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Flux @ MINERVA

ExpeRiment for v-A scattering
| / La | 2 7

Main INjector

« 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 in 2 flux periods with 3.5 and 6 GeV flux
peak, both in v/v
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Flux @ MINERVA
Main INjector ExpeRiment for v-A scattering
W = B/

« Dedicated flux campaign with corrections to a-priori
flux and in-situ measurements

* Neutrino-nucleus scattering with low hadronic recoil
« A.Bashyal etal. JINST 16 PO8068 (2021)

* Neutrino-electron elastic scattering
« E. Valencia et al. Phys. Rev. D 100, 092001 (2019)

* Inverse muon decay (IMD)
« D. Ruterbories et al. Phys. Rev. D 104, 092010 (2021)

« Combined constraint using v/v-electron scattering and
IMD

e L. Zazueta et al. Submitted for publication, [hep-
ex]:2209.05540 (2022)
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https://arxiv.org/abs/2104.05769
https://arxiv.org/abs/1906.00111v4
https://arxiv.org/abs/2107.01059
https://arxiv.org/abs/2209.05540v1
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MINERVA Detector

Triangular strips arranged
to give a better position

resolution.
Read out using wavelength-shifting (WLS)
™ fibres and photomultiplier tubes (PMTs):
e .. .
S timing resolution better than ~5 ns to
3 orientations of scintillator X distinguish overlapping events within a
planes give unambiguous - single spill (< 10 us).
3D track reconstruction.
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Medium (ME) ~ 6 GeV

Need to understand each step from

the primary proton to the final neutrino
1035 m
Target Hall Decay Pipe Absorber Muon Monitors
s N\ 7~ A N R .
muon (u*) .

-

Carbon Target 7
\ W--—-———--
D NS - PR RSR | ._‘..u:- >
e

-

120 GeV Protons from \ —
— <A@ o=
Main Injector Horn 1 Horn 2 i W7 > R - |-
S 7o W ’
5m
. i 18 210
Hadron (pion) Monitor Jzm 18m m MINERVA detector
Y About 100 m underground
Rock

Focusing Horns
mt - v,

K* - uv,
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ME v, Hadron Production Uncertainties

[ n n n 016 meson inc. target att. absorption
S lation & Uncertainties 14 —vo -
imuiation n Nt T e e

— total HP

o
2
1T | T I 11 I 1T

Fractional Uncertainties
2
Phys. Rev. D 94, 092005 (2016).

0.06—
1. Calculate and correct the a-priori flux 0.04 |,
0.02 f—l— :
G4NuMI beam simulation Hadron production correction Focusing and hadron a , . ‘
(from 120 GeV protons to focused using external data - PPFX production uncertainties 00"""'?: S ‘é“"“i‘(')"" '1’2' 416 820

mesons that decay to neutrinos) (NA49, MIPP) (multi-universe method)

Neutrino Energy (GeV)

ME v, Focusing Uncertainties

0.09
- B. Messerl —— Horn 1 Position
0.08 = y ——- Homn Current
0N E L e Proton Beam Spot Size
_g 0.07— ——- POT Counting
Flux shape correction (low recoil £ F Proton Beam Position
i A U 0.06— —— Target Position
. . neutrino scatterlng) h = F — Horn 2 Position
2. Use in-situ measurements @ oo —— Horn Water Layer
8 0'05: — Total
2 0.04 —
© E
0 q . c 0.03—
Flux normalization correction 2 SRy P
(scattering off atomic electrons) § 0.2 ———— e e e e e e e e
L
0.01 iy [ e

Neutrino Energy (GeV)

Small simulation inaccuracies have a
big impact around the focusing peak!
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https://arxiv.org/abs/1607.00704

Imperial College

In situ Measurements To Constrain Flux Lohdon

1. Neutrino-nucleus scattering with low hadronic recoil
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Neutrino-Nucleus Scattering w/ Low

_ | Imperial College
Hadronic Recoill

London

« CC v, inclusive cross-section if v/E, small « const. and independent of energy

do GiM [! M R =l &
i / (Fz—l [P AP+ — x(L 1 L)F2]+V— Oy
dv r Jo E. 2E2 +.Ry 2 5L Ry

)

« Can measure the shape of neutrino flux by measuring the event rate(E,)

10 13
D 0.2] Data POT: 3.98x10%0 Areatomaized | Q 1-°F Area Normalized
(O] - —4- Data = N Pink Band: Shape component of sys. errors
5 0.18F v < 800 MeV — Simulation ® 12r
'E 0.1 6:_ Pink Band: Shape component of sys. errors Tu‘ C
o : Q 1.1 , :
i Discrepancies between data and MC
1F 4 predictions — due to mismodeling of our
- —— focusing parameters or instrumental.
0.9F s
r -
0.8
0.7F
: Data POT: 3.98x102°
O—|||||11||||| o 1 4 e 0.6111|||1||||1||1|1||1|||
5 10 15 20 25 S 10 15 20 25
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)

JINST 16 P08068 (2021).
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https://arxiv.org/abs/2104.05769
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Flux Fit w/ Focusing Parameters London

Multi-parameter fit with focusing parameters to investigate the discrepancy

Shifts in focusing parameters not uniform across the face of the detector — fit in 7 bins (and merge later)

Fit suggests large shifts in longitudinal target position and horn current

NuMI experts are confident the parameters were within the tolerance

1000

Parameter Nominal Value New Value
Beam Position (X) 0 mm -0.2 £ 0.12 mm
Beam Position (Y) 0 mm -0.53+0.14 500}—
Beam Spot Size 1.5 mm 1.22 + 0.14 mm
Horn Water Layer 1 mm 0.895 +£0.16 mm E
2.60 Horn Current 200 kA 197.41 +£ 0.76 kA = T
Horn 1 Position (X) 0 mm 0. £0.17 mm 3
Horn 1 Position (Y) 0 mm -0.39 £ 0.17 mm
Target Position (X) 0 mm -0.32 +£0.17 mm o
Target Position (Y) 0 mm 1.65 +£ 0.5 mm
>100 [Target Position (Z) | -1433mm__| -1419.44 £ 1.83 mm »
—-1000 1000
Note: X horizontal, Y vertical, Z longitudinal (along the beam) Sastcnn)
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0.12

An Instrumental Effect?

Flux fit sensitive to muon energy
reconstruction

Added muon energy scale as a fitting
parameter along with focusing
parameters

Shift of 1.8 in muon energy scale
resolves the data/MC discrepancy,
other parameters within their standard
deviations

MINERVA analyses shift muon energy
scale in data by 1.80 (3.6% of the
nominal value)

* No shift to focusing parameters

NuINT 2022, October 25th

Fractional Uncertainty
o o
o (@]
D [©]

0.02k=.1

1.3

MINERVA Preliminary g E POT:3.98x 1 020
= Total Systematic Uncertainty -
S R 1 .2 _— ——@—— a priori Muon Energy Scale
=msans ppfx 'E : @ Muon Energy Scale Shifted by 3.6%
Hadronic Energy Rec. Q 1 . 1 :.—.__._
====== Muon Energy Rec. | : -
Others 1 E__
B —— +
0.9 ——
L —
0.8
E Pink Band: Shape component of sys. errors
0.7
e PO T O (T A T I-l 11 | 11 11 | 1 11 1 | L1 1 1 | L1 1
10 15 20 25 06 5 1 O 1 5 20
v Energy (GeV) Reconstructed Neutrino Energy (GeV)
Parameter ‘ Nominal ‘ Best Fit (No Prior) ] Best Fit (Prior) ‘
Beam Position (X) 0.0 mm -0.3+0.3+0.1 mm -0.3+0.2+0.1 mm
Beam Position (Y) 0.0 mm 0.8+0.3+0.3mm 0.7+0.2+0.2mm
Target Position (X) 0.0 mm -0.8+£0.3+0.1 mm —-0.8+0.3+0.1 mm
Target Position (Y) 0.0 mm 23+07+1.2mm 1.7+0.6 = 0.8 mm
Target Position (Z) | -1433 mm | —1432.4 +2.4 + 0.3 mm | —1431 + 1.8 + 0.3 mm
Horn 1 Position (X) | 0.0 mm -03+04+0.5mm —-0.1+0.3+0.1 mm
Horn 1 Position (Y) | 0.0 mm 0.1 +0.5+0.5mm 0.0£0.3+0.3mm
Beam Spot Size 1.5 mm 1.41 £0.09+0.03 mm | 1.32 +0.09 +0.03 mm
Horn Water Layer 1.0 mm 1.2 +0.3+0.05 mm 1.3+0.25+0.1 mm
Horn Current 200 kA 198.0+1.4+1.4KkA 199.1 £ 0.7 £ 0.5 kKA
Muon Energy Scale 1.0 1.032 + 0.004 + 0.008 1.036 + 0.004 = 0.006 | 1.80
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Imperial College

In situ Measurements To Constrain Flux Lohdon

2. (Anti)Neutrino-electron elastic scattering
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(Anti)Neutrino-Electron Elastic N D. Jena
Scattering Q& e

 MINERVA uses the standard candle for flux estimate — Measurteff'i"t
uncertain

(anti)neutrino-electron elastic scattering BOTH in y

anti/neutrino beam in medium energy

Flux

vu+e —>vﬂ+e

vu+e —>vﬂ+e

» Cross-section precisely predicted by the standard
electroweak scattering theory

« Limited statistics: three orders of magnitude smaller Cross-section
than neutrino-nucleus cross-section

» Final state distribution of electron energies — constraint
on integrated flux (improvement in normalization

uncertainty)
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Experimental Signature

* Very forward electromagnetic shower with vertex in the scintillator tracker and no other activity

-| Colour of the track = 1
deposited energy

« Candidates reconstructed using
cone algorithm

-
= (50 mm)

1% / v beam | | Cone offset Seeding Track

—— ««W f ‘ 6 (80 mm)

Opening width

10°

E’,) Vertex offset /J\

Active Tracker ECAL HCAL [

| LR, A, M AR MR R A R AR A U P A R P U R N R Y D P e e e |
62 64 66 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 98 100102104106108110112114

Module Number

NuINT 2022, October 25th Anezka Klustova, MINERVA Collaboration



Phys. Rev. D 100, 092001 (2019).

Submitted for publication, [hep-ex]:2209.05540.
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1. Photon background from 7° vs EM shower 2 b - DFR 1 26 g f — @
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https://arxiv.org/abs/1906.00111v4
https://arxiv.org/abs/2209.05540

Background Prediction &
Selected Sample

« Background predicted by the simulation —
main source of uncertainty

» Constrained by simultaneous fit to 4
kinematic sidebands
« Single normalization factor for v, v, CC, v, NC

« Normalization of coherent ° in 6 bins of
electron energy

E8? (GeV-rad ?)

4 | I
: i Energy
| ! 1
I (@) Sideband—— Sideband 1, 2, 3 Sideband 3
| i ! Sideband 1
I R 07
0.005 F———F-————————- ] Sideband 2 |
0.0032 = ——— i _ Sideband 4 0.0 [WeSSSSSSSStoto...._ ..
signal | _ (Data Excess Region) :
45 10 20 : >
3 Min dE/dx

dE/dx (MeV/1.7cm)

Sideband 1: shower + vertex activity; Sideband 2: v, enriched
Sideband 3: v, enriched; Sideband 4: 7° enriched

NuINT 2022, October 25th

N Events / 2.0 GeV

Data/

Simulation

700

600

Background type

Vy neutral current
coherent & diffractive n°

v, charged current

v, interactions

]— ~ 50%
F ~20%
+ ~30%

Bl v, e 839
P v.e 61
I v. CCQE 42
. v, others 18
v, others 68
@ v, cc 38
B COH ° 43
B DFR ° 3

After background constraint
¢ data 1021

/ ~ 50%
/ ~35 %
/ ~15%

0 2 4 6 8 10 12 14 16 18

Electron Energy (GeV)
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700
- After background constraint
600— MW + data 898
- B v, e 564
o 500F v, 37
0] - B V. CCQE 91
o o S v, 2p2h 27
o 400 v, others 35
~ C v, others 58
2 - [ v, cc 47
S S00p B COH «° 55
2 - B DFR =° 6
- 200
100
1.3
c 12
(]
S8 ME. I
"‘E >
o E 09
@ 08
O.7III|III|III|III|III|III|III|III|III|III
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Radiative Corrections

on

1.02
1.015
1.01
1.005

Correct

0.995
0.99
0.985
0.98

Imperial College
London

Ratio between Phys. Rev. D 101, 033006 (2020)
x-secs and GENIE 2.12.6.

_ Vi * GENIE tree-level cross-section reweighted to
3 —V, match the one calculated including radiative
3 Ve corrections
:_\ — Ve + 0. Tomalak, R. J. Hill. Phys. Rev. D 101, 033006
3 2020
_ * Includes production of real photons in final state
gl..I..I..I...I...I...I...I...I...

2 4 6 8 10 12 14 16 18 20

E, (GeV)
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https://arxiv.org/abs/1907.03379

Total Efficiency

Fractional Uncertainty

Final Electron Energy Spectra

Subtracted tuned background and corrected

07F e ——

0.6F

05f-

0.4fF

0.3 E—

0.2F

0.1
E 1 1 1
% 5 10 15 20
Electron Energy (GeV)
0.3
Total Uncertainty ~  =====- Statistical
0.25F Beam —— Detector Mass
E Electron Reconstruction Interaction Model

0.2
015 [T

0.1
0.05F

0 E | PR R R R
0 5 10 15 20

Electron Energy (GeV)
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N Events /2 GeV

Data/
Simulation
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Imperial College

by the efficiency — dominated by statistical
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Flux Constraint Procedure

« Using Bayes’ theorem

m 800 T I I I 1T I I I I
et C ]
QCJ 700} —— Central Value g
P(M|Nye_sre) x P(M) P (Nye_ye|M) &7 |
W 600- .
- ——— 100 Universes
P(M|N,o_ye) new prediction (posterior) probability of the flux 500F ]
prediction given the electron spectra C
measurement) 400 -
P(M) flux prediction in each universe/model (prior) 3003— —
P(N, e pe|M) likelihood of the electron spectra measurement 200F ]
given the a-priori model C ]
1001 .
* A-priori flux uncertainty estimated using multiverse method Ll ————
P y 9 0O 2 4 6 8 10 12 14 16 18 20
 Ensemble of flux predictions by varying flux parameters within
P y varying P Ee (GeV)

their uncertainties (hadron production, beam alignment)
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0162107,

Neutrino Flux Constraint o

0.1 —— Constrained N

0.08f .

v/ m?/POT/GeV

0.06F .
* Likelihood of the measurement for each universe :

0.04f .

0.02f .

o
©
3}

Constrained /
Unconstrained
o
©
T k T in B
l l l L

Phys. Rev. D 100, 092001 (2019).

I 1 1 7 -
_ —I(IN-M)TZH(N-M)

o
™
a

P R RN AN AFRTR B
0 2 4 6 8 10 12 14 16 18 20

N vector containing the bin content of the measured energy E, (GeV)
spectrum of given process 02 :
same as N but for the MC prediction 018 E
. . 0.16 V —— Unconstrained 1
) N covariance matrix of the uncertainties of N o014b ]
K number of the bins of the spectrum 0.12f — Constrained |

0.1F
0.08}

 Predictions from universes with poor data agreement are weighted
down — reduces uncertainty (spread of the universes)

0.06}

Fractional Flux Uncertainty

0.04f
0.02f

* In neutrino mode, the neutrino flux uncertainty is reduced
from 7.6% to 3.9% (integrated flux over the energy range)

'OO
J 0 »

o

Constrained /
Unconstrained
o 2 g o

(5]

=}
O g 9 ¢
(SR

E, (GeV)
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https://arxiv.org/abs/1906.00111v4

Imperial College

In situ Measurements To Constrain Flux Lohdon

3. Inverse muon decay (IMD)
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Inverse Muon Decay (IMD) Vi u

« Cross-section can be predicted with very small
uncertainties

* Threshold of ~ 11 GeV with very forward going

muon 3 oo
= 08F
* Indistinguishable process v, e~ - u~v, unimportant in § oot
o 05
MINERVA due to threshold 04E
0.3k
025-
* Neutrinos from underfocused or unfocused K* and *  °f
> E
& 0.9%:
* Can constrain the high-energy part of the flux inthe <« ;&
. o os6f
NuMI neutrino beam & o
0.4F
o3
0.2

GO- 2IO 4I0 GIO 8IO 1 (I)O 0 2IO 4.0 60 8IO 1 60

Phys. Rev. D 104, 092010 (2021). Parent P, (GeV) Parent P (GeV)
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https://arxiv.org/abs/2107.01059

Neutrino events in

IMD Sample & Flux COnStralnt neutrino/antineutrino beam

Signal sample after background constraint

> 300FHC o > 2O:RHC —
0) 250 I Quasielastic | (5 181~ B Quasielastic
S B 2p2h g 16F I 2p2h
. Small sample ~ 0.006% of the g a0 muwo | 2 M —=y
: : : 2 g l2p
inclusive CC sample in tracker W 150 @ 10F
8
] 100
« Threshold, angle + no visible recoil
50 ‘
(muon only)
% 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
« Main background from CCQE, Muon Energy (GeV) Muon Energy (GeV)
. . . Flux uncertainty before and after the constraint
constraint using E,, 6, sideband . 03.FHC _ 03.BHC
E F E F =
« 127 (56) selected events in data for £ 0250 ] £ %
Q C Q C
the neutrino (antineutrino) beam 5 % 5 M
g 0.15F g 0.15
* Flux constraint extracted, 3 of 3 of
reduced uncertainty in the high- “ ook “ oot
energy tail of the flux SRV AU NP Wowr vows Qi
0 15 20 25 30 35 40 45 50 0 15 20 25 30 35 40 45 50

Neutrino Energy (GeV) Neutrino Energy (GeV)
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Imperial College

In situ Measurements To Constrain Flux Lohdon

4. Combined constraint using v/v-electron and IMD
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Combined Flux Constraint Imperial College

A priori prediction After constraint

x10° x10°
1.2 1.2
: : Mean x: 1338.0 Mean x: 1239.0
- Extracted combined flux uncertainty [ RMS x: 99 7 RMS x: 41 9
using neutrino(antineutrino)-electron 1.4~ Meany: 838.2 1.4~ Meany: 778.4
RMS y: 63.1 RMSy: 31.2

scattering result and IMD

—

* Uncertainties on v/v-electron
scattering correlated — predictions of
# events correlated

o
©

0.9

(@]
& L ] L ] L ] L ]
vu-mode Number of ve events

vu-mode Number of ve events

» Hadron production constraints from

o
N

the same experiments and data 0.7
- x10° x10°
1 11121314151617 18 1 11121314151617 18
v,-mode Number of ve events v,-mode Number of ve events

Predicted number of neutrino(antineutrino)-
electron scattering events by each flux universe. Submitted for publication, [hep-ex]:2209.05540.
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https://arxiv.org/abs/2209.05540
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Predicted Flux

0.16>_<—1(T3 o.12’_‘—10ﬂ3
014F L BY]
_ : F Flux: v, (v,-mode) 0-1_— Flux: ¥, (v,-mode)
* v(v)-electron constraint the > 012 L ) > L .
o . 8 - Unconstrained 8 o008 Unconstrained
strongest in its respective mode S 0 —— Constrained = f —— Constrained
Q o008 S o.08f-
 IMD affects the high-energy tail “E 006 E oF
> 0.045— > ]
- 0.021—
v,-mode v,-mode 002 .
Uy | Ve Vy Ve |Vy|Ve Uy Ve A L L L L b n
a priori 7.76[7.81 11.1 11.9]7.62|7.52 122 11.7 3§ F 3 3E
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(Energy range integrated flux uncertainty)
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Fractional Uncertainties

« Flux uncertainty in v mode
reduced from 7.6% to 3.3%

* In v mode from 7.8% to 4.7%

* Used in MINERVA analyses!

v,-mode v,-mode
Uy | Ve Vy Ve |Vp|Ve Vy Ve
a prioTi 7.7617.81 11.1 11.9]7.62|7.52 12.2 11.7
v,-mode ve~ 6.1115.81 6.30 8.50]13.90]3.94 8.37 8.68
v,-mode ve™ 4.9214.98 8.07 9.19]5.88]5.68 8.36 8.64
combined ve~ e 4.684.62 5.56 7.80]3.56]3.58 7.15 7.84
| combined ve~ + IMD]4.66|4.56 5.20 6.08]3.27]3.22 6.98 7.54]

(Energy range integrated flux uncertainty)
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Flux for Cross-Section Ratios

* NuMI beam pointed downwards — transverse
center of the beam changes as a function of the
longitudinal position

 Difference in the flux shape + normalization in
the nuclear targets compared to the tracker
(problem for cross-section ratios)

« “Daisy technique” — take linear combination of
tracker fluxes in 12 bins to match the target

Tracker
0.4 — Daisy bin 0
- Daisy bin 1
o — Daisy bin 2
0-35:_ = — D:::; b:: 3
- - — Daisy bin 4
£ 03F — Daisy bin 5
P: — Damthe
- —— Daisy bin
c 025 —Da:sz bin 8
© - Daisy bin 9
Q 02 — Daisy bin 10
g E —— Daisy bin 11
= -
TH 0.1:—
0.05F
0:. sl b b by by s by o by i iy
0 2 4 6 8 10 12 14 16 18 20

Neutrino Energy (GeV)
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Conclusions Imperial College

 MINERVA is a neutrino-nucleus experiment with a dedicated flux campaign — in-situ
measurements to constrain flux

» Measured neutrino-nucleus scattering with low hadronic recoil to constrain flux shape

» Discrepancy in data/MC resolved by shifting muon energy scale by 1.8¢0

« Measured (anti)neutrino-electron elastic scattering to constrain flux normalization, and
inverse muon decay to constrain the high-energy tail

« Combined flux constraint of these 3 measurements reduces the flux uncertainty from
7.6% to 3.3% in v mode and 7.8% to 4.7% in v mode

« Can use similar techniques to constrain flux at other accelerator-based neutrino
experiments (e.g., DUNE)
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Back-up
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Imperial College

PPFX

= Package to Predict the Flux

Experiment independent NuMI reweighting package, external of MINERVA framework

Applies all relevant data, removes the model spread and handles correlated uncertainties

Accounts for the attenuation of particles passing through NuMI materials

Multiverse method for handling the uncertainty propagation

Used by other NuMI experiments, e.g., MINOS+, NOVA, MicroBooNE
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Imperial College

In situ Measurements To Constrain Flux Lohdon

1. Neutrino-nucleus scattering with low hadronic recoil
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10 Tolerances On Beam Parameters

Parameter

Nominal Value

Final 1 o shifts used

Preliminary 1 o shifts

in MINERVA analyses used in this work
Beam Position (X) 0 mm 0.4 mm I mm
Beam Position (Y) 0 mm 0.4 mm I mm
Beam Spot Size 1.5 mm 0.3 mm 0.3 mm
Horn Water Layer 1.0 mm 0.5 mm 0.5 mm
Horn Current 200 kA 1 KA 1 kKA
Horn 1 Position (X) 0 mm I mm I mm
Horn 1 Position (Y) 0 mm I mm I mm
Horn 1 Position (Z) 30 mm 2 mm -
Horn 2 Position (X) 0 mm I mm I mm
Horn 2 Position (Y) 0 mm I mm I mm
Target Position (X) 0 mm I mm I mm
Target Position (Y) 0 mm I mm I mm
Target Position (Z) -1433 mm I mm 3 mm
POT Counting 0 2% of Total POT -
Baftle Scraping 0 0.25% of POT -

NuINT 2022, October 25th
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Systematic Uncertainties For The Simulated
Neutrino Energy Distribution

Imperial College
London

10°

= s, 0.5
% 0.2F POT:3.98x 10%° "E . E —— Total Uncertainty
g 0.18 - 4 Data § 0455_ -------- Statistical
4‘2 E = Simulation GL) 0.4F — Flux
c 0.1 6__ O C Genie FSI
d>) 0 14:_ U CO35;_ —— Genie Interaction Model
(11 E 2 0 3:_ Hadron Energy Rec.
012:_ C “F Muon Rec.
0.1F of ° 50.25F —— Tunes
- [ 2
0.08f gop o~
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0.02p* : 0.05E
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Systematic Uncertainties For The Simulated

Imperial College
Neutrino Energy Distribution

London

S x10° 0.2
C : > VU.Z[
8 0.2 Area Normalized 'E N Total Uncertainty
) - 4~ Data ‘© 018 ... Statistical
+« 0.18|- — Simulation — K
c N | - O 1 6'_ — Flux
g 0.16F Pink Band: Shape component of sys. errors 8 : - Genie FSI
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’ E 2 O 12 :_ Hadron Energy Rec.
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Imperial College
London

Fitting Procedure

. C e . e
« Chi2 minimization:  Xprior = Z
& penalty term — number of standard
deviations that the parameter k has been

shifted from the nominal value

2

I . 2 2
* Uncertainty: o= \/a,)m,’,.ﬁam;j
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Fits w/ & w/o Priors For All Parameters
vs Muon Energy Scale Fit Only

Fit without prior

1.3

Data/ MC
o
I

1.1

—— Before Fit

—— After Fit

0.9F .+t
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Data/ MC

Imperial College
London

Muon energy scale shift only
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Best-Fit Parameters Correlation
Matrix

Imperial College
London

With priors

-0.0171 0.1504 -0.3879 0.0432 - -0.1160 0.1522

normalization | o.0216

:

muonEnergyRange 03529 0.2460

hornwaterlayer
targetYposition
horntYoffset

beamYposition

targetZposition
targetXposition
horn1Xoffset
horncurrent

beamsigmaXY

beamXposition

0.0740

-0.0473 0.0744 0.0216

| | | J

ho, lay, hor, my, No,
Yoo 1 Yor, I6tVp,  MWaye  ONEpy ~Majjs. .
OSitioy, et OSitio,, aye, “’fgy,?ahgat/o,7
e
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Imperial College

In situ Measurements To Constrain Flux Lohdon

2. (Anti)Neutrino-electron elastic scattering
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Selection Cuts Imperial College

* Clean detector * v, rejection
* Upstream energy < 300 MeV « Mean dE/dx in the first 4 planes < 4.5
« Neighbouring energy < 120 MeV MeV/1.7cm

- Other shower quality cuts « Check for single photon consistency

- Energy balance between views * v, CC rejection
« Not too wide transverse spread near the * E6%<0.0032 GeV Rad?
vertex « QE 0% < 0.02 GeV

« Straight tracks

* v, rejection
« E, > 800 MeV

* Reject tracks going out

NuINT 2022, October 25th Anezka Klustova, MINERVA Collaboration



Cone Algorithm

Imperial College

Seeded by either tracks or group of clusters

Usually, clusters formed to tracks and fit using Kalman filter — start vertex and track direction

Formed cone begins upstream of the vertex and extends downstream until no minimum-ionizing-level
energy depositions are found within the cone volume

Parameters chosen to maximize efficiency and containment for the signal in the simulation

(50 mm)
Cone offset Seeding Track

(80 mm)
Opening width

10°

E’) Vertex offset /J\
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Neutrino-Electron Scattering: Neutrino
Flux Probability Distribution

NuINT 2022, October 25th

Probability (arb units)
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Neutrino-Electron Scattering: Correlations Of

Imperial College
Unconstrained And Constrained Flux Uncertainties

London
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Antineutrino-Electron Scattering: Imperial College

n n
Sideband Fit London
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Antineutrino-Electron Scattering:
Sideband Fit

N Events / (100 mm)
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Imperial College

London

Process Vy-mode | v,-mode

B 1.02 £ 0.02]0.87 4+ 0.03

v, CC 0.934+0.03|1.08 £ 0.04

v, NC 0.934+0.03|0.86 £+ 0.04
NCCOHO08< F. <20GeV| 1.6+0.2 | 0.9+0.2
NECCOHO 20« . <30 GeV| 211403 | 1.01:03
NCCOH30< E.<50GeV| 1.840.2 | 1.34+0.2
NCCOH50< E, <70GeV| 211+04 | 1.5+03
NCCOHT70< E,<90GeV| 1.24+0.7 | 1.74+0.8
NC COH 9.0 < E. 0.8+06 | 3.0£0.9
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Imperial College

In situ Measurements To Constrain Flux Lohdon

3. Inverse muon decay (IMD)
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Sideband Fit

Imperial College
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Neutrino/antineutrino flux IMD
events correlations

Imperial College
London
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Imperial College

In situ Measurements To Constrain Flux Lohdon

4. Combined constraint using v/v-electron and IMD
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Combined Flux Constraint: Flux Imperial College

Probability Distributions Y) o London
- 450F
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Antineutrino Flux in Targets
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Simulation and Uncertainties Imperial College

1. Calculate and correct the a-priori flux

G4NuMI beam simulation Hadron production correction Focusing and hadron
(from 120 GeV protons to focused using external data - PPFX production uncertainties
mesons that decay to neutrinos) (NA49, MIPP) (multi-universe method)

Flux shape correction (low recoil
neutrino scattering)

4

Flux normalization correction
(scattering off atomic electrons)

2. Use in-situ measurements
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