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* Future application of tau selection in three
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Tau Neutrino Appearance in SK
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* Probabilities of v_ appearance are calculated as a function of
direction and neutrino energy with assumption of (sin26,; =
1,Am3, = 2.1x1073eV?,s5in?26,53 = 0.099, NH).

* Most v, appearance is from v,, — v, has upward-going direction.




Tau Neutrino Appearance in SK

Neutrino fluxes at production
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Tau Neutrino Appearance in SK
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* CC v, cross section suppressed by relatively large T mass.
* Atmospheric tau neutrinos have wide energy range and a
significant component of high energy neutrinos.

v cross section / E, (10°% cm2/ GeV)




Tau Neutrmo Appearance in SK
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Tau Neutrmo Appearance in SK

1_, Selected
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* The large target mass of Super-Kamiokande, coupling
with the wide energy range of atmospheric neutrinos,
makes it possible to detect CC tau interactions.

* About 20 events expected in SK every year, ~3000
atmospheric neutrino events detected every year!




Tau Neutrino Events in SK
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Tau lepton produced in
CC-v, interaction, but tau
lepton decay in ~1013 sec.

Decay mode Branching ratio (%)

W Vs 17.41 £ 0.04\
_Velz 17.83 £0.04

25.52 £ 0.09
9.3 £0.11
1.05 £ 0.07
8.99 £ 0.06
8.99 £ 0.06
2.00 £ 0.08

Super-Kamiokande |
Run 999999 Sub

()

Inner: 6838 hits, 23957 pe
Outer: 0 hits, 0 pe
Trigger: 0x03
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* Tau lepton is not directly
detectable in Super-K.

* Multiple light-producing particles

from hadronic tau decay.



Selection of CC Tau Events

Super-Kamiokande |
Run 999999 Sub 2 Event
3-10:19:23:09

Charge (pe)
. >26.7

Times (ns)

Super-Kamiokande |
Run 999999 Sub 1 Event 192
04-13:06:07:16

Trigger: 0x03

44444444
00000000

++++++++

Times (ns)

Example of Background Simulation

Example of Tau Signal Simulation

* Signal events have signatures of tau decay.
* Tau signal events are typically classified as e-like event in
standard reconstruction.




@ Super-Kamiokande |
Run 999999 Sub 1 Event 192
16-0. 16
Inne:
M oute: 0 pe
Trige
Zv‘:: 2.6 Gevm

Super-Kamiokande |
Run 999999 Sub 2 Event 131
3-10:19:23:06

Charge (pe) C}‘xarge (pe)
. >26.7 >26.1

++++++++

Deep-inelastic

Times (ns)

Times (ns)

Example of Background Simulation Example of Tau Signal Simulation

* Signal events have signatures of tau decay.

* Tau signal events are typically classified as e-like event in
standard reconstruction.

* Not able to select with a single variable.




A Neural Network Algorithm for Tau
ldentification

3000

| * Log evis.

800
600

IER S B S » PID max energy ring.

Log of Visible Energy ID of Maximum Energy Ring

J ol -  # of decay electron.

~; * Max distance to
Od l-;\;Iaiolg?:ta:c:?goDecay?;bo | decay-e-

7 1000(

1 2000F

3 1000F

L |l Y ) E
0 2 4 6 8
Number of Decay Electrons

1 8oof

 Sphericity.
| P « # of ring candidates.

C 1 200F i

o 5 0 15

=02 04 06 08

Clustered Sphericity Ring Candidates . .
W] Taushown in gray, * Fraction of energy in
1000f Data in dots, . .

00} BG in black histogram. the fl rSt rlng'

Downward-going,

O~ —®®s 06 08

Fraction carried in First Ring no-tau expected




A Neural Network Algorithm for Tau
ldentification

Downward sample
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Background rejection versus Signal efficiency
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If cut events at NN>0.5, 76%
signal are selected, 28%
background pass the cut.



Search for Tau Neutrino
Appearance
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* Two-dimensional likelihood built with event direction and neural
network output for signal and background.
 Signal has high neural network output, and are mostly upward-going.




Search for Tau Neutrino
Appearance
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« is the normalization of tau events.
(tau, bg)PDF; is the PDF of i'th systematic error of
shifting it by | o, &; is the magnitude of the systematic error.




Search for Tau Neutrino

Phys. Rev. D 98, 052006

A_Qpearance *g 300__ [(JBGafterit ]
G>) B Tau after fit -
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compared to simulation 200F 3] 1 .
(4.60 from 0) assuming NH ;%:{:{;H* %
100:——'—*'_'_ =
095 0 05 1
Cos®
- | Good agreement between 1d
s T Toerer s projection of rescaled MC and
; —— data after fit.
| 338.1+72.7 fully-contained CC
L Nontaulke "kl Dowward= 1 tau events measured in Super-K
Cos® NN output

fiducial volume.




Results of Search for Tau Neutrino
Appearance

* A neural network algorithm is used to tag
CC v interactions.

« SK measures the normalization of tau
events to be 1.47+0.32, excluding the no-
tau-appearance hypothesis by 4.60.

« 338.1£72.7 fully-contained CC v,
Interactions measured.




Measurement of CC Tau Neutrino
Cross in Super-K

Measured Normalization X (Gtheory)

* we need to calculate flux averaged cc tau
cross section in the MC.

dP(E,
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Comparisons of the Result with
DONUT Measurement
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DONUT measured almost pure CC deep-inelastic at

high neutrino energies. The extrapolation of DONUT
measurement to low energy does not work well.




Comparisons of the Result with
DONUT Measurement
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The fraction of DIS events in Super-K C% tau neutrino sample is

estimated to be 41%.

The DIS-only cross section is found to be (0.40+£0.08)x1038 cm?,
consistent with DONUT result.




Three-flavor Neutrino Oscillations
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* 0,3-induced electron neutrino appearance.
* A resonance depending on MH due to the matter effect.
* A measurement of the resonance helps to determine the MH.




Tau as Background in Three-flavor
Neutrino Osoﬂlahons in Super K
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* CCtau events also shows up in upward-going multi-GeV region.
* Tau events are generally identified as showering e-like events.
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Sensitivity to Mass Hierarchy with
Tau Identification

* Event by event separation using the tau
identification tools.
e SK performs a binned likelihood fit.
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Summary

* Tau normalization is measured to be
1.47£0.32 in Super-K, excluding the no-tau-
appearance hypothesis at a 4.60
significance.

A flux-averaged charged-current tau neutrino

cross section is measured to be
(0.9440.20)x 1038 cm?.

* Tau identification tools are implemented in
ne three-flavor oscillation analysis, improving
ne sensitivity to MH by ~10%.
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Systematic Errors

* The systematic errors in the oscillation analyses are used.

« The PDFs are built as change of event distribution for 1-o
change of systematic error.
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An example of systematic PDF.




Rejected Systematic Errors
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Sensitivity Study with Toy MC

« Toy MC generated from

g 800 T AT 1 signal and BG PDFs.

§ s0ok 1+ Fit the tau normalization in
5 | | the toy MC.

Qi 400F .

|* The p-value, fraction of toy
4 MC with negative tau

| normalization, is calculated
> tobe 4.4x107%.

Tau Normalization S
* The expected significance

IS estimated to be 3.30.




Flux averaged CC tau cross
section

Measured Normalization X (Gtheory)

* we need to calculate flux averaged cc tau
cross section in the MC.
@ T [
v—‘\E10_1* go10§
S o |
GO .
2 S 1k
20° 5
TH ()]
Eto"‘ 210'15
B - < [ §—NEUTCCY,
% L)_IO_Z; xXsec %
10°E = - | — NEUT CC v, xsec ]
10_7 | | 2IO | | | 46 | N;autrir;o Er?(lacl)'gy (‘Gev; 10-30 | | | 26 | | | 46 ‘‘‘‘

60
Neutrino Energy (GeV)

Tau Neutrino Flux CC Tau Neutrino Cross Sections




Measurement of CC tau cross
section in Super-K
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Comparisons of the Result with
DONUT Measurement
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DONUT measured almost pure CC deep-inelastic at

high neutrino energies. The extrapolation of DONUT
measurement to low energy does not work well.




Comparison of o/E Measurement

at 70 GeV
S
neutrino
Anti-neutrino 0.23 0.33 0.26
Average 0.35 0.51+0.11 0.27+0.13

* Neutrino/anti-neutrino ratio in SK—1.16.
* At high neutrino energy, the agreement is better.



https://arxiv.org/abs/1711.09436

Three-flavor Oscillation Analysis
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SK performs a binned likelihood fit in the three-flavor analysis:
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Use the Tau ldentification in Three-
flavor Oscillation Analysis

Multi-Ring e-like v,
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Each multi-GeV e-like bin is further divided into two bins: one
with almost no tau BG, one with tau BG, in the binned fit.




