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https://www.sciencedirect.com/science/article/pii/S0168900214000035
https://link.springer.com/article/10.1140/epjs/s11734-021-00296-6
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Module Number >

MINERVA sees hits in tracker, ECAL, HCAL + OuterDetector 054
Profile particle candidates based on dE/dX
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Match exiting muon track to MINOS

EM-coupled particles (¥, p,y ...) destroyed at ECAL
Hadronic particles (% n ...) destroyed at HCAL 5

Muon incoming from -

MINERvA
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https://pos.sissa.it/390/178

Why measure cross sections?
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Bias on reconstructed E,, - wrong interaction type
(T2K)

P(vq — vp) o Am? x EL

v

Counting events requires knowledge of nuclear effects

arXiv: 2108.08219 [hep-ex]

Systematic error sources for oscillation analysis
(NOvA)

Oscillation analyses require precise reconstruction of neutrino energy

E, is inferred by final-state particle energies = depends on interaction type!

(Final State Interactions: particles exiting interaction vertex need to make it out of the nucleus)

* Lacking comprehensive theory of nuclear response = need measurements!
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.181801
https://arxiv.org/abs/2108.08219

What does MINERVA probe?

within nucleus
lead to different

Deep inelastic scattering (DIS)

MINERVA is producing leading \// signatures in
cross section measurements and N Absorption detector!
tunes for Monte Carlo F i -
generators! — @ 0

Pion Production Figureby Tomasz Golan
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Our newest results! 6

1. Flux constraint using Inverse Muon Decay (IMD)
Adds to MINERvVA's high-precision flux control!

2. High-statistics analyses
1. 2D inclusive muon

2. Low recoil
3. 3D QE-like

Accurate tests for model predictions!

3. Upcoming: Coherent ™ production from nuclear targets

vy _ -
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v mode

RHC (events)

Flux constraint with IMD zssepioseenmonn 7
Flux systematics often among most important source of systematic error V) 1
Nominal flux prediction from beam simulation, some control over systematics
In situ measurements to constrain flux prediction a posteriori
Need well-understood cross-sections:
= v+e-ov+te
mZ—m3
= v, +e—- u+v, (IMD) - threshold at o = 11 GeV
e
(V,V) 3 (V,V) .
Measure Np;,;," and compare with Ng,.,” (flux parameters) nominal
IMD Events by Flux Universe with Ax?=1 Ellipse —— w/IMD
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.092010

2D: Phys. Rev. D 104 (2021) 092007

(x10™* cm?/(GeV/c)?/Nucleon)

dchdptdp

D¢ : U transverse momentum

p; : ulongitudinal momentum
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Inclusive muon analysis
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John Plows - MINERVA Medium-Energy results

Cannot isolate specific source(s?) of mismodelling with one
analysis alone!



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.092007

60

d’o/dE,,,,dq (10 cm?/GeV?)

* Inclusive muon analysis

Low-recoil analysis

arXiv: 2110.13372 [hep-ex]

* Low-momentum transfer interactions very sensitive to nuclear effects
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https://arxiv.org/abs/2110.13372
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Sensitive to nuclear effects

Important: Significant modelling shortfalls
Well-understood model necessary to make joint fits using

multiple experiments!
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https://arxiv.org/abs/2203.08022

vy +A - pu~ +m* + A rare process
(needs very low momentum transfer:
very forward lepton + pion)

Nucleus interacts in phase:

no nuclear structure is resolved

(no nuclear effects seen!)

First measurement of COH
7t production in C, Fe, and Pb

Crucial for testing model predictions:
Rein-Sehgal, Berger-Sehgal, Belkov-
Kopeliovich...

COH is also an intrinsic background to
Heavy Neutral Leptons

vV
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More incoming!

Soon to be released on arXiv!

Results - Cross Section Ratios

OF, Penn
UNIVERSITY of PENNSYLVANIA

Alejandro Ramirez Delgado
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* Neither model does a good description.
o Closer to A'” scaling for E < 8 GeV.
 Closer to A*” scaling for E > 10 GeV.
Pb/CH

* Neither model does a good description.
« Closer to A”® scaling for E_> 10 GeV.

« Low E A-scaling in between predictions.

June 10 2022
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GENIE HNL implementation

Heavy Neutral Leptons?
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Hit Energy (colour scale)
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Outlook 13

* MINERVA is publishing leading cross section measurements relevant to
precision oscillation experiments (present and future!)

* Large ME dataset + analyses now starting to come out
= Lots of exciting results incoming in the future!
= What I've talked about + many, many more...

* Looking forward: MINERvVA Analysis Toolkit (MAT) to aid neutrino analyses

= + data preservation effort: public release of MINERVA data ££.Web. Cont 251 (2021) 03046
arXiv: 2009.04548 [hep-ex]

Try the MAT out!
(click below)
The future
looks bright!
ST of \ A 4 7/7/22 John Plows - MINERVA Medium-Energy results
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https://www.epj-conferences.org/articles/epjconf/abs/2021/05/epjconf_chep2021_03046/epjconf_chep2021_03046.html
https://arxiv.org/abs/2009.04548
https://github.com/MinervaExpt
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https://www.epj-conferences.org/articles/epjconf/abs/2021/05/epjconf_chep2021_03046/epjconf_chep2021_03046.html
https://arxiv.org/abs/2009.04548
https://github.com/MinervaExpt
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Detector Number of
Configuration | Modules

Tracking Prototype
Tracking Prototype

“Frozen Detector”

Full Detector, *“Low
Energy”

Full Detector
“Medium Energy”

7/7/22

MINERvVA Run History

Incoming
Particles

10 tracker 10 ECAL  Cosmic Rays

4 HCAL

(Wideband)

10 tracker 10 ECAL  Neutrinos (NuMI)

4 HCAL

50 tracker
20 ECAL

10 HCAL

6 Nuke Tgts
84 tracker

20 ECAL

10 HCAL
Occasional He fill,
Occasional Water

Fill

Neutrinos (NuMI)

Neutrinos and
Antineutrinos

Neutrinos and
Antineutrinos

Date What we
learned

One week in
March 2009

April 2009-July
2009

November 2009-
March 2010

March 2010-
April 2012

October 2013 -
February 2019

How to install and
instrument modules

10% of PMT’s have
cross-lalk

It’s hard to simulate
Argoneut...

How neutrinos
interact in matter!

Deborah Harris, 8/Jun/2021, MINERVA DocDB 27404 33
John Plows - MINERVA Medium-Energy results
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What is a cross section? 17

* “Intrinsic scattering probability” (Halzen & Martin, Quarks and Leptons)

* For reaction A + B - C + D: given flux ®, [L72T~1] of species A, and number
of species B in target = ng, then we expect

Naspoc+plT '] = Oarpocen[L?] X @4[L72TH] X ng

* Experimentally, need to relate reconstructed quantities to “true” ones
(convolves detector response), detection efficiency, background subtraction...

Unfolding Number of Number of Background
Matrix Data Events Predicted Events

Total l l l

Cross Section

U/‘ N BZ] U (NJDATA _ NJBKGD) (da) ) B3, Uy (NPATA _ NBKGD)

' e;0; T dx e;®T (Ax),
Material
Correction Factor ‘[
. . . Efficiency Flux Number
i (J) = true (reco) bin Per Bin of Nuclei Alejandro Ramirez Delgado

ERSITY OF v v .
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J. Formaggio and G. Zeller,
arXiv: 1205.2671 [hep-ex]
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“FHC” (v mode):
LE POT: 4 x 1020

ME POT:12.1 x 1020

“RHC” (v mode):
LE POT: 1.7 x 102°

ME POT: 12.4 x 10%°



https://arxiv.org/abs/1205.2671
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Motivation for measuring flux and cross-sections:
Oscillation Experiments

The event rate at a near detector is a convolution of three terms

l—‘ND(E|reco) — /(I)I\'D(Etrue) O'ND(Etrue) RI\'D(Etrue: EI‘GCD) dEtrue
‘ e Predicted, a priori, from a beam simulation

Neutrino (g4NuMI, g4LBNE)

Flux e Hadron production data (NA49, NA61, MIPP, etc)
used to improve the simulation. Incorporated via
event by event reweighting.

e Uncertainties from the HP data, physics model, &
beam optics propagated via many universes
(a.k.a. multi-sim) approach.
e Some systematic control by changing horn
currents, target position, or off axis position
Mike Kordosky, NuFACT 2021
vy 7/7/22 John Plows - MINERVA Medium-Energy results
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https://indico.cern.ch/event/855372/contributions/4464970/

NIM A 806 (2016) 279-306

Muon Monitors
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10m ' -IT” el 3 Vu
30m 675 m N T A
5m
) 12m 18 m 210 m
Hadron Monitor \C P
N
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“FHC”: +1p,,y, = +'ve hadrons selected = v beam
“RHC”: =I5, = -'ve hadrons selected = v beam

A/ _ .
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https://www.sciencedirect.com/science/article/pii/S016890021501027X
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MnvTune v1

From Low-recoil inclusive LE neutrino
analysis

Data excess observed = tuned our
baseline MC model

* Increased 2p2h rate

* Included Random Phase Approximation
* Suppressed non-resonant pion creation

Antineutrino low-recoil measurement was
subsequently improved, too!

Andrew Olivier, Fermilab Users’ Meeting, 16/Jun/22




2D: Phys. Rev. D 104 (2021) 092007
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.092007

GENIE HNL implementation

Heavy Neutral Leptons?

23

o] MINERVA simulation hadromicst | '
naaronic snower -
. 1ot w/ full recon<truction \ -
HNL: Heavy neutrlno \AZARAC AL l\p\vU:Jhl A\"AII A4 D | \ :.‘
100 } = i
states that are . VWw—m TH \ L g
unstable rt s,
_— 80 - w
70 N- N - e el .
Produced in NuMI 60 s_maa -t 7 L
beam 50 Bk cca — SN Q
40 K T S o NN (O
a
Decay in MINERVA to o o
final states that mirror | % o
COH Tt production! S o
..Q 0 ot | I PR AL L L ML L R A | | I L 1 1 | L 11 111 | N R L MR AN D A T A 1 1 11 | 1 | I I U
E £ 4202 46 8101214 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 98100102104106108110112114 S—
= Module Number - 80
2 3
o= MINERVA simulation c
More details: 5 7] : My L
o no-—w/fullreconstruetion—————————————— -~ -
S 100 + 5= o :E
Phys. Rev. D 100 L, WTETE -
(2019) 052006 (T2K = + al
| N VA -
search) £ 1 -~
- -
o . .
N = j/ ptonrescattering “Y *#—%-sz SR, P -
1 I = b S =
arXiv:2203.08039 i - —E 2o 2o
[hep-ph] o || o T 5
(Snowmass overview) 30“3
204
Tl N -1
0 | I P N A A A R B A A i1 11 1111 11 111 1 111 1 1 1 1 1 T T 1T T T T T T T T°7T
5 -4-20 2 46 8101214 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 95 100102104106108110112114
UNIVERSITY OF
vy 7/7/22 John Plows - MINERVA Medium-Energy results

WARWICK



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052006
https://arxiv.org/abs/2203.08039v1

