T

2t Fermilab (@

Office of

U.S. DEPARTMENT OF
ENERGY Science

,,,,,

:
|
e ]
N
W I
¥ ran L

Tau Polarization and Correlated Decays in Neutrino

Experiments

Joshua Isaacson

In collaboration with: Stefan Hoche, Frank Siegert, and Sherry Wang

PRD 108 (2023) 9, 093004

7 December 2023 1



Motivation

Am2, [1072 eV?)

de Gouvea, Kelly, Stenico, Pasquini, PRD 100, 016004 (2019)
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Beam sample - expected counts/year:

~130 v_in low-energy neutrino mode
~30 V_in low-energy antineutrino mode
~800 v_in high-energy neutrino mode

From Adam Aurisano’s Talk
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[NuTau2021 Report: arXiv:2203.05591]
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Motivation

v. Appearance channel
T
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How to do you extract these parameters from data?

From Kevin Kelly’s Talk
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de Gouvéa, Kelly, Pasquini, Stenico [1904.07265]
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Motivation

Nrp de,, dg, P(Va — Vﬁ;E,,)O'@(EV)MED(EV,ETGCO)

NND del/ débgyD O-a(EV)MéVD(Ey, Ereco)
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Motivation

Nep| [ dB, 22" Py, — v B,)os(B,)MEP(B,, Ereco)
X ¢ND
Nnp deV dE, 0o(Ey)MEP(E,, Ereco)

e Number of events in near / far detector
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Motivation

FD
Nrp deV :ibE _JB(EV)MgD(EwEreCO)
NND deVdjfé\;D O-a(E,/)M]aVD(Enyreco)

e Number of events in near / far detector

e Oscillation probability
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Motivation

s, R 1 7, ...
[ AB, =B MY P(Ey, Eyeco)

dE,

e Number of events in near / far detector
e Oscillation probability

e Neutrino-nucleus cross section
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Motivation

FD
Nep| [ A5 PSS (B ML (B, B

NND de,/df]E\;I) a ]/ MND(EwEreco)

e Number of events in near / far detector
e Oscillation probability
e Neutrino-nucleus cross section

e Migration matrix (Depends on topology of events)
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Motivation
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e Number of events in near / far detector
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e Oscillation probability

d¢ND
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e Neutrino-nucleus cross section

e Migration matrix (Depends on topology of events)

Ot
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MND(Ew Ereco)

e Conclusion: Need theory driven neutrino event generators
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What about tuning?

1.0

0.8 1
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x  Input parameters
-=-=- 20, truth (NuWro) 4
—— 20, GENIE (untuned) -
— 50, GENIE (tuned) L7

e Tuning can hide new physics if not handled

correctly

e Even with tuning, theory uncertainty is dominant

systematic

0.3 0.4 0.5 0.6 0.7
myp [GeV]
[N. Coyle, S. Li, and P. Machado: arXiv:2210.03753]

Source of Uncertainty v. signal (%) | Total beam background (%)
Cross-section and FSI T 8.6 ]
Normalization 3.5 3.4

Calibration 3.2 4.3

Detector response 0.67 2.8

Neutrino flux 0.63 0.43

V. extrapolation 0.36 1.2

Total systematic uncertainty 9.2 11

Statistical uncertainty 15 22

Total uncertainty 18 25

[M. A. Acero, et al. NOVA collaboration, Phys. Rev. D 98, 032012]
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Achilles: A CHicagoLand Lepton Event Simulator

Project Goals:
e Theory driven
e Leverage experiences from LHC event generators
e Develop modular neutrino event generator

e Provide automated BSM calculations for neutrino
experiments

e Evaluate theory uncertainties

e Appropriately handle correlations within events
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Spin Correlations

Achilles

Every other neutrino generator

2 to n-body scattering

Spin-density Matrices
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Spin Correlations

Achilles

Every other neutrino generator

2 to n-body scattering

Spin-density Matrices

1%

N
[Jl et al. arXiv:2110.15319]
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https://arxiv.org/abs/2110.15319

Spin Correlations

Achilles

Every other neutrino generator

2 to n-body scattering

X

Spin-density Matrices

1%

N
[Jl et al. arXiv:2110.15319]
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Spin Correlations

Achilles Every other neutrino generator

2 to n-body scattering

v X

Spin-density Matrices

1%

N
[Jl et al. arXiv:2110.15319]

Vr

Nucleus

[JI et al. arXiv:2303.08104]
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Spin Correlations

Achilles Every other neutrino generator

2 to n-body scattering

Spin-density Matrices

1%

N
[Jl et al. arXiv:2110.15319]

Vr

Nucleus

[JI et al. arXiv:2303.08104]
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Spin Correlations: 2 to n-body scattering

Example: Dark Neutrino explanation of MiniBooNE

° Full phase space — separation [E. Bertuzzo, et. al. arXiv:1807.09877 ]
of Dirac and Majorana
¢ GENIE includes this model, but Energy of leading lepton (PRELIMINARY)
handles it with repeated decays = AL T N B N S B N A B B NN B B N
— only can simulate Majorana s 06 E ~—— Dirac E
. i 5 e - =l
case (by accident) E el Majorana 3
L oo :
S ] .
= 0.3 [+ )
0.2 —
0.1 3
o E
g 200 400 600 800 1.0-10°
E. (MeV)

Image generated by the MicroBooNE collaboration using Achilles
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Spin Correlations: Spin-Density Matrix [P. Richardson arxiv:hep-ph/0110108]

Step 1:
- Calculate the matrix elements tracking spin 1 9 " :
- p is the spin density matrix for incoming particles Ph-.],{'IPH.QH..;MH«H»z;x\l..-/\.,,,MK'IH.;;A;.../\;I H D/\.i,\;.v
- D is the spin dependent decay matrix i=1,n
- Initialize D to be diagonal
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Spin Correlations: Spin-Density Matrix [P. Richardson arxiv:hep-ph/0110108]

Step 1:
- Calculate the matrix elements tracking spin 9
- p is the spin density matrix for incoming particles th /hm;/\/lmnz;x\l Ay Mh KN e AN H D)\ AL
- D is the spin dependent decay matrix i=1,n
- Initialize D to be diagonal

Step 2:
PAN, = \1r pm e, Mtk M ar HD/\ IV Randomly seIec’F unstaple partiple
i#j - Calculate the spin density matrix for the decay
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Spin Correlations: Spin-Density Matrix [P. Richardson arxiv:hep-ph/0110108]

Step 1:
- Calculate the matrix elements tracking spin 9
- p is the spin density matrix for incoming particles th /hm;/\/lﬁ-mz;x\l KM E LR e SN H D)\ AL
- D is the spin dependent decay matrix i=1,n
- Initialize D to be diagonal

Step 2:
PAN, = \1r pm pr. Mtk M ar HD/\ N Randomly seIec’F unstaple partiple
i#j - Calculate the spin density matrix for the decay

Step 3:
- Select decay channel based on branching ratio * H i
- Generate momentum according to p>\(i>/\6M>‘<)?>‘l---AkM%;)\'l e D)\i./\ﬁ,
- Continue down decay chain until only stable =1,k
particles remain
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Spin Correlations: Spin-Density Matrix [P. Richardson arxiv:hep-ph/0110108]

Step 1:
- Calculate the matrix elements tracking spin
- p is the spin density matrix for incoming particles th Ph)h, Mgy rairg .. an Mg E LR e SN H D)\ A
- D is the spin dependent decay matrix i=1,n
- Initialize D to be diagonal

Step 2:
PAN, = \1r pm ph sy Miiraing A Mz HD/\ IV Randomly seIec’F unstaple partiple
i#j - Calculate the spin density matrix for the decay
Step 3:
- Select decay channel based on branching ratio * H i
- Generate momentum according to Proxy Mo Ak MAB?)‘Q AL D)\'i)‘ﬁ
- Continue down decay chain until only stable =1,k
particles remain Step 4:
- Final decay matrix is obtained
Dyory = N Moxgias.. AkM)\' AL H DA By - Repeat above steps until all particles are stable

i=1,n
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Collinear Limit

e Possible to calculate decays in
collinear limit ( pr — 0Q)
e Useful to validate predictions in
the same limit
| Decay mode [Branching ratio (%) ]
Leptonic decays 35.21
e VUrie 17.85
L e, 17.36
Hadronic decays 64.79
e 25.50
T Vs 10.90
v, 9.32
77’7, 9.17
atr v, 4.50
7 1770, 1.04
K v, 0.70
ata n 7rn° 0.55
other 3.11

]

I 1 I I
s T 1

o}
a
—_— e, _
—— Transverse
——-=- Longitudinal

B. K. Bullock, K. Hagiwara, and A. D. Martin, Nucl. Phys. B 395, 499 (1993).
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Monoenergetic Validation

1/N dN/dx,
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Correct handling of polarization
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Monoenergetic Validation
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DUNE Tau Optimized Flux

T T T I I T
1 ! ! ! 0.00014 |-
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0.5 < sin? (26,,) < 1 5
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From Kevin Kelly’s talk yesterday E, [GeV]

L. Fields, “DUNE Fluxes,” https://glaucus.crc.nd.edu/DUNEFIuxes/
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DUNE Tau Optimized Flux

Events with at least one pion

1/N dN/dpx, [1/GeV]
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DUNE Tau Optimized Flux

Events with at least one pion
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DUNE Tau Optimized Flux

Events with at least one pion
l T

1/N dN/dpz, [1/GeV]
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DUNE Tau Optimized Flux

Comparison to backgrounds

Highest energy 7~
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[P. Machado et. al. arXiv:2007.00015]
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DUNE Tau Optimized Flux
v, A— 1 (A—1)p,
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DUNE Tau Optimized Flux

1/N dN/dpr, [1/GeV]
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Conclusions

e Extracting underlying physics parameters requires accurate modeling of the underlying theory
e Largest systematic uncertainty arises from event generator modeling of cross-sections
e Handling spin correlations will be vital for any process beyond 2—2 scattering
e Achilles only tool on the market that can handle this
e These effects are important for tau neutrino charged current interactions
e Future steps:
o Investigate improvements on tau separation from background

o Leverage spin-correlations for more accurate BSM studies

Codes can be found at:
e Achilles: https://github.com/AchillesGen/Achilles/releases/tag/v0.2.0
e Sherpa: https://qitlab.com/sherpa-team/sherpa/-/tree/achilles
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Backup
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Tau Threshold

6.0
e Minimum neutrino 5.5
energy depends on _
the nuclear structure. g 50
0]
e Nucleon momentum £ 45
=3
along z-axis L
4.0
e Binding energy (E,)
impacts threshold 3.5
3.0
2.5
2.0 ! 1 I I I 1 L 7
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pz [GeV]
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1/N dN/dz,

Monoenergetic Validation
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