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Measuring v, appearance

° From theory: “2_3 OSC” iS V,u — v, ’3\1.4? Source: J A Formaggio, G P Zeller,
S 1.2F -
» measured by OPERA (5events)  § ' arxiv1305.7515
8 F
» also observed by SK at ~ 40 208
wosf
@ Precise measurement of v, goat
appearance allows verification of 2% oL ‘
unitarity of mixing matrix g w1 L

FIG. 10 Plot comparing the total charged current v, (solid)
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@ However v, — v, oscillation Loaf i
maximum at much lower energies  * BmTE0e0s eV
at typical oscillation baselines (29, = 0861
» maximum at 25 GeV for v o4 )
traveling through Earth’s 02 8p=0°
diameter 0.l ‘

2
10 10 e E, (Gev)

J. P. Athayde Marcondes de André IceCube/PINGU v app. — DPF 2015 7 August 2015 2/16



Atmospheric neutrinos

@ Neutrinos from different baselines and energies
» Baselines vary between ~20 km to ~12760 km
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lceCube
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@ Without DeepCore:
78 strings,
125 m string spacing,
17 m module z-spacing
@ Optimized for (very)
High Energy neutrinos

IceTop
__— 81 Stations

324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

o o
D i § b
Bsetﬁr?gc;-os:)eacing optimized for lower energies SClenCe i
480 optical sensors | { T J, i T
e |
ilEiffelTowsr st i i
2 324 m el 1 i il
' Vi
kR i
T
it ’§
] J ﬁ i
ix ) ! ‘ 4
§e i i
LUSE : ¢

IceCube/PINGU v app. — DPF 2015



IceCube-DeepCore

@ 78 strings, 125 m string
spacing
@ 17 m modules z-spacing

@ 8 strings, 40-75 m string
spacing
@ 7 m modules z-spacing

Top view of the center of IceCube
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Measurement strategy

@ Huge background from atmospheric

i » Use IC as veto to reject atm p events
» Same as done for v, disappearance
analysis
* see J. Hignight's talk

@ Reconstruct v energy and direction

ce@e@rosoescocs

:%T’t L a0 ol onln Bl s : » oscillation distance (L) given by zenith
o LOprrrrr e -
@ Separate v events with B 09 st
clear muons from rest 8 08— R og
> only ~18%of r decay 3 on - N
have u Eost EpA CC
> v, CC is main g 04t e v,CC
background to analysis 3 gz: vy
@ Cannot currently separate  §or  Preliminary 3 VNC
different types of “cascade” £°° 10 20 3 40 50 6 70 80

True v energy (GeV)
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What is the signal in IceCube-DeepCore?

@ The oscillation formalism does not relate to how the v interacts
» in that sense, v, CC and NC are both signal
@ But, uncertainties on the x-sec would affect more - CC rate
» in that case using signal as only v, CC would simplify interpretation

Cascade-ID Track-ID
e DeepCore e DeepCore

4] F -.-..wl osc, no v, Cd 1 (il ] 2000 -.-. Wl 0sc, no v, CC 1 Ll ]
3000 - wl 0S¢, no v, E $1800 ---- wl 0sC, N0 v, 3
> E | =
2500F E ol600 3
a7 E 21400 E
;g)zooo:— E %1200 3
515001 4 51000 E
5 E 5 800 E
£1000F- E £ 600 E
= 5001 . e £ 0 T E
g7 Preliminary 1 g 200 Preliminary E
o 0 @ 0 =
o -1 2 3 o -1 2 3

g 1 ! 10 10 e @cev) g . 10 10 LE #¥icev)

@ Currently both v, CC and NC considered signal.
» In future plan to present results in both scenarios

J. P. Athayde Marcondes de André IceCube/PINGU v app. — DPF 2015 7 August 2015 7/16



What is the signal in IceCube-DeepCore?

@ But fit is not done in L/E, but in E x cos 6,

» Most signal in cascade channel
» Pattern in E x cos 6, helps reduces impact of systematics

Cascade-ID
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Systematic errors and fitting

Gaussian prior prior in fit?
AM? (2.42+0.10) - 103 eV? Yes
sin?(623) 0.490 + 0.055 Yes
v overall normalization +15% No
Atmo. p normalization 1.34 +20% No
ve /v, flux normalization +2% Yes
/v flux normalization +15% Yes
Spectral index of v, flux +0.05 Yes
DOM efficiency +10% Yes
Hole Ice (0.02+0.01) cm~! Yes

@ Fit is done using Gaussian priors for most systematic errors and flat
prior for v, normalization (between 0.0 and 2.0)
» in future will use more complicated prior for oscillation parameters
@ For estimation of sensitivity, fit performed on several pseudo data
generated from MC
» When fit without prior, Gaussian prior is used for sampling of
parameter used for pseudo-data creation.
@ While main systematics already accounted for, still evaluating impact of
other systematics
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Reconstructed v, normalization — 1 year

True v, norm = Q —Entries 30000
10*E ! Mean 0.07244
= Preliminary | —— Truev,norm=1 | [RMS__ 00952
. Entries 30000
10° s L o 000
- T, f’ % RMS _ 0.1672
10%E % £ ™, ]
T g z
= il 3
- 4y k- : ]
10E i !
-yl W
1E it I
° 0 ! 1'5Fit v, norm2

@ Reasonable separation between default 3-flavour oscillation and
no v, appearance with 1 year DeepCore data
@ Significance to exclude no v, appearance: ~ 6.5 (Gaus approx)
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Sensitivity for . normalization — “3 years”

14

livetime 3 years (8.6e7s)

Preliminary

,,,,,,,,,,,,,,,,,,,,,,,, ’ -=-expected
+tlo
[ ]+20

L L P SR T S S
06 08 10 12
True v, normalization

Reconstructed v, normalization

@ Significance to exclude no v, appearance: ~ 9.40 (Gaus approx)
@ 25% precision on v, normalization
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IceCube-DeepCore-PINGU

@ 78 strings, 125 m string ngcv,ew of the PINGU new candidate detector
spacing E | Prelimin ary o::():eC Jge g
) >_I ° eepCore ]
@ 17 m modules z-spacing 0 o o PINGU
r e®?® .o ]
. . . i ° ° 1
@ 8 strings, 75 m string spacing o P '. ° ]
: i °® 0:“ ) o |
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A
. . . = [ ]
@ 40 strings, 22 m string spacing -100f o3 1
@ 3 m modules z-spacing sl ° 1
» all optical modules in 100 50 0 50 100 150 ‘X‘z((,d)
m
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@ For more on PINGU analysis see T. DeYoung’s talk
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v, appearance in PINGU

@ Follow same procedure as for DeepCore
» Denser array = improved reconstruction and PID

@ v, composes larger part of final sample than in DeepCore

Cascade-ID
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v, appearance in PINGU — expected sensitivity

c 1577171
S S e N e
= L i
N i
%@w g i
38 8 TV, Aorm=1 S 1.0
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L measured v, norm=1 [ ]t20 |
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@ 50 exclusion of no v, appearance after 1 month of data

@ 10% precision in the v, normalization after 6 months
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Summary and outlook

@ Atmospheric v various baselines and energies permit
measurement of v, appearance

@ IceCube-DeepCore should currently be able to statistically
measure it with high significance

» Progress being made towards this measurement
» Expected 25% precision on normalization with already taken data

@ PINGU should further increase sensitivity to v appearance
» < 10% precision on normalization after 1 year of data
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Backup slides
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Event display at PINGU

P=ere

Type : NuMuBar
Energy: 1.78e401GeV
Muon

Type : NuEBar

Type : MuPlus
Energy: 4.09¢+01GeV.

1.49e+01GeV

ype : Pi0

vpe
Energy: 1.18e400GeV Energy: 3.03
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Reconstruction resolutions

coszen Resolutions

energy Resolutions
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PINGU Particle identification

Rate (Hz)
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