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Outline of Talk

• Why Neutral Pion production ?

• Overview of MINERvA

• MINERvA Photomultipliers, Cross-talk studies

• Electromagnetic Shower Filter

• Electromagnetic reconstruction

• Photon kinematics and energy

• Pi0 invariant mass and energy

2

Tuesday, January 10, 12



Why neutral pion production?
• One of the largest limitations of accelerator-based neutrino 
experiments comes from the incomplete experimental knowledge 
of neutrino cross sections in the GeV energy range.

• Concerning about muon neutrinos oscillating into electron 
neutrinos, one of the main backgrounds to the electron neutrino 
signal( low probability) comes from neutral current interactions 
producing neutral pions. 

• Experimental input on the rate of the related charged-current 
(CC) channel, and measurement of the neutral pion production 
momentum spectrum, allows better understanding of this 
background.
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What is MINERvA?
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Main INjector ExpeRiment ν-A
• MINERνA is a high resolution 

neutrino cross section 
experiment in the Fermilab NuMI 
beamline upstream of the 
MINOS near detector.

• Goal is to measure exclusive 
and inclusive neutrino cross 
sections in the energy range of 
1-20 GeV with greatly improved 
precision, and on several nuclei.

• Has a fully active core of 
scintillator used as both target 
and for tracking

• Targets of scintillator (C-H), He, 
C, water, Fe, and Pb
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NuMI Beamline
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Target Horns Decay Pipe
Absorber

Muon Monitors

Rock

μ+π+
10 m 30 m

675 m
5 m 12 m 18 m

figure courtesy 
Ž. Pavlović

Hadron 
Monitor

νμ

• 120 GeV P Beam → C target → π+ − & K+ −

• Have roughly 35x1012 protons on target 
(POT) per spill at 120 GeV with a beam power 
of 300-350 kW at ~0.5 Hz

• 2 horns focus π+ and K+ only
• Mean Eν  increased  by moving target and one 

horn    

• π+ and K+ → μ+νμ
• Absorber stops hadrons not µ
• µ absorbed by rock, ν → detector

FLUKA

• Approved (for Physics) (4.9×1020  POT LE beam and run in ME beam along with 
Nova)
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MINERvA Detector 

127 scintillator strips 
per plane.

Tracker module = 2 planes
ECAL module = 2 planes + 2 (2 mm thick) sheet of lead
HCAL module = 1 plane + 1 (1 inch thick) sheet of steel

16.7 mm

17 mm

Triangular strip to allow 
charge sharing

µ-
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The detector (nuclear targets)
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• 5 nuclear targets + water target interspersed in 
target region with tracking modules between

• Helium target upstream of detector

Water target

He target • NUGEN MC ν
• not acceptance corrected 
• inside fiducial volume

Lead Lead/IronLead/Iron/Graphite Iron/LeadIron/Lead

  

Nuclear Physics with MINERνA*

Brian G. Tice 

Rutgers, The State University of New Jersey

Physics Motivation
Measure charged current event ratios among nuclei
Provide more precise cross section measurements
Measure x-dependence of nuclear effects
Contribute to world effort to extract x-, Q2- dependence    

       of nuclear parton distribution functions 
Measure final state multiplicities
Measure hadronic energy
Each as a function of the interaction nucleus 

Liquid

Helium

Iron / Lead

Lead / Iron

Carbon / Lead / Iron
Lead

Iron / Lead
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Rest of
 MINERνA

Rest of 
MINERνA

Nuclear Targets of MINERνA

Event Rates

MINERνA has been approved 
for 4.9e20 protons on target 
(POT) in “Low Energy” mode.  
The data collected at the time of 
this analysis was 1.2e20 POT.  
MINERνA has also been 
approved for 12e20 POT in 

“Medium Energy” mode. 

After both beam modes,
 MINERνA will have seen
 ~19M ν

μ
 CC Events in Plastic
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Shaded areas for
 passive targets

DATA
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Nuclear Targets Event Display

Flux Modes
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Z-position (beam direction)

ν
μ

Vertex Muon Track

Nuclear Target Event Selection
There must be exactly one muon, which is reconstructed in MINOS
The z-position of the vertex must be consistent with 

    an event in the nuclear target
Vertex must be within 85cm radius around z-axis (detector center)
There must not be muon-like activity upstream of the nuclear target

Do this for a passive target and a  plastic reference target

Iron

Lead
Reference 

for Lead
Reference 

for Iron

Reference target is used to get 
measurements on CH and to minimize 
systematic errors due to x:y locations 
of the passive targets.

Blue triangles in Red 
area are selected as 
events from Iron but 
are truly events from 
Lead.  There are few.

MC

Iron-Rich Sample
Lead-Rich Sample

MC Truth
for Sample

As presented at NuInt11
 March 14, 2011

*

Area-Normalized

Iron

Lead

Statistical Error Only

DATA CH
Reference

DATA

Area-Normalized

Statistical Error Only

Lead to Iron Ratio

NLead

NCH

NIron

NCH

Reference 

for Lead

Reference 

for Iron

Iron

Lead
The first goal is ratio 
of charged current 
events on Lead to 
Iron as a function 
of muon energy. 
The ratio removes 
flux since Lead and 
Iron see the same 
beam.  Using similar 
methods we can 
compare Lead and 
Iron to Plastic.  
These methods can 
also be applied to 
exclusive channels.Iron

Lead

Target Fiducial 
Mass

ν
μ
 CC Events 

in 4e20  P.O.T.

Plastic 6.43 tons 1.36M

Helium 0.25 tons 56.0k

Carbon 0.17 tons 36.0k

Water 0.39 tons 81.3k

Iron 0.97 tons 215k

Lead 0.98 tons 228k

To MINOS to be 
reconstructed in 

magnetic field

MC

Muon Energy Distributions
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Optics and Electronics

Extruded scintillator with
 WLS fiber (30K channels)
2.5 mm pos. resol.

LI system
(dead channels, PMT
gain measurement)

Minerva Control RoomDAQ Computer
CROC/VME readout, Total of 12

PMT Box (~ 500) 

Front end board (FEB) with Trip-t 
chips interface the PMTs(~500)

Hamamtsu MA-64 PMTs
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  So what does an event look like in MINERνA… 

ν Events in MINERνA 
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Overview:  MINERνA Scintillator Strips

Inner hexagon of each active MINERνA plane contains 127 scintillator strips:

The strips are made of doped polystyrene 

Wavelength-shifting fibers run through the center of each strip

Strips are aligned in one of three directions for 3D reconstruction:

3.3 cm 

1.7 cm

U
Orientation

X
Orientation

V 
OrientationEvents in MINERvA
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Events in MINERvA

Gabriel N. Perdue - The University of Rochester NuFact 11 - WG248

2.
14

m

5m

X-View

Vertex Activity

Reconstruction: 
Track Matching

• Estimate tracking & matching efficiency by beginning with a 
track in MINOS and looking for a track in MINERνA.

5m

Muon going to Minos 
Near Detector

We can fully reconstruct Muons from charge current 
events. The muon matching begins with a

track in MINOS and looking for a track in MINERνA.

Minos Near Detector

MC

Low activity hits

Cross-talk

Muon

EM shower

The cross-talk was a problem to reconstruct events in MINERvA, 
let me show  you how I studied it.
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Photomultiplier studies
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MINERvA Photomultipliers
The detector contains ~30K channels and in order to build 

a not complicated detector, photomultipliers should be 
small with many pixels(64 anodes). Small region means 
interference between anodes(Cross-talk).

Cross-talk: Ratio of signals on the sum of neighboring 
pixels to flashed pixel signal, when a single pixel is 
flashed with light.

Cross-Talk can be a problem, when we need to reconstruct 
the events.
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Photomultiplier Face

MC

Photon 2GeV
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PMT Cross Talk Calculations

We calculated the PMT cross talk values using two different Test Stands at 
Rutgers and Fermilab in order to check the values after and before the PMT 
Box assembly. The following results come from the Rutgers Test Stand.

• Histo_qdark(entry) = F(qhi.ADC(entry) – qhi.PedestalMean).

• Histo_qflash(entry)=F(qlo.ADC(entry) – qlo.PedestalMean).

• XT(flash->dark)=100*q(dark)/q(flashed)

• F is the FEB calibration to convert ADC to charge.

To perform these 
studies we need to use 
the charge distributions. 
We followed these 
expressions to convert 
from ADC distributions 
to charge distributions 
using Front End Board 
calibrations.

13

 Diffuser 

8 position 
filter wheel

UV LED

WLS Fiber

8x8 pixelsRutgers Test Stand:
6 PMTs illuminated 
at once. One 
“witness” PMT
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PMT Cross Talk

Every entry is the XT calculated 
per pixel flashed, we are only showing 
results from 36 pixels per PMT. 

MINOS XT 4 neigh. 3.8%
MINOS XT 8 neigh. 4.7%

MINERνA XT 4 neigh. 4.8%
MINERνA XT 8 neigh. 5.7%

Front End Board 
contribution to the cross 
talk is about 1%

14
Before

64 pixels xt calculation has been done.
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PMT Cross Talk
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512 entries
470 PMT boxes with 
xtalk<11%

After

10/24/09 PMT Testing Report 3

Cross Talk Test

• Four next-to-corner pixels are 

illuminated.

• Cross talk is measured as

where N is the mean light level 

for the given pixel.

• We require less than 10% cross 

talk on boxes to be installed.

10/24/09 PMT Testing Report 3

10 14

28

51 55

Earlier tests before the LI 

box was implemented 

illuminated one pixel (28).

With the Fermilab Test Stand, we illuminate 4 
pixels in this study, and we require less than 11% 
cross talk on boxes to be installed.

xtalk distribution

Tuesday, January 10, 12



16

PMT Cross Talk
MC

Electron sample

Remove cross-talk

Sample will be clean 
to reconstruction. 
Let’s find showers
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Electromagnetic Shower - Filter
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Electromagnetic Shower Filter
  I started using an event sample with obvious  

shower topologies (no tracks) selected by “hand 
scan”. Then I applied an appropriate energy cut to 
isolate the main core of the shower.

  The shower core was projected into Module and 
Strip histograms, the distributions in these 
histograms had to pass RMS threshold and minimum 
number of entries requirements.

p

e

10 pe cut

No pe cut

Module histogram

This region won't 
pass the selection

30 pe cut

S
tri

p 
hi

st
og
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m
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Shower Filter

  Potential Candidates (e-'s,γ's, π0's).

  Main Candidates (e-'s > 1 GeV, γ's > 1GeV and π0's > 
1.5GeV).

  Efficiency =  #Main Candidates (pass filter) 

  Purity =  #Potential Candidates(pass filter) .

 I took a sample for efficiency studies:
 MC Low Energy mode ( νu and νe ) ~  100K 

events.
 Additional cuts:

 Incoming neutrino energy 1 – 20GeV.
 Vertex Z position inside the Tracker 

Region.
 Transversal vertex position has to be 

inside circular region ( Radius = 800mm ).
TrackerTarget Calorimeter

19

Radius

#Main Candidates.

 #Events(pass filter)
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Shower Filter - Efficiency

Purity is ~88%, most of the remaining 
12% are coming from DIS channel. 

20

Tracker
ECal

We can find electromagnetic showers, but we still need to isolate and reconstruct them 

MC
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Blob reconstruction

*Blob: spatially continuous 
regions of hits

21
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RES-CCπ0

Invariant mass 
reconstruction will be 
key for isolating  this 
kind of neutral pion 
events

Modules

Modules

Motivation

MC

MC

S
trips

S
trips

 I am using vertex position 
given by Muon track to scan 
the γ s coming from π0.

22
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Showers in 
Minerva

23

How MINERvA sees an electromagnetic shower

How MINERvA reconstructs an electromagnetic shower

Not every hit is included in 
the reconstructed object. 
Cross-talk and low activity 
hits are being excluded.
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Blob to contain Photons

Every group (particle) inside the histogram will 
have a  minimum angle and maximum angle

Min angle Max angle

Loop over hits to find those inside the 
“Cone Area”, this method can also 
work with shower gaps.Group 1

Group 2

Group 1

Group 2

Using vertex like reference point, I fill out  a 1D histogram, where every entry is the 
angle between every hit and the vertex, weighted by its charge. Similar to Hough 
Transformation with r = 0.

24

MC

Pi0 sample

Tuesday, January 10, 12



 

Number of blobs - Photon sample

Sample: Photon E 0 -1.5 GeV

The number of blobs for this 
sample should have an average 
equal 1. In some events this 
number is greater than 1 because 
not every secondary particle 
follows shower direction. But this 
contribution is not significant like 
the main object.

MC

25
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Steps to Reconstruct Pi0
Work with events containing 1 muon and 2 

photons in the final state:

1) Muon Reconstruction( Minos match).

2) Photon full kinematic and energy 
reconstruction( EM showers).

3) Find Pi0 in events(Invariant mass trigger) 
using photon reconstruction.

4) Pi0 Energy reconstruction, important for 
Neutrino events analysis. 

26

Done
Currently I am working
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Blob Kinematics Reconstruction

Blob Direction

27

Blob vertex

Event vertex

Blob Vertex:
closest hit position to the event vertex 
given by the muon vertex

Blob Direction:
Slope between event 
vertex and blob vertex
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Blob Vertex Residual 

Events with 1 blob, ID contained  and should have hits in each view

28

MC
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 Photon Slope residual
29

MC
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Energy reconstruction
30

Sub-Detector Constants
α 1.213

KE 2.274
KH 10.55

SubDetector Reconstructed
Energy(MeV)

Tracker 41.36

ECal 36.26

HCal 15.63

Calorimeter # of 
hits

Electromagnetic 20

Hadronic 25

All hits are included to calculate 
calorimetric constants

electron

There are minimum requirements  for 
events when are reconstructed

No well defined 
for low energy

Number of hits
 in Calorimeter is
Required 

Constant for Tracker

k = 
Incoming Energy

Visual Energy
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Reconstructed Energy/True Energy

Using events with 1 blob, ID contained and hits in each view, I am 
using the Mean value to rescale the energy.

31

MC
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z vertex position dependance

Incoming photon energy dependance

Radius

MC

Transversal vertex position dependance
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Photon identification

Radial distance = distance between vertex and cluster position.

Blob profile Energy ratio = Energy Peak/Total Energy Integral.

*Photons Blobs coming from Pi0 should have blob vertex not 
close to event vertex.

Blob profile histogram using 
radial distance and PE weight

P
e’

s

I want to loop just over photon blobs, when an event has 
more than 2 blobs. 

33
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Blob profile energy ratio to Photons

Photon sample, tracker region and energy 0-5GeV

34

 96% events are below 0.6 cut
MC
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Blob profile energy ratio to Neutrons

30% events are below 0.6 cut MC

Neutron sample, tracker region and energy 0-5GeV
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Pi0 reconstruction - Pi0 sample

36
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Important formulas for Pi0 reconstruction
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Neutral Pion Production in MINERvA

J.L. Palomino

Abstract

MINER⌫A is a neutrino-nucleus scattering experiment employing mul-

tiple nuclear targets. The experiment is searching for neutral pion produc-

tion, both in charged current and neutral current, from coherent, resonant

and deep-inelastic processes o↵ these targets. Neutral pions are detected

through the 2 photon decay that then produce electromagnetic showers.

We will describe how we isolate and reconstruct the electromagnetic show-

ers to calculate the invariant mass of the photon pair.

Ereco = ↵(Etracker + kECalEEcal + kHCalEHCal) (1)

p�1 .p�2 = |p�1 ||p�2 |cos✓�� (2)

1

Reconstructed Energy for electromagnetic showers: 

Fig. 1. Invariant mass spectrum of two-photon events as
obtained from a simulation of neutral pion decay in TAPS
spectrometer.

2. !3 identi5cation

The identi"cation of neutral pions is usually
based on the invariant mass analysis of two photo-
ns resulting from !3P"" electromagnetic decay
(branching ratio 98.798% [3]). The observables
needed for the invariant mass analysis are two-
photon energies (E

!!
, E

!"
) and the opening angle

!
!!

between them

m
!!

"!2E
!!

E
!"

(1!cos !"! ). (1)

The shape of the !3 peak in the invariant mass
spectrum re#ects the energy and angular resolu-
tions of the photon spectrometer. In heavy-ion
collisions at intermediate energies, the detection
of photons is now done with BaF

"
scintillation

detectors. Their response to monoenergetic photo-
ns is asymmetric with a longer tail towards low
energies [4,5]. As a consequence, the shape of the
invariant mass distribution of two-photon events is
also asymmetric (cf. Fig. 1). The response of the
BaF

"
-based detectors are very well reproduced

[4}6] in Monte-Carlo simulations of the electro-
magnetic showers with the EGS code installed in
the GEANT code environment [7]. Therefore, the
simulations can be considered very reliable for the
detailed study of response function to particles, like
e.g., monoenergetic neutral pions.

The neutral pion yield is determined from the
number of events above the combinatorial back-
ground of two-photons invariant mass distribution.
This background in heavy-ion collisions at relativ-
istic energies might be very high due to the high
multiplicity of produced photons and electromag-
netically decaying mesons and baryons. The choice
of the invariant mass window for the yield of neu-
tral pions is somehow arbitrary (60}150 MeV [6],
80}160 MeV [8], 90}160 MeV [9], 100}150 MeV
[10], 122}148 MeV [11]). This arbitrality does not
introduce any signi"cant systematical error, as for
the e$ciency calculations the same limits are used
in the invariant mass analysis of simulated particle
decays. However, the selection of the invariant
mass cut might be important, when the events are
to be used for the reconstruction of the neutral pion
kinematics. Obviously, the events having invariant
mass very di!erent from the !3 mass (but still with-
in the accepted range) represent measurements of
poorer quality compared to those close to the !3
mass. The problem of the choice of events for the
reconstruction of the kinematics is discussed in
Section 4.3.

3. Simulation of !3P"" decay

The simulations were done with the GEANT-
based code KANE [12] used for the response func-
tion calculations of the electromagnetic calorimeter
TAPS (Two Arms Photon Spectrometer) [13]. The
TAPS geometry used in the calculations was
the geometry of the experiments performed at the
AGOR cyclotron of KVI Groningen, the Nether-
lands. The 384 BaF

"
hexagonal detectors (12 radi-

ation lengths, 5.9 cm inner diameter) were arranged
in 6 rectangular blocks of 8#8 modules, each.
Blocks were placed in one plane around the target
at a distance of 66 cm. The angles between the
beam direction and the center of blocks were
$76.53, $116.53, $156.53. This con"guration
covered about 20% of the full solid angle. In this
con"guration the "" decay of neutral pions was
simulated for monoenergetic pions. Pion angular
distribution was isotropic in the laboratory. The
calculations were done in 5 MeV energy steps up to
60 MeV pion kinetic energy (roughly the maximum

K. Korzecka, T. Matulewicz / Nuclear Instruments and Methods in Physics Research A 453 (2000) 606}613 607
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through the 2 photon decay that then produce electromagnetic showers.
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ers to calculate the invariant mass of the photon pair.

Ereco = ↵(Etracker + kECalEEcal + kHCalEHCal) (1)
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Opening angle:

!3 energy available in this experiment) and also for
pions of 100 MeV kinetic energy.

4. Reconstruction of !3 kinematics

4.1. The energy scaling method

Both the photon energies from !3P"" decay
and the opening angle used for the evaluation of the
invariant mass (Eq. (1)) are measured with a limited
accuracy. When the accuracy of the angular
measurements is much better compared to the en-
ergy measurements, the reconstruction of the pion
kinematics may be done through appropriate
scaling of photon energies while keeping angular
information "xed [14,15]. This is the case of a
medium energy resolution scintillating segmented
calorimeter placed far away from the target (neutral
pion having c!"25.1 nm [3] decays within the
target). In the paper this method will be called
energy-scaling method.
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with the # sign for the photon of higher energy.
The second part of the above formula originates
from Ref. [14,15]. The form of Eq. (4) explains
why this method of correcting photon energies is
called energy-scaling method. With the rescaled
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4.2. Kinematical xt

The angular resolution depends on the granular-
ity of the detectors and the distance from the target.
In an electromagnetic calorimeter the electromag-
netic shower induced by an energetic photon usu-
ally spreads over several modules, allowing then to
determine the impact point with a precision better
than the size of a single module [6,16]. This pre-
cision is still limited, however, it might in#uence the
procedure of reconstruction of pion kinematics
when the detectors are placed close to the target. In
that case, not only the photon energies have to be
corrected, but also their emission angles, to make
an event compatible with the known meson mass.
It requires changing of more than 2 variables and
therefore has to be realized through a constrained
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momenta are determined by minimizing the
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Pi0 momentum:
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Energy Reconstructed/Energy True
38

MC MC

Energy of Photon 1 > Energy of Photon 2

Photon 1 Photon 2

Neutral Pion
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Pi0 mass calculation on Pi0 sample
39

MC
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40

z vertex position dependance

Incoming photon energy dependance

Transversal vertex position dependance

Pi0 mass dependance
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Pi0 Energy reconstruction

MC

41

Energy (MeV)
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Pi0 reconstruction - Neutrino sample

42

Tuesday, January 10, 12



Event selection from Neutrino sample 

Pi0 events are being selected from exclusive 
events. 

Pi0, neutron and anti-muon must be selected 
from the final state particles.

First attempt is to select 2 blobs + 1 anti-muon.

Reconstructed Muon vertex ( event vertex ) 
should be inside the tracker region.
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Neutrino Energy
44

Pi0 energy distribution. Mean 
value 470MeV. It means 
electromagnetic showers with 
“low energy” 

MC

Neutrino sample
~50% of events contain exactly 2 blobs.
However to reconstruct Pi0 mass, extra 
requirements has to be applied. About 
~23% of events reconstructed after cuts.

Pi0 energy from total exclusive events
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Pi0 mass - first attempt
45

Invariant Mass (MeV)
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Summary
• MINERvA has the capability to study neutral pion production in various 

nuclei for both neutrino and anti-neutrino beam is important to be able 
to measure CP-violations and neutrino oscillation backgrounds.

• Cross-talk studies in photomultipliers are very important for accurate 
event reconstruction.  My studies are now used by the MINERvA 
experiment to address this. 

• Shower filter has a high efficiency for neutrino events(1-20 GeV 
region). 

• The algorithm to isolate, reconstruct and identify electromagnetic 
showers is working good enough for neutral pion identification. 

• The reconstruction of Neutral pions is acceptable to estimate their 
invariant mass, direction and energy, I have made considerable 
progress for MINERvA in this direction.
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Backup Slides
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MINERvA Data Collection 48

• MINERνA has been running with high efficiency and collected data in 
both the neutrino and antineutrino (LE) mode 

• Less than 100 dead channels out of 32k channels
“special runs” in 
differing beam 
configurations to 
help with flux 
uncertainties
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PMT Dark Noise Avg = 41.52 Hz
Methodology (abbreviated)
•Fit pedestal peak with Gaussian
•Measure rate of counts above 
pedestal +3.75 σ, for every pixel
•If rate is > 42Hz at 950V: need 
double check.

In this PMT:

 the noise rate Avg = 76 Hz

Covering the border this problem 
goes away

The red Pixels 
have more than
 100Hz noise 
rate

Normal Pixel

Noisy Pixel

Light leak pixel
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PMT Relative Gains

Gain measured by,high 
PE Poisson statistics.
Left area and upper edge 
have low gains. 
Very similar with the 
Hamamatsu Relative 
Gains.

Average 
over 200 
PMTs
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Cross-talk: measurement
51

  

Cross-talk: measurement
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Correlation between muon and bench 
measurements of total cross-talk fraction.
From March 2010 (could use an update).Correlation between muon and bench measurements of total cross-talk fraction.
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EM showers
  Particle multiplication driven by 

bremsstrahlung(e- and e+) and pair 
production(γ).

  Ionization process is the most basic 
mechanism to deposit energy.

Lead Ec = 7.2MeVScintillator, Ec = 97.8MeV

e- 1GeVe- 1GeV

MC e- 5GeV - X view 

 Particle multiplication is dominant  
when Ec(Z high) is lower than 

shower energy. 
 There can be gaps when there are 
non energetic showers and high Ec.

Modules

Critical energy (Ec)

S
trips
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Shower Purity
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Reco Energy/True Energy

Using Cesar S. constants and events with 1 blob

Dangerous
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Slope residual - Photons(Pi0) 
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MC

MC
Slope is calculate using event vertex 
and blob(photon) vertex
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vtx_z + 10mm

vtx_z - 10mm
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MC

MC

Tuesday, January 10, 12



vtx_z + 100mm

vtx_z - 100mm

57

Tuesday, January 10, 12



Pi0 Energy reconstruction

MC
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MeV
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