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MINERVA measures primarily
cross sections to reduce
uncertainties for oscillation and
scattering experiments

Free nucleon cross section
Neutron production

Nuclear effects

Scaling across nuclear targets

To do this, we need:

Percent-level beam
predictions

Centimeter position resolution
Nanosecond timing resolution

Neutron detection

v-peam NOVA Preliminary

Lepton Reconstruction

qeutron Uncertainty
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Muon Monitors

Targfhl: Hall DE'EE:I-PipE Ahsorher
Target & I
Protons from
Main Injector " — s . _ 1= > ,
1m T =m e / }!_"- , I —I ,u
P. Adamson et. al. Nucl.Instrum.Meth.A 806 (2016) 279-306 i e e e
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140 * * NuMI beam at Fermilab

Medium Energy ?H

120  LowEnergy V,, * 6 GeV neutrino energy peak
> 100 Low Energy V), * Using exclusively Medium
Ng 80 Energy (ME) results today
= 60 * Flux constrained by neutrino-

electron elastic scattering and
inverse muon decay
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Segmented scintillator tracker
3cm x 1.7cm triangular strips

3 orientations — 3D track
reconstruction

Good position resolution; great
timing

Steel Shield
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* |n tracker: carbon, iron, lead,

* Upstream: helium
* Existing measurements: CCQE, ke pblFe e
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Look for charged particle activity isolated from the (anti)muon
Stitch one-view pockets of charge (clusters) into 2D seeds
Combine 2D seeds that match seeds from other views

Separate by View,
Sorted by energy

X-clusters U-clusters V-clusters

-----------------

plane transverse direction

Seed-finding |
on clusters in
one view

| X-view Seeds \

| U-view seeds || V-view seeds |

x,=T,

v

OX=Xx,—X,

x,=T,+T,

Nature 614 (2023) 7946, 48-53




* Muon
* Neutron
* Prompt scattering — relative directions

MINERVA tracker

30 MeV Cluster

a "blob" due to
neutron-induced proton

21 MeV Cluster

Incoming anti-neuM

Nature 614 (2023) 7946, 48-53 7




“Form factors™
parameters in cross
section expression

_ 1 2. 11 1
F* F 2 “vector

form factors from
E&M. Can be
probed by
electron
scattering

F . “axial” form

factor for weak
force. Only
dominant for e.g.
neutrino
scattering

vn — 17 p
vp —l'™n

M?*G% cos* 0,
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Re P (Fy + £FY),

1 Q?
c@) =1 (PP + 1FP + Zlersp)

Electron
experiments can
measure some

parts...

Axial-vector form
factor only affects
weak force.
Neutrinos isolate it
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Pions, protons, etc. scatter
In nuclear medium!

— Could gain/lose
momentum

— Could produce more
hadrons

— Could be absorbed

None of this visible to
detector!

Cascade simulation state of
the art for neutrinos



Conservation of momentum

Assume antineutrino direction
IS beam direction

If striking stationary free
nucleon, sum of muon and
neutron momenta is in beam
direction

Assumption NOT true for
carbon:

- “Fermi momentum”:
nucleons moving inside
nucleus

— Many-body physics

If neutron and muon “line up”,
very likely to be hydrogen

Perpendicular Plane

-
L.
e
-

-
e,
-
-
L

-
-
-
=
L

Reaction Plane

~ Target Nucleus

@ Neutron Candidate ~/
P, Neutrino momentum A
P,: Muon momentum

Pa. Predicted neutron momentum
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Event Rate/degree

Nuclear many-body physics of carbon not necessarily well modeled
Cross-check: plot deviation from momentum-conserving angles
Also separates background-rich regions from signal-rich regions -

background constraint
x10°
| —4— DATA
0.12 — [ ] CCE. Hydrogen
B CC E I QELike: CCQE
0.10 = o
B DS
0.08—
0.06—
0.04—
0.02f—
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o 1 0°

Nature 614 (2023) 7946, 48-53
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MENATE_R: Data-Driven Neutron Transport

il "*C(n,n'3q)
1|~ "2c(n,«)°Be
|| - "2C(n,np)'"B

|- Cinpy8

——12C(n,nn)''C

— "2C(n,ny)

JENDL-C
Inelastic

Neutron Energy (MeV)

*  MoNA nuclear physics

collaboration also wanted to

model neutrons on CH
 Compared to MENATE_R model
* Test beam data favors

MENATE_R over GEANT 4.9.2

Ratio to MnvGENIE, DOF=360

e Study nuisance variables like
candidate energy deposit

 Reweight MINERVA MC to look like
MENATE_R simulation
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Nature 614, 48-53 (2023).

-+ MINERVA
— MINERVA
= QE-H
= =« QE-Oth
= Resonant
wn2p2h

DIS
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https://www.osti.gov/pages/servlets/purl/1454859

Prediction for cross section that
depends on form factors

Binned in Q2 four-momentum
transfer

Corrected for:

— Constrained backgrounds
— Smearing

— Detector efficiency

— Flux

— Number of hydrogen atoms
In detector

Nature 614 (2
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Large uncertainty: ~5800
events on a background of
~12500

Deuterium fit is based on
decades-old measurements
- Low statistics

— Nuclear effects interfere

BBBA2007 is global fit
Including electron scattering
LQCD fit gets close at high

Q% Phys. Lett. B 824,
136821 (2022).

— Hydrogen Fit

—
NV @R
T TTTTTTIT TTTTITT

— — Deuterium Fit
— BBBA2007 Fit
— LQCD Fit

-
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Ratio to Dipole F4 (M4=1.014 GeV/c?)

‘Nature 614 (2023) 7946, 48-53
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Joint fit of MINERVA FA
results with Phys. Rev. D 93
(2016) 11, 113015

With BBBAOS vector form
factors and Q%> 0.2 GeV?,
&X? ~ 5.5 or p-value of 2%

do/dQ?

= Hydrogen
————————— Deuterium Q2 = 0.20 GeV?
“ All-Isotope Q2 = 0.20 GeV?
———————— various [LQCD]
—mmm Deuterium [Phys.Rev.D 93 (2016)]

H & D2 Cross-Section Fit, bbba05, Q2_min=0.2

35
— joint fit
3.0 4 [0 joint fit error
? preliminary H fit
- H fit error
' D2 fit
D2 fit error
2.0 H cross-section data
B B
1.0 A
0.5 1
0.0 1
=05

1071 109
02

e Deuterium dipole and joint fit
not compatible with hydrogen

data
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candidates per event

Data / MC

0.4< g, < 0.8 GeVic "4 data
— MC total
04} , — GENIE neutron
— - proton " w*
0.2 ----- 1% and EM
= <E >~ 3 GeV
T
--------- e ——— ———— |
1.5
1.0 ........... j """ = . - * = " . # [] L
B
0"1] 20 40 60

candidate Edep (MeV)

Phys. Rev. D 100, 052002 (2019)

Showed that neutrino experiment tracker can see neutrons!

% 2: MnvTunev1
S 18F- 0.4 GeV/c < q_<0.8 GeVic )
O - 3 ———— Direct Neutrons
; 1.6= = EM and Hadrons
% 1_4;— Muon
S 12 ~——— Other
% 1= Reinteraction Neutrons
= —+— Data
0.6
0.4 <Ev> =~ 6 GeV
0.2
g ) 55_ ——— GEANT Modification
= TE e GENIE Modification
g 1|u- --------- B v v 13 L] ] [} LD . O
0-5 10 20 30 20 50 60
energy deposits [MeV]
Phys. Rev. D 108 (2023) 11, 112010
°
* Neutron modeling close, but not quite right
°

No conclusive evidence whether problem is at GEANT- or GENIE-level
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e \WWhere we can make
measurement:

- Available energy < 100 MeV -
fewer backgrounds, more QE-
like

— 2 or more neutrons with KE > 10
MeV each

* Lots of 2p2h

e FSI| introduces other
processes

¥10° Phys. Rev. D 108 (2023) 11, 112010

its
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«10° Phys. Rev. D 108 (2023) 11, 112010

Reconstructed Muon Transverse Momentum [GeV/c]
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60 Tune MC background
S0p prediction using data
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2ok sidebands
of Two sidebands: QE-rich and
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Phys. Rev. D 108 (2023) 11, 112010
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Tuned up QE-like 1 neutron
sample

Linear scale to pion-rich high E

avall

Similar to other MINERVA results
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Multi-neutron Analysis
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* Estimated by MC
simulation

Generally flat, especially at
peak of event rate

* Gradual drop at high p_

driven by muon angular
acceptance
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0.5?\L'—|_|—|‘m_
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Neutron Detection Efficiency

0-32— Neutron Detection
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do
deu

o

[em? x ¢/ GeV / nucleon]

MnvTunev! Ratio

w

N

—

x10~°

= —— MnvTunev1

- —— SuSA 2p2h

= —— Valencia 2pzh
= — —— Data

- e

0 02 04 06 08 1 12 14

Muon Transverse Momentum [GeV/c]

Phys. Rev. D 108 (2023) 11, 112010

MnvTunevl over-
predicts

No model falls off
at high transverse
momentum like
measurement
does

Measurement
uncertainties are
smaller than
difference
between leading

models
21



Ewvents per 0.02 GeV

Data / MC

Events per 0.02 GaV

Meuliing, 3. :3:3&2{:1 LE-pmam POT

ﬂ.4-= 'GeV = 0.8
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Phys. Rev. Lett. 116, 071802

Arti-Meutring, 1.02230 LE-beem POT
T

= T T T P R P
5 anti-neutrino 2i:3/0ev<08; @
E — MC QE + RPA
i 500 = MG Delta
o [ —— Zpih Valencia
e b + Data
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500( °
. - M= T ———— .‘ ———]
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§ ol
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Phys. Rev. Lett. 120, 221805 (2018)

Reweights on
top of GENIE
2.12.6

MnvTunevl
—  2p2h enhancement
— RPA modification

— Non-resonant pion
suppression

2p2h
enhancement
motivated by
multiple LE
measurements
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All GENIE v3 models closer to
measurement than MnvTunevl

OO

Valencia models closer than
empirical 2p2h

Most models fall off at high p_ like
measurement

1.2
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Two 2p2h models:
Valenciaand Dytman’s
empirical tuning

Two FSI models: single-
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Pb/Fe  Pb/Fe  C/Pb/Fe
125¢cm

Pb/Fe Pb/Fe

Units

Tracker-going neutrons

itrary

Target-going neutrons

Arb

—r_ L —

_ —

MINER vA Work in Progress

150 200 250 300 350 400 450
Neutron Kinetic Energy [MeV]

* Can MINERVA
make neutron
measurement in
targets?

How well do
neutron results
extend to other
nuclei?

Neutron
detection
efficiency is very
close in targets
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550000
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MINER VA Work in Progress e
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D. Last Nulnt 2024 Poster

Other

= DATA
MINER vA Work in Progress = Sig. +n . Bkg. +n
I Sig. + p —=Bkg. + n
B Sig. + =~ Bkg. + 1°
Il Sig. + 10 —+=Bkg. + 10
- Sig. + 1" - Bkg. + 1
I Sig. +p ——Bkg. +p
I Sig. + Other -~ Bkg. + Other
Il Sig. + None == Bkg. + None

o Targets
10000F —
5000 oo L
ME e e
0 50 100 150 200 250 300

Z distance [mm]

* Neutron detection works
well in targets

» Distance cut helps
distinguish neutrons from

protons and others
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D. Last Nulnt 2024 Poster
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* Neutron production by QE-
like In nuclear targets

* With tagged neutron

e CH and water in same

detector
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MINER vA Work in Progress . Signal
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* Currently
developing
sideband fits

* Fit In two pleces:
— Physics in tracker

- CH and target
backgrounds

* Also weighing
alternative CV
models

D. Last Nulnt 2024 Poster 27



 MINERVA has made measurements sensitive to
neutrons through many different channels

- Charged-current elastic scattering: leading constraint on axial-vector form
factor

- Neutron candidate rate: low recoil inclusive

— Multi-neutron: neutrons produced by 2p2h and FSI

* No single model describes our neutron
measurements well

- FSI discrepancies are not simple

- 2p2h models hint that empirical tune is not the whole picture

* Will extend neutron measurements to multiple nuclei
28
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140 * * NuMI beam at Fermilab

Medium Energy ?H

120  LowEnergy V,, * 6 GeV neutrino energy peak
> 100 Low Energy V), * Using exclusively Medium
Ng 80 Energy (ME) results today
= 60 * Flux constrained by neutrino-

electron elastic scattering and
inverse muon decay
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Segmented scintillator tracker
3cm x 1.7cm triangular strips

3 orientations — 3D track
reconstruction

Good position resolution; great
timing
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Look for charged particle activity isolated from the (anti)muon
Stitch one-view pockets of charge (clusters) into 2D seeds
Combine 2D seeds that match seeds from other views

Separate by View,
Sorted by energy

X-clusters U-clusters V-clusters

-----------------

plane transverse direction

Seed-finding |
on clusters in
one view

| X-view Seeds \

| U-view seeds || V-view seeds |

x,=T,

v

OX=Xx,—X,

x,=T,+T,

Nature 614 (2023) 7946, 48-53




Fit across all bins
because cross
section not linear in
F

A
Fit z-expansion
formalism for form
factor as in

Phys.Rev.D 93 (2016)
11, 113015

Regularized by L-curve
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Fractional Uncertainty

107

=== Total Uncerfainty ===+ Slatistical
= 51 Modeks = Flux
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Nature 614 (2023) 7946, 48-53

10

Dominated by
statistical
uncertainty

Model uncertainties
controlled by
background
constraint

“Others” driven by
neutron uncertainty
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Electron scattering experiments
saw another interaction mode

Nucleons pair up in nucleus: short
range correlations

Most common pair is neutron-
proton: 2p2h interaction

— Often looks like “CCQE”
— But target mass different

- - biased energy
reconstruction

Overlaps with CCQE and
resonance production phase space

- hard to measure
36



Fractional Uncertainty
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Phys. Rev. D 108 (2023) 11, 112010

Statistical

uncertainty very
small because ME
era has 7x protons
on target from LE
eral

“Initial state models”
iIncludes 2p2h
model uncertainties

“GEANT” dominated
by MENATE_R
reweight '



* MINERVA has great
resolution for Pr,

* d’Agostini iterative
unfolding

e Chose 3 iterations

True Muon Transverse Momentum [GeV/c]
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* One past measurement:

— Neutron production: Phys. Rev. D 100, 052002 (2019)
* Two recent measurements:

— Charged-current elastic (CCE) on hydrogen: Nature 614 (2023)
7946, 48-53

- Multi-neutron at low E : Phys. Rev. D 108 (2023) 11, 112010

available”

* One upcoming measurement: QE-like on targets with 1+ neutrons:
poster session
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MENATE_R: Data-Driven Neutron Transport

102E
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NIM-A. 682 (2012), 59-65

MENATE_R Is a neutron
transport simulation driven
by nuclear physics cross
sections

MoNA measured neutron
multiplicity and compared
MENATE_R to GEANT

MENATE_R much closer to
data

Built MINERVA uncertainty
from this
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https://www.osti.gov/pages/servlets/purl/1454859

Efficiency x Acceptance
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Genera.

ly flat,
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event rate

Gradual drop at
high p_driven by

muon angular
acceptance
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