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Introduction

> IceCube (this talk)

Geographic South Pole

~ 1km? instrumented volume

Between 1450 — 2450 m deep ‘ ‘

5160 optical modules, 86 strings i

Trigger rate of ~ 2.1kHz

(> 8 hits in 5 us)

» Mainly atmospheric muons
(Ey > few 100GeV)

» Air shower measurements

vV v vVvYyYyYy

» IceTop

» ~ 1km? surface array
» 162 tanks in 81 stations
» Air shower measurements

— see talk by K. Andeen
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High-Energy Muons

High-energy (HE) muons
(E,, > 10TeV) are produced during
air shower development

They trigger IceCube together with
low-energy’ bundle muons
(~ few 100 GeV)

HE (’leading’) muons generate
catastrophic energy losses along the
track

Energy losses are used to isolate
HE muon events and for energy
reconstruction

Laterally Separated Muons
0000000
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High-Energy Muons
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HE Muon Energ

Astropart. Phys. 78 (2016) XXV ECRS 2016 Proceedings
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> Straight cuts » Machine learning

> Surface correction » Unfolding
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Prompt HE Muons

Best fit:
—3.76£0.02

dd E

—— = (0.86 £0.03) x 107 °TeVtem 2 tsr ! [ — £

ar, ( ) 10 TeV
> Results agree within

uncertainties 1 IceCube Preliminary —4— Astropart. Phys. 78
—_— —4— XXV ECRS 2016

» Assuming H3a* (GSTT) flux: o o sz

D prompt = 4.75(2.14) x ERS?
> Very large sys. uncertainties!

> O ompt = 0 excluded with
3.97(2.64)0

E* d®/dE, [GeVZem ™ 2 st

» Not accounting for decay of 1074
4.0 4.5 5.0 5.5 6.0

unflavored mesons logo(muon energy/GeV)

*[T. K. Gaisser, Astropart. Phys. 35 (2012)]
T[T. K. Gaisser, T. Stanev, S. Tilav, Front. Phys. 8 (2013)]
*[R. Enberg, M. H. Reno, 1. Sarcevic, Phys.Rev. D78 (2008)]
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HE Muon Angular Distribution (In I
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T 1
> Data/MC disagreement in cosf) & SEsR e e,
» Only few percent mismatch at SR
3 10 = —B— Hocrandel Constant
trigger level = T Hovantel Riitysa
——z8
—=— No Knee
» Excluded effects: = : |
i i
» DOM Cﬂ’icicncy I R - YN % A S
I d 1 cos(8,.,)(MPE.SLC)
» Ice mode
g 25F
» Primary flux A
. . a 2f .
» In-ice photon propagation E .
p propag J: IR N
. . F E S o gt e ShiC - A
» Present for various hadronic F ) é_,_ft_?;‘_ﬁ-*v}-: BN PR Sy
1 e S s e il
models (pre-LHC) T VL D
0.5 —a— Duta/P
» Any other explanation? E D
0 0.1 0.2 03 04 05 0.6 0.7 08 09

cos(8,.,)(MPE.SLC)
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MCEq flux calculations [A.

Sibyll 2.3/model  Sibyll 2.3/model

Sibyll 2.3/model
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Fedynitch et al., EPJ Web Conf. 99 (2015)]
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HE Muon Angular Distribution

MCEq flux calculations [A. Fedynitch et al., EPJ Web Conf. 99 (2015)]
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Here: prompt from Sibyll 2.3c!
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HE Muon Angular Distribution

> Zenith angle data/MC discrepancy observed
» MCEq comparisons Sibyll 2.3¢ vs. other hadronic models

— Evidence that HE muon data/MC discrepancy can be
explained by missing prompt in MC simulations

» Full Sibyll 2.3¢ MC needed!
» In-ice Sibyll 2.3c CORSIKA MC in preparation

> New analysis using three years of data (almost) ready to be
published!

> Stay tuned..
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Laterally Separated Muons

» High energy cosmic ray interaction
can produce secondaries with large L e e gg .
transverse momentum pr that | 1 6 :

o
1
o
%o

¢-5o wmse

()
»
o
®
RS
© WD 5.

might decay into muons I

separate from shower core while
traveling to the detector

8 o
gl S
> Isolated muons (LS muons) ' ég-@‘p L
e 5
— double track signature g% I

» Lateral separation: ay

g~ P H
T E, - cos(9)
» Minimal resolvable track separation

— dp ~ 135 m

— typical pr > 2 GeV/c — pQCD regime
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Lateral Separation (In Ice)

> 80951 events in 960 days of data after final event selection

> Good agreement with previous IceCube results* (IC59)

10°* : . : ; :
IceCube Preliminary |—$— IC86 (959 days)
—#— 1C59 (335 days)
—— Sibyll 2.1
0
. .
o 1077¢
2
g
1070k
1077

200 300 400 500 600 700
lateral separation d [m]|

*[Phys. Rev. D 87 (2013)]
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Lateral Separation (In I

QCD-inspired Hagedorn fit*:

dr\”
a-(l—i—) +C
do

10°°

IceCube Preliminary |—#— 1C86 (959 days)
—— Sibyl 21

» C: constant irreducible \ -~ Syl 21 (s)
background contribution
(blue line)

» Background bin-wise
subtracted for further
analysis

> Sibyll 2.1 underestimates
LS muon event rate
(H3a flux)

200 300 400 500 600 700
lateral separation d [m]

*[R. Hagedorn, Riv. Nuovo Cim. 6 N10 (1983)]



Introduc

tion High-Energy Muons

00000000

Laterally Separated Muons Summary
0000000

ation (Surface Level)

[e]

» Lateral separation distribution after background subtraction
(4 primary cosmic ray energy bins)

> Accounting for trigger /filter efficiencies, using effective areas

» Hagedorn fit: transition from soft (exponential) to hard (power
law) regime at around dp ~ 160 m favored over pure fits

10°°
0<60°, B, >460 GeV —4— 1086 (959 days) 103 0<60° —— (5)),—090 Pev
) —_ Eago(ln;-'n —— (5,),=253 Pev
~ - - - Power Law
=10 S - Exponential =, —t— (Eo)s=5.49 Pev
_‘(w Transition d, Lm 10 (Ey)s=16.05 PeV
)
5 107 5
L) "" 10710
£ £
= 10°% 5
g 10 g/ 101
S
3 =
g g
< 09 -
10 10712
1010 | JeeCube Preliminary Lot LecCube Prelninary ’ |
200 250 300 350 400 450 150 200 250 300 350 400 450

150

lateral separation dp [m)]

lateral separation dr [m]
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d® /d(dy) [mPsrts7!

d® /d(dy) [mPsrts7!

|—+— 1086 —— Sibyll21  --- Sibyll 2.3 QGSJet -4 ~—— EPOS-LHC

10°® - :
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1077}

1071}

0"

102}

(Ey), =5.49 PeV

1071

IceCube Preliminary

ICCCI‘Jbe Preli‘minary

(Ey), =16.05 PeV
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lateral separation dy [m]

0 200 250 300 350 400 450
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LS Muon Angular Distribution

10-2 75° 60° 45° 30°  15°
—$— 1C86 (959 days)
G| szt
1077 H - - - signal
- - - single (bkg)
— 0t multiple (bkg)
|
B
g 107
107%F
107 ‘ R : IceCube Preliminary
E 148: " ! ! +"" -~
=1 0 = pa—— -
3 - i N
< 0.2t i .
0.0 0.2 0.4 0.6 0.8 1.0

cos(zenith)

> Significant data/MC disagreement (similar in HE muon analysis)

» Known from previous IceCube IC59 analysis*

*[Phys. Rev. D 87 (2013)]
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LS Muon Angular Distribution

>

Zenith angle data/MC discrepancy:

» Trigger level: < 5%
» HE muons: 20 — 30%
» LS muons: > 50%

» Evidence that HE muon discrepancy can be
explained by missing prompt

» LS muon analysis: typical LS muon energy ~ 1TeV
— Unlikely due to missing prompt

> Other effects of hadronic models (e.g. pr modelling)?

» Large production heights (~ 30km)
— Atmospheric models?

» Waiting for Sibyll 2.3c in-ice CORSIKA simulations...
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» HE muon analyses:
» HE muon spectrum

» Evidence for prompt component (> 2.60)
» Zenith angle data/MC discrepancy

— Likely explained by missing prompt in MC
» LS muon analysis:

» Lateral separation of isolated muons between 150 — 450 m
» First primary energy dependent analysis
» Zenith angle data/MC discrepancy

— Not yet understood... also hadronic model?

— Publications in preparation... (waiting for Sibyll 2.3¢ MC)
» Not covered in this talk:

» Forward muons with large Feynman-x [PoS(ICRC2017)317]
» Seasonal variations of muons [ICRC 2011 Proceedings]
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GST primary spectrum H3a primary spectrum
[Front. Phys. (Beijing) 8 (2013)] [Astropart. Phys. 35 (2012)]

<>:f’ 102 10?

E

3

u

[ GST-GF* Conventional
[T GST-GF* Prompt

M

o

.

do /dE E*

4742 44 46 48 5 52 54 56 58 . 4746 48 5 52 54 56 58 6 62
logwE“/GeV logwE“/GeV

CR Model Best Fit (ERS) | y?/dof 1o Interval (90% CL) Pull (Ay) | o(@prompt > 0)
GST-Global Fit [13] 2.14 7.96/9 1.27-3.35(0.77 - 4.30) 0.01 2.64
H3a [13] 475 9.09/9 3.17-7.16 (233 - 9.34) -0.03 3.97
Zats.-Sok. [35] 6.23 13.98/9 | 4.55-8.70(3.59 - 10.68) -0.23 5.24
PG Constant Ay [33] 0.94 9.07/9 0.36 - 1.63 (< 2.15) 0.03 1.52
PG Rigidity [33] 6.97 5.86/9 | 4.73-10.61 (3.53 - 13.83) -0.06 4.35
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HS Muon Energy Spectrum (Surface Level)

=

)

5 Flux

ooooooonO=HHDN-

8l AllSky
=16, < 60°
|50 By > 60°
===+ db/dE BT

=]

T

AP, MdE -} [s"em2srad GeV ]

prompt flux

/ prompt with steepen

I I I
42 44 46 48 5 52 54 56 58 6 62

log, B,/GeV 100 Tev wev E,

» Zenith dependence of prompt muon flux

» Experimentally measured fraction of prompt muons:

_ (I) rom t(E ,COS(G)) -~ E1/2 . COS(G) -1
fprompt(EH, COS(@)) = ‘;tota:(EuleOS(a)) ~ (1 + EM - (1 P Cos(a))>
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0° <0 < 60° (GST) 60° < 0 < 84° (GST)
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Double Track Reconstruction

» Dedicated double track reconstruction based on two-step
hit splitting and two separate likelihood fits

» For details see [Phys. Rev. D 87 (2013)]

10°° . T

Adp=(+16.1/-10.2) ni AG=(+0.5/-1.1)° !
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£10° | |

i i
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i i

1077 i i
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A1 reco™ yerue ()] Oreco™ Ourue [ ]
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Primary Ener

1072 . - - - -
9<60° —— 1C86 (959 days)
—— Sibyll 2.1
—3
075 Sibyll 2.1 (true)

1079

10-7 IceCube Preliminary
5.5 6.0 6.5 7.0 7.5 8.0 8.5
log,o(primary energy/GeV)
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Primary Energy

> First energy-dependent measurement of lateral separation

» Energy spectrum derived from deposited energy in the detector*

Energy bins 1 9<60° —— 156 (959 days)
<E0> 1 0.99 PeV B —— sibyl 2.1
<E0>2 2.53 PeV § :
<E0>3 549 PeV — 0 Eh
<E0>4 16.05 PeV % (=) —

g et  |u
107 (&),
1o-5|TecCube Preliminary

5.5 6.0 6.5 7.0 7.5 8.0
*[Nucl. Instr. Meth. A703 (2013)] log,o(primary energy/GeV)
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> o
<) 5 2 z
<4 : 2 H
B 5§ e
g g L
B g

6
logyo(truncated dE/dz m/GeV)

log o Ep true /GeV)

For details see [Nucl. Instr. Meth. A703 (2013)]
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Primary Energy Estimator

Alog;o(Ey) =(+0.24/-0.27)

T
1
1
i
1
i
i
1
I
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1
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1
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-1.0 —0.5 0.0 0.5 1.0
10g16(£0 veco/ Lo true)
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Lateral Sep

d® /d(dy) [m P srts7!)

r st
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-3

) [m

4o /d(dy

aration (Surface Level)

—4— 1086 —— Sibyll2.1 --- Sibyll23

QGSJet 14

—— EPOS-LHC

107°

10710

10-1

1012

IceCube Preliminary

IceCube Preliminary

10"

107}

10°10

101
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(Ey)y =5.49 PeV

(E,), =16.05 PeV

IceCube Preliminary

10-3
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lateral separation dr [m]

200 250

300

lateral separation dp [m]
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Transverse Momentum

—— 7  —— proton —— prompt —— T —— proton ~—— prompt

1
10 K neutron

-
s =2

K neutron

]

H
<

10
1072

dAN/(27py dpy) [(GeV/e)®

proton, log,o(E, /GeV) =7.0 e TS [ iron, logy(E, /GeV) =7.0 e TR

10°° - -
2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
transverse momentum py [GeV/c|

._
b
&

transverse momentum py [GeV/c]

Solid: EPOS-LHC
Dashed-dotted: QGSJet II-4
Dotted: Sibyll 2.1
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LS Muon Seasonal Variations

2012 2013 2014 2015

—4— 1C86 (959 days)
i
15 -y -y iy s mean

NN ey N A e

IceCube Preliminary

Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct

> Very large seasonal variations on ~ 50% level
> Due to selection of muons from high altitudes (~ 35 km)

» Information about highest atmospheric layers?
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LS Muon Seasonal Variations

3 2012 2013 2014 2015
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