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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 were 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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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.

 BNL intellectual interests: M. Bishai (DUNE nutau appearance for
unitarity and BSM physics searches), P. Denton (UHE nutau radio
neutrinos, PMNS matrix and unitarity constraints), J. Gehrlein
(PMNS matrix and unitarity constraints), M. Diwan (Nutau
detection with LHC Far Forward Physics Facility)
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Workshop Agenda - AM

rooknaven

National Laboratory

Sep 28, 2024 Sep 25, 02 Sep 30,2021 o
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)

Y nutau2021_intro_bishaipdf & - [ nutau21_sep29_moming_saved_chat.txt (This workshaop will be held as a virtual event) (This workshop will be held as a virtual event)

_ ) ) ) 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

12:30 | Tau neutrinos and SM - Xin Qian (BML) Nitish Mayak p - 12:20 — Lunch break -— 12:40 — Lunch break — 12:20 | Contributed talks Il - Yuchieh Ku (Penn Siate) Nepomuk Otie p -
PM | (BNL) (until 2:30 PM) (This workshop will be held as a P P PM |(Georgia Institute of Technology) Tom Stuttard (Niels Bohr Institute)
virtual event) 1:20 | Contributed talks | - Stella Oh (University of Cincinnati) Pedro Machada (Fermilab) Thomas . - | 1:40 | Tau neutrino reconstruction techniques - Barbara Yasgay . - MMahdi Bagher (Georgia Institute of Technology) (until 2:30 PM) (This
. . - . . - - workshop will be held as a virlual event)
12:30 | Tau neutrii and 34 model - Stephen Parke (Fermilab) (This PM KUM(LSI._.I) Jeremy Hewes (University of Cincinnati) (until 3:30 PM) (This workshop will be PM | (Cinncinati) Hawu_Wﬁ{Br I I__ vl
PM | workshop wil be held as a virtual event) M2l TR i @ E) (O R T = i | BE 2 22 2 i G 12:20 | KM3NeT/ORCA sensitivity to atmospheric tau-neutrino appearance - Steffen
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:
=
P 5 - . o o ” A nutau2021_tau_appearance_km3net_compressed.pdf -
1:15 | Discussion (This workshop will be held as a virtual event) ;& - PM | Hamburg) (This workshop will be held as a virtual event) 5 semnutau.pdf & PN | Autiero (Lyon, IPN)  (This workshop will be held as a virlual event) 5 —tau_app | _CcompH P
& tau_workshop_da_fin.pdf .0 - - i i i fion - i
24 1:35 | Appearance of tau neutrinos in the near defectors due to the oscillations involving sterile neutrings - L - D 1235 (EiEta ;l&rlay fm. Neu?nna.Dehechon iz expfanmental slah.!s il
1:30 | Tau neutrinos and lepton flavor at colliders-experiment - Viadimir PM | Katarzyna Grzelak (University of Warsaw) (This workshop will be held as a virtual event) 2-10 | Reconstruction, Flaver Idenification and Future Prospects at High gl 7 7T = S R LR T R (VS TR O TR
. = =
PM | Gligorov (CNRS France) (This workshop will be held as a virtual (B MuTau2021_KGrzelak.pdf &7 - ||PM | Energies - Juliana Stachurska (MIT) (This workshop will be held as a SSahaas [B iwp_grand_nutau2021.pdf &2
event) [ NuTau2021_LFAtColliders_092021.pdf = virtual event) .5 NuTau2021_Stachurska.pdf = - i ics with in-i - Christi
® 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
1:50 | Tau neutrinos and lepton flavor at colliders-theory - Yuval Grossman | PM | Technology) (This workshop will be held as a virtual event) U nutau2024ziypdf &0 - || 230 |Discussion (This workshop wil be held as avirual even) ;> - | | ©=sSr (Uppsala Unversity Sweden) - (This workshop il be held as a virtual
PM | (Comell) (This workshop will be held as a virtual event) PM Bzl [ glaser_inice_radio_taupdi &2 -
:I e TETE D ,{7 ~ 2:05 | Kinematic Tau neutrino search at DUNE far detectors - Thomas Kosc (Instifut de Physique des 1 Infinis
A nula 4 . Hti | i - i - | - . ics -
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
210 | i A (This kshop will be held as a virtual f) ,{7 ~ Le NutauWorkShop_Sep21_NutauSearch_ThomasKosc.pdf ,O ~ PM | will be held as a virtual event) P K_rlzmanlc {UMBCICRESSIINASNGSFC} {This workshop will be held as a
virtual event) [& POEMMA-nuTau2021-Krizmanic.pdf &2 ~
2:20 | Break (Thisworkshop will be held as a virlual event) _0 -
2:30 | White paper discussion - Peier Denton (Brookhaven 2 |l em 1:20 |Break (This workshop will be held as a virtual event) £~
PM | National Lab) (until 3:00 PA) (This workshop will be held as PM
. 2:30 | Leaming from Tau Meutrino earance at L Baselines - Kevin J Kelly (Fermilab is workshog
avirtual event) [& NuTau21_Whitepaper_Overview.pdf eaming . Ao o o ) a 1:30 | Auial and pseudoscalar form factor with tau neutrinos - Dlsksandr Tomalak
P = [® Kevin_Kelly_NuTau2021.pdf &2 ~
White “fr ion (until 5:30 P (This " . — — ' PM | (Los Alamos Mafional Laboratory) (This workshop will be held as a virtual
PM 2:45 | Prospects for anomalous tau neutrino appearance searches at the DUNE Mear Detector - Miriama event) 4 Tomalak_talk_Tau2021.pdf -

p-

Laboratory) (This workshop will be held as a virtual event)

Mew fau neutrino oscillation constraints on unitary violatien - Julia Gehrlein (Brookhaven Mafional

Looking for HMLs via Double Bang signals - Ilvan Mariinez-Soler (Fermilab and
Morthwestern University) (This workshop will be held as a virtual event)

‘}-

% nutau_2021.pdf

University) (This workshop will be held as a virtual event)
IE Roshan_Mammen_Abrah:

Constraining neutrino magnetic moments at the LHC - Roshan Mammen Abraham (Oklahoma State

3 Talk_IMS.pdf &2
2:00 | Tau neutrino propagation with NuPropEarth - Alfonzo Garcia (Harvard
PM | University) (This workshop will be held as a virfual event)
E nutau.pdf ,0 -

‘}-

am_MNuTau2021.pdf

‘White paper writing session (until 5:30 PM) (This workshop will be held as a virtual event)

‘}-

Probing Secret Interactions of Tau Neutrinos in the High-Statistics Era - lvan
Esteban (CCAPF, Ohio State University) (This workshop will be held as a
virlual event) (3 Talkpdf &2~

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)

300

Fermilab W&C from MicroBooME (This workshop will be held as a \hual
event) 2 -




Snowmass Frontiers

NFO01: neutrino oscillations

NF03: neutrino BSM

NF04: neutrinos from natural sources

NF06: neutrino interaction cross sections

NFO08/TF11: theory of neutrino physics

NF09: artificial neutrino sources

NF10: neutrino detectors

EF03: EW Physics: Heavy flavor and top quark physics
EF09: BSM: More general explorations

CE7: Cosmic Probes of Fundamental Physics

UFO01: Underground Facilities for Neutrinos

Yy vy vy VY Y Y VY VY VY VY VvYVYy

IF: Instrumentation Frontier

L? Brookhaven (BNL) NuTau2021: September 28, 2021 5/10 _
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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
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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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Physics with Nutaus at LHC

Physics with tau Neutrinos: Interactions

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

Felix Kling:
Final State

response of cold nuclear matter to
fast moving quarks

medium-induced energy losses
fragmentation functions

final state interactions

—— Pythia 6.4

(see M. Diwan nuclear PDFs via = [0 e Geme 5
measurements on 3 2 = b
Talk .fOI“ more different targets %
detail) E " =
strange quark PDFs E H
viavs —lc :_

L? Brookhaven
Murmber of Changed Tracks with £> 1 Gev
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Physics with tau Neutrinos: BSM.

Use tau neutrinos as probe of new physics.

[ ) e P S S U S S A
| Mo oscallation

Ve + Py e s wms] T TODNNG Sterile Neutrino Oscillations
—_— |t = b o L] = 5= |
Tooast T e Wl =0, (U S10= |
) e Probing EFTs
LR = !
el O S e j ' W o w1 1w e 1wt w1t
Z 005, | dzl"-a._,_lq
j m, =M e¥, [Lyt=10.15
um_ . P S S S FR ",
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A=viv ex [TeV]

LH1)g— 3, + DM {g,=3)

-t
FProbing Light Tau-Neutrinophilic Mediators
-z
r
i -2 m E]
8 also see talk by
1074 Roshan Mammen Abraham on
ILFM Tau Neutrino MDMs
_ [ PRELIMINARY y
il k] m-'t —— .—.-..iﬂ.i_} ® ar=arra “1.6-1 s T -\.1‘.:": s .-..l.nl L-J
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Snowmass NuTau Whitepaper (P. Denton

leads)

The read only version of the Whitepaper is available here

> Title: Tau Neutrinos in the Next Decade: from GeV to EeV

A Snowmass Whitepaper
Scope: physics where it matters that it’s a tau neutrino
» Sections:
1. History and motivation (Denton)
2. Experimental probes (Bishai, de Roeck(?), & Wissel)
3. Tools (Aurisano)
4. Theoretical interests (de Gouvea & Mocioiu)

5. Conclusions
Organizers will take charge with the abstract,

history, and conclusions with input from all authors
» This is about the future: Snowmass & P5

How are we going to spend resources on tau neutrinos in the next decade+7

» Don't (extenstively) reproduce existing work
A brief introductory section on tau neutrino history exists

BNL NuTau2021: September 28, 2021 3/10
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EXP.:DONUT [l

3263/25102 ¢

MOD..E/B1

F.L.=1800um

8,4p=0-130rad

P=246"25Mev/c

Nutaus are here! g

BNL scientists are emerging as leaders of a very diverse community
focused on opening up new opportunities and searches using the least

understood and studied particle of the Standard Model.

¢ Brookhaven
k 16
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