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] Moy =1 lceCube Neutrino Observatory

Deployed over 6 seasons:
Completed in 2011

& lceTop (Surtace Air Shower
Array):

— ~1 km? instrumented area
— 81 stations with 2 tanks each
— 125m spacing between stations

NOTE: Ice, not Water! H ] ; _ 2 DOMs per tank=> 324 total
, | ' DOMSs

— Measure electromagnetic and
low energy muon components of
alr shower

. \ lceCube (In-lce Array):

— ~1 km?3 instrumented volume

— 86 strings with 60 DOMs each
with 17m spacing—>5160 total
DOMSs,

_ Depth: 1.45-2.45 km

— Measure high energy muon
component of air shower

;;;;;;

Same DOMs used for
lceCube and IceTop

Cable Penetrator Assembly
\ PMT High Voltage Base Board

High Voltage Generator & .

LED
Digital Control Assembly

| Flasher Boar
. < _ /
| | Main Board
I
- ! //

Mu-Metal Magnetic
Shield Cage

Delay Board

Glass Pressure /

Sphere

PMT
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July 27, 2019

lceTop Energy Spectrum

Electromagnetic Part of Shower:

(S;,:) = lceTop Energy Proxy g l107
Nearly composition independent § 35_ Find most likely energy for each}ir 10
letd35/Em m [ sliceinS,,;, repeat for four gt .
8,92'55_ separate zenith ranges. g% = 10°
le+3 T 2f b ;
5 1 10
le+2 .g ' - 3
= = 10
1e+1 0-55_ .E. '.-: _;102
O 0 -
le+( 055_ 10
le-l o r/m _1E| L 1 1 | | | | | | | | | | L 1 1 | | L 1 1 | | L 1 1 | | | | 1

-200 0 500

-’.

S ( T ) —p—K 10%1()( 125 m
125 °

125m

Karen Andeen, Marquette University

(&) |

55 6 65 7 75 8 85 9 95
Iogw(E/GeV)

)

* lceTop Energy Spectrum unfolded

using maximum likelihood method.

(Composition assumed from H4a model:
Front. Phys.(Beijing) 8 (2013) 748-758)

* 3 yrs of data (May ‘10 —Jun ‘13)
* Standard cuts (PRD 88 (2013) 042004)
* Data set divided into individual years

shows consistency



lceTop Energy Spectrum

Electromagnetic Part of Shower:

(S,,<) = IceTop Energy Proxy = f l 10’
° ° ) m ) __
Nearly composition independent § of Find most likely energy for each}ir — 10°
letd35/Em m [ sliceinS,,;, repeat for four gt -
o 29F separate zenith ranges. i =10°
O = avn =
let+3 T2 ) -
- L = 10"
1.5 I =
let+? - .
1— =10
le+l 0'55_ : ."_; —;102
O 0 B
le+( o E 10
0.5
le_l ’ r/m _1:5|IIII5|5IIII6|IIII6|5IIII7|IIII7|5IIII8|IIII8|5IIII$IIII9|5 1
-500 0 500 | | ' | Iogw(E/Ge\'l)
ne ICECUBE PRELIMINARY
sl 1 * IceTop Energy Spectrum unfolded
(24 1E - g using maximum likelihood method.
"' : ? (;m « " "'u..,....--"'i'E A 2 __ (Composition assumed from H4a model:
t11 ¥ = ? é i B Front. Phys.(Beijing) 8 (2013) 748-758)
"""" HER - [ ) ‘
{ i g t | ¢+ ||* 3yrsofdata (May ‘10 —Jun “13)
e - . » Standard cuts (PRD 88 (2013) 042004)
L ' ¢, ||* Data set divided into individual years
E Tu | ¢ 1 .
e IceTostHAR) 3010 T shows consistency
. ceTop(H4a) 2011
n ceTop(H4a) 2012
10°1 & IceTop(H4a) 3 years
| celop Syst.
107 108
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Colncident Measurements

Electromagnetic Part of Shower:

(S,,c) = IceTop Energy Proxy S l 10’
.« . . W 9.9
Nearly composition independent > F | -
8 aF Find most likely energy for each}ir — 10
letd36/EM m [ slicein$S,,s, repeat for four g g*: -
29 separate zenith ranges. ¥ — 10°
0 n s | =
le+3 - o 2 -
- | | = 10°
1.5 2 =
let+2 - ‘I
1= = 10
O 0 -
le+0 - 10
-0.5:—
le-l o r/m _1:| I | I | I | I | I | L 1 1 1 | I | I | I | 1

55 6 65 7 75 8 85 9 95
Iogw(E/GeV)
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I{ : ? Energy loss (dE/ 3
] i : dX) at fixed slant g 3
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Coincident Analysis: Spectrum and

@
A

Composifion

NN provides event-by-
event energy
reco.—>Coincident
Energy Spectrum

YWD
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\/
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J. Phys.: Conf. Ser. 718 052033
Proceedings of ICRC2013(0861)

Astropart.Phys. 42: 15, 2013

3" (dE/dX (X=1500m)/ GeV/m)
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MARQUETTE N
Sy Coincident Energy Spectrum
Log(E/GeV)
6.5 7.0 7.5 8.0 8.5 9.0
10’ - - - - - -
Same data set as
lceTop alone analysis,
L shown together for
¥ e comparison
= L
1 .
Y] + } } Coincidence
3|3 ] requirement -2 fewer
: events and smaller
energy range than
1050} looton lone ey 3y IceTop alone analysis.
| lce Top Detector Systematics

107 108 100
Energy in GeV
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MARQUETTE Coincident Analysis: Spectrum and

UNIVERSITY

Composition
= 250 |
2 F Energy Proxy Use NN to directly
= °F reconstruct
vo2.5__ ) . °
o F w energy-2> Coincident
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Energy Spectrum
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N uons Proxy W}){‘)‘:’v ";'é;gf& ‘ ‘\
K =
Weak HE %’A“y\\&‘é 7'%6‘)\1 &
Vm A /A clesie

N

N

[/
Y
Stochastics \\\‘/

Event-by-event mass
classification is not
possible—>analyze mass as a
function of energy on a

statistical basis.

OV

\o/

J. Phys.: Conf. Ser. 718 052033
Proceedings of ICRC2013(0861)

Astropart.Phys. 42: 15, 2013
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e ETE Coincident Analysis: Mass Output

Log(E/GeV): 7.4 -7.5

I

.g- 4_ g_) 2500 + ........ Data ..... ............... ............... ............... ............... |
c3> b — —_— Best Fut | ,
3.5 — N
A - —_— — = - — Welghted H KDE
(q0) B __—— q) ...........................................................................................................................
= B R B 1 : Welghted He KDE
= - - e Welghted O KDE 5 /N
- = e
— 25_ | 1500 eearerecredessareseanes WelghiedFeKDE ,,,,,,,,,,,,, ....... N ,,,,,,,,,,,,, .......
E._ 3 : : : o : : :
— P
2‘ —_— DR
: —————_.__I__l_-l--l- _I_-l--l-—l— . I
- 1000
1.5
- Proton
1
500

Oxygen
0.5 lron

O | | | I I | | | | | | | | | | | | | | | | 0 05 1 15 2 25 3 35 4 45
6 3.0 / 7.9 S 8.5 9 Ln(NN Mass output)

Iogm(ErGCO/GeV)

For each slice in energy make templates using KDE method
Use unbinned likelihood method to find best fit to datg
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N ARQVEITE Composition Measurement

UNIVERSKITY
Log(E/GeV Log(E/GeV
6.5 7.0 7.9 8.8 8.5 9.0 6.5 7.0 7.§ 8.8 8.5 9.0
— 105
‘_IL 10 + A”_Partlcle I._|3a ...................... GST + AII_Partlcle I._|3a ...................... GST
vy
v
| 4
.\E 10*
S
G
§10°
G _
|0 T ‘_ q
S| \ \ |
i Y IceCube/lceTop - H IceCube/IceTop - He
(E.n 10° Total detector syst. proton Total detecitor:'§YSt.
— 10° I o I .
77 & All-Particle H3a GST ¢ All-Particle H33 GST
W\
v
| 4
,\E 10*
S
G
§10°
G
=[S __ .
S ) )
L v IceCube/lceTop-0 - Y IceCube/lceTop - Fe
~ : | | ; | |
¥, 102 Total detector syst oxygen Total detector syst
- 10/ - 10° - 10° - 107 - 108

Energy in GeV

Energy in GeV

Composition becomes heavier with increasing energy up to 102 GeV

Agreement with models within statistical and systematic uncertainties
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Log (E/G evg
0.5 7.0 7. 8. 8.5 9.0
— 10> Tibet-IIl 2008 b Tale 2018
‘_I' | Tunka-133 2016 HiRes-Il 2008
& | % Kascade 2005 g= TA 2016
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‘—I' Yakutsk 2009 @ IceTop
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>
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O 3
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— 105 Ileet—III 2008 |I|} Tale 2018
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I8
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10/ 108 10°

Energy in GeV

Composition Measurement

Log (E/G eV(;
65 7.0 7. 8. 8.5 9.0
Tibet-l11 2008 J> Tale 2018
Tunka-133 2016 HiRes-Il 2008
% Kascade 2005 TA 2016

e-Grande(ICRC) 2017

Auger(ICRC) 2017

i

***--*---

Tunka-Fe (QGSJetll-04) 2013
B Auger-Fe (Sibyll2.3) 2017
| EM IceCube/lceTop-Fe (Sibyll2.1)

.

ey

'*-'iﬁ -

| ' " IRBL
Tunka-He (QGSJetll-04) 2013 |
| WM Kascade-He (Sibyll2.1) 20005 — "
B Auger-He (Sibyll2.3) 2017 ]
| I lceCube/lceTop-He (SibylIR. ]1) :
._ Tibet-Il1 2008 > Tale 2018
| Tunka-133 2016 HiRes-1l 2008
| oy % Kascade 2005 g= TA 2016
»&W * V¥ Kascade-Grande(ICRC) 2017 $ Auger(ICRC) 2017
| - Yakutsk 2009 @ IceTop

%

107

108
Energy in GeV

General agreement with composition results from other experiments
(within statistical and systematic uncertainties.)




sy T lcelop Energy Specirum

I

~—&— lceTop-alone 3\ I's

Tibet 111 2008
& Argo-YBJ 2016
~4— HAWC 2017
¥ Tunka-25 + Tunka-133 2013
~%¥— Kascade-Grande Sibyll 2013
¥ HiReslII 2009
— TA 2013
~— TALE 2018
—+— Auger ICRC"OI:

E® x dI/dE [GeV? m2 sr' s]

10* 10° 10° 10’ 10° 10* 10" 10"
Primary Energy, E [GeV]
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MARQUETTE Future Dreames...

- N wvwn \ )
Main Array
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With an increase of just x10 in volume,
the coincident aperture increases by x40
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UNIVERSITY

Summary

< lceTop Is used Independently to reconstruct the primary cosmic
ray energy spectrum from PeV 1o EeV

< lceTop Is used In coincidence with lceCube to reconstruct both
fhe primary cosmic ray energy spectrum and the composition.

< Both analysis tfechniques agree with each other, and agree
Independently across all years.

< Paper submitted to PRD (arXiv:1906.04317/ [astro-ph.HE]). We
expect publication shortly:

Can’t get enough of IceCube/lceTop? For...
lceTop/IlceCube cosmic ray overview: see Dennis Soldin’s talk (earlier today)
Latest Reconstruction Techniques: see Emily Dvorak’s poster [PST1-157]

Surface Array Upgrades: see the Scinfillator upgrade poster [PS1-190], the Radio
upgrade poster [PS1-210:], and the IceAct upgrade poster [PS1-179]

Future Composition Plans: see Matthias Plum’s poster [PS3-204
And many more

July 27, 2019 Karen Andeen, Marquette University
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MARQUFTTF Composition Sensitive

UNIVERSITY
) Paramerers
§ —— Reco dE/dX
. o —— <dE/dX>
< - - - Standard selection
e Dt [ Strong selection
s10° /|| el T
10°

—
<v
>
©
-—
u
>
O

1500 1600 1700 1800 1900 2000 2100 2200 2300 2400

slant depth (m
= 8105||||||||E 8105IIIIIIIIE
> 2 % 13 &% E
= g 8 ittt T E
N 7E- n 7E- _;
% 5 6 { 3o T
x 5E- T 5
7 im0 5 %
g 2 = 25 ]
]E ........ TR T AN N NN TN TN T NN TN TN NN NN NN M NN AN A A AN B A ||||._ ]Euuuuluuuul |||||||||||||| Lo v o0 by 50 | v 1 1
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sy T Core and Angular Resolution

— 20
é, 3 ° Protons, cos0>0.90
g 8 o Iron, cos0>0.90
'..::, 16 O O Protons, cos0<0.90
35 14 O Iron, c0s6<0.90
a Coincident Protons, all angles .y
QO ’ .
; 19 Coincident Iron, all angles Core Position:
S 0 within 5-10 m
o 10
0 9 °
8 5 © 3 O e
O

6 . —— 0 —

4

2
'gl 2
O 1.8
& 1.6
S,
~ 1.4
9 192 ~N & o °
5 ok Direction:
o 1 cr .
& 00 3%, o within 1°
. 2o sssanl
— o o © 9 . o ¢ ¢
§’ o 9 «® 5 0 © o‘/
< = 0 O O ./‘ ¢

05 6.5 7 7.5 8 8.5 9 9.5

Iogm(E/GeV)
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~ 0151 Fnergy Resolution
EF
- 01— lcelop-alone ‘
g E P and Bias
"8 0.05—
- —
g o —o——t—t—e—e—e—s—t—t—e—o S Bias: Near zero
S =
§ -0.05: .
= B , , - Resolution: Best between 10-300
W 012 T g:zg: PeV (Worsens where position/
o 0.1 C .09 - (). .
S 0.08E cost 0.90 - 0.95 anguar resoution suffer due to
o 0.061 *— €06>095 misreconstructions
OE 004 :_ - s-anald
52 _
s 0.02F
b O: | | I | | I | I I I I

6.5 7 7.5 8 8.5 9

Iogm(ErecolGeV)

Coincidence

5
S 0.05

L

S 0

5

=

S —0.05

S

O
—lh
N

WII‘III‘III‘I_IIH‘ |

—e——— Proton

0.1 Helium
———a—  (OXygen
0.08 e Iron
0.06 ——e—— Equal Composition of All ——
| —t—————

0.04
0.02

o of Iog1O(Ereco)-Iog1O(Etrue)

-~ 65 7 75 8 85 9
July 27, 2019 log, (E__/GeV)
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UNIVERSITY

2010 November 2011 November 2012 November

600 600 600

400 400 400

200 200

Y (m)

-200 -200

-400 -400 -400

-600 -600 -600

600  -400  -200 0 200 400 600 600 400  -200 0 200 400 600 600 400  -200 0 200 400 600
X (m) X (m) X (m)

Snow accumulates at ~20 cm per year on average.

July 27, 2019 Karen Andeen, Marquette University




og(E/GeV) Coincident Detector

. 0.5 7.0 7.5 8.0 8.5 9.0
T ' ' ' ' ' Systematics
T
-
|—|m w — w
" ;;’ii',, w';;;; : !
) SR BN BN N1 AR EREERRNS §
E X
= b m——
> A \ 4
V I :
"
g} |
%%}; ¢ Nominal(Sibyll2.1)
& v Light yield -12.5%
= +  Light yield +9.6% Log(E/GeV)
it . | Snow A 4.0 90 6.5 7.0 7.5 8.0 8.5 9.0
v Snow A -0.2m 4.0
Energy scale -3% ] v
10°- Energy scale +3% 3 5. v o kv
Total detector syst. T }{
W g IUNEERE ST ANEE
Energy in GeV - R ! T
v Y . § ¢ v v A A :
TABLE II. Sytematic light vield shift 2.5 S .
' 5 ¢ M A ’ 1
‘ . | — I BERRANKRNE A
Effect Light vield shift =< INIHENEE
-10% scattering -3.6% v L ey -
\ | ' A ¢ Nominal(Sibyll2.1)
-10% absorption —11.8% v Light yield -12.5%
, . . +  Light yield +9.6%
—T7.1% scattering and absorption -T7 1.00 . |Show A +0.2m
30 cm hole ice scattering -4.5% " |SnowA-0.2m
. . 0.5- Energy scale -3%
100 em hole ice scattering —2.9% Energy scale +3%
' o , Total detector syst.
DOM efficiency +3% 0.0 _ I B e
| | | - — ' 107 108 109
Total Light Yield Effect -9.6%.—12.5% Energy in GeV




Log(E/GeV)

w270 75 80 85 90 Model Systemafics

._I'._'
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% Log(E/GeV)
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4.0 ————— ] ' ' ' '
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MARQUETTE Correlations between

UNIVERSITY
Flements
Log(E/GeV): 7.4 - 7.5
1.00 1.00 1.00
® Best fit value
1 sigma

0.75- 0.75- 0.75-
O O O
O © O
w 0.50 = 0.50- - 0.50-
Q O % Q
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