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Overview

* The MicroBooNE experiment

* Why v,s and why kaons? ?o%
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The MicroBooNE Experiment

* MicroBooNE is a liquid-argon time
projection chamber (LArTPC) neutrino
detector, based at Fermilab (Batavia, IL)

 Active volume of 85 tonnes of LAr

e Took five runs of data between 2015 and
2021

* Investigating low-energy excess

* Measuring neutrino-argon cross sections
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The MicroBooNE Experiment

* MicroBooNE receives neutrinos...
e on-axis from the Booster Neutrino Beam (BNB)
 off-axis from Neutrinos from Main Injector (NuMI) beam

* NuMI provides a higher flux of v, and v, (~4 % of flux)

than BNB
—>We are trying to understand a highly off-axis beam
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MicroBooNE have published v, cross
section papers here and here!

Motivation: why v, and v, ? o —
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* Measurements of the electron-neutrino cross sections are crucial for
furthering our understanding of neutrino physics
* Mass ordering, sterile neutrinos, CP violation

............
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L MicroBooNE NuMI !

* Needed for oscillation |+, gt |
experiments, which will be using A i
liquid argon Ve
* Electron neutrinos involved in

disappearance and appearance
channels
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https://arxiv.org/abs/2101.04228
https://arxiv.org/abs/2109.06832
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Kaon flux at NuMI

* Approx. 30 % of v, flux at

MicroBooNE from NuMI comes

from K; decays

* Important to simulate accurately
and precisely for v, cross sections

e Flux is largest systematic
uncertainty
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Source of Uncertainty Relative Uncertainty [%)]
Beam Flux 17.4
Detector 6.8
Cross Section 5.8
POT Counting 2.0
Out-of-Cryostat 1.8
Proton/Pion Reinteractions 1.2
Beam-off Normalization 0.1
Total Systematic Uncertainty 19.8
MC Statistics 0.8
Data Statistics 10.0
Total Uncertainty 22.2
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Particle physics 101 — what’s a kaon?

40.5% of K? decays result in

: n |
|
short lived, Kg, and one : R 7 —> T e:F Ve : the production of an electron
| .
long lived, K? : Urmo
L
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K° has 2 eigenstates: one
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The current picture

* Uncertainty on v, yield from KE currently comes from PPEX

* a particle production, transportation and decay package also used by MINERVA and NOVA,
more on-axis

. KE yield calculated with hadron production data through use of the Gatignon
Wachsmuth formula, derived assuming isospin symmetry:

I | N(K*)+3N(K")
ESS = ESE_/-. N(KI?(S)) = 4

I M o ! (N(X) = number of X produced in an interaction)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.092005

Application to NuMI

* To create the NuMI beam, a proton beam hits 6C
a graphite target, so we have a proton-carbon

| |
collision udd «-- OR - @
 Equal likelihood of a proton-proton or proton-

neutron interaction u,/d, = 1 uy,/d, =2

* Average the two equations for those two cases:

3N(K*)+5N(K~

Derivation!

proton-carbon collision
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Aim

e Use charged kaon data from NA61/SHINE to find the percentage difference

between KE yield values calculated with the two models (proton-proton and
proton-carbon)

Measurements of 7=, K*, K, A and proton production in proton—carbon interactions at 31 GeV/c with
the NA61/SHINE spectrometer at the CERN SPS
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Abgrall et al. (2016)

* This will be an additional model uncertainty on our current flux model
* Currently no uncertainty on equation
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https://arxiv.org/abs/1510.02703

Method

1. ‘Translate’ charged kaon data
— currently binned in p and 6

- 8
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N(K,f’(s)) =

N(K*) +3N(K")
4

N(KLs) =

3N(K*) +5N(K™)
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2p cos(0)

1: “Translate’ charged kaon data  r=psin@;x ===

* cross section is invariant under (xg, p+)

* we can apply NA61/SHINE to NuMI despite | —
different energies (31 vs 120 GeV/c) 12

MicroBooNE simulation in-progress
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* Bonesini et al: isospin model shown to be S
accurate for 0.18 < x; < 0.36, and agrees with R A
direct productign measurements within 15% 2D distribution of transverse momentum and Feynman-x for K°

that generate electron neutrinos traversing the MicroBooNE
for X <0.5 detector from NuMI Run 1, with area normalised histograms for
g, individual distribution; each bin is weighted such that the weights
) sum to 1.
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https://arxiv.org/abs/hep-ph/0101163v3

N(K*) +3NK)

p-p N(Ks) = 7

Method N NETCYETS

8

1. ‘Translate’ charged kaon data
— currently binned inp and 6

2. Fit (xg, py) distributions of charged kaons with a continuous
polynomial function

— reduces statistical uncertainty
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0-p | M) == (k") + NG
2: Fit charged kaon yield functions ¢ ooy B

* Data from NA61/SHINE for K* (left) and K™ (right) yield as a function of Feynman-x
and transverse momentum, shown in black, fitted with a polynomial function,

shown in red.
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https://arxiv.org/abs/1510.02703

NK*) +3NK")

p-p N(Ki(s) = 7

2: Fit charged kaon yield functions e

3N(K*) +5N(K™)

N(Ks) = 8

* Data from NA61/SHINE for K* (left) and K (right) yield as a function of Feynman-x

and transverse momentum, shown in black, fitted with a polynomial function,
shown in red.
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https://arxiv.org/abs/1510.02703

N(K*) +3NK)

p-p N(Ks) = 7

IVI et h O d p-C N(KDs) = 3N(K™Y) :3- 5N(K™)

1. ‘Translate’ charged kaon data
— currently binned in p and 6

2. Fit (xg, py) distributions of charged kaons with a continuous
polynomial function
— reduces statistical uncertainty

3. Use K*and K~ functions to find KE yields using the two equations

THE UNIVERSITY l—l ONA-J -

==
of EDINBURGH H. B. Parkinson - 10th April 2024 - 10P 15



NK*) +3NK")

p-p N(Ki(s) = m

3: Functions of the equations S o

N(K*)+ 3N(K ™)
—
3N(K*) +5N(K ™)

L~
-
-
N
-
-
o

KE yield as a function of x and p; computed using the fitted functions (previous slide) applied to
the two equations, p-p (red) and p-C (blue).
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3: Functions of the equations
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KE yield as a function of x and p; computed using the fitted functions (previous slide) applied to

the two equations, p-p (red) and p-C (blue).

H. B. Parkinson - 10th April 2024 - IOP

17




N(K*) +3N(K")

p-p N(Ks) = 7

IVI et h O d p-C N(KDs) = 3N(K™Y) :3- 5N(K™)

1. ‘Translate’ charged kaon data
— currently binned in p and 6

2. Fit (xg, py) distributions of charged kaons with a continuous
polynomial function
— reduces statistical uncertainty

3. Use K*and K~ functions to find KE yields using the two equations

4. Percentage difference between model equations can be computed
as continuous function of (xg, py)

— this will be our model uncertainty
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P-p

4: Percentage model difference e

NK*) +3NK")

N(KLO(s)) = 4

N(KLO(S)) =

3N(K*) + 5N(K™)
8

Heatmap of Percentage Model Uncertainty

|(p—p)—(p—0)|

X 100
(p—p)

percentage difference =

—>where both charged kaon functions
functions are at 0, the percentage
difference is 0 %

—>where one function is at zero and the
other is not, the percentage difference
is 50 %
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Heatmap showing the percentage difference between the KE
yield calculated using the two models (p-p and p-c collision)
for a given (x; py) coordinate.

- 8
CpmE T

THE UNIVERSITY l‘l
JEREE H. B. Parkinson - 10th April 2024 - |OP

0.35

50

N W B
o o o

Percentage Uncertainty

=
o

19




NK*) +3NK")

p-p N(KLO(S)) = 4

4: Percentage model difference € [y 230
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Heatmap showing the percentage difference between the KE
yield calculated using the two models (p-p and p-c collision)
for a given (xg pt) coordinate.
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Summary

* NA61/SHINE charged kaon data has been used to determine an additional model
uncertainty on the K? yield for NuMmI

* Continuous function in (xg, p+)
* Can be implemented to MicroBooNE software

e Correctly simulating kaon flux and its uncertainty is crucial for electron neutrino
cross section measurements and oscillation experiments

e Publication in the works!
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Charged kaon yield functions

— RMSE suggests good fit, but fit
parameter errors are large: could
suggest overfitting

- could try simpler polynomial, but
overfitting uncertainty is likely less
than the statistical uncertainty that
fitting removes

NAG61/SHINE K+ (left) and K- (right) yield data, shown
in black as a function of Feynman-x and transverse
momentum, fitted with a polynomial surface, in red.
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