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* Icelop detects the low energy muons far away from the shower axis
(E > 200 MeV, r > 300 m).

expected to correlate with primary mass.
expected to scale as a power of the primary energy.

* We will look at:
— how one can estimate the muon lateral distribution function using IceTop,

— the energy dependence of the muon density at a fixed reference radius
for near-vertical events.

* Analysis being independently validated
(with some improvements)
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Shower window also catches
uncorrelated background signals

N=N

Shower + NB

N ... number of tanks with signals
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Charge-Distance to Axis Distribution

(all tanks)

Three years data (IC79, 1C86.2011, 1C86.2012)

1000.0 « Tank selection according to agreement with

angular reconstruction.
16000  Time residual less than 1000 ns

18000

» Selected events with 5 stations or more

114000 (16 tanks or more)

{12000 * Good runs, contained,

max. signal, IceTop filters.

4110000

10.0 * my own attenuation

charge/VEM

18000

16000 ° 18 zenith bins from 0 to 70 degrees.
roughly equally spaced in sin(zenith)?

4000 . 23 energy-bins from 1 to 200 PeV,
2000 * 100 log(r) bins from 10 to 1000 m.

1.0

10.0 100.0 1000.0

Example of lateral charge histogram:

— 4.49 PeV < E < 5.66 PeV
Ptrigger drops below 1 Muon LDF starts to be seen — 29.9 < zenith < 33.45 degrees
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Counting muons in air showers

VEM calibration Our approach
- Min-bias data - Small signals in air showers
+ Muon peak over smooth em background + Muon peak over smooth em background
Use mode to calibrate VEM unit + Use integral to get average local muon density
Muon Spectrum of DOM(19, 61) 3.0 12000
5 [Entries 135432 . 10000 sLC 326k
24500 2 5 :5\
@ . - 8000 HLC 24.4k
S 4000 i BKG 262k
3 — Total 2.0 2 0000 10, 0, 86
3500 — = 4000
Muons 2
3000 — Background & 1.5 2000
2500 1 VEM = 123.4 pe i 1.0 S)1.0 o5 .‘o.o\ 05 1.0 15 20
l 3 log,o(S/VEM)
2000 =
- \ o0 0.5
1500 <
1000 0.0
5001 -0.5
111 l 111 Il I L1 1 I | | ] Ll 1 1 1
0 100 150 200 250 300 350 —-1.0
Charge [pe] 16 1.8 20 22 24 26 28 3.0

log(7/m)

We analyze radial slices of showers
and obtain a muon density for each
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Charge Distributions at Different Radii

r=297m r=363m
IceCubePreliminary IceCubePreliminary
Muon peak
not clearly seen —
>
s
1000.0 18000 =
16000 B
1000 114000 ‘ ‘ Ml
r=428 m r=555m
- 112000 IceCubePreliminary IceCubePreliminary
g 410000
% 10.0
g 18000 5 — Al
6000 S ik = - 1+ muons
1.0 3 =2 \_‘ =+ 0 muons
4000 .
h 2000 ‘/ e it
0'1100 100.0 1000.0 0 10_1 100 101 _ 101
' H/m ' charge/VEM charge/VEM
Signal distribution for tanks Signal distribution for tanks
2 V,u> 1 detecting no muon detecting at least one muon
p ., — — (Tail of the EM distribution)
w hit N
tanks The muon response is widened
_ <N > and shifted to account for the EM component
=1—ce€ s

A radial cut is required to decrease contribution from EM LDF 7



#) UNIVERSITY of DELAWARE

Muon LDFs at O degrees

(HLC and SLC)

10 5
| Bins excluded from fit
t Radial cut
g
5107 |
-g |
= : & 1.1PeV ] o o
| Y 1.8Pev | Bins included in fit
(P
' 7.1 PeV
: 11.3 PeV
) S oy IceCube Preliminary
DA | | | | 10°
r/m
_ 320m + r @
Two free parameters N, (r) :@r 0-75
320m + rg

(two params fixed to values in K. Greisen, Annu. Rev. Nucl. Sci. 1960) 8



Number of muons
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Comparison to HiRes-MIA
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CAVEATS:

_ Ny
N Atop cos 0 + Agige sind

Pu

INsoo scales geometrically

as expected
pu ~ 0.83 as in Akeno

1M Nagano et al
1J. Phys. G: Nucl. Phys. 10 1295, 1984

MIA and IceTop are at different depths (860 g/cm2 and 680 g/cm2 respectively)
Depth correction is not done. Such a correction would lower the IceTop value by ~20-30% 10



(8) UNIVERSITY of DELAWARE Background selection

. Background window
10 — ———

' SRR 350000
raw Shower raw
, signals window 3000004 signals
107 !
250000
200000
150000 1
100000 1
50000 -
, I o k7’4 ——
~3.0-25-20-15-1.0-05 00 05 1.0 -25-20-15-10 =5 0 5 10 15
t launch — tfront—model (HS) tlaunch - tfront—launch (HS)
A) Select launch in shower window B) Select launch in background window

[2, 10] us before shower launch

- Time window [2, 10] us before shower launch holds perfect background
- Background estimate is extracted in situ from the normal data stream

Measured background rate per tank ~ 1466 Hz



Independent Validation
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- Calculation error discovered in
preliminary analysis

. New p”(600) lower by

factor ~1.7
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Ny s00 Attenuation...

differences
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All within 10% (below 30 PeV)
15
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N, (Over-)Corrected to 38 deg.

0.0040 —
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MIA depth ~ 860 g/cm?
lceTop depth ~ 680 g/cm? 16
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N, (Over-)Corrected to 38 deg.
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Conclusions

* With IceTop we can measure the average number of muons at large
distances from the shower axis. Specifically 600 m.

* IceTop’s Neoo displays remarkable agreement with HiRes-MIA at 50 PeV,
even though we expect systematic corrections that could change this.

« Preliminary p“(600) validated (lowered by ~1.-1.7)

* Improvements:
* Parametric signal model
* Uncorrelated background properly treated
 Started looking into the early/late part of the shower.

18
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Random slides

26
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Effect from Random Coincidences
(order of magnitude)

Low energy showers produce signals in the tanks that can fall in the 1 microsecond
window just by chance.

Let’s say the background rate is 1 KHz.
The probability pp that there is at least one signal in the time window is
1 — 6—0.001

Let’s say there are N tanks in a given (E, 6, r) bin.

The expected number of tanks with background signal is given by a binomial:
Ny = Npp(1 — pp) V=™

and the mean is what you expect:

(Ny) = Npp, = N(1 — e %%%1) ~ 0.001N

We can then correct the equation we used for the number of muons:
Nuzl

— 1072 =1 — e M)
Ntank:s

Pu hit —

20



Event selection

+ Selection may not bias mass composition

- Don't need to define exposure for our selection
- We are not computing muon flux, but average muon density per shower

- Exploration data set: IC-86 level 3 data (prepared by JG), June 2011

- About 2 million accepted events

2B 3.66 - Cuts from IC-73 spectrum paper
PassFi FilterMask: lceTopSMT8_11
assFilter
- filterPassed: true
PassPrescale

- prescalePassed: true
lceTopMaxSignallnEdge: false
Laputop reconstruction ok
Containment (IC-73 paper): true

S125 > 0.1 VEM and zenith < 60°
(later: events are binned in S125)

MaxSignallnside
Reconstructed
IsContained

Accepted

00 02 04 06 08 10 12
%107
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#) UNIVERSITY of DELAWARE  Going beyond simulations

(Hans Dembinski)

- Need plausible variations of our py-signal model to estimate systematics
- Parametric model based on theory allows us to see which variations are plausible

f(8) = | dIK(S;1)g(l)
0= K

Signal distribution Response kernel Statistical track length distribution
to one muon (ExGaussian tuned to for through-going muons
G4TankResponse) (pure geometry)

— 1 muons
-= 2 muons
-= 3 muons
== 4 muons
— 5 muons ||

Response to k muons is k-fold
auto-convolution of single muon response (JG)

Signal Probability (a.u.)

signal/VEM



Track length distribution

(Hans Dembinski)

http://arxiv.org/abs/1502.03347

Balazs Kegl, Darko Veberic

la> _
o \la Analytical solution to statistical track length

distribution of uniform hits on a cylinder

12 o 10
— a
10 b | 35
i 3.0
—~ 0.8 |
B a-la 25,
) z
\0.6- i \2-0‘
< ]
I A
< 04/ 1.5
1.0
0.2
05-
0.0 . . —< 00—, I N
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90

0 0/deg
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(Hans Dembinski)
ExGaussian http://en.wikipedia.org/wiki/Exponentially_modified_Gaussian_distribution

Analytical convolution of normal distribution and exponential distribution

u+ Mot —x
V20

A 2
flzip,o,N) = 563(2“4”\0 —2%) arfc

0.014 — 0.020

0.012
0,010 0.015
= 0.008 : = 0,010
™ 0.006 =
0.004 0.005
0.002-
0.000

00 05 1.0 15 20 25 3.0 00 05 1.0 15 20 25 3.0
X X

(x) 1.16 (x) 1.16
g 0.31 o 0.31
A 0.38 A 0.01




UNIVERSITY of DELAWARE U-model reproduces

(Hans Dembinski)

0.20 -
0.08 8/0deg
0.06 0154
0,04 : | 0.104
0.02 - 0.05
0.00 - 0.00 et A
0.0 05 1.0 1.5 2.0 25 3.0  —2.0-1.5-1.0-0.50.0 0.5 1.0
S/ VEM log,,(S/VEM)
muexp [ 1 0.10
zenith | | 0.00
pe-vem N | 97.00
tail | 0.09
il = 000 0 000 | | 1.00
jitter | ] 0.00
height NG 1 0.90

Data points: G4TankResponse
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(Hans Dembinski)

0.025 1 G/deg - 0.08

] 48.2
0.020 0.06.
0.0151
= 0.04-
0.0101
0.0051 0.02-
0000k . 0.00- S
0.0 0510 15 20 2530 —20-151.0-050.0 0.5 1.0
S/ VEM log,0(S/VEM)
muexp i 1 0.10
zenith GG | 48.19
pe-vem NG | 97.00
tail 1 0.09
c-factor NG 1 1.00
jitter | ] 0.00
Clelg@ | 1 0.90

Data points: G4TankResponse
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- p
T =

Full model regards em signals and trigger N — Ptrig (N,u -+ Nem) -+ NB (JG)

log0(S125) =-0.0 - 0.1 sec(f) =1.0-1.05
— Components
4000 - non-pu |
— bkg M ... parametric model

3000 (following slides)
] -
ke em ... power law (empirical)

2000 —

S Yem
1000 . .
trigger ... normal cdf in log, ,(S)
/ (empirical)
0= :
—-1.0 —-0.5 0.0 0.5 1.0 1.5
log,,(S/VEM)
logyo(1y) -1.32 )

sec(6),) 1.02

fcorr 1.13

v o ) Full model has 9 parameters,

logo(Aem) -1.65 we fit 8 bin'by'bin

’)’em 2.52

Hirig 0.26

Otrig 0.15 j
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Nt

Some people ask me about “punch-through”...
as if | was measuring muons by shielding against the EM component.

Punch-through does not apply in this case, but anyway...

my usual plot: in log scale:

r=381lm

10% |

N (a.u.)

10'

/
A 4 = ‘- = un 0 H
1 10 1
10 10° 10! 10 10° 10!
charge/VEM charge/VEM

In the experiment they have in their mind....
these would “punch through” some shielding above the
detector and pass as muons.

That is not the case here
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Detector Response to Muons

given a zenith angle and expected number of muons

Single muons, various angles

0.0°
9.3°

13.3° ||
16.3°
19.5°
24.4°
28.7° []
32.5°
36.2°
39.7°
43.1°
46.5°
49.9° ||
53.3°
57.0°

.0 0.5 1.0 1.5 2.0 2.5
charge/VEM

Response to single muons obtained from
Geant4 simulations of IceTop detectors

p(Q|Nu7 9) — Z

e

Expected number of muons

3.0

0.07

0.06

0.05f

0.03f

0.02

0.01

0.000

Few muons, fixed angle (~10°)

0.04}

J

—  1muons
—  2muons ||
— 3 muons
— 4 muons
— 5 nuons|]

6 nuons
— 7 nuons ||
— 8 muons
— 9 muons
— 10muons |

pne_<Nu>

2 4 6 8 10 12 14
charge/VEM

The response to n muons is the n-th order
autoconvolution of the single-muon response

n!
n

e

p(gq|n, 0)

response to a number of muons



Effect of Containment Cut

pare = 0.3, no containment
purc = 0.3, contained

Jﬂw

Nueoo (1/m2 )

10° 10t 102
E/PeV

Three years data
(IC79, 1C86.2011, 1C86.2012)

Snow:

— Banff tables

— lambda: (2.1, 2.2, 2.3)
Attenuation ‘corrected’
Energy conversion at 34 deg.
Included standard cuts:

— good runs

— filter checks

— maximum signal checks

— containment

Containment cuts have an
effect at the highest energies

30
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Tank Distribution Relative to Shower Axis
(0 < 6°,E~10 PeV )

105,
— Al
Al — sLc
O — HLe
HLC+SLC
103,
ZE 102,
10"}
100,

10! 162 10°
r/m
HLC: Tanks with signal whose partner within a station also has a signal
SLC: Tanks with signal whose partner within a station does not have a signal

Note that SLC tanks are relatively few and far from the shower axis.
Energy and direction reconstruction does not use SLC tanks at this time. 31
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Defining a Radial Cut
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5.7 VEM 71 VEM
1.0 ‘ ‘ 1.0 e ‘
"'r;i f§ 3.0° i, f§ 30°
H 29.9° z 29.9°
0.8f 3 rt o | 0.8 ¥§I t1 o
3 b 1433 = [ 1433
= 0.6} ‘§ = 0.6 4,
3 ¥ 3 i1
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0 0.4 o 0 0.4
2 i 2 o
i
0.2} o, 0.2r FIY
LR R R T IR
0.0 200 400 600 800 1000 0.9 200 400 600 800 1000
r/m r/m

pHLc: The probability that the partner of a given tank with signal also has a signal.

It can be determined from data (from slide 4) and
does not to depend strongly on zenith angle, only on s+2s.
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Lateral HLC Probability

HLC probability

30 deg
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The radial cut is such that prLc < 0.1
at 30 degrees.

33



UNIVERSITY ofDELAWARE

Effect of RadialCut

10°
o’ | =0.1
—  15,=382.2-10"% Purc 0'3
To=285.9-10"% Prrc : 0'5
ros=237.9-100% PrLe — [
—  1y,=219.2.10"% ][ 1
p 1]
—  1y5=197.7.10"7 10 1 gt ’
3 & .
= *
g 3
=5 s
107 b . *
. *
E
- *
102100 161 102 1073 ! ‘
10° 10! 102

5., /VEM
¥ E/PeV

PuLc also affects the maximum attainable energy.
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N600 (1/m*)

Comparison to HiRes-MIA

10° ‘
IceTop 7t
HiRes-MIA T

it
101 i
0 [‘ I i
it
102 } <
10'3 Il Il Il
10° 10! 102 10°

Phic = 0.3

E/PeV

N,Laoo (1/m2 )

10° ‘
IceTop it
HiRes-MIA T
107 | [}
0 I i.
A
102 | <0
10'3 Il Il Il
10° 10' 102 10°

Phc =0.4

E/PeV
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Outline of analysis

- Data selection

- Select events with good reconstruction

- Select launches compatible with shower front (HLC,
SLC)

- Select uncorrelated launches (to subtract)

- Histogram generation

} Background

- Fit histograms

- Parametric p-signal model



