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Workshop Goals

In the next generation of planned and proposed experiments and observatories there
will be unique opportunities to extend our knowledge of the tau neutrino and its
interactions from GeV to EeV scales. The goals of NuTau2021 are as follows:

« Summarize the state of knowledge of tau neutrinos

« Examine the theory opportunities provided by current and future studies of tau
neutrinos

» Explore the capabilities of future experiments to advance our knowledge of tau
neutrinos and explore the complementarity between them

» Explore the connections of tau neutrinos to astrophysics and cosmology

« Understand the impact of advancements in the understanding of the tau neutrino
on its use as a cosmological probe

[ aunch the effort to prepare a comprehensive Snowmass 2021 Whitepaper on tau
neutrinos.

I L? Brookhaven
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A few words about Showmass 2021

« The Particle Physics Community Planning Exercise (a.k.a. “Snowmass”) is organized by the
Division of Particles and Fields {DPF) of the American Physical Society (APS). Snowmass is
a scientific study. It provides an opportunity for the entire particle physics community to
come together to identify and document a scientific vision for the future of particle physics in
the U.S. and its international partners.

« Snowmass is an international effort given the global nature of the US particle physics
community.

« The engagement of early career scientists in the Snowmass 2021 effort is a key driver. The
vision to be executed is their future.

« Scientific input from Snowmass is used to develop a stl_'atelgic plan for U.S. (5)article
physics that can be executed over a 10 year timescale, in the context of a 20-year
global vision for the field.

More information on Snowmass 2021 can be found at snowmass.org
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https://snowmass21.org/

Workshop Agenda - AM

rooknaven
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Introduction - Mary Bishai (Brookhaven Mafional Laboratory) (This || 9:30 | Experimental techniques (GeV energies) - Jeremy Hewes (University of Cincinnati) (undil g? - 9:30 | Tau neutrino cross sections - Milind Diwan (Erookhaven g? - 9:00 |Tau neuirinos and B5M - Roshan Mammen Abraham (Oklahoma Fel
workshop will be held as a virtual event) AM | 11:10 AM) (This workshop will be held as a virfual event) AM | National Lab) Austin Cummings (Penn State ) (undil 10:45 AM) AM | State University) Ahmed Ismail (Oklahoma State) {unfil 10:15 AM)
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_ ) ) ) 3 nutau2021_thurs_30sep_saved chat.txt ) ~
Overview - Peter Denton (Brookhaven Mafional Lab) Andre g) - 9:30 | Production and detection of tau neufrinos from acc sources in DUNE - Pedro Machado 900 | Tau neutrinos and BSM - Carlos Arguelles {Harvard) (This workshop will be
De Gouvea (Northwesiemn) (until 11:30 AM) (This workshop AM | (Fermilab) (This workshop will be held as a virtual event) 9:30 | Cross Section M ent of Tau Meutrinos from GeV fo TeV in AM | held as a virfual event) _'Ll nuTau2021_carguelles.pdf L2~
will be held as a virtual event) [@ Machado-NuTau-2021-Production and detection of tau neutrinos at DUNE.pdf & - |[|AM |Ar_{40} - Barbara Yaeqgy (Cinncinati) (This workshop will be held as - 3 ) -

r . - el 920 | Physics with Atmospheric Tau Meutrino at ICAL-INO - Sanjib Agarwalla
j sep28_meeting_saved_chat.bxt ) K X B K ) B nt) ) ) ) ) X
9:50 | Experimental Detection and Studies of Atmospheric Tau Neuirinos in DUNE - Adam Aurisano r ~ AM | (Institute of Physics, Bhubaneswar) (This workshop will be held as a virlual
) o . ~ ) . . . ) i j NuTau2021_XSecAr40_BarbaraYaeggy (003).pdf K’ .
Theory overview: New Physics in Neufrino Oscillafions and role of AM | (University of Cinncinati) (This workshop will be held as a virtual event) event) & sanjib-NuTau-2024.pdf Pl
tau neutrinos - Jacobo Lopez-Pavon (Valencia U, IFIC) (This [ aurisanoNuTau2021DUNEAtmos.pdf £ - | 950 |Cross seclions across all energies-theory - Hallsiz Reno (U lowa)
workshop will be held as a virtual event) AM | (This workshop will be held as a virtual event) 940 | High-energy and ultra-high-energy tau neutrinos and B5M - Mauricio
= 10:10 | Experimental techniques: Tau Neutrino Searches at Super-Kamickande and Hyper-Kamickande - . AM | Bustamante (Niels Bohr Institute) (This workshop will be held as a vifual
I~ MuTau2021_JLP.pdf .C’ - ~ : _ ) _—Ll NuTau2021-Reno.pdf .0 - .
AM | Roger Wendell (Kyoto University] (This workshop will be held as a virtual event) event) Y 2021-10-01-Bustamante-NuTau_no_backup.pdf &2
Experimental overview: arfificial sources - Laura Fields (Fermilab) 2 wendell nutau 20210929 up.pdf ‘0 - 10:10 | Newufrino cross-sections from GeV to ZeV energies - experiment -
(This workshop will be held as a virual event) &M | Spencer Kiein (LBNL) (This workshop will be held as a virtual eventy | 1000 | Discussion  (This workshop will be held as a virual event) 2-
= B . . ~ 10:30 | Experimental techniques: lceCube atmospherics - Jason Koskinen (MEBIA)  (This workshop will be held - i . . ~ AM
L NuTau_Fields_2021_ExperimentalOverview.pdf ﬂ; P _— ; — i o I~ Meutrinocross-sections-experiment.pdf .0

. 5 - as a virlual event) Y Koskinen_NuTau2021_lceCubeOscillation.pdf .0 - : - : - 10:15 | Tau neutrinos in astrophysics - lvan Marfinez-Soler (Fermilab and =~ . -

10:45 | Experimental overview: natural sources - Tyce DeYoung (Michigan - - . . 10:30 | Di on (This workshop will be held as a virtual event) ‘0 - AM | Mot tem Uni ity) Bart a {Cinncinai) (unil 10-50
State University) (This workshop will be held as a virtual event) 10:50 | Discussion (This workshop will be held as a virtual event) £ lam

AM AM} (This workshop will be held as a virtual event)
] -
[3 Tyce DeYoung NuTau2021.pdf &2 5 — 5 10:45 | UHE experimental techniques - Stella Oh (U Cincinnati) 2 - - - -

1115 | Discussion (This workshop will b heid o2 a virhral event) " ) ::“ High enerﬁli:::e:MMB_:;ERH“;Nndre Sousa (Cincinnati) {until 12:20 PM) (This g} - AM | Carlos Arguelies (Harvard) (until 12:40 PM) (This et :;IS Prompt ai::sz:err:dhu rie:::l'n-lﬂnc -Yu Seon Jeong (CERMN) (This

workshop eld as a vi event) will be held a5 3 virtual event) workshop asa al event)
- 5 : 5 - - % NuTau2021_YSJeong.pdf &2 -

11:30 — Lunch break — 11:10 | Looking fonward to Tau Neufrinos af the LHC - Ideas and Physics Potential - Felix Kiing (SLAC) (This | 4545 | High Energy Tau Neutrine Detection - Dawn Williams (University of

AM | workshop will be held as a virtual event) Y FPF@NuTau-09_21.pdf - &M | Alabama) (This workshop will be held as a virtual event) 10:35 | Discussion  (This workshop will be held as a virual event) 2 -
P— - - A'U‘

11:30 | Looking Forward fo Tau Meutrinos at CERM - Experiments - Albert De Reosck (CERM) (This workshop [ nutau2021_williams_opticaluhetau.pdf &2

: : 10:50 | Contributed talks Il - Barbara Yaeggy (Cinncinati) Oleksandr L
AM | will be held as a virtual event) [5 deroeck NuTau_2021_vé.pdi & ~ 5 i i - - Enri

| | I 11:30 | The r.adln technique and UHE fau @Mno waldjes Enrique Za_s AM | Tomalak (Los Al National Laboratory) (until 11:20 AM) (This
11:50 | Discussion (This workshop will be held s a virtual event) 2- | [Casmesetsic RNy orshopmibelheld sty wiorkshop will be held as a virtual event)
e event) [® EnriqueZas.pdf(2).pdi &2 ~
: 5 - - 3 10:50 | nutau-nucleonfnucleus deep inelastic scattering in the mult-GeV ensrgy
12:15 | Discussion  (This workshop wil be held as a virtual event) ™ =l o) | egion - VANIVA ANSARI (ALIGARH MUSLIM UNIVERSITY] (This workshop
will be held as a vitual evenl) % NuTau2021VaniyaAnsar.pdf £ -

On the Tau flavor of the cosmic neulrino flux - Yasaman Farzan (IPM] (This

AM | workshop will be held as a viflual event) _.L NUtau.pdf 2 -
11:20 —- Lunch —
AM
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Workshop Agenda - PM

workshop will be held as a virtual event)

Rajacalisoa (University of Cincinnati) (This workshop will be held as a virlual event)
Le NuTau21_Search_for_anomalous_tau_neutrino_in_DUMNE_ND.pdf
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Y parke_nutau2021.pdf &2~ |[150 | o the reliabilily of present predictions for tau neutring funxes - Maria Vitloria Garzeli (Universily of 1:40 | Reconstruction of mull-GeV tau neulrinos in fracking detectors - Dario || T | Falimann (DESY) (This workshop will be held as a virlual event) y:
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® H X pdf &2 15 ining fau neutfine fransifion magnelc sy [ B pdf &2 12:50 | Prospects for EeV tau-neutrno physics ith in-ce rac detectors - Christan
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P PM | (Lyon, France)) (This workshopwill be held as a virtual event) 3:30 llhin paperm'n-_lgseulon {until 5:30 PM) (This workshop 1:05 PC_)EMM.A. Probe Of Extreme Mulh—Messengen_&stmphysm _Juhn F
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avirtual event) [& NuTau21_Whitepaper_Overview.pdf eaming . Ao o o ) a 1:30 | Auial and pseudoscalar form factor with tau neutrinos - Dlsksandr Tomalak
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Mew fau neutrino oscillation constraints on unitary violatien - Julia Gehrlein (Brookhaven Mafional

Looking for HMLs via Double Bang signals - Ilvan Mariinez-Soler (Fermilab and
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‘}-

% nutau_2021.pdf

University) (This workshop will be held as a virtual event)
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Constraining neutrino magnetic moments at the LHC - Roshan Mammen Abraham (Oklahoma State

3 Talk_IMS.pdf &2
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E nutau.pdf ,0 -

‘}-
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‘}-

Probing Secret Interactions of Tau Neutrinos in the High-Statistics Era - lvan
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Summary/Discussion - Julia Gehrigin (until 3:00 PM) (This
workshop will be held as a virlual event)

‘}.

£| closing_nutau_2021.pdf

00

White paper writing session (until 5-00 PM) (This workshop will be ,0 -
held as a virfual event)
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Workshop Participation

* 171 registered participants
« 23 invited plenary speakers
* 16 contributed talks (approx 19 abstracts submitted)

* Attendance: Sep 28 (125), Sep 29 (113), Sep 30 (96), Oct 1
(107). Steady attendance by around 50 participants.
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From GeV - EeV
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M. Ackerman et al., Astro2020 Science White Paper, arXiv:1903.04333



Overall Themes to Emerge from Wkshp

» More tau neutrino experiments are coming online
— push towards a common goal of high precision
measurements of the PMNS matrix elements. What will be the
ultimate precision on the matrix elements we can achieve, what
are the (experimental) requirements to achieve this goal?

» lUse of multiple experiments and combination to approach the

challenge of tau neutrinos: BSM scenarios, unitarity, NSI.. . .,
alleviate common systematic uncertainties? Driven by theorists or

experimentalists?

I L? Brookhaven
National Laboratory



Overall Themes to Emerge from Wkshp

» Connections of tau neutrinos at the LHC with VHE atmospheric
measurements in water/ice detectors needs further exploring:
How will we address the low x region needed as input for the
atmospheric oscillation experiments?

— Bring these communities together to develop the measurement
programs needed

» Lepton universality is another big physics theme that we can
explore in the neutral lepton sector of which 1 is the least
understood.

ST theoretical calculations needed to do these tests?

National Laboratory

— What do we need to improve the experimental data and
K



Some new topics/ideas to explore

A Open in Acrobat

Energy dependent neutrino mixing parameters Standard case

Babu et al 2108.11961
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This effect induces zero baseline v, to v, appearance, particularly at high energies

L:.\ Brool 3¢ Fermilab
National 19  0g/29/2021 Pedro Machado | Production and detection of tau neutrinos pmachado@fnal.goy
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Precision estimation of PMNS tau matrix
elements with combination of many datasets

most impactful constraints: atmospheric v, disappearance,
atmospheric - appearance, long baseline - appearance data

'I'|. .
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[Denton, Gehrlein '21]
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UHE Tau Neutrinos and Earth Skimming

Earth skimming channel for detection

Several new very large array
radio experiments proposed to

Vv Air shower detect UHE nutau using earth
S A 21 e ] v A B A R 2" B A
F Cosmogenic v, optimistic Q‘\.‘_‘_‘__'_,_:\'\:T\ x\-\’f_-r’; o
E artl-l 10 ﬁ;_:_ ('nr-ilrm:vnil‘ v, F:’Hhiﬂliﬁﬁi‘ __L‘__\-\I\-\':‘!";'_—‘ _\\‘*‘:\ : 4

Fre vy tve =111

Complex three stage process
« Attenuation through Earth with regeneration: NC

CC+1CC

CC + t decay
CC interaction and tenergy loss =» rate strongly depends on loss
range up to 40 km!
Exit and t decay in air,

decay length 50 km EeV =» escapes > 10 EeV

GRAND200k integ. (10 yr)

All-flavor flux E2®, (E,) [GeV em 25 1sr71]
S

FRErARTT | - el LSRNl L | - Ill‘llli
106 107 108 10° 1010 1011
Radio detection and UHE tau neutrino searches  EZ Cinnciati 30 Sept 2021 Neutrino energy E, [GeV] 12
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Scientific Highlights (of interest to LHC
community)

Introductory talk — Jacobo Lopez Pavon

« VUr detection can play a relevant role in testing

the robustness of the 3—neutrino picture
(low scale Non-Unitarity, sterile neutrino oscillations, NSI...)

« Measurement of HNL tau mixing would allow to

test low scale minimal neutrino mass model

and to indirectly measure the PMNS phases (including Majorana phase!!)
in this framework: very relevant input for testing Leptogenesis!

L? Brookhaven

National Laboratory
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Nutau and Lepton Flavors at Colliders

Q\

Brookhaven

National Laboratory

The question

We probe Lepton Flavor Violation (LFV) in two ways
# Neutrino oscillations: LFV was established
# In colliders with charged lepton: Only bounds

The topic of this talk

| What are the connections between these two probes I

Bottom line: There are connections, but they are non-trivial

Y. Grossman NSI and CLFV nuTau2021, Sep. 28, 2021 p. 2
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Nutau and Lepton Flavors at Colliders
NSI vs CLFV

The point is that
NSI — CLFV  CLFV =~ NSI

The v, is part of a doublet

The 7 comes from a double and a singlet

NP in v, implies NP in tau

NP in tau may or may not imply NP in v,
Bounds on CLFV tau imply bounds on NSl in v,

Bounds on NSl in v, give bounds on some of the NP
tau interactions

© o o o 0 ©

Y. Grossman NSI and CLFV nuTau2021, Sep. 28, 2021 p. 10
L? Brookhaven

National Laboratory




Physics with Nutaus at LHC (Felix)

Physics with tau Neutrinos: Interactions

The FPF is essentially a Neutrino-lon collider with sqrt(s)~50GeV

Final State

response of cold nuclear matter to
fast moving quarks

medium-induced energy losses
fragmentation functions

final state interactions

W, CC IMteractions —— Pythia 6.4

- 1 B+ =1 Tew _— e =TT
nuclear PDFs via i Pl GEMNIE 3
measurements on % 071 -
different targets &
E [ =
E - '
strange quark PDFs 2 !
viavs —lc i
b o T =
a 5 o 1% 20

Murmiter of Changed Tracks with £ 1 Gew

L? Brookhaven

National Laboratory
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Physics with tau Neutrinos: BSM.

Use tau neutrinos as probe of new physics.

—— it | Probing Sterile Neutrino Oscillations

— i Wiaa]? = 1077, |L|? = Sl |
T onasp YRR Wm0, U io
= e e | Probing EFTs
% 0.10 g
m | Gy o | i W W w1 1! 10 1t Wt
Eﬂ.ﬂﬂi f d:LL-n._,_I_

=]-= m, = MW, [Lyt=015

OO0 a0 40 600 800 1000
E[GeV]

A=vy ex [TeV]
LH1)g— 3, + DM {g,=3]

Probing Light Tau-Neutrinophilic Mediators

&)
also see talk by
\f Roshan Mammen Abraham on
ray _ ILM Tau Neutrino MDMs
- [ — ” PRELIMINARY vy
i T T
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Challenges of cross-sections at UHE

From Hallsie
v, = vy CCDIS cross sections at UHE

Reno: Oepdg.lbl.gov
2 ‘ = 2 12
Tmin — My /s (y ~0.2-0.5) Q" — My 107 /'X
LHC
10° 7 (1A TeV)

1ZeV,1EeV, 1peV x ranges for UHE cross .
E o ' R p section: r-'; 10 ’
S05F "fq‘"’""? \ * at highest energies,  10* | —
2 4t ”””’Q beyond measurements 103 S
- i5 ”' » small x extrapolations o X DY, bb
35- .’ required 101946 A 8
5 -2r _
= ' gluon and sea uncertainties 10

2'2'5 3 xgix,0), comparisan 1
83 1P e ——r e ——
= -3 F B eoe o ss sens_rosnes = 101
35 10° 10° 10" 10° 10% 10" 1
X
-4 : . .
-2 10 8 6 -4 -2
log Increasing uncertainty in the
Connolly, Thorne, Waters small x extrapolations lead to
PRD 83 (2011) 113009 increasing UHE cross section
N uncertainties.
September 30, 2021 10¢ 0% lind 107 102 10! 11
X
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Experimental techniques:
Reconstruction (Dario Auterio)

©

Brookhaven

National Laboratory

Search for T appearance

The v_ are searched for through their
charged current interaction followed by the
T decay. eVeVe S

0
f.r(nfr )'l."r 49 8%

MV, v 17.4%

3h(na’)v,. 15.2% -

Hadronic jet

The t decay can be identified using two different methods :

sldentification of the Tt decay kink : CHORUS/DONUT/OPERA
- high space resolution, nuclear emulsions. Main channel: muonic tau decay

*Measurement of the KINEMATIC of the T decays : NOMAD/ICARUS/DUNE

presence of neutrino(s) in the final state, missing P, , visible decay daughters
—> Tracking and calorimetry. Main channel: electronic tau decay (NOMAD/ICARUS)

19



~&|/Initially foreseen ICARUS detector configuration (T3000)

The “cloning” project =3 kton of liquid Argon, 2.35 Kton fiducial mass

First Unit T600 + 11200 Unit T1200 Unit
Auxiliary (two T600 (two T600 Magnet
Equipment superimposed) superimposed)

Muon Spectrometer

The ICARUS program was then unfortunately limited
to a single T600 module

¢ Brookhaven
+ National Laboratory :




The liquid argon TPC as an electronic bubble chamber

Run 9927 Event 572: v,-CC CNGS event

Total visible energy |

©

Brookhaven

National Laboratory

45 GeV
Primary vertex
(A):

very long p (1),

e.m.cascades(2),

m(3) , _
Secondary | 4 .-“; .fll Track EiplMeV] | cosx | cosy | cosz
vertex (B): T Thductionz | 1®) 270197 |0.069 |-0040 | -0.997

the longest " / < 2 520.52 |0054 |-0420 |-0.906

track (B)isaj [Fo : . 3 (p) 51404 |-0.001 (0137 |-0.991
ina from :'1.‘ *'-,Ttn Sec.vitx. | 797

bl S\ 4 7699  |0009 |-0.649 |0.761

stopping k (6). - 5 (1) 313.9
decay is B Conversion distances

M Y 69cm. 2.3cm 6 (K) 86.98 0000 |-0.239 | -0.971
observed 7 35.87 0414 (0793 |-0.446
B 283.28 |-0.613 |0150 |-0.776
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Nutaus are here!

Now lets write it all up — see Peter Denton’s talk next

I L? Brookhaven
National Laboratory
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