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Neutrinos act as probes of hadronic processes and offer a distinctive view Iinto their [ PBRISPB2 \V
astrophysical origins at high energies (Fig 1). When reaching energies =PeV, v, =107 Cosmological v
Interactions within the Earth can produce a significant flux of t-leptons. These tau- ,:10163 colary
leptons subsequently decay, generating upward-moving extensive air showers (EAS). “-‘Em:f Supernova burst (19874)
Using the Earth as a target for neutrinos and the atmosphere to generate signals "‘_;"12 ; | Resctor anti
effectively creates a detector with a mass >> gigaton. vSpaceSim is a comprehensive o Background from old supernovad
simulation developed to model all the relevant physical processes that describe the o |
neutrino-induced Earth-emergent lepton chain to help design the next generation of os | Terrestrial anti-v
balloon- and space-based experiments, estimate the exposure of ground-based oef Atmospheric v
experiments to these showers, as well as understand the data from recent experiments 1015f o AGN
such as EUSO-SPB2 and ANITA (Fig 2). The simulation includes the modeling of 10
neutrino interactions inside the Earth that produce leptons, the propagation of the 10 Cosmogenic
leptons through the Earth into the atmosphere and their decay, forming composite EAS, 10aF T N
generating the air optical Cherenkov and radio signals, modeling their propagation and AT R VI, AR VO P P
attenuation through the atmosphere (including clouds and ionosphere effects) and Neutrino energy
modeling the response of detectors at a user-defined altitude. Fig 1: Neutrino flux spectrum and their sources. Spiering, C. Fig 2: Sketch of the simulation process.

2012, The European Physical Journal H, 37, 515

S' - - Bitle = "NuSpaceSim" [simulatign]

iImulation modelin - - - e » "Diffse

. J Simulation chain DT Features

1 . InS|de the Earth "Tu%_?zi;'“uth_angle = "36@.@"deg" ] ]

i . . [detector. initial_position] cngle_fron linb = 6.4 deg”  Current Version: vSpaceSim 1.5.1
T neutrino flux, CC interactions, 1 Ilepton cltitue <0l cherenkov_Light_engine = "Defau Vectorized Pvthon wranoer
. . LGR?UCQ - e °0 " simulation.ionosphere ¢
propagatlon and energy loss, V. regeneratlon longitude = "169.1417 deg User Input Letnatation. tonosphere] East: 106 y od pr’[) _ 4m
. . . abactor . Sun moon . total_electron_content = 10.0 L] : o
Sampled Libraries: nuPyProp, nuTauS|m’ and Efitmin S trle Observatory Altitude PRSI — total_electron_error = 0.1 aSk lg_enera edeventsin min
' . ' sun_alt_cut = "-18.0 deg" estia ennition ®
any other with the appropiate input format roon a1t cut = 0.0 deg" Earth Surface Region . : [simlation. tau.shoner] Dask multi core
moon_min_phase_angle_cut = "150.0 deg" A— of interest Radio or ﬂptltﬂl > mﬂ;__;r,ﬂsyz @?5 d TOML In put format
[detector.optical] | table_version = "3"

2. In the atmosphere nable = true Geometric Selection Earth Density Model et . HDF5+_FITS and C_ONI_EX output fo_rmat
t propagation and decay, air shower, optical [ w0z Detector Response Neutrino Energy i) * Modelling of cosmic diffuse neutrinos
and radio generation, atmospheric attenuation Eiebactor rate] Detection Threshold Interaction Models simtation.cloue rode * Modelling of transient neutrino sources
and scattering of signals Low freauency = "30.0 Miz" o e « Optical and radio signals modeling

. . high_frequency = "300.0 MHz" | | _Slnjf_oa loi."ar € ., .
Sampled Libraries: Tau decay, EAS (CONEX), snr_threshold - 5.0 i PR | sourceth = T0.0 deg’ » Scattering, aerosol, ozone and clouds
. _ ) nantennas = 10 | aster Loop ! source_date = "2022-06-02T01:00:00"
Optical and Radio signals, MERRA-2 atmosphere gain = "1.8 dB R | source_date_format = st
: . : source_obst = 86400
| |, Geometry Tau Propagation Tau Decays i
! Sampled Libraries i : IF
Cherenkov and radio signal at instrument, || samplng » vlepton Exit Altitude I > 3 4 s 67890 15 0 25%
) . ) ) . P h th ‘ : : T T | e P, | 001; T T 18 i . )
including spatial and temporal profile and ; —. Samphed Libraries | | oIV 10 E,=10" eV
T H | G tri l — 8 —
wavelenght spectrum. Instrument definition E A::;::a“:e ), —— Decaylproducts S — o
includes height, orientation, time and location of | | )
observation, and tools to define threshold | I A N
Radio Signal EASGen boos
g ; Sampled Libraries Sampled Libraries N
S . . ] l
- Radio Signal = ZHAires EAS and CONEX/Cosmos £AS.| |
E Radio Signal Gen g | T
10-3 Zenith = 80°, Decay alt. 0 km E ﬂpti:a| 5igna| i
£ ST I | e ; Sgnal et chs Universalty - o
£ — ey — -mee ! l | S 0 )1
fE | o oome —=== Results from : - Cherenkov & \ | S 10 q 10
g Som TZEt the  ZHAireS | | h Flourescence Gen | [T Mg ] Bix deg
g 1077 = - : onospnere - ' 107 2 3 4 5 6780910 15 20 2530° A f th tgoi lept d
.é SlmU|-at|0n E DiSpEl*Eiﬂrl * i Earth Emergence Angle (Deg) ‘ ) verage energy o e_ ou g_OIr_]g T_oep on (reo
0 6 0 5 10 15 20 2 < k:EL : I ! J ShOWIﬂg the | Atm Sl:attering i nuPyPI‘Op' D Garg et al “ne) and range of energles within 68% and 95%
/ km 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 . i | . . . 1 1
0 2 4 6 8 1012 14 1h 18 50 % v Angie. 69 radio — pulse ! ‘ Rayleigh | JCAP01(2023)041 g{)Xg'“eSl' $ Oeono’ M6'H' e&gbf (;] ysical Review .
By T T T Zenith = 80°, Decay alt. 1 km Spectra at E ! , VOL. , N0 0O, P. .
z | +++ £ 107 TiWh.o  woi 525km altitude Signal at Detector Aerosol i
Sa00}- o — 20 ERE — 7000 i | l
i | 1 i 5 —EEm “mmm |aSa functlor_1 of ; 5| [ Efficiency - Clouds :
=50 ' = se —wowwe | ObSErver view | o |
oo E 106 o —wmiw angle of the | Timing s |
s : + + U 10 O MMy s 1000 - 1250 Miz : :
150} g shower for a 0 R Y — TS N S > EAS results: Conex-like Root output
-+ e v . | | i -1 16.5 _ 1017.5 }
"o + 05 10 15 20 25 30 35 40 Aszemth angle of l E Vi SpeCtrum 10 10 eV
| & View Angle, deg 80° 'c-lepton
o I T‘T | Zenith = 80°, Decay alt. 2 km | decay altitude Run Results Lo - 6000 - Current Tree : Shower
© 10 20 30 4 50 E. 10~ 100 15eMe €00 430 s Acceptance (AQ)) X:-empty-  Jy Seed3 RN
: : v, i e e i — » 10° i | ] ) .
Fluorescence simulation of a 100 3 0 Wew  — TS0 w00 . g £ 4000 Yiempty- Ryt FyN
. - el el b Event Physics G 3 =2 1 -ampty- ﬁ Hfirst ﬁ rnH
EeV shower with 5° emergence 3 e — e variables © 10 000 Y - )
angle, generated with vSpaceSim. g 10°¢] - — 1o 12 Lot | ﬁ:mp“‘: % h':‘d” 2 ]
e -an OoX a Las n
0 05 10 15 20 25 30 35 40 45 4 15 16 17 "o 10 20 B empty- g X0 0O
' View Angle, deg ‘ ’ Energy / logio (&) Earth emergence angle B/ * E{ » -empty- gxmax : ndEdX
1500 Ex » -emipty- Mmax dEdX
20000 E¢ » -empty- ﬁ p1 ,ﬁ niiu
1 s 15000 - 1000 ,, EC-empty- Ry p2 M
l g ‘Lé § E: » -emipty- ﬁ p3 ﬁ niSamma
Detector Response Example CIOUdS VS NO CIOUdS aperture 167 Longitudinal Profiles From Composite Showers © 10000 < 500 © E: » -emipty- ﬁchi‘z hﬁamma
| Shower getector distance 1.3km_ < ¥ ’ e s000- Uiy Eoompty-  fgxme g nelectons
a0 é FEH RMS Error 0 - : . . . . E¢ » -ampty- ﬁ Mimmee ﬁ Electrons
o 0.000 0.001 0.002 0.003 0 10 20
o ‘é 5 Pexit(T) Earth emergence angle 8/ ° B ~emply- ﬁmedx ﬁ nHadrans
g 1 E hlgE ﬁddemx ,ﬁl—ladmng
fp No Clouds S 10° - T profile | [ 10%° £ 5000 iy zenith By couTime Ry ndMu
§ Clouda £ 800 “x; 07 4000 By azimuth Ry nX B avu
é . , E % 107 - 600 g :;g . 3000 g ﬁ Sead2 ﬁ X ﬁ EGround
-Deltectogg':operties: é = 10° 400 8 § . 2000 8
. 3mm px size E Q -4
+ 5ns time binning 200 = 1000
+ 70% efficiency 105 - coh
: if:i?);c;\é,—e . } 0 25|0 560 ?5|0 10|00 12|50 15|00 1?"'50 2000 T T T B T T T
7 8 ° 10 1 12 Slant Depth t (g cm~2) 0 10 20 -4 -2 0
Log,,(E /GeV) Earth emergence angle B/ ° logio (B /)
SPB-2 Neutrino sensitivity to GW170817 14-day All flavor 90% CL SPB-2 100 days All-flavor Optical w/ Radio Simulated Sensitivity B e
. . _ . . oS
ANITA Radio Comparison : v_ - induced upward EAS No clouds With Clouds ~ 107
Lo ] - . " 2 v - Key Parameters:
g — : EUSO-5PB2 ., 4| ¢ 33 km Altitude Radio 90CL
8 ANTARES & er 10k« Limb to 6.4° below Sensitivity: 100%
10 A | S _. = Earth Limb Duty Cycle
5 : | Auger ¥ | ,;‘: - Df =360°
N 107 f | - | o 10 4. 1m? Optical
5 s s | if_" < Collection Area
8 106 e e 2 o | £ w0 b fa « 10 radio antennae:
§ ia. e = = mm 10 -5 30-3
8 |
5 R
g 105 » [ —— E
| | IceCube | I E -6
104 —e— ANITA Tau Airshower Acceptance (NuSpaceSim) 5 1 . .
—eo—  ANITA Tau Airshower Acceptance (arxiv:1811.07261) i Optlcal Ch(:':l:epk?v Documentation and Acadaric Papers
—e— ANITA Tau Airshower Acceptance (remy paper) 90°CL SenS|t|V|ty. rariiamna RN
']'_'0'17 S ']'_'0'18 S Hilollg S ”]'_'0'20 o ”ib'zl T : 1 10 L . : ; 10 7 g9 DUty CyCIe A e
Tau Neutrino Energy (eV) " . . ; - Inl--,-, " _h.lw:. o 5 ! . I:.“;I“I |-:~_.~:L:-~:| 6 f] H 9 10 11 12
Plot by Andrew Ludwig Ref: Remy Prechelt: arXiv:2112.07069 Log (E, /GeV)

@

References

[1] Krizmanic, J. et al (2019). nuSpaceSim: A Comprehensive Neutrino Simulation Package for Spacebased & Suborbital
Experiments. PoS Proc. ICRC, 936.

[2] Ackermann, M. et al (2022). High-energy and ultra-high-energy neutrinos: A Snowmass white paper. Journal of high energy
astrophysics, 36, 55-110.

[3] Wiencke, L., & Olinto, A. (2019). The extreme universe space observatory on a super-pressure balloon Il mission. arXiv preprint
arXiv:1909.12835.

[4] Olinto, A. V. (2023). POEMMA (Probe Of Extreme Multi-Messenger Astrophysics) Roadmap Update. arXiv preprint

COLORADO SCHOOL OF arxXiv:2309.14561.

[5] Cummings, A. (2023). Analysis of above-the-limb cosmic rays for EUSO-SPB2. arXiv preprint arXiv:2310.07063.
M I N E S [6] Buckland, I. J., & Bergman, D. R. (2023). Universality of Cherenkov light in EAS. Astroparticle Physics, 102832.
®

The vspacesim collaboration

1 NASA/Goddard Space Flight Center, Greenbelt, Maryland 20771 USA 2 Waseda Institute for Science and Engineering,
Waseda University, Shinjuku, Tokyo, Japan 3 Department of Physics and Astronomy, Lehman College, City University of New
York, New York, New York, 10468 USA 4 Department of Physics and Astronomy, University of Utah, Salt Lake City, Utah
84112 USA 5 Department of Physics, Colorado School of Mines, Golden, Colorado 80401 USA 6 Department of
Physics, Pennsylvania State University, State College, Pennsylvania 16801 USA7 Department of Astronomy and Astrophysics
University of Chicago, Chicago, Illinois 60637 USA 8 Department of Physics, Columbia University, New York, New York USA

9 Department of Physics and Astronomy, University of lowa, lowa City, lowa 52242 USA 10 Laboratoire
Univers et Particules de Montpellier (LUPM) France 11 Jet Propulsion Laboratory, California Institute of Technology, Pasadena,
California 91109, USA 12 Institute of Experimental Physics, Slovak Academy of Sciences, Kosice, Slovakia




	Slide 1: nuSpaceSim: An End-to-End Simulation Package for Modeling the Sensitivity of UHECR Experiments to Upward-moving Extensive Air Showers sources by Cosmic Neutrinos in the Earth Jorge Caraça-Valente5 for the 𝜈spacesim Collaboration:  John Krizmanic

