Abstract

The largest tau neutrino dataset to date is IceCube’s atmospheric tau neutrino
appearance dataset containing >1,000 tau neutrino and antineutrino events as
determined by a fit to a standard three-flavor oscillation framework. On an
event-by-event basis, however, it is impossible to know that any given event is a
tau neutrino as they are identical to either an electron neutrino charged-current
event or a neutral-current interaction of any active flavor. Nonetheless, we
conclusively show that, using only the cascade sample even without knowledge of
the oscillation parameters and without assuming that the lepton mixing matrix
is unitary, tau neutrino identification is still possible and there is no viable
scenario in which all of the tau neutrino candidates are actually electron
neutrinos. This is primarily due to the matter effect and the tau lepton
production threshold, as well as the fact that tau neutrinos are systematically
reconstructed at a lower energy than electron neutrinos due to one or more
outgoing neutrinos. This conclusively shows that it is possible for an
atmospheric neutrino oscillation experiment to confirm that U,q, U,s, and U, 3
are not all zero even with limited particle identification.
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Tau Neutrino Whitepaper!

64 authors! 674 references! Lots of subsubsubsections!
Read only overleaf: overleaf.com/read/khpgmxpdccwv
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Unitarity Constraints on Tau Neutrinos

Normalisations

Past studies used:
1. v, — v, at OPERA
2. SNO NC and CC data

S. Ellis, K. Kelly, S. Li 2008.01088
Z. Hu, J. Ling, J. Tang, T. Wang 2008.09730
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S. Parke M. Ross-Lonergan 1508.05095
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More Tau Neutrinos!

The global tau neutrino data set:

Experiment Source ~Events detected
DONuT Production 7.5
OPERA Long-baseline 8

SK Atmospheric 291
1
IceCube Astrophysical 2

lwith ~ 10k en route soon, see J. Koskinen IceCube NuTau2021 talk

Dominant unitarity constraint comes from atmospheric v, appearance
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More Tau Neutrinos!

The global tau neutrino data set:

Experiment Source ~Events detected
DONuT Production 7.5
OPERA Long-baseline 8

SK Atmospheric 291
1
IceCube Astrophysical 2

lwith ~ 10k en route soon, see J. Koskinen IceCube NuTau2021 talk

Dominant unitarity constraint comes from atmospheric v, appearance
, J. Gehrlein 2109.14575

A word on solar neutrinos:
1. SK 1998: showed that v,-v; mixing is large
2. SNO 2001,2002: ES and NC measured a statistically significant non-v, flux
3. = v, — vy at SNO with input from SK
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Atmospheric Tau Neutrino Appearance

» Atmospheric neutrinos begin as v, and mostly oscillate away to v,
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Atmospheric Tau Neutrino Appearance

» Atmospheric neutrinos begin as v, and mostly oscillate away to v,

» High tau lepton production threshold diminishes events
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Atmospheric Tau Neutrino Appearance

» Atmospheric neutrinos begin as v, and mostly oscillate away to v,
» High tau lepton production threshold diminishes events

> Identifying tau lepton in large coarse detectors is hard
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Tau Neutrino Appearance at SuperK

SuperK used:

1.
2.
3.
4.

Hadronic tau decay information
Tau polarization information
Neural net

and standard oscillations

Detected few hundred tau neutrino events,
constrained the v, “normalization”
e.g. weighted cross section: 1.47 +0.32 x SM

Super-KamiokaNDE 1711.09436
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Tau Neutrino Appearance at IceCube

Track with
energy of 26 GeV

IceCube/DeepCore:
1. Much bigger than SuperK
. 3D compared to SuperK’s 2D

2
3. Much worse detector than SuperK
4

. No ability to differentiate: Cascade with
energy of 30 GeV

» v, CC that goes to a muon
> v, CC
or

» v, CC (that go to an electron or hadrons)
» v, CC
> v NC

M. Rodriguez IceCube slides
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IceCube Results

Using oscillation parameters IceCube finds:
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Past Work

Tau neutrino appearance in a large coarse detector is possible with:
1. Tau neutrino threshold
2. NC

T. Stanev astro-ph/9907018

Seeing extra low energy tau neutrinos could indicate astrophysical sources
H. Athar, F. Lee, G. Lin hep-ph/0407183

Both papers largely overlooked
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My Motivation

» Tau neutrino identification is relevant for unitarity

yet neither SuperK nor IceCube constrained unitarity with their data
» IceCube has the biggest data sets

» IceCube has extremely limited particle identification

cascades vs. tracks

» It would seem like v, — v, could mimic v, — v,

For different oscillation parameters or with unitarity violation

What, if any, physical effects allows for the identification of tau neutrinos without
particle identification and without assuming unitarity?
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Mimicry Isn’t Always Flattery

How to mimic v, — v, with v, — v, in the Earth:

Through the mantle:
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Mimicry Isn’t Always Flattery

How to mimic v, — v, with v, — v, in the Earth:

Through the mantle: Through the core:
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Unitarity Violation Framework

» Suppose there are m total neutrinos and n kinematically accessible: (m,n)
Accessible: [10 eV, 15 MeV]; inaccessible: 2> 40 MeV
» Standard: (3’3) vr is an exception to this that requires care
> One accessible sterile: (4,4)
» Two heavy steriles: (5,3)
» Include matter effect
» Steriles don’t experience it - relevant for m = n
» It modifies the probability - relevant for m > n
» For m = n oscillation probabilities can be calculated in the usual fashion
> For m > n care is required:
» Flux, cross sections, and weak interaction need to be rescaled
» Oscillation probability needs to be rescaled and carefully calculated:

s = |[N*We M WINT]

ap

N: m X m submatrix

W, A eigenvectors/eigenvalues of Hamiltonian in mass basis with matter effect
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Back to IceCube Observables

Define this cascade ratio:
d’N.
RAE , COS 0.) = dFEyecodcos 8,
C( rece Z) (I’i(Ereco)Utot (Ereco)
= fCC [P;e (Erecm CcOos ez) + n;/:lR‘rp(Ereco/nl/T)( 1 — ./'T/I ) ]—')}:‘7(/:;1'0('()/771/7-‘ COs 0,)]

+(1 - fCC)’r/%EI Z P; (EI”GCO/TIN07 COs Hz)

Belen.}
» v, CC appearance
» v, CC appearance with 7 — v, + (e, X)
» 7 production threshold
> Reconstructed energy shift from spectrum and cross section
Different for 7 — v, and NC
> NC
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Results

Effects considered:

1.

S otk N

NC

Matter effect

Ny : Tau neutrino reconstruction

R;,: Tau lepton production threshold
External Am3; constraint

External v, row constraint

(BNL) 2109.14576

Conclusions:

1.

With all known effects tau
neutrinos can be identified even
without assuming unitarity
With all effects off and no unitarity:
v;’s cannot be identified.

Dial up v, to match

Including NC doesn’t matter much

4. Turning on R;,, 1, , or the matter

significantly enhances sensitivity

Certain combinations approximately
cancel:

Just R;, and 7,, has almost no
sensitivity
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Atmospheric Appearance Unitarity Key Points

1. Conservatively didn’t include down-going or tracks which add more
information

2. Assume only oscillations, 7 properties, and the matter effect

3. Numerous effects allow for model independent detection of v, with no
event-by-event identification

4. Some of the effects actually partially cancel

5. Experiments can confidently report unitarity constraints
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Thanks!
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Backups
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Possible Means of Identifying Tau Neutrinos Event-By-Event

Hadronic showers contain far more muons

and neutrons than electromagnetic showers Inelasticity correlates with E, not Egep, and

108
' L could be used
prompt 0.7
—. 10’ shower 4
Ju) 0.6
E 0.5
gl
! 6 _
g 10°r muon 1 04\-_
© decay S
- . echo neutron 0.3
o 107 | capture
% echo 0.2 v CSMS
5 4 01 7 CSMS
10 —— Flux-averaged CSMS
0.0 - _
10° 10° 10* 10° 100 107
103 1 I L L L E, (GeV)
10° 10% 107 10° 10° 10° 10°
Time [s] IceCube 1808.07629

In practice, not possible Too hard to measure at low energies
9y

S. Li, M. Bustamante, J. Beacom 1606.06290
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Reconstructed vs. True Energy

7’s always decay to invisible energy v,
Ny, = 0.625

NC always loses some energy
INC = %

2ty
AL
aenttd

AT

0 10 20 30 40 50 600 10 20 30 40 50 60
Eye (GeV) Eye (Ge
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Impact of Effects

Through the mantle:
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IceCube Detector Sensitivities

Cascade-like Track-like
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Contains all information on detector efficiencies, flux, and track/cascade
misidentification
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