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Introduction The MINERVA Experiment

The MINERVA Experiment

Study neutrino-nucleus scattering at the few-GeV re-
gion
m Precision measurements on signal and
background processes in oscillation experiments

m Study nuclear effects to improve understanding
of neutrino-nucleus cross section and modelling

m Demonstrate experimental techniques for
current and future oscillation experiments

m ~ 40 measurements on hydrocarbon, heavy
nuclei, and electrons

m Precise flux constraints!?
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Introduction The MINERVA Experiment

High Resolution Scintillator(CH) Detector

o
15!
— —
—
= - . " <
—] Elevation View

Front View PR I//V _ =
P N Side HCAL S
s 1 Side ECAL . ™
] 3 —> < ST N
> = 2s ~

~ 3 K g8
4 f - s D~ o 8% <
. —>z||e 2|2 35 5 % E )
2 - g3 & 58| 28 [ce |92 <
. — &l |2 o Active Tracker E £ 3 EE 5 8 b=

3|2 S5 Region 9] 5 = X ° 2
g = 5 E w = 3] oo Zqpn =
—> £ Liquid oG 8.3 tons total & © ] g 5 -
@| Helium S Z 3 c
—> z 15tons | 30 tons s s o]
Side ECAL _ 0.6 tons =
N =
Side HCAL 116tons <
- . sm 2m—f <
Tracklng‘Modu\es 3
=2

RN . Lot —

CH in tracker
Pb, Fe, C and water in target region
3.1 mm tracking resolution

Pb/fe  Pb/ffe  C/Pb/Fe Pb/Fe  Pb/Fe
125em

Tejin Cai (University of Rochester) MINERvA October 24, 2022 5/25



Introduction The MINERVA Experiment

Quasi-Elastic Scattering

m The very first results from MINERVA on
hydrocarbon

® A main signal for oscillation experiments

m Simple final states
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Introduction

Quasi-Elastic Scattering

The very first results from MINERVA
hydrocarbon

on

A main signal for oscillation experiments

Simple final states
Nuclear effects complicate the matter

Can we measure hydrogen?
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Introduction The MINERVA Experiment

Free Nucleon Cross-Section: Llewllyn Smith Equations
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Functions of vector form factors (Fy,, {F%) from electron scattering and axial-
vector form factor (s ) - No (significant) direct measurement on free proton.
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Introduction The MINERVA Experiment

Measure free proton cross-section with MINERVA

Measure the signal process (Charged Current Elastic scattering)
Uy+p—pt+n,

with the most intense antineutrino beam and a detector with a lot of free
protons:

m POT:1.12 x 102!
m No. of hydrogen atoms: ~ 2.61 x 102

There is an equal number of carbon with more than 5x more cross-section rate.

m But they have nuclear effects that alters the kinematics of the outgoing
particles.

m Use neutrons to constrain this background
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Neutron Reconstruction in MINERVA

Neutron Reconstruction in MINERVA
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Neutron Reconstruction in MINERVA

Neutron Signature

30 MeV Cluster

21 MeV Cluster

Incoming anti-neutrino B

An incoming anti-neutrino scatters off a hydrogen producing neutron. The
neutron undergoes secondary interactions to produce visible proton.
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Neutron Reconstruction in MINERVA

Using Nuclear Effects to Advantage

Assuming 2-body scattering, could

calculate expected neutron direction: Do

| _ M2aph—(ph— B+ Mp)?
I

\ . [7)1.

2ph-Eu+Mp)?2 ¢

Py = —Dy;

n # 00r L
Capture deviations in carbon using Reaction Plane J .
the following angular variables: 2 = Target Nucleus N
t, = ]A)V X ]A)'u, :?/’ =72 x2, @ Ncutron Candidate g/ ;
5913 = arctan (7A”L . ﬁil/ﬁ . 2’), P Neutrino momentum <
(SQR = arctan (ﬁ . @,/ﬁ . %’) Pp: Muon momentum

Pn: Predicted neutron momentum
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Simulation and Event Selection

Simulation and Event Selection
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Simulation and Event Selection

Signal Definition and Base Model

Event topology:
m 1 " and no trackable hadrons

Muon acceptance due to detector geom-
etry:

m 1.5GeV < E, <20 GeV

m 0, <20° wrt to neutrino beam
Neutron selection:

m > 1 3D neutron candidate

m Leading 3D energy deposits 10mm
away from the muon axis.

Tejin Cai (University of Rochester)

Cross section variable: ()2, signal process:

v+ H—-pt+n

Base Model Composition:

m MnvGENIE-v2.5.1

» Nieves 2p2h3 and low-recoil tune
» RPA tune®
» Non-resonant Pion Reduction®
> Low—Q2 resonant pion suppression
» Carbon elastic FSI reweight®
» CCQE carbon Nuwro SF reweight?°

m A GEANT4 neutron reweight!!:12

4

7
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Simulation and Event Selection

QELike Selection for v
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Like a typical v QELike, but without
any hadronic tracks.

Recoil energy follows a ()*>-dependent
cut
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Simulation and Event Selection
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(left) Angular regions and MC event fraction, (right) total data event rate
m Hydrogen events ~ 30% of events in the central region
m Carbon QELike (CCQE) larger spreads
m Carbon QELike (non-CCQE) wider
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Simulation and Event Selection

CCE Event Rate
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(left) Angular regions and MC event fraction, (right) MC events in slices of )?
m Hydrogen events ~ 30% of events in the central region
m Carbon QELike (CCQE) larger spreads
m Carbon QELike (non-CCQE) wider
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Simulation and Event Selection

CCQE Event Rate
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(left) Angular regions and MC event fraction, (right) MC events in slices of )?
m Hydrogen events ~ 30% of events in the central region
m Carbon QELike (CCQE) larger spreads
m Carbon QELike (non-CCQE) wider
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Simulation and Event Selection

QELike 2p2h Event Rate
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m Hydrogen events ~ 30% of events in the central region
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Simulation and Event Selection

QELike Resonant Event Rate
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(left) Angular regions and MC event fraction, (right) MC events in slices of )?
m Hydrogen events ~ 30% of events in the central region
m Carbon QELike (CCQE) larger spreads
m Carbon QELike (non-CCQE) wider
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Cross-section Extraction

Cross-section Extraction
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Cross-section Extraction

Event Rate with Constrained Backgrounds
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Figure: Event rate and ratio in CCE region

CCE is the signal , CCQE is the dominant background. Unfolding of the
background subtracted signal done with D’agostini and 4 iterations.
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Cross-section Extraction

Event Rate with Constrained Backgrounds
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Figure: Event rate and ratio in CCQE-Fit region

CCE is the signal , CCQE is the dominant background. Unfolding of the
background subtracted signal done with D’agostini and 4 iterations.
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Cross-section Extraction

Efficiency
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Cross-section and fitting 5.

Cross-section and fitting F'a
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Cross-section and fitting F'o

Cross-section prediction

B Needs to account for muon
acceptance

m Pre-calculate LS equation by
factoring out vector form factors

m We use BBBA2005%3
parameterization

m [, fit assumes z-expansion form!.

Tejin Cai (University of Rochester)
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Cross-section

Cross-section and fitting F'o

Deuterium Fit14, BBBA20071%
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Figure: Extracted cross-section and ratio to a dipole form factor.
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Cross-section and fitting F'o

Total sysytematics
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Crosssection and it Fa Deuterium Fit!4, BBBA20071%, LQCD16

F, fit and axial radius of the proton
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Cross-section and fitting F'o

Conclusion

Performed the only statistically significant measurement of free proton using a
weak probe. The result is presented publicly for the first time here.

m Developed algorithms to tag neutron candidates and used their directions to
constrain interactions on carbon.

m Extracted the ©, H CCE cross-section, using the hydrocarbon target in
MINERVA

m Fitted the cross-section to an z-expansion axial form factor with BBBA2005
vector form factors.

m Resulting fit favors larger values of Fy at Q2 > 1 GeV? compared to a dipole
form factor with M4 = 1.014 GeV. Proton radius from Fy consistent with
electron scattering experiments.
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Cross-section and fitting F'o

Thank you!
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Event Rate with Constrained Backgrounds
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Event Rate with Constrained Backgrounds

CCE Signal QE Fit: Regian

QE Vali datian
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z-expansion parameters
z-expansion formalism and constraints on ay

kmax

FA(QZ) = Z akz’“
k=0
\V tcut + Q2 -V tcut - tO
2fcut + Q2 + V tcut - Z50
Y k(k-1)...(k-n+1)ay=0,n¢(0,1,2,3)
k=n
5 2 kmax ka 2
2o AX-covi-AX+ A (&) + ( k)]
X IJCZ:; 50{) ]CZ:;-) 25(10

Central value fit: k. =8,A=0.13

2=

Tejin Cai (University of Rochester) MINERvA October 24, 2022

34/25



Dipole Fit
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(59}) and 59R
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Neutrino Mode Check

2.0F

Ratio to Model

1.5
1.0

0.5

0.0L

E v/ CCE Regi on

We select events with trackable protons in the neutrino mode, and apply the
same fitting mechanism on the non-CCE regions. Data and MC mostly agree

1 10
2 2
Qe (GeVic)

Ratio to Model

E v QE Region
2.0

10
Q. (GeVvicy

within uncertainty. The slight MC deficiency in the v CCE region can be
explained the uncertainty in the 2p2h (next slide).
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Neutrino Mode Check Il
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