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The study of ν-oscillations have renewed interest in ν-nucleus interactions. At

energy of O(1 GeV), nuclear effects play an important role. The MicroBooNE ex-

periment is an effort to exploit the advantages of Liquid Argon (LAr) detectors for

measurements of ν-interactions, with a goal to address the excess of events at low

energies observed by MiniBooNE [1].

We propose to extract ν-neutron quasi-elastic cross-sections and improve the un-

derstanding of nuclear physics impact on ν-nucleus measurements, from the analysis

of charge current ν-scattering events with one or two protons and no pions in the

final state. This will be accomplished by formulating an algorithm for proton recon-

struction at LAr detectors, followed by analysis of the cosmic and neutrino induced

MicroBooNE data, with one and two protons tracks.

I. INTRODUCTION

A. Neutrino oscillations

In the Standard Model neutrinos are neutral, massless fermions. They only interact with other

particles via weak interactions, which are described by the charged- and the neutral- current inter-

action Lagrangians, dominated by the SU(2)L gauge coupling constant.

If neutrinos have non-zero masses, the left handed components ναL of the neutrino fields with

definite flavor (α = ν/µ/τ) can be a superposition of the left handed components νiL of the neutrino

fields with definite mass (mi=1,2,3). Assuming 3 massive neutrinos, the neutrino mixing matrix can

be expressed in terms of three mixing angles θ12,θ23, θ13, and one Dirac-type CP phase δ:

U =


c12c13 s12c13 s13e

−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13

 , (1)

where cij/sij = cos(θij)/ sin(θij). Denoting ∆m2
ij = m2

i −m2
j , one can write the να → νβ oscillation
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probability in vacuum for a neutrino of energy E along a baseline L, by:

P (νe → νµ) = s2
23 sin2(2θ13) sin

(
∆m2

23L

4E

)
+ c2

23 sin2(2θ12) sin
(

∆m2
12L

4E

)
− PCP ,

P (νe → ντ ) = c2
23 sin2(2θ13) sin

(
∆m2

23L

4E

)
+ s2

23 sin2(2θ12) sin
(

∆m2
12L

4E

)
+ PCP ,

P (νµ → ντ ) = c4
13 sin2(2θ23) sin

(
∆m2

23L

4E

)
− s2

23c
2
23 sin2(2θ12) sin

(
∆m2

12L

4E

)
− PCP ,

(2)

where

PCP = sin(2θ12) sin(2θ23) sin(2θ13)c13 sin(δ) sin

(
∆m2

12L

4E

)
sin2

(
∆m2

31L

4E

)
. (3)

The evolution of neutrinos in medium is complicated by the fact that the medium properties

can change along the neutrino trajectory, thus giving a non-constant Hamiltonian. The consequent

effective oscillation probabilities are beyond the scope of this work, and may be found in e.g. [2].

B. Neutrino oscillations measurements

The parameters describing the ν-oscillations, the mixing angles θij and phase δ, can be ob-

tained from studies of solar and atmospheric neutrinos, reactor antineutrinos, and experiments

with neutrino and antineutrino accelerator beams. The experiments sensitive to ν-oscillations can

be classified as searches for disappearance patterns (a measurement of reduced flux of neutrinos hav-

ing the same flavor as that at the source) and appearance ones (looking for neutrinos of different

flavor with respect to those emitted by the source). These ν experiments make use of radiochemical

methods, Čerenkov detectors (water and heavy water), and liquid and plastic scintillators; In some

detectors, streamer chambers and time projection chambers are also used, in addition to nuclear

emulsions.

1. Neutrino detectors

The successful series of solar, atmospheric, reactor and accelerator experiments which established

the standard three-flavor neutrino oscillation paradigm involved sophisticated detectors based on a

plurality of methods.

The principle of the radiochemical technique is very elegant: the detection medium is a material

which, upon absorption of a neutrino, is converted into a radioactive element whose decay is after-

wards revealed and counted. For example, the GALLEX experiment [5], used a 71Ga solution as a

target for inverse β-interactions, counting the produced 71Ge.

Čerenkov radiation is produced by a charged particle if its velocity is greater than the speed of

light in medium. The SNO experiment [6], for example, located underground in the Inco mine at

Sudbury (Canada), employed heavy water both as the target medium for the neutrinos interaction
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and as the light generating material. The use of heavy water enabled to specifically measure the

electron neutrino component of the solar neutrino, while keeping sensitivity to solar neutrino flux

of all flavor, and thus discern if neutrinos, generated only as electron neutrinos in the core of the

Sun, undergo flavor conversion during the Sun-Earth path.

Scintillation detectors have a long tradition in the area of neutrino physics. Because of its

intrinsic high luminosity (compared to Čerenkov technique) the liquid scintillation technology is

extremely suitable for massive calorimetric low energy spectroscopy. However, the isotropic nature

of the scintillation light does not allow inferring the direction of the incoming particles, and to

reduce background as done with the Čerenkov experiments. Variations between different scintillator

based neutrino detectors include the type of liquid scintillator, and the material used for the liquid

container. An example of such a detector is Borexino [7], in which antineutrinos are detected using

the ν̄e + p→ e+ + n reaction. Following this interaction, a prompt signal is observed, due to the

decelerating positron annihilation to produce two 511 keV γ rays. The neutron thermalizes and is

captured by a free proton, generating a typical delayed 2.2 MeV γ signal. The tight time coincidence

between these signals ensures a powerful identification of of a true antineutrino events.

some neutrino experiments utilize integrated techniques. One example is the MINOS experiment,

which exploits two detectors to register the neutrino interactions, comparing between event rates,

energies and topologies at these detectors. The near detector at Fermilab, is located about 1 km

from the primary proton beam target. The far detector is located 735 km downstream in Soudan.

Both the near and far MINOS detectors are steel-scintillator sampling calorimeters, that allow for

tracking, energy and topology measurement. Such a multiple capability is obtained by alternate

active planes of plastic scintillator strips and inactive 2.54 cm thick magnetized steel plates [8].

2. Neutrino sources

The Sun is an important source of neutrinos, due to the nuclear reactions in its core1, resulting

a flux of νe arriving to the Earth surface. The interpretation of solar neutrino (νe) experiments

requires a detailed knowledge of the neutrino spectrum which is based on the standard solar model

[3] (see fig. 1).

The atmospheric neutrinos are produced by cosmic rays, which collide with the earth atmosphere.

In these collisions, triggered mostly by the cosmic protons2, pions and kaons (at a much smaller rate)

are produced [4]. The neutrinos are generated in their decays: π+ → µ+ + νµ, µ
+ → e+ + ν̄µ + νe,

1 Hydrogen burning in the Sun proceeding through the pp and the CNO chains.
2 and 5% of He and some minor contributions of heavier nuclei
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FIG. 1: The solar neutrino spectrum, as predicted by the standard solar model calculation of [3].

and similarly for π−. The atmospheric neutrino flux at energies up to 1 GeV can be evaluated with

an uncertainty of about 15%, and at 1-10 GeV to about 10% [2].

Nuclear reactors are sources of electron antineutrinos. These antineutrinos are released in the

fission of the main isotopes used as the fuel in the reactor cores. The reactor antineutrino flux and

energy distribution evaluation takes into account different reactor characteristics, and the reactor-

detector distance. A typical mean energy of reactor antineutrinos, which can be detected by the

inverse β-decay reaction, are about 4 MeV.

Supernova explosions are sources of neutrinos and antineutrinos of all flavors. However, Super-

nova studies are limited by the large uncertainties of the astrophysical Supernova models.

Finally, neutrinos and antineutrinos of various energies can be produced by accelerators. At

CERN, KEK, Los Alamos Neutron Science Center, and FNAL, neutrino and antineutrino beams

are produced for short and long baseline experiments.

3. Neutrino study results

The first experimental evidence for the existence of the neutrino oscillation phenomenon has

been provided by, Kamikande, Super-Kamiokande, and SNO, three Čerenkov experiments set for

studying atmospheric and solar neutrinos. The Super-Kamiokande results, have demonstrated for

the first time the existence of an oscillation phenomenon in atmospheric neutrinos flux, see fig. 2.
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The most powerful tool to extract information on neutrino oscillation parameters is a global

analysis, in which all experimental neutrino data are fitted simultaneously in the context of three

neutrino oscillations. An example of such best fitted oscillation parameters are given in table I,

taken from [20].

FIG. 2: The events rate as a function of L/E, L representing the distance between the neutrinos source and

detector, and E their energy, for the Super-Kamiokande data. The solid line is the result of Monte-Carlo

simulation without oscillations.

TABLE I: Neutrino oscillation parameters for standard mass hierarchy, from the global fit of [20] (obtained

by assuming the recent reactor fluxes calculated by Huber et al. [10] and leaving out the RSBL data. see

[20] for details. ).

parameter best fit

θ12 33.87+0.82
−0.80 deg.

θ23 40.1+2.1
−1.6 deg.

θ13 9.2+0.41
−0.45 deg.

δ 298+59
−145 deg.

∆m2
21 7.51+0.21

−0.15 × 10−5 eV2

∆m2
31 2.489+0.055

−0.051 × 10−3 eV2
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4. The importance of nuclear physics to the analysis of neutrino interaction measurements

The study of oscillations, and the extraction of neutrino high-accuracy mixing angles, CP phases,

and mass differences, are one of the main driving forces of the current experimental high-energy

physics. ν-oscillation experiments aim towards a high-precision extraction of these parameters,

requires an improved understanding of the ν-interaction with the detector materials. In the energy

range most relevant for oscillation studies (Eν ∼ 0.3 to 3 GeV), the dominant neutrino interaction

is via Quasi-Elastic (QE) neutrino-nucleon scattering in nuclei. This process depends mainly on

the nucleon’s electromagnetic and axial Form-Factors (FF). While nucleon’s electromagnetic FFs

are extracted independently from lepton scattering measurements, its axial FF can be extract from

ν-nucleus scattering, where it is parameterized to be a function of the nucleon axial-mass (MA), or

from measurements of near threshold electro-production of pions.

The description of ν-nuclear scattering is based on modeling the nucleons in the nucleus. QE

scattering has been the subject of many studies over the past 40 years. In the simplest and most com-

mon used scenario, the so-called impulse-approximation approach, ν-nucleus scattering is treated

as the incoherent sum of scattering from free moving nucleons. In reality, the bound nucleons are

not independent tree particles, and more complex nuclear dynamics are involved.

Even the selection of Charge-Current (CC) QE events requires Nuclear Physics (NP) consider-

ations. The fundamental process to be measured, νµn→ µ−p for neutrons in nuclei is based on

what is visible in the detector after intranuclear processes. For example, the identification of QE

interactions events can be evaluated by multi nucleon knockout and nucleon rescattering, which

both increase the number of nucleons emitted and lower their energies. Non-QE interactions can

also enter into the sample by mimicking the QE signature.

To estimate the impact of such NP effects, experiments use some type of Relativistic Fermi Gas

(RFG) model (widely used in the MonteCarlo codes, and in particular in the GENIE codes used

by MicroBooNE), and intranuclear rescattering simulations to assess Final State Interactions (FSI)

effects.

In the impulse approximation3, the doubly-differential cross section, in which a neutrino car-

rying initial four-momentum k = (Eν ,k) scatters off a nuclear target, producing a muon of four-

momentum k′ = (Eµ,k’) can be written in Born approximation [11] by:

d2σ

dΩdEµ
=

∫
d3pdE

[
P (p, E)

G2
FV

2
ud

32π2

|k’|
|k|

1

4EpEp+q

]
LµνW

µν ,

3 The impulse approximation is based on the assumptions that at large enough momentum transfer q, the target

nucleus is seen by the probe as a collection of individual nucleons, and that the particles produced at the interaction

vertex and the recoiling (A-1)-nucleon system evolve independently.
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where GF is the Fermi constant, and Vud is the CKM matrix element coupling u and d quarks. The

leptonic tensor is completely determined by lepton kinematics, and can be written in the form

Lµν =
(
k′µkν + k′νkµ − gµν(k · k′)− iεµναβk′βkα

)
.

The nuclear tensor W µν describes the response of the target nucleus and contains the strong inter-

actions dynamics, including the initial and final hadronic states, as well as the nuclear electroweak

current operator.

In the RFG model [12], the simplest form of the spectral function is provided by:

PRFG(p, E) =

(
6π2A

p3
F

)
θ(pF − |p|)δ(Ep − EB + E)

where pF ' 225 MeV [13] is the Fermi momentum and EB the average binding energy, two adjustable

parameters that reproduce the experimental data.

The RFG successfully predicts nucleonic features at low momenta (below pF ), but fails at higher

momentum range. Competing models for ν-nucleus interactions, based on different nuclear dynam-

ics, dramatically affect the extraction of the ν-oscillation parameters, as described below.

a. The axial mass: The Q2-dependence of the nucleon axial form factor, whose value at Q2 = 0

can be extracted from neutron β-decay measurements, is generally assumed to be of dipole form and

parametrized in terms of the axial mass (FA(Q2) = gA/(1 +Q2/M2
A)2). The world average of the

measured values of the axial mass, mainly obtained from low statistics experiments on 2H targets,

is MA = 1.03(2) GeV [14]. The analyses performed by the K2K [15] and MiniBooNE [16] using 16O

and 12C targets, respectively, yield MA = 1.2− 1.35 GeV. Several authors have suggested that the

large value of MA reported by MiniBoonNE and K2K, is a result of nuclear effects not included in

the oversimplified RFG model used for the data analysis (see e.g. [17]).

b. The neutrino mixing parameters: Ref. [11] analyzed the impact of different ν-nucleus

CCQE cross sections on the extraction of θ13 and δCP. They found that in the QE regime, the

sensitivities of both θ13 and δCP to NP effects, computed from spectral-function approaches, rela-

tivistic mean field, and random phase approximation models, are worse than that for RFG model.

These variations with the nuclear models are so large, that they cannot be ignored when a few

percent systematic uncertainties are expected from dedicated measurements. Special care must be

adopted when analyzing ν-nucleus interactions of a given facility, and when comparing the perfor-

mance of different facilities.

Ref. [18] suggest an example for the impact of ν-nucleus interaction models on oscillation pa-

rameters extractions, by comparing the confidence levels in θ23 −∆m2
31 plane using GENIE and

GiBUU, two neutrino event-generators with different nuclear ground-state picture.
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Both GENIE and GiBUU use variants of the RFG for the nuclear dynamics and Plane Wave

Impulse Approximation (PWIA) to describe the ν-nucleus interaction. The major difference be-

tween the two is that, in GiBUU corrections from the nucleonic momentum and density dependent

mean-field potential are taken into account. The phase-space density function in GiBUU also in-

cludes the real part of the self-energy for the knock-out nucleon [19].

These differences show up mostly in the simulated event topologies, and particularly they cause

migration of non-QE events into the QE-like sample and vice versa, changing the reconstructed

neutrino beam energy. In order to quantify the impact of the difference between the two nuclear

dynamics assumptions, identical simulations on oxygen target were performed using the two models.

Migration matrices for both GENIE and GiBUU were then built, by counting the number of entries

in each bin of the reconstruction energy and then dividing it by the total amount of entries. With

these in hand, the confidence levels in θ23 −∆m2
31 plane predicted by GENIE and GiBUU have

been compared.

Figure 3 shows the result of this comparison. The shaded areas show the confidence regions

obtained using the same GiBUU set of migration matrices to compute both the true event rates

(with simulated neutrino energy) and the fitted one (with reconstructed neutrino energy), while

the solid lines have been obtained by computing the true event rates using GiBUU migration

matrices, and the fitted event rates using GENIE set of migration matrices. The difference be-

tween the two is very large, and the best fit for ∆m2
31, corresponding to ∼ 2.69× 10−3 eV2, is

in tension with the the present determination of the 3σ allowed region obtained from global fits

2.276 < ∆m2
31 < 2.695× 10−3 eV2 [20]. In a real experiment, this finding would most likely be

attributed to a systematic error not correctly evaluated, or interpreted as a signal of new physics.

We plan to constrain the nuclear ground state model used for extraction of oscil-

lation parameters, based on data from MicroBooNE experiment. This goal would be

achieved by analyzing CCQE events with 1 and 2 protons in the final state.

C. The interest in CCQE events

Obtaining a reliable estimate for the neutrino flux and energy distribution in neutrino experi-

ments is a notoriously difficult challenge.

Conventional accelerator-based neutrino beams are created by directing an intense proton beam

onto a compact target (typically 4Be or 12C ), magnetically focusing the resulting mesons, and

directing them into an evacuated or low-density region, where they decay into neutrinos. ν-flux

predictions typically start from estimate of the meson production for a primary beam energy and

target material, however large uncertainties are contributed by the hadro-procution cross-sections.
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FIG. 3: Impact on oscillation parameters extraction using generators with different NP inputs [18]. The

red dot indicates the true input value of the simulations, while the black triangle indicates the location of

the best fit point. See text for details.

A physics result, such as the value of MA from the observed Q2-distribution, can be deduced only

once the neutrino flux is well known.

We propose to address this issue by constraining the neutrino energy using a ν-neutron CCQE

events samples. The main concept is to collect a sample of CCQE events, consider all possible

contributions to the sample, and use up-to-date lepton- and hadron-nucleus scattering parameters

to calculate the expected kinematical distributions. In the neutrino sector this is translated to

events in which a charged muon, one or two protons and no pions are detected in the final state

(CC0πNp).

II. THE MICROBOONE EXPERIMENT

A. History and previous studies

The detectors and techniques that have been used to identify neutrino QE events can be grouped

into three main categories: bubble chambers, tracking detectors, and Cherenkov detectors. Because

of their low energy thresholds for proton detection (∼ 100-200 MeV/c) and deuterium content,

bubble chambers (e.g., FNAL [21], GGM [22], SKAT [23]) typically had sample purities ranged

around 97-99%. Event selection is based on the identification of the final-state tracks, of the muon,
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proton, and the spectator proton in the QE scattering event: νµd→ µ−pps . Both “three-track”

and “two-track” samples (where the spectator proton is not identified) were used. The lowest Q2

region was often excluded in the analysis of these data in order to avoid poor identification efficiency,

nuclear effects, and large background.

The modern neutrino oscillation measurements, were designed with the premium goal to improve

the statistics. To obtain that goal, the experiments employed heavy targets as their neutrino target

and a variety of different detector technologies. These experiments fall into two broad categories:

tracking and Cherenkov detectors.

The analysis strategy of modern experiments remains similar to that used in the bubble chamber:

Both the neutrino energy and Q2 are extracted from the outgoing lepton energy and scattering angle

of identified QE scattering events. With this type of strategy, the efficiency and purity of the QE

selection are strongly affected by the capabilities of the detector and the NP calculation accuracy.

Tracking experiments attempt to identify each charged particle in an event as it traverses active

elements of the detector, typically drift chambers or segmented scintillation elements. Čerenkov

experiments use large tanks of water or mineral oil as a target with photodetectors lining the inner

surface of the tank to collect light emitted by relativistic charged particles. In the latter case, the

final-state proton emitted in a ν-QE interactions is typically below the Čerenkov threshold and

hence undetected. In tracking and Čerenkov detectors, timing resolutions on the order of 10 ns

are often used to detect the presence or absence of decay electrons for particle identification. For

tracking detectors, the detection thresholds for recoil protons play a significant role. Studies of ν-

QE event samples include the analysis of both one-track (µ, Np = 0) and multiple-track (µ, Np ≥ 1)

event samples 4. Typical QE purities in these detectors are around 60-70%.

B. Liquid-Argon detectors capabilities

In Liquid Argon Time Projection Chambers (LArTPC), ionization electrons from a charged

particle track drift along the electric field lines to the detection wire planes inducing bipolar signals

on two induction planes, and a unipolar signal on a collection plane [24]. The raw wire signals are

processed by low-noise front-end readout electronics immersed in LAr which shape and amplify the

signal. LArTPCs are ideal detectors for long baseline νe appearance physics because of their high

efficiency for the νe“signal” events and their low backgrounds from misidentified µs [25].

LArTPC detectors, providing bubble-chamber like quality images and excellent particle iden-

4 Note that such one-track samples were never considered in bubble-chamber experiments, except in the case of

antineutrino scattering.
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tification and background rejection, allow for Monte-Carlo (MC) independent measurements, and

exclusive topology recognition with extraordinary sensitivity. Classification of the events to the

interaction channels (QE, RES, DIS etc.) is possible based on the final state topology and particle

multiplicity in the LAr detectors.

However, very large detectors are needed to mitigate the low statistics of these experiments. As

recommended by the NuSAG committee, a “phased R&D program with milestones and using a

technology suitable for a 50-100 kton detector” is necessary.

C. The MicroBooNE experiment

The MicroBooNE experiment is motivated by the MiniBooNE measurement of low energy neu-

trino cross sections excess [25], and as a step in a staged program using LArTPCs towards the search

for CP Violation in the neutrino sector. MicroBooNE will teach us about running physics exper-

iment maintaining and achieving purity, using cold electronics, reconstructing events in a surface

detector, and understanding the cost of large LArTPC detectors.

MicroBooNe employs a 70 ton fiducial volume LArTPC (see fig. 5), which offers excellent dis

crimination between photons and electrons and good particle identification in general. The high

spatial resolution and energy measurement down to the MeV scale provides information for low and

high energy particles that has not been available before using high intensity beams.

1. The Neutrino Beams

MicroBooNE is exposed to both the Booster Neutrino Beam (BNB) and the Neutrinos at the

Main Injector (NuMI) beamlines. The MicroBooNE detector is located near the MiniBooNE de-

tector, and the distance from the BNB target to MicroBooNE is about 450 m.

a. The BNB: The BNB is produced by 8 GeV protons impinging on a Be target. A magnetic

focussing horn followed by a 50 meter decay line directs π+ and K+ mesons toward the detector.

Up to 2.2 GeV, the BNB neutrino beam is dominated by νµ from π+ decays . Beyond this, the

neutrinos from K+ decay are the major component [27]. The average νµ flux energy is about

700 MeV. Electron neutrinos are produced in the beam through the π → µ→ νe decay chain and

K → πeνe (“Ke3”) decay. The νe energy distribution is well constrained by measurements of related

νµ events in the MiniBooNE detector (see fig. 4).

b. The NuMI beam: The NuMI beam provides an excellent source of off-axis neutrinos for

MicroBooNE, approximately 110 mrad from the NuMI target. The off-axis NuMI beam provides

two narrow peaks at ∼ 0.25 GeV and ∼ 1.9 GeV, from pion and kaon decays, respectively. The
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narrow-band arise because essentially every pion, regardless of its energy, decays to the same energy

neutrino when the beam is viewed at a large angle (see fig. 4).

2. The MicroBooNE Detector

LArTPC technology has been under development for many years [28]. The operation principle

is that in pure LAr the ionization produced can be transported along uniform electric field lines

over many meters. The diffusion of the charge is small and thus preserves the spatial accuracy

of the track. The charge can be measured using various techniques. In the MicroBooNE case,

the charge is measured using three planes of wires that continuously sense and record the signals

induced by drifting electrons. Figure 5 shows a cross section of the MicroBooNE detector. The

main components of the detector are:

1. Cryostat and Cryogenics system,

(a) Large cryostat with a inner diameter of ∼ 4 m and a length of 12 m is well insulated to

minimize heat loss and allow for a stable operation of the detector.

(b) Cryogenics system that keeps the detector cold and stable.

(c) Purification system that keeps the LAr pure enough to allow for a long drift and minimal

recombination.

(d) The Cryogenic, vacuum, and LAr services are mounted on the top of the vessel.

2. The detector layout:

(a) The LAr active volume in about 12 m long rectangular box, of approximately 2.6×2.56

square meters, slightly offset from the center of the vessel to give 130 mm clearance for

the vessel walls from the HV-cathode plane (see fig. 5 ).

(b) The cathode plane on the left is biased at 130 kV to provide a uniform drifting electric

field of 500 V/cm, giving an electron a drift velocity of about 1.6 mm/µ sec.

(c) To guarantee uniformity all around the top and bottom side of the cage, tubes of 25 mm

outer-diameter with 40 mm pitch are biased with decreasing voltages at 2 kV steps.

(d) On the right side of the cage 3 readout planes with wires spaces of 3 mm in the U,V,Y

directions. The Y wires are vertical and the U,V wires are at +/- 600 from the Y wires.

The timing information allows us to measure the X direction and the reconstruction of

the signals on the wires give the YZ coordinates.
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FIG. 4: The Booster Neutrino Beam (top) and NUMI (bottom) beam fluxes at MicroBooNE [26].
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2.5 m

2.6 m

FIG. 5: A schematic view of the MicroBooNE detector.

(e) The Y-wires collects the charges produced in LAr. The U-V planes serve as induc-

tion planes. A ground grid 10 mm behind the Y-plane is installed to shield from field

irregularities that can be created by any metallic structure supporting the wire frame.

(f) 3 rows of PMTs sensitive to UV light from LAr scintillation are installed behind the

grid. They determine the start timing of the event required for background suppression.

(g) The readout front-end is housed on PCB mounted on the top right corner of the cage.

Output signals are driven via feed-throughs to the readout electronics mounted in racks

directly above.

3. Cold electronics: pre-amps are located as close as possible to the readout wires, using HV

decoupling capacitors to isolate the sense wires. The ∼ 10 K channels of cold electronics and

readout are very reliabile.

4. Hermetic feed-throughs connect the HV supplier to the cryostat inside.

5. The On-line detector electronics digitize the signals and do an initial online analysis. The

DAQ does the event building and prepares the data for off-line storage and analysis.

Special attention is given to achieve the required LAr purity by monitoring the materials that

come in contact with the liquid, ensure an hermetic system with no leaks, and maintaining an active

purification system that continuously purifies the liquid.
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D. NP interest in the MicroBooNE data

First topological analyses of CC0π events in the few GeV region, have been developed and

exploited in ArgoNeuT, a 170 liter active volume LArTPC, which collected about 10k CC νµevents at

the NuMI LE beam of Fermilab in both ν- and ν̄-mode (8.5×1018 and 1.2×1020 POT, respectively).

Using the ArgoNeuT analysis several nuclear effects have been observed, including CC ν-Ar

scattering events with two back-to-back protons in the final state hammer events. It was suggested

that similar events to be measured in MicroBooNe may lead to constraining the incident neutrino

energy spectrum and allow insights to the structure of nuclear Short Range Correlations [30].

We propose to:

1. Search for CCQE reactions (in which a charged muon and a proton are detected in the final

state), and reconstruct the neutrino energy using the exclusive information extracted from

these events.

2. Search for CCQE reactions with two protons detected in the final state (a charged muon and

two protons detected in the final state), understand if they can be associated with a scattering

off SRC - pairs, and if so, what can we learn about SRC - pairs in the nuclear ground state.

III. DETECTING AND ANALYZING CC0π EVENTS

A. Rate estimate

Exposed to 4×1020 POT/year by the NuMI beam, MicroBooNE expects to detect approximately

21,000 CCνµ events, and approximately 1,700 CCνe events for each year of operation. These ex-

pected rates have already been validated using data acquired by the MiniBooNE [1] experiment,

which was exposed to the same off-axis NuMI beam.

B. Proton detection strategy

LArTPCs produce photographic-quality images of interactions (see fig. 6). We will examine

different methods for proton detection, and focus on the best suitable for our physical interest. We

plan to develop and evaluate existing algorithms for proton detection, by running them on cosmic

rays.

One method that we propose to explore is the conservative particle identification scheme, based

on energy loss and tracking. Namely, proton identification by using the energy deposition profile of
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FIG. 6: Simulated image of CCQE νµn→ µ−p event at the MicroBooNe LArTPC.

the track in the LAr, utilizing the charge deposition in the TPC wires, and leveraging the well-based

understanding of the proton Bethe-Bloch energy deposition process in medium.

Another method that will be studied is the usage of computer vision and deep learning for

nucleons identification. In this application,the image is classified using some algorithm based on

classification schemes, e.g. the Convolutional Neural Network (CNN). The image analysis will

initiate by decomposition of an object into a collection of small feature, and will continue by

identifying features and putting them together. For example, regions of light and dark are where

the pattern matched well within the image will be clustered together, the CNN will learn these

patterns and then will improve the ability to discriminate them.

After formulating a proton detection algorithm, we plan to focus on extracting physical observ-

ables, as described in section II D.

IV. SUMMARY AND WORK PLANS

We propose to extract ν-neutron QE cross-sections and improve the understanding of ν-nucleus

interaction, using ν-scattering CCQE events with up to two protons in the final state. This will be

accomplished by formulating an algorithm for proton reconstruction at LAr detectors, and analysis

of the MicroBooNE data with it.

A. Work plans and time line

1. Study and preperation.

Summer-2016 Study of neutrino physics, partly at FNAL, Chicago.

Fall-2016 Study LArTPC detectors capabilities, and LAr software.
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Winter-2016 Study of current nucleons-detection methods in LAr detectors, partly at

FNAL, Chicago and MIT, Boston, including:

(a) Event-display image processing using convolutional neural networks.

(b) Charge deposition profiling.

2. Measurement

Summer-2015 - Spring-2017 Experimental data taking and online Data analysis at

FNAL.

3. Analysis

Spring-2017 - Summer-2018 proton identification and data analysis at Tel Aviv Univer-

sity / FNAL / MIT.
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