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Topics

1. Attempt to measure K/Pi ratio with IceCube DeepCore
2. Data-driven hadronic interaction model based on accelerator data

3. Constraints from fitting inclusive muon data (mainly problems)

All calculations use the numerical code

MCE(g for all calculations. Visit

2021/1/12 | 2nd AtmNu worskhop, Nagoya | Anatoli Fedynitch Page 2


https://github.com/afedynitch/MCEq

Atmospheric spectrum a A hadron components
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Cosine of the zenith angle
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Analytical solution of cascade equations

Asymptotic low-energy solution (pion interactions negligible)
®,(X)x E77

Asymptotic high-energy solution (pion decays negligible)
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Z factors

(1 —ryp)7 !
. - . . . AT{U E ZNJT
A In semi-analytical calculations the coefficients A (1 — rn)()/ + 1)
(hadronic model) depend on spectrum weighted I 1 i
moments (Z factors —1 n
( ) ZNJT :sz FNJT(.?CL) de :fxz _frde
d)CL
0 0
A Simplifying assumptions are energy-independent
Int. cross sections, particle production and cosmic
ray SpeCtral Index Energy-dependent Z-factors for H3a CR flux
A One approach that improves all three issues are o e
energy dependent Z factors (Thunman et al. 1996) <
E; o -%‘h-n-tﬁ?:::...... e
> o E -air E dNV: air— E :E'n' K
Znn(Bx) = / dEy SCRAEN) Onairl E) AN vy (BN, Fir) T g~ e a0 S
E. (DCR(E‘JT) UN-air(Eﬂ) dEﬂ' 10-3 . . QI ) . o .

Secondary (p,r,K) energy (GeV)
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The K/pi ratio

A The K/pi ratio is simply defined as the ratio of the spectrum weighted moments

where r(K/m) = % [11] is the ratio of kaons to pions produced in
the primary cosmic ray interactions.

The atmospheric charged kaon/pion ratio using seasonal variation methods

from E.W. Grashorn ®#, ].K. de Jong “", M.C. Goodman ¢, A. Habig®, M.L. Marshak®, S. Mufson ¢,

S. Osprey ", P. Schreiner®
Astroparticle Physics 33 (2010) 140-145

A Side notes:
. . . .. :5 025__ e  Borexino (this work) (p+A_ )
1. The ratio is slightly energy dependent (hadronic int.) : MINOS (p+A. )
ey
2. Zfactors & ratio depend on spectral index of primary CR ; % ot Kim)
0.15—
3. K/piratio can be measured independently from i 1 { —{3 } .
time-i nt egrated flux omapo 01— .
- NA49 is 158*A
. .. . I GeVinlabn
4.  And from atmospheric variations: A method using oo s framel
temperature coefficients employed by OPERA, MINOS, S o
LVD, IceCube, etc. 0 10 10°
Borexino s [GeV]
1808.04207
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tir vity 1 n

— fromn= — from K=

— from charm and unflavored === sum
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1.00 e from K°
ICDeepCo
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;3 [y
% 0.00 3
S 0.02
—0.25
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S
[r—
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A Electron neutrino at higher E sensitive to K

A Electron neutrino at low E sensitive to pi through
muons

A Muon neutrinos sensitive to both in E and zenith
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xYTdN/dE (1/GeV)

Method: fit one additional parameter
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Secondary particle spectrum

2 0.08

0.044 |

0.02 A

— pHair-n*

p+air-n~

0.0 0.2 0.4 0.6 0.8 1.0
x=Eq/Ep
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A & 0 @

. O oy
| 0) i ,_Z | (U u)
)
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A Use one parameter and re-weight the baseline spectrum
(normalization drops absorbs the second one)

A Used 3-year sample from Standard Oscillations Analysis

A Also possible to fit separately 0 FU P  butnot
necessary fori |
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Result

AF, JP Yanez (IceCube Collaboration), ICRC 2019
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spectrum and angular distribution
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— — — P Currently difficult:
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- — p+air-n- =
= 0.08 & A DeepCore < Energy < IceCube
o £
= 0.06 9102
Eﬁ 0.04 4 > A Bias from mis-reconstruction
3 8
" 002 3107 . A Will repeat with new simulation
0001 . . . : : 10° 10! 102 10° 10° 10! 102 10° and more data
0.0 0.2 0.4 0.6 0.8 1.0 Muon neutrino energy E (GeV)  Electron neutrino energy E (GeV)

x=Egy/Ep
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Constrainnuncertailnties wimdata ngl obal

Cosmic ray : Hadronic Flux of
flux: Global Atmospheric interactions: muons and

Spline Fit [7] gl SYBILL 2.3c neutrinos

Experiment  Energy (GeV) Measurements Reported unit  Location Altutude Zenith range
AMS-02 (0.1-2500) Flux & charge rano ngidity 28.57°N, 80.65" W 5 m (sea level)
BESS-TeV  0.6-400 Flux momentum 36.2°N, 140.1°W 30m ()-25.8°
CMS 5-1000 Charge ratio momentum 46.31°N. 6.071"E 420 m peos .
L3+C 20-3000 Flux & charge ratio  momentum 46.25°N. 6.02°E 450 m ()-58°
MINOS 1000-7000 Charge ratio total energy 47.82°N,92.24°W 5 m (sealevel) unfolded
OPERA 891-7079 Charge ratio total energy 42.42°N, 13.51°E 5 m (sealevel) Ecos@®

| s - (bev)

2021/1/12 | 2nd AtmNu worskhop, Nagoya | Anatoli Fedynitch Juan Pablo Yanez and AF, launched in 2017, presented at Neutrino 2018 + ICRC 2019 Page 10



Reweighting method

A New version the cascade code MCEq with improved accuracy at low E

To

Cut secondary particle phase-space according to parameters 6 from Barr et al.

A Generate database of fluxes 5 'O and Jacobians

8<I>(Eu) (I)(E‘u,%i: 1+3)—(I)(Eu,e%’i: 1—5)

0 B 20

A Fluxes with modifications to 6..can be quickly evaluated in the fit:

OB (E,)
0 B;

D(Ey, Bas By, ...) = P(Ey) + Y %

2021/1/12 | 2nd AtmNu worskhop, Nagoya | Anatoli Fedynitch Juan Pablo Yanez and AF, Neutrino 2018 + ICRC 2019 Page 11



What we found

A Original attempt was to use the parameterization of Barr et al.
1. Found data to be insensitive

2. Too many correlations E; (Ge

3. Impossible to constrain

A Simplified to four parameters
A Yields of each meson species
A Global, energy-independent scales

A Enough to describe data

2021/1/12 | 2nd AtmNu worskhop, Nagoya | Anatoli Fedynitch Juan Pablo Yanez and AF, Neutrino 2018 + ICRC 2019 Page 12



Fit results

A Some experiments are hard to
fit regardless of modifications

A Possible systematic effects not
reported

A L3+Cipreviously i
referencéisdoaasa s
good as we thought

A We will include more data and
CR flux uncertainties in the
next iteration and report later
this year

A This approach limited to <
few TeV L lepton energy

2021/1/12 | 2nd AtmNu worskhop, Nagoya | Anatoli Fedynitch
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Impact of energy threshold for the fit

A High energy data less sensitive

i O —— *
.. . —] x
A This is because the features in 3 * mT y *
the muon spectrum are smooth ~ | x K* X X %
S0t * K7 T
A and fit variables become o I x %
strongly correlated g A« ! * ] %%
g 7« 3
A More angles are needed g - %
%
x
A Weodre investigating 100“7 | | |
and high-altitude balloon data 1071 100 101 102

Energy threshold (GeV)

2021/1/12 | 2nd AtmNu worskhop, Nagoya | Anatoli Fedynitch
Juan Pablo Yanez and AF, Neutrino 2018 + ICRC 2019 Page 14



Fit parameters and correlations

A With sufficiently low threshold (5 GeV)
the correlations are reduced

A Errors between a few to ten %

A Neutrino flux errors in the range
covered by fit comparable to kaon

errors
Parameter Error
Cr- +0.017
Crt +0.016
CK- +0.073
CK+ +0.055

Thoughts: €ein tens

target équal i thave to bee
i nvol vedémore digg

2021/1/12 | 2nd AtmNu worskhop, Nagoya | Anatoli Fedynitch

Juan Pablo Yanez and AF, Neutrino 2018 + ICRC 2019
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Learning from fixed target experiments

Transform
INtO X,
propagate

Take NAXX errors

fixed-target
data

Project with
Matthias Huber
(TUM)

M. Huber and AF,
in prep. 2021/1/12 | 2nd AtmNu worskhop, Nagoya | Anatoli Fedynitch

Build
inclusive
hadr. int.

model

Propagate

errors and

calculate
fluxes
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Towards constraining flux uncertainties with accelerators

p}r, out / GCVC_I

Now
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H. Dembinski,
ISVHECRI 2018

Phase space of air shower
interactions as covered by

various experiments
(beam-beam collisions
transformed to equivalent fixed-
target system)

LHCD could significantly
increases coverage
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Towards constraining flux uncertainties: neutrino telescopes

Particle production phase space covered by IceCube & DeepCore up-going tracks

IceCube ——— DeepCore
NA49/NA61 I PHENIX/STAR LHCb/ATLAS/CMS
. . 0 0
el p+n K+ + K- pi+ + pi- Ks+ K|
S, /,/ /// ,// //
8 104 ‘ f //
[ 4 7%
i 107 [ J p ,' ,z/
100 ,I : I I ,l : I I 7/ I I I ,; I I I
10° 10? 10* 108 10° 102 10* 108 10° 10? 104 106 10° 10? 10 108
E, [GeV] E, [GeV] E, [GeV] E, [GeV]

Current uncertainty for conventional atmospheric fluxes >30%

M. Huber and AF,
in prep.

2021/1/12 | 2nd AtmNu worskhop, Nagoya | Anatoli Fedynitch
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Conventional hadronic interactions in neutrino telescopes

Particle production phase space covered by IceCube & DeepCore up-going tracks

107 5
] =— Kt + K~ 68% containment
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106_: p—l—n
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IVI. riuuel aliu Ar-,

in prep.
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Specialized detectors need specialized analyses

~13 m

Vertex magnets

Target

Beam
S g S

MTPC-L

Experiment Primary Target FEpeam |GeV] Secondaries  Variables
NA49 D C 158 7. p.n T
NA61/SHINE p C 31 rE KE KL A po
NAG1/SHINE T C 158, 350 at, KT p D, PT

2021/1/12 | 2nd AtmNu worskhop, Nagoya | Anatoli Fedynitch

MTPC-R

ToF-L

ToF-F

PSD

ToF-R
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pr [GEV]

Conversion to longitudinal energy fraction
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Conversion to longitudinal energy fraction
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Fitting proton-Carbon data & uncertainty with splines

- 0.100 -
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Impact on prediction uncertainties

I Data-based model
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M. Huber and AF,
in prep.
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Good muon spectrum description from fixed-target data

s Vertical Horizontal
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extrapolation uncertainties to consider.

S

rega
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Conclusions

A We have investigated three different methods to use data for constraining hadronic uncertainties

A With the (software) technology in development, we will be able to perform a global combined fit to muons,
neutrinos and accelerator data

A | tadomg patht houghé
A Next steps:

A The IceCube DeepCore measurement will be updated to the new sample, as soon as the time critical
analyses have been performed. Will be done either by seniors (us) or an interested student.

A One master student in UofA is working on the muon fit with Juan Pablo Yanez and me, we are considering
different parameterizations and try to find an underestimated error that biases our analysis.

A Matthias Huber and | are writing up the accelerator data fit. It works, but many open questions remain. In
particular, different data analyses would be required from NAG61 in x_Lab/x_F.
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No simple tuning/systematic parameters within one

interaction model! Many features related to each other.
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Hadrons contributing to muonic leptons
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Hadrons contributing to electron and tau neutrinos

— total other prompt —— K= D* — A — U decay
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Electron neutrino energy (GeV)

Tau neutrino energy (GeV)
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AF, Becker Tjus, Desiati (CORSIKA), 2012

Flux uncertainties status

T. Sanuki & HKKM, 2006 G. Barr et al. (Bartol), 2006
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A Derive corrections from muon data A Uncertainty from assessment of A Basedonfibr acket i n g o
A Below 1 GeV all muons decay in accelerator and CR data (air-shower) and CR models
flight A method unconstrained A Current state-of-the-art (used by A Same result with post-LHC models
most except SK) (SIBYLL2.3, EPOS, QGSJET-II-04)

A Compar abl e-swihtemer
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