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Motivation from Neutrino
Oscillation Physics
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Neutrino Oscillations

*Neutrino oscillations: Process by which neutrinos created in one flavor
(e, W, T) are later measured to be another flavor

*Arise because neutrinos have mass:
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*Conclusive experimental discovery in 1998 provided a
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The Challenge of Neutrino Oscillations

*With neutrino mass comes many questions:

*What are the three mixing angles?
*Is 8,5 maximal?

*What are the values of the neutrino masses (m;, m,, m,)?
*We only know the mass-squared differences, and the
ordering of one pair

*What is the size of leptonic CP violation?

*How do we put neutrinos into the standard model?
*Are they Majorana or Dirac particles?
*Why are neutrinos so much less massive than other
particles?
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Long Baseline Oscillation Experiments

*Can measure the mixing angles, mass-squared differences, mass
hierarchy, and CP violation with long baseline experiments

*Ingredients:
*Intense neutrino beam
*MASSIVE detector FAR away from the beam source
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Long Baseline Oscillation Experiments

*Measure the observed energy spectrum for a neutrino flavor at
the far detector. Make a ratio with the expected spectrum

*Fit the ratio to the 600 V Neutrino beam =
neutrino oscillation probability - H 10.71x 107 POT -
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MINOS far detector neutrino energy spectrum:
http://www-numi.fnal.gov/Publicinfo/plots/MINOS2013/minos2013_beam_atmos_spectra.png
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Neutrino Energy Measurement

*Most experiments measure the neutrino energy by looking for charged

current neutrino interactions sin* 2t 3=
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Phys. Rev. D 88, 032002 (2013

*Measure the muon energy and do one of: i (2013)
*Measure the hadronic recoil energy calorimetrically (MINOS)

*Restrict to a two body final state and use the muon kinematics (T2K)

*But then systematics are evaluated...
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The Influence of Nuclear Physics

sListen to our friend Boromir! ONE DOES NOT

*Nuclear processes affect the final state content,
and this needs to be modeled to correctly
reconstruct the neutrino energy

*Need to understand nuclear physics to do
neutrino physics!

U SUTRINO-NUCLEON
| ACTIONS INCQHERENTLY

If the current knowledge of neutrino-nucleus interactions does
not improve, future experiments like LBNE will have a difficult
time meeting their physics goals!

(and I'm really looking forward to that CP violation measurement!)
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Nuclear Physics
Overview
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Modification of Initial Interaction

*Nuclear medium modifies the initial neutrino interaction
*Binding energy: lower effective nucleon mass
*Fermi motion: nucleons are not at rest
*Q? dependence: interact with one nucleon or multiple nucleons?
*Meson exchange currents: eject a correlated pair of nucleons
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Final State Interactions

*Particles can interact with nucleons before exiting the nucleus:
Final State Interactions (FSl)

*Example:
*Proton knocks out a neutron

*Pion is absorbed (~25% of the time!)
Simulated T2K v, disappearance

Lalakulich et al: arxiv 1208.3678v2

SLAC EPP Seminar Brandon Eberly, University of Pittsburgh



Final State Interaction Models

*Theoretical calculations are very difficult
*Quantum mechanical models are basically impossible

*Neutrino oscillation experiments use neutrino event generators (computer
simulations) to understand neutrino-nucleus interactions

*Need to be fast — produce millions of events

*Simulate an intra-nuclear cascade with tree-level cross sections

*Theorists can adopt more sophisticated, but still semi-classical approaches

*Example: GiBUU FSI - solve the Boltzmann-Uehling-Uhlenbeck (BUU)
equation
*Coupled integro-differential equations — not good for event generators
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Recent Discrepancies

*The MiniBooNE experiment recently published a suite of cross sections
for neutrino charged current charged single pion production on mineral oil:
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Final State Interactions Summary

*Neutrino oscillation experiments need to understand final state
interaction strength

*The shape and normalization of the pion energy differential cross section
are powerful indicators of FSI strength

*MiniBooNE provides a suite of neutrino pion production cross section
measurements, but the data is puzzling

*We need more neutrino pion production
measurements to solve the puzzle!
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The NuMI Beam and
MINERVA Detector
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NuMI Beam Line

*120 GeV/c protons on C target
*Beam power: 300-350 kW (before NOVA upgrades)
*Magnetic horns can focus + or — particles -> neutrino or antineutrino beam

*Target can be moved relative to the horn to tune beam energy

Muon Monitors

Figure courtesy Z.. PavloviC

) Absorber
Decay Pipe

10 m 0mM . ~ Hadron
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NuMI Flux Measurement

*Flux measurements are hard! NuMi Low Energy Beam

hadron prociuctic;n
100 k corrected flux

*MINERVA flux:
» 7.5% statistical, 2-10% systematic
uncertainties

*MINERVA has a rich suite of
measurements planned to improve
flux estimate

flux (neutrinos / m* / GeV / 106P0T)

o 2 4 B 8§ 10 12 14 16 18 20
neutrino energy (GeV)

The analysis presented in this
talk is insensitive to the flux!
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Steel Shield
Scintillator Veto Wall

MINERVA Detector

*Fine-grained scintillator tracker surrounded by calorimeters
*Nuclear target region contains targets ranging from He to Pb
*MINQOS near detector is the muon spectrometer (magnetized)

1

Elevation View
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MINERVA Detector

Front view of 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)

x10' |__Track Node Residual |
=, globalResid
430 y Entries 8341357
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3 different rotated plane views to
resolve high-multiplicity events
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Detector Calibration

* Gains of ~¥32000 photomultiplier tube (PMT)
measured daily to within ~5% with in situ

calibration data

*Muon calibration sample used to remove

remaining channel-to
absolute energy scale

-channel differences and set

*2% systematic error!
*Cross check with Michels — agree within 3%

*Electronic timing resolution: 3 ns
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Detector Calorimetry

= P -
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Pion and Event
Reconstruction
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A Day in the Life of a MINERVA Pion

*Want to leverage the scintillator tracker — find pion tracks

*Pions are not always cooperative!
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A Day in the Life of a MINERVA Pion

*Want to leverage the scintillator tracker — find pion tracks

*Pions are not always cooperative!

*They can scatter approximately elastically — %F 100
and this can happen close to the interaction vertex!
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A Day in the Life of a MINERVA Pion

*Want to leverage the scintillator tracker — find pion tracks

*Pions are not always cooperative!

*They can charge exchange
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A Day in the Life of a MINERVA Pion

*Want to leverage the scintillator tracker — find pion tracks
*Pions are not always cooperative!

*They can interact quickly without any hope of being tracked or good
calorimetric reconstruction (20% of the time!)

X-view

264 MeV ntt travels as far as a “60 MeV nt*
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A Day in the Life of a MINERVA Pion

*Want to leverage the scintillator tracker — find pion tracks
*Pions are not always cooperative!

*And every so often, one will be nice and stop without a secondary interaction

Simulated pion-muon event X-view
85 MeV backwards nt
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Event Reconstruction

*First search for a long, muon-like track. .. 10 —>
5 0 ,:-"‘l
_ _ _ . é 08t « | ~MINOS
*Use it to predict the interaction vertex 07E = Accepted
. 0.6 -
location .
04 m
. . 0.
*Employ a “cleaning” algorithm that removes 0oE"
overlapped hadronic energy from the muon 0.1
I T
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Event Reconstruction

v, CHop " X
141 U= MINERVA Preliminary
*Next, look for additional tracks at the S g Themsns Tavrds -5
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075 = *
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Event Reconstruction

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

*Overlap is handled correctly in the X view U

*The pion appears “straight” in the
U view and track is divided correctly

L X MC»]ivemt

i -
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Event Reconstruction

*High multiplicity events are hard, but MINERVA has the
reconstruction to handle quite a few of them:

*Keys:
*Conservative line pattern recognition
*|terative vertex-anchored tracking procedure
*Proper energy “cleaning” at the vertex
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MINERVA Charged Current
Charged Pion Analysis

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

SLAC EPP Seminar Brandon Eberly, University of Pittsburgh



Signal Definition

v, (E,p,) w(E8,)

v,T 2 umXT

*T is a nucleus in the tracker
*T’ is the recoil nucleus IW* (q) " (E8,)

*X includes any particles }
except charged pions

QZ = _q2 ”,z

*Other Requirements: W2 =-Q2 + m, 2+ 2m (E-E) <-="
Invariant hadronic mass (W) is less than 1.4 GeV
*1.5GeV<E, <10 GeV

*Motivation: Choose a MiniBooNE-like pion signal
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Event Selection

First, select charged current events:

*Look for a MINERVA track that is matched to a track in MINOS
*Require that the reconstructed charge is negative

*Employ data quality cut to remove “rock muon” background

; MINERVA
J" ¢ [ mINOs
< b > ~Lg._ ...... 1
0 \

| [ [ [ [ [ [ [ I
-60 -50 -40 -30 -20 -10 O 10 20 30 40 50
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Event Selection

Limit the size of the hadronic recoil and neutrino energy (MiniBooNE-like):

*Reconstruct hadronic recoil energy (E,;) calorimetrically
*Sum non-muon energy, weighted by passive material constants
*Apply additional scale, derived from MC, to tune to true E,

%10° v, Tracker — u” 1" X (W < 1.4 GeV)
_ ‘:IQ E MIrhéngﬂﬁmF;c?;éc In-Progress —¢—D_ata
E, =k, + By > a5 B H
2 — _ _ 2 O® _f M NotCCy,
Q= 2E,(E -p,cos6,)—m, o 300 LA
W 2 — 2 2 2 E __c__ 25,,_' Egg‘cfiﬁu“m
exp =-Q tm =+ Zmgky o 0 CC RES v,
D 20; [ | Other
© i
. o ]
Require: T 1o
E, <10 GeV S 10 ,
W, < 1.5 GeV -

00 05 115 2 25 3 35 4 45 5

W,,, (GeVic?)

SLAC EPP Seminar Brandon Eberly, University of Pittsburgh



Event Selection

Find pion candidates:

*Require one or two hadron track candidates

x10°

v, Tracker — p" 1n* X (W < 1.4 GeV)

-
o
o

| MINERVA Work In -Progress
Area Normalized

2.94e+20 POT

Candidates
3

B
o

()]
(=]
L B B I I
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Event Selection

Select a pion (Particle ID):
*Fit the energy loss profile of each hadron track to proton and pion
hypotheses

*Find the best momentum for each hypothesis — this is the

reconstructed momentum qgp Ve Tracker 1 X (W<1.4.GeV)
E 3 ﬂfNERNVA Wclarkd In-Progress —4— Data
. (o] rea Normalize Bl Stopping ©*
*Use an outlier removal procedure S sl e B intracting
. [ Stopping Proton
to remove vertex energy o B iteracing Protor
contamination from the fit o 2 B Other
/)]
9
*Construct a score from the x? of 5
the best pion and proton fits "é
1)
o
*Require particle containment

00 0.10203040506070809 1

Pion Range Score
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Event Selection

More Particle ID: (10> VaTracker - 1= X (W < 1.4 GeV)
g B ﬂfNERNVA W?rkd In-Progress —4— Data _
. - B o
*Select pions that stop and decay 2 o B Stopping Proton
. . — I Interacting Proton
in the detector by looking for a 5 ! 1

Michel electron

T U,

+ ., =
1 —evy,

15 2 25 3 35 4
Michel Views

0 05 1

*Efforts to understand selection

efficiency and data-MC disagreements Do not allow more than one track

are ongoing that meets the Particle ID criteria
-Final selection yields ~4000 pion
candidates, ~94% pion purity
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Reconstructed Pion Energy and Angle

MC error bars include GENIE and flux shape systematic errors
Data errors are statistical only

1 03 v, Tracker — p" 1n* X (W < 1.4 GeV) %1 03 v, Tracker — p" In* X (W < 1.4 GeV)
E 1.2f- "Area Normatzed o Rt §’ 18] MNERA Rork Tn-Progress Rt
B 2.94e+20 POT Monte Carlo - 2.94e+20 POT onte Carlo
g\l) B MC Background ‘I.l_') 1.6 :_ MC Background
s 1 14 +
; 0.8 = 1.2:
Q I =R | =
® 0.6k T r
=B S 0.8
© 5 C
2 0.4 O oef
o . 2: 0.4F -
0\\\\ \\\\w‘\ FRRVTRN R RRERRRRR 0;\\\ N A oo =
0.1 0.15 0.2 0.25 0.3 0 20 40 60 80 100 120 140 160

Reconstructed n* Kinetic Energy (GeV) Reconstructed n* Angle wrt Beam (deg)
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Background Summaries

Largest background: Large invariant hadronic mass (W > 1.4 GeV) ~20% of sample
PID backgrounds: Protons and other particles mis-ID as pion ~ 3.5% of sample

All other backgrounds combined ~2.5% of sample

v, Tracker — p” 1n* X (W < 1.4 GeV) Background Prediction v, Tracker — p” 1n* X (W < 1.4 GeV) Background Prediction
> ” MINERVA Work In-Progress  [17]Other Particle 8’450 - MINERVA Work In-Progress [ Other Particle
Q 300 — Area Normalized e o] - Area Normalized I
O] C 2.94e+20 POT C 2.94e+20 POT
P C [ | Proton o) 400F [ Proton

B [ GC v, Multint -— - [ CC v, Multi *

3250? -EV>:OGeV - 350 -EV>:DGeV
o B B W,..> 1.4 GeV 7] = B W,,, > 1.4 GeV
< 200F [ Not CCv, 9 300 [ Not CC v,
7)) - [ Outside F.V. _tg 250 E [ Outside F.v.
D L = —
® 150F T,
o = € 200
5 g
£ 100 1501
) B

100
50

(&)
o

001 0415 02 025 03 % 20 40 60 80 100 120 140 160

Reconstructed n* Kinetic Energy (GeV) Reconstructed n* Angle wrt Beam (deg)
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Background Subtraction

*Construct the reconstructed hadronic invariant mass (W) distribution with all cuts
applied except the invariant mass cut

*Use the MC to create signal and

%10° Before Fit
baCkground templates NQ | MINERVA Work In-Progress—4— Data
“S 18:_ Area Normalized I Signal
i - 2.94e+20 POT [ BGf W, < 1.7 GeV
*Hold template shapes constantand O 16, 4 B0 W= 1706
. . A nh
fit the data for the relative s 4 r>  |Fit <o
normalizations of the templates PR
g )
S 08} !
xe) i :
O o4 |
0.2 !
ol 1

A SR .
1.5 2 25 3 35 4 45 5
W,,, (GeV/c?)
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Background Subtraction

*Apply the new background scales to ~ 1_6><12:Em Woiftf_zriltess+nt
the MC background prediction and SR B So ... <17 GoV
o 141 = BG: W, > 1.7 GeV
subtract from data O ol
o I
New Background Scales: @ L3
W < 1.7 GeV: 0.981 +/- 0.055 (stat) E 0.8
W > 1.7 GeV: 1.47 +/- 0.05 (stat) T 0.6
® a4k
O 0.4:
*The signal scale is only used for 0.2
crosschecks 0

PSS
0 05 1 15 2 25 3 35 4 45 5

2
*Template shape systematics evaluated by varying Wexp (GeVic)

GENIE parameters within errors

*Still to be done: Do the fit in bins of pion KE and
angle to adjust the prediction of the MC background
shape
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Background Subtracted Distributions

Signal v, Tracker — p’ 1= X (W< 1.4 GeV) Signal v, Tracker — p” 1n* X (W < 1.4 GeV)
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Background Subtracted Distributions

1 03 Signal v, Tracker — p” 1n* X (W < 1.4 GeV) Signal v, Tracker — p” 1n* X (W < 1.4 GeV)
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Unfolding

*Unfolding removes detector resolution effects:
*transform to “true” variables

*Use an iterative Bayesian procedure: 4 iterations

Migration Matrix: v, Tracker — 1= X (W < 1.4 GeV)

«10° v, Tracker — p" In* X (W < 1.4 GeV) 0 8 —
ﬂ - MINERVA Preliminary .E 70 8
= 1.2~ o) 7
> | ® 60.S
e - 2 6 2
© B - (o)
s | - 50 2
'_é 0.8j —
< | 4 40 ©
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- o]
i 3 305
0.4 o
- 2 20 L
0.2F
[ 1 10
PR AU ST A TR N T T T T WA NN ST ST S
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Reco Bins
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Unfolded Distributions

Signal v, Tracker — p’ 1= X (W< 1.4 GeV) Signal v, Tracker — p’ 1t X (W< 1.4 GeV)
> B v or. n-rProgress > - v or. n-rrogress
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Unfolded Distributions
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Efficiency Correction

Error bars include flux and GENIE systematics
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Efficiency-Corrected Distributions

No FSI MC errors include GENIE and flux shape systematics
— correlated with full MC errors
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Efficiency-Corrected Distributions

No FSI MC errors include GENIE and flux shape systematics
— correlated with full MC errors
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Conclusions and Outlook

*Current and future neutrino oscillation experiments need to better
understand FSI and other nuclear effects

*MINERVA will contribute to understanding FSI through the kinematic
distributions in the charged current single pion production analysis

* 4000 pion candidates, very high purity

eLargest remaining tasks: evaluating pion secondary interaction and
Michel systematics

*Ongoing discussions with nuclear theorists will be helpful for interpreting
our results

*Look for a final result in early 2014!
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Thank you!
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Back Ups
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CP Violation

*CP violation measurement requires that we understand the difference
between neutrinos and antineutrinos
*Ratio understood to within ~40%
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Final State Interaction Models

*Neutrino oscillation experiments use neutrino event generators (Monte
Carlo) to understand neutrino-nucleus interactions
*Most current and future experiments use GENIE

*GENIE has two FSI models:
*hA — use Fe reaction cross section data, isospin symmetry, and A%/3
scaling to predict FSI reaction rates
*Generate individual particle energy and angular distributions using
data templates or sample from allowed phase space
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Final State Interaction Models

*Neutrino oscillation experiments use neutrino event generators (Monte
Carlo) to understand neutrino-nucleus interactions

*Most current and future experiments use GENIE

*GENIE has two FSI models:

*hN — step final state particles through the nucleus and simulate full
particle cascade using angular distributions as a function of energy
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Final State Interaction Models

*Theoretical calculations are very difficult
*Quantum mechanical models are basically impossible

*Theorists use semi-classical models instead
*GiBUU, a sophisticated theoretical calculator, is one example

*GiBUU FSI: solve the Boltzmann-Uehling-Uhlenbeck (BUU) equation
*Describes the evolution of the phase space density for each particle
through a nuclear mean field potential

*Equations are coupled through the mean field and through contact
terms — elastic and inelastic interactions, decays

*Solving these equations is computation-intensive — not a good event
generator!
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Example of GiBUU Predictions
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NuMI Flux Measurement

f(x_, p,) for n* using FTFP_BERT

*Flux measurements are hard! 10°gsg
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Future of NuMI Flux Measurement

*Future flux measurements will be improved by multi-pronged attack:
*Data with different horn current and target position configurations
*New NA61 hadron production data

*Possible an in situ measurement with muon monitors

Meanwhile, MINERVA is focusing on
measurements that are insensitive to flux!
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Photomultiplier Tube Calibration

* Gains of ~¥32000 photomultiplier tube (PMT) § B
measured daily to within ~5% with in situ 2 10F
calibration data s I
1ﬂ2§—
*Method validated with an independent single 1{1;—
photon fitting procedure -
& @{m 500 500800 '{duh'iz'uwﬂn 0
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A Day in the Life of a MINERVA Pion

*Want to leverage the scintillator tracker — find pion tracks

*Pions are not always cooperative!

*They can shower or
be absorbed
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Simulated pion-muon event
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GENIE Uncertainties

Cross Section Model Uncertainties

Uncertainty 1o
M, (Elastic Scattering) + 25%
Eta (Elastic scattering) + 30%
M (CCOE Scattering) 1255
-15%
CCQE Normalization +20%
-15%
CCQE Vector Form factor model onfoff
CC Resonance Normalization + M
Mz (Besonance Production) + 0%
My (Resonance Production) + 10%
1pi production from vp/ Vi non- + 50%
resonant interactions
1pi production from va /v p nan- + 50%
resonant interactions
2pi production from v/ Vi non- + 50%
resonant interactions
2pi production from vn /¥ p non- + 50%
resonant interactions
Modfiy Fauli blocking (GCQE) at low Q° + I0%

{change PB momentum threshold)

SLAC EPP Seminar

References: (1) www genie-mc org, (2) arXiv.0806 2119, (3) D. Bhattacharya, Ph. D Thesis (U.

Pittsburgh) 2009.

*Intranuclear Rescattering Uncertainties

branching ratio to photon

Uncertainty 1a
Pion mean free path + %
Mucleon mean free path + 20%
Pion fates — absorption + 30%
Pion fales — charge + 50%
exchange
Pion Tates — Elastic + 10%:
Pion fates — Inelastic + 40%
Pion fales — pion + X%
production
Mucleon fates — charge + 0%
exchange
Mucleon fates — Elastic + 3%
Mucleon fates — Inelastic + 40
Mucleon fates — absorption + %
Mucleon fates — pion + 0%
production
AGEY hadronization model + M
— xF distribution
Delta decay angular Ondoff
distribution
Resonance decay + 50%
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Pion Angle Unfolding
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Efficiency-Corrected Ratios
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