
Abstract

Tau neutrinos are the least well understood particle in the Standard Model. I
will discuss the existing and upcoming experimental techniques to study this
particle across a large range of energies. I will also discus various standard and
new physics motivations to study this particle.
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Recent particle discoveries

I Top quark (1995)
CDF hep-ex/9503002

D0 hep-ex/9503003

I mt has 0.2% precision
PDG PTEP 2020

I Neutrino oscillations (1998)
I Guarantees 2+ new particles

SuperK hep-ex/9807003

I ???

I Tau neutrino (2000)
DONuT hep-ex/0012035

I mντ =?

I Higgs boson (2012)
ATLAS 1207.7214

CMS 1207.7235

I mH has 0.14% precision
PDG PTEP 2020
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Cumulative tau neutrino data set
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Experiment Source ∼Detected
DONuT Prod 7.5
OPERA LBL osc 8

SK Atm osc 291
IceCube Atm osc 1804
IceCube Astro decoh 2
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Nντ (y) ∼ 4× 2
y−2000
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Doubles every two years!
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Detection techniques
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Kink

Taus are like muons: dE/dX, decay, but much shorter lifetime
Near threshold ντ CC τ large pT
Need to know source direction

Leveraged by:

1. NOMAD (low density spectrometer): 0 events detected

2. OPERA (emulsion): ∼ 8 events detected

3. FASERnu (emulsion): running now

4. SND@LHC (emulsion): running now

5. DUNE ND: SAND (straw tube tracker): future

6. DUNE FD (LArTPC): future Reconstructs full event; uses oscillations
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Oscillations

Given τ properties
Neutrino oscillations

⇒ ντ identification is possible
T. Stanev astro-ph/9907018

Regardless of nature of oscillations
PBD 2109.14576

Works by:

1. Biased reconstruction

2. Tau production threshold

3. NC

Criticism: is statistical

Every technique including emulsion is
statistical
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Double pulse

Relevant at Eντ & 100 TeV
M. Meier, J. Soedingrekso 1909.05127

Two candidates!
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Skimming

Any air shower coming up from the Earth/mountain must be a tau neutrino

Giant Radio Array for Neutrino Detection

• Antenna optimized tor horizontal showers

• Bow-tie design, 3 perpendicular arms

• Frequency range: 50-200 MHz

• Inter-antenna spacing: 1 km

Radio emission Extensive air shower

5m

10 km

Cosmic ray   

Figure 1. GRAND detection principle for cosmic rays or gammas (detection of the EAS induced by
the direct interaction of the cosmic particles in the atmosphere) and neutrinos (underground interaction
with subsequent decay of the tau lepton in the atmosphere)

When it enters the Earth atmosphere, a cosmic particle may interact with air particles to
induce an extensive air shower (EAS), which in turn, generates electromagnetic radiations
mainly through the deflection by the Earth magnetic field of the charged particles compos-
ing the shower [4]. This so-called geomagnetic e↵ect is coherent in the tens of MHz fre-
quency range, generating short (<1 µs), transient electromagnetic pulses, with amplitudes
large enough to allow for the detection of the EAS [5–7] if the primary particle’s energy is
above 1017 eV typically.

Cosmic neutrinos however have a very small probability of being detected through this
process because of their tiny interaction cross-section with air particles. Yet, a tau neutrino
can produce a tau lepton under the Earth surface through charged-current interactions. Thanks
to its large range in rock and short lifetime, it may emerge in the Earth atmosphere and even-
tually decay to induce a detectable EAS [8]. The Earth opacity to neutrinos of energies above
1017 eV however implies that only Earth-skimming trajectories allow for such a scenario.

This peculiarity, which can first be seen as a handicap for detection, turns out to be an
asset for radiodetection: because of relativistic e↵ects, the radio emission is indeed strongly
beamed forward in a cone which opening is given by the Cerenkov angle ✓C ⇠ 1�. For
air shower trajectories close to the zenith, this induces a radio footprint at ground of few
hundred meters diameter, requiring a large density of antennas at ground for a good sampling
of the signal. For very inclined trajectories however, the larger distance of the antennas to
the emission zone and the projection e↵ect of the signal on ground combine to generate a
much larger footprint [1]. Targeting air showers with very inclined trajectories —either up-
going for Earth-skimming neutrinos, or down-going for cosmic rays and gammas— make it
possible to detect them with a sparse array (typically one antenna per km2). This is a key
feature of the GRAND detector.

Another driver in GRAND is to aim at mountainous areas with favorable topographies as
deployment sites. An ideal topography consists of two opposing mountain ranges, separated

The GRAND Project Kumiko Kotera
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Figure 1: Left: Di�erential and integrated neutrino sensitivity limits calculated from the 10, 000 anten-
nas simulation ("GRAND10k", pink area) and the extrapolation for the 20-times larger GRAND array
("GRAND200k", maroon line). The gray region represents the all-flavor cosmogenic neutrinos flux expecta-
tions derived from the results of the Pierre Auger Observatory [5]. Adapted from [1]. Right: GRAND point
source sensitivity limits [1]. Short-duration transients (short GRBs, GRB afterglows) are compared to the
GRAND200k instantaneous sensitivity at zenith angle \ = 90� (solid black line). Long-duration transients
(e.g., TDE) are compared to declination-averaged sensitivity (gray-shaded band). The stacked fluence from
10 six-month-long blazar flares in the declination range 40� < |X | < 45� is compared to the GRAND200k
sensitivity for a fixed X = 45� (dashed black line). The GRAND limits assume that the 200k antennas are
deployed at a single location.

of tau leptons generated by ag interactions underground (DANTON [6]), a semi-analytical radio-
signal fast computation tool (Radio-Morphing [7, 8]), and an antenna response module (NEC4 [9]).
The final step is the detector trigger simulation. Our trigger condition requires � 5 units in one
9-antenna square cell to be triggered, and the peak-to-peak amplitude of the voltage signal at the
output of the antennas to be � 30[75]`V (twice the expected stationary background noise in the
50 � 200 MHz frequency range) in the aggressive [conservative] scenario.

This simulation chain was run over a 10, 000 km2 area, with 10, 000 antennas deployed along a
square grid of 1 km step size in a basin surrounded by high peaks of the TianShan mountain range
in China. The 10-year 90% C.L. GRAND sensitivity limit (Fig. 1, left) is scaled from the simulated
region to 200, 000 km2 (GRAND200k). The integrated limits correspond to the Feldman-Cousins
upper limit per decade in energy at 90% C.L., assuming a power-law neutrino spectrum / ⇢�2

a ,
for no candidate events and null background. The 10-year GRAND integrated sensitivity limit is
⇠ 10�10 GeV cm�2 s�1 sr�1 above 5 ⇥ 1017 eV [1].

For UHECR detection, GRAND will be fully e�cient above 1018 eV and sensitive to cosmic
rays in a zenith-angle range of 65� � 85�. The geometrical aperture of the experiment will be
107, 000 km2 sr. However, when including events with shower cores outside the instrumented area
and when taking trigger conditions into account, UHECR air-shower simulations indicate that
GRAND would have a 4 � 5 times higher exposure. Figure 2 (left) presents an example of the

3

I Relevant at Eντ & 10− 100 PeV
I At these energies we’ll know about ντ than νe and νµ
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Physics opportunities

Peter B. Denton (BNL) 2203.05591 Snowmass: July 24, 2022 11/22

https://peterdenton.github.io
https://arxiv.org/abs/2203.05591


ντ cross section: GeV

From oscillations and polarization

SuperK 1711.09436 IceCube 1901.05366
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ντ cross section: TeV

No neutrino cross section measurements at these energies
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ντ cross section: PeV-EeV

Earth-/mountain-skimming provides information about ντ only
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ντ cross section

Flux unknown ⇒ assume 100 events
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See also I. Esteban, S. Prohira, J. Beacom 2205.09763

I PDF uncertainties become relevant

I UHE neutrinos can constrain PDFs
V. Bertone, R. Gauld, J. Rojo 1808.02034

I Only possible with tau neutrinos!
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New interactions with matter particles

LNSI = −2
√

2GF
∑

εfαβ(ν̄αγ
µνβ)(f̄γµf)

H =
1

2E

U
0

∆m2
21

∆m2
31

U † + a

1 + εee εeµ εeτ
ε∗eµ εµµ εµτ
ε∗eτ ε∗µτ εττ



Tight constraints: Weak constraints:

|ε⊕µτ | < 0.004 (atmospheric)
IceCube 2106.07755

|ε⊕eτ | < 0.17 (atmospheric)
IceCube 2106.07755

|ε⊕eτ | ∼ 0.2? (long-baseline accelerator)
PBD, J. Gehrlein, R. Pestes 2008.01110

|ε⊕ττ | < 0.2 (atmospheric + scattering)
PBD, I. Shoemaker, Y. Farzan 1804.03660

IceCube 2106.07755
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New self interactions: cosmology

I New ν − ν interaction allowed (preferred?) by
cosmology

I Re-allows several minimal inflation models

I Partially solves Hubble tension

I May prefer one new light dof (sterile?)

I CνB scattering ⇒ dips at IceCube

G. Barenboim, PBD, I. Oldengott 1903.02036

C. Kreisch, F. Cyr-Racine, O. Doré 1902.00534
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New self interactions: cosmology implies tau neutrinos

BBN/CMB, kaons, and Z decays push the new physics to the ντ sector

K decay
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I. Esteban, et al 2107.13568

N. Blinov, et al 1905.02727

C. Creque-Sarbinowski, J. Hyde, M. Kamionkowski 2005.05332

Next gen IceCube can cover the space
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ANITA anomaly

I Balloon-borne radio experiment over Antarctica

I Detected few dozen CR showers reflected off ice

I Detected several unreflected signals

I Some unreflected signals deep into the Earth ∼ 30◦

I Energies ∼ 0.1− 10 EeV: ν’s readily absorbed in the Earth

I Would expect ∼ 106 more events at smaller angles

I IceCube, Auger, and Telescope Array should have seen this flux
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No conclusive answer to ANITA exists

Need PUEO/IceCube-Gen2/. . .
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Others

I Tau neutrinos from the Sun

I Detect tau neutrinos via polarization of decays

I High energy tau neutrinos are regenerated in the Earth at lower energies

I Unitarity violation

I Neutrino decay

I Dark matter decay/annihilation

I Dipole portal

I Models for neutrinos scattering: B − L, B − 3Lτ , Lµ − Lτ
I HNLs

I Flavor anomalies
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Summary

I Tau neutrinos are the least constrained particle

I More information in the data than people realize

I Many models need testing in ντ sector

I Connections across ∼ 8 orders of magnitude in energy

I ANITA?¿?

I Entering a golden age of tau neutrinos: FASERν, IceCube, DUNE, HK, GRAND, . . .
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Thanks!
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Backups
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Overlooked tau neutrinos from the Sun

SNO nucl-ex/0204008

SuperK hep-ex/9807003
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ντ cross section: PeV-EeV: PDF connection
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Polarization

SuperK used:

1. Hadronic tau decay information

2. Tau polarization information

3. Simulated with TAUOLA
Z. Was, P. Golonka hep-ph/0411377

4. Backgrounds are atmospherics:
NC and νe, νµ CC

5. Neural net

6. and standard oscillations
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Double bang
Relevant at Eντ & 10 PeV

J. Learned, S. Pakvasa hep-ph/9405296

Track Cascade Double bang
νµ CC νe CC ντ CC τ → e,X HE

ντ CC τ → µ ντ CC τ → e,X LE
να NC

No double bangs detected
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High energy experiments

Experiments Phase &  
Online Date

Energy 
Range Site

Tau 

All Flavor

O
ptical / U

V

R
adio

Show
ers

H
2 0

Atm
osphere

Earth’s lim
b

Topography

Lunar R
egolith

Em
bedded

Planar Arrays

Valley

M
ountains

Balloon

Satellite

IceCube 2010 TeV-EeV South Pole ✓ ✓ ✓ ✓
KM3NeT 2021 TeV-PeV Mediteranean ✓ ✓ ✓ ✓

Baikal-GVD 2021 TeV-PeV Lake Baikal ✓ ✓ ✓ ✓
P-ONE 2020 TeV-PeV Pacific Ocean ✓ ✓ ✓ ✓

IceCube-Gen2 2030+ TeV-EeV South Pole ✓ ✓ ✓ ✓ ✓
ARIANNA 2014 >30 PeV Moore's Bay ✓ ✓ ✓ ✓

ARA 2011 >30 PeV South Pole ✓ ✓ ✓ ✓
RNO-G 2021 >30 PeV Greenland ✓ ✓ ✓ ✓
RET-N 2024 PeV-EeV Antarctica ✓ ✓ ✓ ✓
ANITA 2006,2008,2014,2016 EeV Antarctica ✓ ✓ ✓ ✓ ✓ ✓
PUEO 2024 EeV Antarctica ✓ ✓ ✓ ✓ ✓ ✓

GRAND 2020 EeV China / Worldwide ✓ ✓ ✓ ✓ ✓ ✓ ✓
BEACON 2018 EeV CA, USA/ Worldwide ✓ ✓ ✓ ✓ ✓

TAROGE-M 2018 EeV Antarctica ✓ ✓ ✓ ✓ ✓
SKA 2029 >100 EeV Australia ✓ ✓ ✓ ✓

Trinity 2022 PeV-EeV Utah, USA ✓ ✓ ✓ ✓
POEMMA >20 PeV Satellite ✓ ✓ ✓ ✓ ✓ ✓
EUSO-SPB 2022 EeV New Zealand ✓ ✓ ✓ ✓

Pierre Auger 2008 EeV Argentina ✓ ✓ ✓ ✓ ✓ ✓ ✓
AugerPrime 2022 EeV Argentina ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Telescope Array 2008 EeV Utah, USA ✓ ✓ ✓ ✓ ✓
TAx4 EeV Utah, USA ✓ ✓ ✓

TAMBO 2025-2026 PeV-EeV Peru ✓ ✓ ✓ ✓

Operational
Prototype
Planning

Technique GeometryNeutrino TargetFlavor 

Projected full operations
Date protoype operations began or begin

Date full operations began
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Tau neutrino regeneration

1. High energy tau neutrinos propagating in the Earth

2. Interact:

2.1 NC: outgoing tau neutrino at lower energy
2.2 CC: produces a tau which then decays back to a tau neutrinos

3. Still have a tau neutrino

S. Ritz, D. Seckel Nucl. Phys. B 1988

F. Halzen, D. Saltzberg hep-ph/9804354
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Tau neutrino regeneration

CC

NC

Decay

Neutral
LeptonsInteractions

Charged

ντ

τ
τ

τ
τ

τ

μ

ντ

νμ

ντ
Ice

Earth
ντ

ντ

ντ
ντ

101 102 103 104 105 106 107 108 109

Eν (GeV)

10−5

10−4

10−3

10−2

10−1

E
ν
/N

ν
d
N
ν
/d
E
ν

cos θ
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

I. Safa, et al 1909.10487

Peter B. Denton (BNL) 2203.05591 Snowmass: July 24, 2022 31/22

https://arxiv.org/abs/1909.10487
https://peterdenton.github.io
https://arxiv.org/abs/2203.05591


Unitarity Constraints on Tau Neutrinos

BSM scenario with extra neutrinos,
with no direct ∆m2

41 probe

Past studies used:

1. νµ → ντ 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
10-2 10-1
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S. Parke M. Ross-Lonergan 1508.05095

∼ 30% of the ντ row could be missing
Atmospheric ντ appearance helps

PBD, J. Gehrlein 2109.14575

Peter B. Denton (BNL) 2203.05591 Snowmass: July 24, 2022 32/22

https://arxiv.org/abs/2008.01088
https://arxiv.org/abs/2008.09730
https://arxiv.org/abs/1508.05095
https://peterdenton.github.io
https://arxiv.org/abs/2109.14575
https://peterdenton.github.io
https://arxiv.org/abs/2203.05591


ANITA anomaly

Typical reflected CR waveforms

a) Anomalous b,c) above horizon CRs
d) reflected CR
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Possible resolutions of ANITA

I Regular CR interactions + ice properties
I Tranition radiation

K. de Vries, S. Prohira 1903.08750

I Subsurface reflections
I. Shoemaker, et al 1905.02846

Disfavored
ANITA 2009.13010

I Sterile mixing reduces absorption
J. Cherry, I. Shoemaker 1802.01611

Y. Farzan 2105.03272

I DM scattering in ice
D. Hooper et al 1904.12865

I Heavy DM→ νR
L. Heurtier, Y. Mambrini, M. Pierre 1902.04584

D. Borah et al 1907.02740

I Sterile with leptoquark
B. Chauhan, S. Mohanty 1812.00919

I RPV SUSY
J. Collins, B. Dev, Y. Sui 1810.08479

I Le − Lτ from in Earth
A. Esmaili, Y. Farzan 1909.07995

I Axion-photon conversion in ionoshpere
I. Esteban et al 1905.10372

I Stau, IceCube data also
D. Fox, et al 1809.09615

I Boosted DM
L. Heurtier, et al 1905.13223
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Neutrino decay
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PBD, I. Tamborra 1805.05950

A. Abdullahi, PBD 2005.07200
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