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What is MINERVA?

Main INjector ExpeRiment for v-A scattering
: o e B /

* The only currently active neutrino cross-section
experiment with high-statistics, controlled systematics,
different nuclear targets, and access to the DIS region

« 2009-2019 on axis in the NuMI beamline at Fermilab
» 2 flux periods with 3.5 and 6 GeV flux peak, both in v/v

Regime \ Mode v (POT) v (POT)

Low (LE) ~ 3.5 GeV 4x102° 1.7x102°
VESIVN RIS IR\ 12.1x10%°  12.4x102%°

 MINERVA achieved extremely low flux uncertainties
constrained using v(v)-electron scattering and inverse
muon decay

e 3.3% in v mode, 4.7% in v mode

Note: POT = protons on target, proxy for the number of neutrinos produced
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Neutrino Oscillation & Neutrino-
Nucleus Interactions

Imperial College
London

T. Golan, NuSTEC 2015
Charge Exchange o

. . . . Elastic
» Oscillation experiments need precise Scattering
measurements of neutrino energy, but
reconstruction depends on the neutrino R

interaction mode

 Different processes contribute to the cross-
section at different neutrino energies

- Measurements of interaction cross-sections
are useful for tuning neutrino interaction S Te e
simulations Pion Production

0 1 10 10¢F
g > E, (GeV)

« Current and future neutrino oscillation MINERVA
experiments use relatively heavy nuclei: " = = u
C/CH, H,0, Ar

* Not well understood nuclear effects cause
energy smearing and can modify final-state wr
particle kinematics, complex A-dependence

22—
p p

QE RES DIS
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MINERVA Detector

Triangular strips arranged
to give a better position
resolution.

Read out using WLS fibres and
PMTs: timing resolution better than
~5 ns to distinguish overlapping
events within a single spill (< 10 ps).

3 orientations of scintillator
planes give unambiguous

3D track reconstruction.
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MINERVA Detector

6 different nuclei
in 7 different targets

Hydrocarbon

Helium Target
0.251

Nater Target

N . \

Fe/Pb
5 161 kg / 135 kg

1 Fe/Pb

2 Pb/Fe 3 C/Fe/Pb Distilled water
266 kg / 323 kg 166 kg / 169 kg / 121 kg 0.39t
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How does MINERVA see?

120 CCpi0 data candidate
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Past Accomplishments Imperial College

P. Rodrigues et al. Phys. Rev. Lett. 116, 071802 (2016).
R. Gran et al. Phys. Rev. Lett. 120, 221805.

Neutrino, 3.33e20 LE-beam POT B Anti-Neutrino, 1.02e20 LE-beam POT
T —r T _l_l_l_l_l_l_|_|_|_|_|'
[

« Many inclusive and exclusive channel measurements for both
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Current MINERVA Physics Programme

Daniel Ruterbories, submitted for publication https://arxiv.org/abs/2203.08022

* Analysing data from medium
0.07 <P, (GeV/c) <0.15 0.15 <P, (GeV/c) < 0.25 0.25 <P, (GeV/c) <0.33

energy

4
10 0.00 <P, (GeV/c) < 0.07

FSI?

* Many inclusive and exclusive
channel measurements for both
v/V in progress

L 0.55<P (GeV/c)<6.7o

« 2 new exciting results recently —T

submitted for publication!

* Simultaneous muon and hadron 3-
dimensional cross sections for v

quasielastic-like scattering on
hydrocarbon

* First measurement of the nucleon

0.2 04 0.6
P, Range, Scale Factors
—[1.5,3.5), x 180.00

—
o

t

d*o/dp dp

. . . . - —[3.5,4.5),x10.00
axial form factor F, in antineutrino 107 pac TEm pee Bl : { iy 7.0; oo
scattering from hydrogen 1075 i = | —(7.0,809x020

00 02 04 06 00 02 04 06 00 02 04 06 —[8.0,10.0), x 0.06

—[10.0,20.0), x 0.05
=T, (GeV)
pr: transverse momentum
py: longitudinal momentum
X, T,: sum of the kinetic energy of all protons
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Luis Zazueta,
APS April Flux: Vu FHC

Current MINERVA Physics

Flux: v, RHC

| —l
c = < -
= C \ Weight: FHC+RHC+IMD s B Weight: FHC+RHC+IMD
Prog ral I II I le § 02—— Mee_tlng’ Unconstrained § 0.2:— Unconstrained
5 E Aprll 9th’ Constrained g = Constrained
u:=_ o.1s]- 2022 é 015
i+ T O e r
 Hitting the press soon: Sof  Mt—— | 8eF
8 F 8 [
* Flux constraint using v(v)-electron scattering = o.os_—‘\___:,—r—‘—— * oost-
and inverse muon decay .U075; 1 | 1 1 1 ¢ el | 1 _E - :g _:. 1 1 1 1 P 1 1 1 1 .:
'8-% 0.7 E: : g% T1E .
* Nuclear target analyses (pion production, QE- §3 06 R ET :
. . & 8055 - = 28 07 -—ﬁ_\___,_,_!—*l_\__'_,_,_r-
like), TKI imbalance 8505t 3 85%E .
8 1 1 1 PRI B 1 1 1 ..2 0.‘ PRPEET BPETST BPRPRTE e aal al oo b b a

aaaliy
10 12 14 16 18

.é.
» Data preservation effort to ensure more E, (GeV) E, (GeV)
physics can be extracted from the data

0 2 4 6 8 10 12 14 16 18

o
o
N
H
(=2}
n
o

First direct measurement of nuclear dependence
of coherent pion production by neutrinos
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Outlook & Summary

« MINERVA illuminates the interaction of (anti)neutrinos
with bound nucleons in the nuclear environment

« Constrained cross-section modelling is a critical input
to oscillation experiments

« MINERVA has been the leading cross-section
experiment since 2013 (first publication) with 36
publications in total and counting!

» More results from MINERVA’'s medium energy
incoming
* More statistics, observables and nuclear
dependence measurements

« Future: data available to public (data preservation
effort)

Funded by an Imperial College London President’s PhD Scholarship.
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Back-up
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Neutrino Oscillation Measurements

Oscillation

Probability

Type of Uncertainty

v. /. Candidate Relative Uncertainty (%)

Super-K Detector Model

=R
1.5
Fs

Pion Final State Interaction and Rescattering Model

Neutrino Production and Interaction Model Constrained by ND280 Data 24 I
Electron Neutrino and Antineutrino Interaction Model 3.0 ©
Nucleon Removal Energy in Interaction Model 3.7

Modeling of Neutral Current Interactions with Single v Production 1.5

Modeling of Other Neutral Current Interactions 0.2

Total Systematic Uncertainty 6.0

Nature 580, 339-344 (2020).
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DUNE Sensitivity
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What is a Cross-section?

“Cross Section is the “effective” area subtended by the target particle to an incident beam. It
is numerically equal to the reaction rate (N) per target particle (T) per unit incident flux (®).”
D. H. Perkins, Introduction to High Energy Physics

Unfolding Number of background

. Number of .
matrix predicted events
Total . data events . . i bkq
cross-section l l / (da) 2iUij(Ndata,j — Nyata ;)
Y T ] ,'bk.q ; = . HT B o
,/ 2;Uii(Ndata.j I\datad) dr / e, PT(Ax)

a; = \
s Al
€;0; 1
Ll
/ \ Flux integral between Bin \;\.ndtth

° 2 and 120 GeV normalization

Efficiency Number

Flux per bin of nuclei
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NuMI Beamline Imperial College

London
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Definitions of Variables

Low Recoil Analysis

 Three-momentum transfer \\/”
qs = /QZ + q¢ where 2 = ZEV(E — py cos b ) — Mg and E, = E, + qo (g, Q)

« Available energy as energy transfer proxy (no neutrons included) /.SS
ﬂ\)c\e\)s Hadron
Go ~ Eqpail = ZT+ZT++ ZEK++ZE++2EO+ EE y
Bjorken x

 Fraction of the nucleon’s momentum carried away by the struck quark
— QZ/ZMN(EV - Eu)
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Flux

Flux @ (E,) is the number of neutrino produced by the accelerator
per cm2, per bin of energy for a given number of protons on target.

 A-priori flux accounts for focusing
and hadron production
uncertainties
» Corrected for hadron production

to constrain with external hadron
production data

* In-situ measurements are used to
apply an additional constraint
from the neutrino-electron
scattering events and inverse
muon decay (IMD)

New Perspectives 2022, June 21st

Neutrino mode
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Antineutrino mode
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Flux Constraint

« Standard candle: neutrino electron scattering — cross-section well understood by standard
electroweak scattering theory

» Discrepancies between data and MC predictions — due to mismodeling of the flux distribution

P(M‘Nve—we) X P(M)P(Nve—me‘M)

/ N\

Posterior probability distribution Likelihood of data given model.
can be reconstructed by weighting
prior universes by likelihood.

Predicted electron energy spectrum
for each universe (model) in which we
propagate the flux uncertainties.
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Inverse Muon Decay (IMD)

https://arxiv.org/abs/2107.01059

» Cross-section can be predicted with very small uncertainties

« Threshold of ~ 11 GeV (indistinguishable process v, e~ — u~v, unimportant in
MINERVA due to threshold)

« Can constrain the high-energy part of the flux in the NuMI neutrino beam

Vy U
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Systematic Uncertainties

An Error Analysis Toolkit for Binned Counting Experiments. EPJ Web of
Conferences 251, 03046 (2021). https://doi.org/10.1051/epjconf/202125103046

Example of data cross-section uncertainty
in inclusive analysis in target 3 iron

0_ 5 Total Uncertainty = =sssss Statistical
. . - Fsl Flux
« Handled by MINERVA Analysis Toolkit (MAT), a utility for Interaction Model Muon Angle
centralizing the handling of systematic universes 0.4 — Tareetmase Muon Energy

MINERVA Work In Progress

« Evaluated by re-extracting the event rate/cross-section Data POT 1.53e+20

using modified simulations
« Size of each related to the uncertainty in each source

« Multidimensional histogram container class MnvHND
(@MinervaExpt on GitHub)

Fractional Uncertainty

10 20 30 40 50
Antineutrino Energy (GeV)

Equivalent to 1/8 of total data POT and
1/4 of target 2-5 iron mass.
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https://github.com/MinervaExpt

Coherent Pion Production

e QOccurs in both CC and NC

» All nucleons react in phase, no nuclear break-up with nuclear recaoil
undetected producing forward lepton and forward pion

 Pion scatters coherently off the nucleus

* Not well understood

» WI/Z exchange in the presence of a nucleus, boson fluctuates to a &
meson

« Coherent addition of all neutrino-nucleon interactions, delta resonance is
the main process contributing

« Rein-Sehgal Model: Ann. Phys. 133, 79-153 (1981)

* Relates inelastic vA — IrA to elastic vA — [A, assumes v and [ are parallel
for Q? = 0, neglects lepton mass

* Pion-nucleus scattering modelled using pion-nucleon data

« Berger-Sehgal: Phys.Rev. D79, 053003 (2009).
» Uses m-carbon data for the mA — mA scattering, includes lepton mass
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Coherence depends on the magnitude
of the four-momentum transfer to the
nucleus:

t] = |(pv—D1 _pn)zl

More info:
Alejandro Ramirez Delgado, W&C
Seminar, June 10, 2022




