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Air Shower — Muon Flux

Cosmicrays: ¢ ~ E7Y

~1078s

Prompt muon: Conventional Muon:

,Rest”

Parent is pion or kaon

Ice Surface
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Atmospheric Muon and Muon-Neutrino Flux

other prompt —— K* —— u decay

Dt e /\c

— total
total conv. - == other conv. — Kg — DY unflavored T
== total prompt =—— 1 — K s no unflavored

dominated by pions H* + U~

e
o

relative
to total
o
(92}
|

/
IO e emrawrerr EmmT T w—
10° 10°
E,, (GeV)

Muon energy (GeV)
» Detect prompt component

Goal: Measure atmospheric muon flux ‘ » Handle on pion/kaon ratio
» Handle on charmed mesons = prompt neutrino prediction 4
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50 m

IceCube Laboratory

Data is collected here and
sent by satellite to the data
warehouse at UW—Madison

1450 m

Digital Optical
Module (DOM)

5,160 DOMs
deployed in the ice

2450 m

86 strings of DOMs,
- set 125 meters apart

Antarctic bedrock

Amundsen-Scce
Pole Station, A

A National Science Fou
managed research facilit

60 DOMs
on each
string

DOMs
are 17 _|:
meters

ICECUBE

NEUTRINO DBSERVATORY

~* Muon bundle

* Multiple muon tracks
| » Most energetic muon:
“leading muon”

Cherenkov light front

apart g2

Gldesenkags Ev;

gallery.icecube.wisc.edu

S Cherenkov angle

charged particle
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Analysis Overview

Simulation Reconstruction Selection Unfolding

K CORSIKA air- \ DNN reconstructions ﬁigh energy atmospherh Muon spectrum
shower * Muon energies muons ¢ Unfold muon flux
» Particle and light * Muon direction e Select tracks at surface
propagation * Track geometry *  Remove low energy
* Detector response events
with optical « Data-MC quality cuts Fit flux components
properties of + Leading muon has to *  Prompt and
K Antarctic ice / carry more than 40% conventional

k of the bundle energy/ * Detect prompt

pascal.gutjahr@adelaide.edu.au 6
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Unfolding Procedure g(y) = j A(E,,y)f(E,) dE, +
/ E,
107 g 081, Doarson 003, M 0 = - 10 &
D108 - Median + 68 % percentile - /// ] I =3 éDD 10% E §
- ’ 410 Q% o B
2107 F . , & 107 o
SH: - -5  Use reconstructed leading muon S 10E 10° =
B100 1= - E = TR 2 £
S %ﬁp%t-. =L I LE energy at entry to unfold individual = - =
AU S i E 10 muon energy at surface % E n , S
5 i k;?{“ - 1 3 L 1073
= 10 -%{fz{’% """""" - 3 1077 5107 e
S ";{» L [ceCube Preliminary 3 o E L.
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Muon Energy at Entry [GeV] 100 100 10°
. Muon Energy at Entry [GeV]
2. Maximum likelihod method: 3. Thikonov regularization:
M g] 1 T 1 - . .
L(g|]g) H—exp( 1) t(f) =3 (Cf) 1)) 5. Maximize 6. Pgrform 4 unfoldings: one per
- log(£(g|f)) + t(f) gr;lr:\;ary model (H3a, H4a, GST,
S g ical i ics: with respect to
M (Af)‘g’ 4. Optical ice systematics: f > Average = Final result
] -
= | |——exp(=(4f))) :
g gj! g A = WJT A funfolding

~ GitHub /


https://github.com/tudo-astroparticlephysics/funfolding
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Sensitive to Prompt?
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Sensitive to Prompt?

[ceCube Preliminary
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» Unfolding is sensitive to the prompt component

pascal.gutjahr@adelaide.edu.au

Muon Energy at Surface [GeV]
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Final Unfolding Result

12.12 years of IceCube data

pascal.gutjahr@adelaide.edu.au 10
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Compare Unfolded Flux with MCEq Predictions

|—'<_| 1 1 1 1 LI | 1 1 1 1 LU | 1 1 1 1 LI I — 1 1 1 1 LU I 1 1 1 1 LI | 1 1 1 1 LI
—14 o i C1n-14 o _
> 10 [ceCube Preliminary = 10 [ceCube Preliminary
1_‘ 10—16 ] 1_( 10_16 ....... N
Nm 10_18 - N@ 10—18 | n
e i - ‘ _—_e
&10—20 | _ %10—20 | -
é —— MCEq H3a SIBYLL 2.3c =0 é —— MCEq H3a DPMJETIII191
1072 e MCEq H4a SIBYLL 2.3c S — o S 1072 b MCEq H4a DPMJETIIIOL e,
S ——- MCEq GST-3gen SIBYLL 2.3c S —-—- MCEq GST-3gen DPMJETIII191
= | e MCEq GSF SIBYLL 2.3c =0 < | e MCEq GSF DPMJETIII191 O
= 10724 | ¥+ Average of Unfoldings ' o = 10724 |- +®+ Average of Unfoldings D
E 1 1 1 1 L1 1 1 | 1 1 1 1 L1 1 1 | 1 1 1 1 L1 1 1 I g 1 1 1 1 L1 1.1 I 1 1 1 1 L1 1 1 | 1 1 1 1 L1 1 1 |
L o L =
A = A =
L‘é : 1 1 L L L1 1.1 | L 1 1 1 L1 1.1 | L 1 1 L L1 1.1 : LE C 1 1 1 1 L1 1.1 I 1 L L L L1 1.1 | 1 1 1 1 L1 1.1 ]
= 10 10° 10° 107 = 10 10° 106 107
Muon Energy at Surface [GeV] Muon Energy at Surface [GeV]
» Best agreement found for GSF with SIBYLL 2.3c » For DPMJET: shapes fit to unfolded flux, but

normalization offset (H3a/H4a/GST)

» GSF shows shape mismatch H

pascal.gutjahr@adelaide.edu.au
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Compare to Previous IceCube Result

Muon Flux
l\'_| I I I I LI I I L | — I I I 1 LI
o 2
> 10°F IceCube Prelipfinary .
* This work: @, i T ]
zenith 0°-78° T I /I/
N
* IceCubel: : —O— [t | ]
1. zenith 0°-90° (correlated unc.) G Aol i
2. zenith 0°-60° (no unc.) |E T :é:
= [ O+ This work 0° < 6 < 78° <k i
o= A IceCube (2016) 0° < 6 < 60° ISR
: 2 $  IceCube (2016) 0° < 6 < 90° P
> Measurgm.ents.arg _compatlble < 10! | MCEq GSF SIBYLL 2.3¢ 1 S |
» Uncertainties significantly reduced 5 i MCEq GSF SIBYLL 2.3¢ Prompt S .
» Extended energy range by 1 order = -~~~ MCEq GSF SIBYLL 2.3¢ Conv el ]
of magr“tUde - ] I Lo ] ] Lol I I RN S
8 El 5 I I I I LI I I I I LI I I I 1 LI
ET1.0F e s B e =
% E C ratio (integrated): This WorIk/MCEq | + | ]
— n ] ] L1 1 111 ] ] L1 1111 ] ] L1 1 111 ]
LN 0.5
= 104 10° 10° 10

Muon Energy at Surface [GeV]
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Compare
Unfolded Flux vs
Conventional
Only Prediction

* Colored lines should deviate
from 1 above 1 PeV in the
ratio panel

» Indicates prompt existence

pascal.gutjahr@adelaide.edu.au
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Differential Muon Flux
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Muon Energy at Surface [GeV]

10—13 —

T T

LB R L T

IceCube Preliminary

LR L | T LI B B |

—— MCEq H3a EPOS-LHC Conv
MCEq H4a EPOS-LHC Conv

—:— MCEq GST-3gen EPOS-LHC Conv
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*O+ Average of Unfoldings
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Average of Unfoldings
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Muon Energy at Surface [GeV]
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_: 25 10724 | - MCEq GSF SIBYLL-2.3¢ Prompt e
- ; MCEq GSF SIBYLL-2.3¢ Conv 2
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Stopping Muons Muon Energy at Surface [GeV]|

* Decay in the detector volume
» Sensitive to low-energy range from 600 GeV to 10 TeV (conventional component)
» Unfolded year 2020 of IceCube data = tension around 10 TeV 1

pascal.gutjahr@adelaide.edu.au



< Adelaide
University

dortmunc
university

/\| BERKELEY LAB

* Muon flux per bin i:

. @baseline

. djbaseline
conv,t

prompt,

N,

conv) -

N

conv

M (N prompt’ + NV, prompt

e Minimize Chi2 over all bins:

-3

7

(yi — Mi>2
7?

X2 (N prompt?

N,

conv )

* Fit normalization for prompt and conventional for a
given model prediction
* Here: MCEq with SIBYLL 2.3c weighted to GSF

* Several model predictions can be tested

» Measure prompt muon flux
» Fine-tune hadronic interaction models

pascal.gutjahr@adelaide.edu.au
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stopping and leading muons
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............. et _l ;
L1 II 1 1 1 L1 1 11 1 1 1 L1 11 I| 1 1 1 L1 111 | 1 1 1 L1 111 :
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Muon Energy at Surface [GeV]
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Conclusion & Outlook

* DNN-based leading and stopping muon
selection

e 12 years of IceCube data unfolding
* Best agreement with GSF and SIBYLL 2.3c

Outlook

* Extract charm production and make neutrino

flux prediction

* Fine-tune hadronic interaction and cosmic
ray models

 Stay tuned for prompt discovery

pascal.gutjahr@adelaide.edu.au
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Thank you for your attention!
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Muon Energy at Surface [GeV]
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Backup

pascal.gutjahr@adelaide.edu.au 17



dortmunc <o = Adelaide
J ety I seruerey tas £ Cniversity ICECUBE

ﬁ 1.6 I | | I L I | | I | L I I I | LI | i
E - IceCube Preliminary -
~1.4 -
5 - i
* Train unfolding on H3a, H4a, GSF, GST g I i
 Unfold 4 MC weighted datasets for the 4 ug 12T _
primary mOde|S D : .'..'..'..'..'..'..'.! -
* Divide each unfolding by its true MC 2 T e S
distribution IO e e e —"
° 16 unfoldings in tOtal I et A et
» Ratio of 1 expected 0.8 N R
» Offset to 1 = bias - 7
- I -
(.6 = Hsa M(H3a) ---- H3a, M(Hda) —:= H3a, M(GST) - H3a, M(GSF) | —
"~ L —— H4a, M(H3a) ---- H4a, M(H4a) —— Hda, M(GST) - H4a, M(GSF) A
| —— GSF, M(H3a) ---- GSF, M(H4a) —— GSF, M(GST) - GSF, M(GSF)
. . o . | —— GST, M(H3a) ---- GST, M(H4a) —— GST, M(GST) - GST, M(GSF)
» Maximum distance to true distribution 0.4 ] L A
> Add these biases as an uncertainty to "10% 10° 109 107
the unfolding result Muon Energy at Surface |GeV]|

pascal.gutjahr@adelaide.edu.au 19
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 GSF:1.09 —— MC (H3a)
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IceCube Preliminary = MC (GSF)
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Muon Energy at Entry [GeV]

Uncertainty [%)]

== o |
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—20

—40
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Total Uncertainty } Minuit Error  § Absorption ! HolelceFU po
Unfolding Bias Asym. l Stat. Only DOM Efficiency HoleleeFU pl
Aeﬁtstat Scattering
_I 1 | LI [ LI | LI | LI | LILILL ] LI LI I LU I LI I T I_
'I'H{*i"‘}{!’lo—«ﬁm’ - TEom o *7{!“0 {Hn&—lﬂﬂf—}w}kf— %sa» oW Ix
- [ceCube Preliminary -
_I 1 Ll 1 1 | L1 1 | L1l | | - | L1 ‘ Ll | L1 ‘ Ll | Ll ‘ Ll I Ll ‘ L1 I L1 1 I 1 I_

—
(N)
(%)

4 5

» (left) data—MC agreement for the unfolding proxy variable, (right) uncertainty per bin
for the unfolding performed using GSF

pascal.gutjahr@adelaide.edu.au
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— I I IIIIIII IIIIIII I I IIIIII|

—14 B | | . . —
> 10 'II [ceCube Preliminary
~ |
Fl;_‘ 10—16 | | , _
All 4 individual unfoldings agree within e L o,
uncertainties 10718 - | 7
CT] -——0———;
&10—20 | l——O——i _
E —— H3a Matrix "‘“‘O"“'i
3 —22 | H4a Matrix | o— —
5 10 —-—- GST Matrix .
Ez’ o @4 GSF Matrix L‘"O‘-"l
107 Average of Unfoldings - T
T@ |—-.-Q—-.-
-lqa; 1 1 1 1 L1 11 I 1 1 1 1 L1 11 I 1 1 1 1 L1 11 I
aq;—)‘ %1.5 : I I I 1 LU I I I I 1 I LI I I I I - I LI :
5 ;% 10 ; I == __I__"__I__..___I__ -I‘ ......... I ............ .....".:.:-..-.: o g L--_--:.__;;
;05 - 1 ] Lol 1 ] Lo 1 ] ] SN N
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Muon Energy at Surface [GeV]
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Compare Unfolded Flux with CORSIKA Predictions

Best agreement found for GSF

pascal.gutjahr@adelaide.edu.au

ICECUBE
10_14 I 1 I I LI | I I 1 I | LU |. ‘ 1 I I I LU |
[ceCube Preliminary
10—16 _
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10—20 - 0 _
— MC H3a =
1072 —— MC H4a o —
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o | MC GSF T U
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1
— n ] ] Lol ] ] Lol 1 ] [ T I I | i

106

Muon Energy at Surface [GeV]
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3 Models with the Best (Chi2) Agreement to Unfolded Flux

I I IIIIIII I I IIIIIII I I L L

—IeeCube Preliminary .

—— MCEq H4a DPMJETIII191

MCEq GSF SIBYLL-2.3c
107% | —— MCEq GSF EPOS-LHC
v+ Average of Unfoldings

1 1 lIIlIII 1 1 IIIlIII 1 1 IIIIIII

Differential Muon Flux [cm

Data / MCEq

o = =
ot O Ot
LI 1 LI

-
T
—_
(-]
Ot
— L
-
D
’_\
-
\]

Muon Energy at Surface [GeV]|
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Neutrino Background: IceCube BPL ICRC 2025

CD 1 T IIIIIII 1 T IIIIIII T T IIIIIII T T IIIIII| T 1 L m T T T IIIIII T T 1 IIIIII 1 1 1 IIIII| T T T L
§ —— CORSIKA H3a ~ —— CORSIKA GST - NuGen § —— CORSIKA H3a  —— CORSIKA GST - NuGen
> ---- CORSIKA H4a - CORSIKA GSF > | ---- CORSIKA H4a - CORSIKA GSF
o - o 10° -
= -
e\ e 1 O S SN
— —
. O A
B =B
= — =) I S
2 S | T e
= 10t | ot . S [ e e e S B — .
— —— e
enlEb IceCube Preliminary 1 S | T [ceCube Preliminary s E—1-d
10_1 1 L IIIIII L ICI IIIIII 1 1 L Illllly 1 1 L IIIIIl 1 .T"-"r"T.!IIII 10_1 1 L L 1 IIIII CI 1 L L1 111 L }I/ L L IIIII I“I“j L 1 I_I_I-
é 1 1 T IIIIIII 1 1 IIIIIII T 1 IIIIIII T T LU T 1 L § 1 T 1 1 IIIIII T T 1 L 1 1 1 IIIIII T 1 1 L
@ 1 0—2 | - @ 10—2 | :;:;:.-:-_-?;E-_-‘
8 o — 8 __________
?10—4 Hmr-_.l'l'llllnl 1 1 ||||||| 1 1 ||||||| 1 L1 1111 ?10—4 1 |||||| 1 |||||| 1 1 L1 1111
S 10° 10 10° 100 107 108 S 10* 10° 106 107 108
z Muon Energy at Entry [GeV] z Muon Energy at Surface [GeV]

* Neutrino prediction includes atmospheric and astrophysical flux

pascal.gutjahr@adelaide.edu.au 24
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NEUTRINO OBSERVATORY

Impact of Hadronic Interaction Models?

MCEq, GSF MCEq, SIBYLL2.3C
T I T T T T L I T T T T LI I B T T T T T L I T T T T LI I T T T T LI I
105 [ceCube Preliminary = 10-15 [ceCube Preliminary
@) [~
T
10718 . 7 10°18 | a
T(D
B )
E107* - =102 |- |
4 —— SIBYLL2AC —— DPMJETIIIO1 ™ s — &sT
= — - SIBYLL23C Prompt = —-- DPMJETIII91 Prompt g . .
= 10~24 | --- smyLL2ac Conv' . —-- DPMJETIILIOI Cony o4 | 0 Dabrompt  —o GST Prompt
: S e = bhoS i s e e ——
et-11- rompt — - rompt w —
§ QGSJet-11-04 Convp === EPOS-LHC Convp ~~! E% gi: gf)(:\r/lpt -——- 82? gf)?lr\?pt \:::
7‘310—27 Il Il Lol 1 1 Lol 1 1 Lol '_‘10_27 , , | , , L1 , , Ly 11
< =
) —~
g} % 2 - I : 0 4Gq_; ch 4 [ T 1 1 T LU I 1 1 T T L I 1 1 1 1 LI I B ) I B 0
& 9 1 +50% g = 1 +250%
A \]. ] a'::d ~2F ; —
E ]_():4 L L L . L l:ll[I)S L L L L L I]i(:|)6 L L L L i lll(:l);? : % _4 1 Tﬁl 1 15 1 1 1 1 L1 1 1 16 1 1 1 1 11 1 1 I7 ]
10 10 10 10

Muon Energy at Surface [GeV] Muon Energy at Surface [GeV]

Only SIBYLL and DPMJET include charm

Constant offset < 100 TeV -2 irrelevant for unfolding

Up to 50% difference at highest energies

Difference between primary models about 250%

Unfolding recovers this spectral index change within uncertainties

pascal.gutjahr@adelaide.edu.au 25
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* Unfold dataset 4 times, once per primary
model (H3a, H4a, GST, GSF)

e Uncertainty per unfolding k:

O — \/O-tsz,k + (bunf,bias gb\k)z + (5Aeff q’b\k)z

* Average: B 1A
¢unf — 1 Z ¢k
k=1
1 4
* Uncertainty on average: Oeorr = 5 > oy
=1

e Deviation between unfoldings:

_ 1 . & 2
Ospread — E ; (¢k _ unf) '

e Total uncertainty: Otot — \/O'gorr + JSZpread 26
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Check Impact of Regularization Variations
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Coincident Primary Background Estimation

100 O -
£ 3
E" 0.75 o . 104 =
= - =
= - - .

g 0.50 | N 1 13 =
+ : S
%O 025 [ = - -] 9 D)
: - -

S 0.00 F - s e

= - 10
£-025F - =
2050 F N k
: :

LTﬁ—o.75j— "__:_'-_ looCiube Prolim; N

- == lCELUDe [reliminar
'—%0_1 00 __lﬁ = | | y i
£ Y02 4 6 8 10
&) 10 10 10 10 10
- [True] Muon Energy at Surface [GeV]

pascal.gutjahr@adelaide.edu.au 28



