo ~
500 MC Background S —
© u
(] —

Candidates /1 deg
N
o
o

300
200 o THHHE g
0.4F
100 0.2F
| \ \ N ju — o_nn||||||||||||||||||||||
of . e 0 5 10 15 20 25

Reconstructed u~ Angle wrt Beam (deg) Reconstructed u” Angle wrt Beam (deg)
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Reconstructed Q2

eLarge error bars on simulation from flux and signal model
uncertainties

*We assign errors that effectively cover the disagreement with data

1 03 v, Tracker — u 1= X (W < 1.4 GeV) v, Tracker — u 1 X (W < 1.4 GeV)
POT Normalized &) 2 POT Normalized
3 3.04e+20 POT —¢— Data — - 3.04e+20 POT

== Monte Carlo - 1.8
MC Background -

25 S 16F
< n

» 0 14F

—
%)}

L2l

o
(0]
T

Candidates / 0.2 GeV?c?

o
)l

N
SN
III|III|III|I

B R V-
Reconstructed Q? (GeV/c)® Reconstructed Q? (GeV/c)?

MR

0 02040608 1

o
OO

12141618 2
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Calculating a Cross Section

Unfolding
£ . backgrounds
Differential unction: convert e il
cross-section from reconstructed by data
4 | ‘

\
* A
d_O' 1 EjUij(Ndata,j_ bg,j)
dT, ,_c;)T AT,

l

6&
\_ ™~ J

//// \\ Selection efficiency

Integrated flux, tar{bin size and acceptance

Nulnt14
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Background Subtraction

*For each background template: fit returns a scale r, that adjusts the simulated
prediction for the background fraction in bin i:

simulated
fadjusted 7 fsimulated fsimulated " 'bkg,i
bkg ,i — "iJ bkg,i bkg i simulated
total ,i
(W, < 1.4 GeV Analysis) (Wgen < 1.4 GeV Analysis)
9 o5 [+ signal Q 2.5+ [+ signal
8 B [+ BG: W,,,< 1.7 GeV 8 B [+ BG: W,,, < 1.7 GeV/
7s] B F+] BG: W,,,> 1.7 GeV 7p] B [+ BG: Wy, > 1.7 GeV|
® 2r . | ® 2
s I ! ! 5 I
g 15:%%#‘:%«}“ .................................................. = e
ol - 1 s
1:— .............................. . i 12.: :
0.5 0.5F
0_'"""""""""'"""""" |:...||..|...|...|.|.|...|...|..||.
50 100 150 200 250 300 350 0020 40 60 80 100 120 140 160
Pion Kinetic Energy (MeV) Pion Angle wrt Beam (deg)
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Nulnt14

GENIE Uncertainties

Cross Section Model Uncertainties

*Infranuclear Rescattering Uncertainties

(change PB momentum threshold)

Uncertainty 1o
M, (Elastic Scattering) + 25%
Eta (Elastic scattering) + 30%
Ma (CCQE Scattering) +25%
-15%
CCQE Normalization +20%
-15%
CCQE Vector Form factor model on/off
CC Resonance Normalization + 20%
Ma (Resonance Production) 1 12 GeV + 20%
My (Resonance Production) +10%
1pi production from vp / Vi non- + 50%
resonant interactions
1pi production from va/Vp non- + 50%
resonant interactions
2pi production from vp/Va non- + 50%
resonant interactions
2pi production from vn/Vp non- + 50%
resonant interactions
Modfiy Pauli blocking (CCQE) at low Q° + 30%

References: (1) www.genie-mc.org, (2) arXiv:0806.2119, (3) D. Bhattacharya, Ph. D Thesis (U.

Pittsburgh) 2009.

Brandon Eberly, University of Pittsburgh / SLAC

Uncertainty 1o
Pion mean free path + 20%
Nucleon mean free path + 20%
Pion fates — absorption + 30%
Pion fates — charge + 50%
exchange
Pion Tales — Elaslic + 10%
Pion fates — Inelastic + 40%
Pion fates — pion + 20%
production
Nucleon fates — charge + 50%
exchange
Nucleon fates — Elastic + 30%
Nucleon fates — Inelastic + 40%
Nucleon fates — absorption +20%
Nucleon fates — pion + 20%
production
AGKY hadronization model + 20%
— xg distribution
Delta decay angular On/off
distribution
Resonance decay + 50%

branching ratio to photon




Systematic Errors — Hadron Response

Thanks to AD and MTest!

a _, &
dx O(l+k3§—f)

protons

lal | -

8 ..fF -

5 | Positive Pions & [ 1+30% variation in &
o065 ¢ S F - ]
S I = b Birks’ constant E
2 j} { { } { E - shown .
S B T 15 ]
S 0.601- € r .
£ i e C ]
S 0 E 10| -
® n .
(7 B -
g B -
Q_O.55— ° 5:— —:
3 = 1.10F =
< Points: data x 1.05F =
2 eol. Band: simulation N E
80'50._..|....|...|...|...|...|...| -01'005_ E
w 06 08 10 12 14 16 1.8 0.95 - . . . . : : : —
Pion Total Energy = Available Energy (GeV) 16 14 12 10 8 6 pla‘:‘Ies ffom e(:n d
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Systematic Errors — Michel Selection

*Select a sample of muons that stop in the
tracker and compare the Michel selection
efficiency between data and simulation:
*Consistent within ~1%
*Background rate estimate — search in
random locations for Michels.
*Rate is low, ~4.8%, but under-
predicted in simulation
*~2% uncertainty in analysis
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