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Modeling Neutrino Propagation

e V:propagation through the Earth is nontrivial and determines the
possible detection capabilities

e Must properly consider:
o Charged-current and neutral-current neutrino interactions
o Energy losses of charged leptons
o Charged lepton decay
o Multiple particle tracking/reinteraction
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Existing Neutrino Propagation Tools

Software Medium Cross-Section Energy Loss Decay Secondaries
NuPropEarth|PREM* DIS+Others (GENIE)|PROPO./TAUSIC| TAUOLA v(all), 7
TauRunner |PREM., Sun®|DIS (Table) PROPOSAL Param. v(all), T, p
nuPyProp PREM* DIS (Table) Table Param. T
NuTauSim PREM DIS (Param.) Param.™* Table v, T
Danton PREM* DIS+GLRES (ENT) |PUMAS TAUOLA (Alouette) |v(all), 7




Existing Neutrino Propagation Tools

HOW STANDARDS PROUFERATE:

(652 A/C CHARGERS, CHARACTER ENCODINGS, INSTRNT MESSAGING, ETC)

Software

NuPropEarth
TauRunner
nuPyProp
NuTauSim

Danton

SITUATION:

THERE ARE
|4 COMPETING
STANDPRDS.

1?! RDICULOLS!

WE NEED To DEVELOP
ONE UNIVERSAL STANDARD
THAT COVERS ENERYONES
USE CASES. YERH!
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SITUATION:
THERE ARE
|5 COMPETING
STANDARDS.
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What is NuLeptonSim?

e Based on the principles of NuTauSim:
o Fast, while not sacrificing accuracy
o Extremely modular, adaptable to different use cases

e Features of NulLeptonSim

o Moves beyond just vz, can also propagate Vi, and Ve
o Includes stochastic losses of charged leptons

o Includes 3D propagation of particles and saving of
in-matter interactions

e Hopefully useful for a talk:

o | will go through the different implementations of each of
these in a bit of detail

Charged-current and neutral-current neutrino interactions
Energy losses of charged leptons

Charged lepton decay

Multiple particle tracking/reinteraction




Neutrino Cross Sections

Extrapolations of charged and neutral current
interactions from

Glashow resonance cross sections from

Inelasticity sampled from CTEQ5 tables

Easy to swap with user-defined lookup tables
o Recently, on my own branch implemented

o Can consider BSM scenarios
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.83.113009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.030001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.030001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.113001
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Charged Lepton Losses

e 2loss model options:
o Continuous
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and sample y randomly, above a value ymin
o >10% on Pexit for Ev>10%eV 120{ - sow i
o Required for in-matter interactions
o Includes LPM suppression for muon

bremsstrahlung
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e User-swappable energy loss models
o Onmyown branch, recently swapped
stochastic with stochastic
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https://arxiv.org/abs/hep-ph/9712415
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.77.013001

Decays

Tau, muon decays sampled from Pythia tables
o Assume et hadrons interact immediately, all
other leptons continue propagation
o lgnore de-polarization effects, minimal
effects from

Kinematics of W- decay from Glashow resonance

well known:
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https://iopscience.iop.org/article/10.1088/1475-7516/2023/01/041

Multiple Particle Tracking/Saving Losses

e Particle propagation now donein 3D
o Particles that can continue
propagation (all leptons but

electrons) are kept in a stack 101° GeV v,: CC + Stochastic Loss Track

e Candefine a volume within which 0 — s ARA —
interactions above a user defined i
energy are kept (energy, interaction
type, direction)--used for ARA, B
PU EO, RET ~N —1500
o Sphere
o Cylinder -
o Cube —2500
e In principle, this could also be used RO WSS ’ e e R E.

with a topographic simulation to
define X(L), though generating a
lookup table would be nontrivial
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Some Results (taus)
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Some Results (muons)
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Some Results (Glashow)
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https://arxiv.org/abs/1901.08498

prob_data = np.load("Tau_Emergence_ Pr ilities.npy", allow_pickle = )
energies, angles, probabllltles = np. loglo(prob data[©]), prob_data[!], np.logl@(prob_data[ ])

prob_interpolator = RegularGridInterpolator((energies, angles), probabilities, bounds_error= , fill_value = -10)
https://en.wikipedia.org/wiki/Inverse transform_sampling
cdf_data = np.load("Tau_Emergence_Energy_CDFs.npy", allow_pickle = )
energies, angles, cdfs, cdfxs = np. 1oglo(cdf data[©]), cdf_data[!], cdf_data[ ], cdf_data[ ]
energy_interpolator = RegularGrldInterpolator((energles angles, cdfs), cdfxs, bounds_error= , Fill_value = -10)
N =
angles = np.linspace( ,30,N)
ens = *np.ones(N)
probs = 10**prob_1interpolator(np.array([np.logl0(ens), angles]).T)

fig = plt.figure()
plt.plot(angles, probs)
plt.xscale('log')
plt.yscale('log')
plt.xlabel('Earth
plt.ylabel('Earth
plt.grid(which =

N =
angles = “O*np.random.rand(N)
ens = *np.ones(N)

sample_ys = np.random.rand(N)

valid_indices = angles >=

angles = angles[valid_indices]

ens = ens[valid_indices]

sample_ys = sample_ys[valid_indices]

energies = ens* 0**energy_interpolator(np.array([np.logl@(ens), angles, sample_ys]).T)

fig = plt.figure()

plt.hist(np. loglo(energtes), blns = 50, density = )
plt.xlabel(r'SE_{\tau}$'+' (eVv

plt.show()




https://arxiv.org/abs/1901.08498

prob_data = np.load("T mergence_F s.npy", allow_pickle = )
energies, angles, probabllltles = np loglo(prob data[ 1), prob_data[ '], np.log1l0(prob_data[ ])
prob_interpolator = RegularGridInterpolator((energies, angles), probabilities, bounds_error= , fill_value = -10)
https://en.wikipedia.org/wiki/Inverse_transform_sampling
cdf_data = np.load("Tau_Emergen y", allow_pickle = )

energies, angles, cdfs, cdfxs = np loglo(cdf data[ 1), cdf_data[!], cdf_data[ ], cdf_data[ ]
energy_interpolator = RegularGridInterpolator((energies, angles, cdfs), cdfxs, bounds_error= y

N =
angles = np.1l1i
ens = *np.d
probs = 10%*prg

fig = plt.figu
plt.plot(angleqg
plt.xscale(']
plt.yscale('l
plt.xlabel('E

plt.ylabel('E

plt.grid(which

Earth Emergence Probability (Pexit)

N =
angles = *np J

ens = *np.d 10° 10!
sample_ys = np Earth Emergence Angle (Degrees)

valid_indices = angles >=

angles = angles[valid_indices]

ens = ens[valid_indices]

sample_ys = sample_ys[valid_indices]

energies = ens* 0**energy_interpolator(np.array([np.log10(ens), angles, sample_ys]).T)

fig = plt.figure()

plt.hist(np. loglo(energles), blns = , density = )
plt.xlabel(: 1S+ (eV)')

plt.show()




