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Physics prospects with taus

Introduction

in this presentation: “proper”’ tau Physics topics

> tau properties (mass, lifetime, g—2, EDM, CPV ...)
» tau decays
» EW precision measurements

> |V,|, low energy QCD
» LFV in tau decays

> treated here a selection of most relevant ones for strategy, due to time constraints

not in this presentation: topics | believe belong to other Physics topics

» processes where the tau is a decay product

» e'e” — Z - 7777 (EW precision measurements)

H,Z — 157~ (EW)

H,Z = p 1t~ (LFV)

W~ — 1 b, (EW)

B — D™ru (Heavy Flavour anomalies)

heavy flavour hadrons decays with LFV and that involve also tau leptons

vVYy VYY
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Physics prospects with taus

Main ategic’ tau Physics topics (p nal selectio

Searches for Lepton Flavour Violation in tau decays

» clean & effective search for “natural” NP processes extremely suppressed in SMy

» upper limits are effective constraints on NP models

Lepton Universality tests

» EW precision tests

» effective constraints on NP models

|Vis|, as(m.), low energy QCD

> |V,s| measurement alternative to kaons and without lattice QCD inputs
» measure o (m,) and test running of o, from m, to m;
» alternative measurement of HVP contribution to muon g—2

» other low-energy-QCD measurements (specialized and active theorists' community)

> in practice: measure hadronic BRs and spectral functions
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Tau LFV searches dominated
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| HL-LHC and HE-LHC opportunities, arXiv:1812.07638 [hep-ph] |

B factories expected to be the most powerful and versatile tool for tau LFV
(but see later for more complete information on tau LFV prospects)
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remarkable progress expected in near future on Muon LFV searches
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Tau LFV searches probe & constrain New Physics model

MSSM Seesaw doubly charged scalar
Antusch, Arganda, Herrero, Teixeira 2006 Crivellin, Ghezzi, Panizzi, Pruna, Signer 2019
10 -
SPS 1a excluded by MEG 2016 . Yukawa- |nsp|red scenarlo (da4)
10 GeV. uG 107 F
9 myy = 109GeV, my, = 10! GeV ] N 5 &
10 myy =107 eV % X \\ 2
ool O< oy <m4 B \““ \ \
= gf‘ez'gm E 10° IR
@ gtk 0T L | N S
22 p @] N AN W
= 10 K 2 <10 NN %
o mns = 104GeV |G == lcicuc SN 8
1018 S -= Mu3e N N
B13= 1° « [|T == Mu2e/Comet N
¥ 03= 3° - [|® 2 || — SINDRUM AR
10714 > 4 myg = 10 GeV 013= 5° o 107 H— sinorum Sy
myg = 10'2 GeV |¢' 043=10° « — MEG o
10715 L " L L " BaBar/Belle i
107 0™ 0 T 0™ 100 0% 107 10° — P(-M) X
BR(x—uv) 107 107 107 10°
v
typical NP models — -
specific models / parameter space regions
> B(T — py) ~ 10—1000 x B(p — ev) -
. » tau LFV searches can be decisive
» muon LFV searches more effective
do not forget the second step: if LFV discovered on muons, studies on the many tau LFV modes
are essential to investigate the underlying LFV mechanism and how it breaks down in p vs. T
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Lepton universality tests (unofficial prelim. HFLAV)
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8e B're fT[J.
using Standard Model predictions for leptons X, p = e, u, 7 (Marciano 1988)
_ By, GAG,mx 2, 2\ pA pA
M — UAP:p(’Y)] = Ny = LBy, = T: = T‘;ﬁ f (mp/mx) Rw RS
_ 8x . 1 3 4 2 . _ 2, 2
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Ry =1+ = m—;‘ + = —; : Rf‘( =1+ almy) (— - 7r2> ;  all statistics correlations included
5 My, 5 My, 27 4
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Lepton universality tests with hadronic decays (unofficial prelim. HFLAV)

<g7> — 0.9958 + 0.0026 , <g7> — 0.9879 + 0.0063 .
gﬂ & g‘L K

Averaging the three g, /g, ratios:

<g7> — 0.9999 + 0.0014 .
8/ rimik

using Standard Model predictions
2 2 2, 2\ 2
g B(t — hv.) 2mym,Ty, 1-— m“/mh
— ] = = 3 % (h=m or K)
8 B(h— po,) (1+68,)me7, \ 1 —mjp/m’
rad. corr. §,, = (0.16 £ 0.14)%, &, = (0.90 & 0.22)% (Decker 1994)

note: electron tests less precise because h — ev decays are helicity-suppressed
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Canonical tau lepton universality test plot (unofficial prelim. HFLAV)
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Lepton universality from tau constrains New Physics

Feruglio, Paradisi, Pattori JHEP 09 (2017) 061:

tau lepton universality (blue points) severely bounds NP models for B RT/*
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Lepton universality from tau constrains New Physics models

Feruglio, Paradisi, Pattori JHEP 09 (2017) 061:

blue points are NP model predictions for tau LU parameter and RTﬂ
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Lepton universality from tau: experimental measurements

T— LDV, B‘r~>hu

> B

> best experimental inputs: ALEPH, then other LEP experiments
» what mattered and what matters to improve

> e+e7, hermeticity, tau decays statistics, PID systematics

> ele atz peak much more effective if statistics is the same
| 2 Tr

> best experimental inputs: Belle, then LEP experiments
» what mattered and what matters to improve
+

> ele  atz peak more effective if statistics is the same

» e'e , hermeticity, tau decays statistics, vertex detectors

> m,
> best experimental inputs: BES Il then KEDR i.e. e"e  at 777 threshold, then B-factories
> what mattered and what matters to improve

> ete attau production threshold
> ete at higher energies contribute, but with higher systematics

NS & INFN Pisa — EPPSU - 13-16 Ma



“17 — X,v inclusive” |V, | determinatio

M_(;R

3 , where
IVud‘

Vislzs = 4| Rs/

theory

R, = B(1 — X.v)/B(T — ebv)

Rya = B(T — Xg4v)/B(T — ebv)

S Riheory = SU(3)-breaking correction
Gamiz, Jamin, Pich, Prades, Schwab 2003/2005
does not require form factors from lattice QCD
unlike |V,¢| from kaons
= independent theory systematics

> also alternative procedures used: use other
inputs, tau spectral functions, lattice QCD
techniques (also exploiting work done for the
muon g—2 hadronic contribution)

> precision limited by Cabibbo-suppressed tau
BRs (improved by B-factories)

> large Cabibbo-favoured BRs best measured
at LEP (ALEPH)

o+

H—e—H

H—e—H

0.22 0225
IV,

us'

CKM unitarity, PDG 2018
0.2256 + 0.0009

Kg, N, = 2+1+1, PDG 2018
0.2231+ 0.0008

K. N‘ =2+1+1, PDG 2018
0.2253 + 0.0007

T - sincl., HFLAV Spring 2017
0.2186 + 0.0021

T - sincl, A.L. April 2019
0.2195 + 0.0019

T - sincl., A.L. April 2019 + kaons
0.2201+ 0.0018

T - sincl,, Antonelli 2013
0.2207 + 0.0027

T - sincl., Hudspith 2018
0.2231+ 0.0027 + 0.0004

T - sincl., Boyle 2018a
0.2228 + 0.0015 + 0.0013

T - sincl., Boyle 2018b
0.2245 +0.0011+ 0.0013

A.L.

» comparison with CKM unitarity determina-
tion of |V,.| is equivalent to testing the uni-
tarity of the first row of the CKM matrix
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Physics prospects with taus

Muon g—2 hadronic contribution from tau

| Davier 2013 |

T . - T
—— TALEPH
> 2, LO a
ocu rom —_—— 1 CLEO
0 .
» 7 — mr v spectral function — e TOPAL
» normalization could come from B(t — 7r71'01/), T . < Belle
> isospin rotation (associated theory systematics)
> best experimental inputs e e facilities at the Z peak ce BABAR
> modest experimental progress since LEP times ee CMD-2
> statistics, clean data, non-trivial analysis needed
ee SND
» tau data = reduced discrepancy with exp. ce KLOE
> presently e"e” data more precise and complete
. . . .
500 520 540 560
aHZTLLO (10'10)
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Tau Physics plans of relevant facilities

Bellell

» The Belle Il experiment at SuperKEKB: input to the European Particle Physics Strategy
> The Belle Il Physics Book arXiv:1808.10567 [hep-ex]
» 50 abfl, improved detector w.r.t. Belle/BaBar, 50x Belle statistics, 9 - 10% tau decays
» B-factories scored well on LFV, less well on precision measurements and spectral functions
> B(t — py) < ~1- 107° 90% CL detailed study with Bellell sample, may be optimistic
» B(t — 3up) <3.3- 1072 90% CL extrap. from Belle assuming selection remains bkg-free
» similar improvements on many other tau LFV modes
» Am, = £0.10—0.15 MeV ‘very optimistically” (BESIII £0.17 MeV)
> my personal statistics-only-driven estimate AT, = 0.026% (Belle 0.21%)
> improvements w.r.t. today WA expected on B(7 — £bv) and 7, but non-trivial & non-assured
» significant improvements on Cabibbo-suppressed BRs and spectral functions, but non-trivial
> significant advances possible on many more measurements:

Michel parameters, spectral functions, CPV/, radiative decays, g—2, EDM. ..
» Bellelll: luminosity upgrade of Bellell would advance the reach of the LFV searches

Lusiani, SNS & INFN Pisa — EP
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HL-LHC and HE-LHC

» inputs to the European Particle Physics Strategy
» Opportunities in Flavour Physics at the HL-LHC and HE-LHC, arXiv:1812.07638 [hep-ph]
Table 23: Actual and expected limits on BR(7 — 3y) for different experiments and facilities. The
ATLAS projections are given for the medium background scenario, see main text for further details.
BR(7 — 3u) Ref. Comments
(90% CL limit)
3.8x 10" ATLAS [429] Actual limit (Run 1)
4.6 x107° LHCb [428] Actual limit (Run 1)
33x10°° BaBar [417] Actual limit
> 0,
B(r — 3u) 90% CL 21x107° Belle [423] Actual limit
37x1077 CMS HF-channel at HL-LHC ~ Expected limit (3000 fb ")
6x1077 ATLAS W-channel at HL-LHC ~ Expected limit (3000 fb ')
2.3 %1077 ATLAS HF-channel at HL-LHC ~ Expected limit (3000 fb~")
0(107%) LHCb at HL-LHC Expected limit (300 fb 1)
3.3 x 1071 Belle-II [196] Expected limit (50 ab™")
7.9x10° LHCb M.Chrzgszcz priv.comm. (50 fbil)

SNS & INFN Pisa
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Tau Physics plans of relevant fa

TauFV, project, SPS protons on fixed-targed, dedicated to tau LFV sea

» inputs to the European Particle Physics Strategy

Instead, design dedicated experiment upstream of SHiP, with thin, distributed targets,
to bleed off ~2% of the beam intended for SHiIP — 2 mm of tungsten (this value
also set by upper limit of data rates in VELO).

S n
..” T

D Synergetic with
10-20cm SHiP operation !

v

leverages on LHCb expertise, success and upgrade-related R&D, synergic with SHiP
n. of tau decays: 900x Bellell, 60xLHCb(50fb "), 10xLHCb(300fb™ ")

target and detector optimized for tau LFV searches

earliest date 2026-2027

B(r — 3u) 90% CL UL “down to 10"

vV vV v v

also sensitive to other B(T — £,£,£3), one less order of magnitude for et

v

» promising enterprise, could match and improve on Bellell for B(T — 3u)

Lusiani, SNS & INFN Pisa — EP 9 - Granada, Spain
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Tau Physics plans of relevant facilities

Super Charm-Tau Factories: SCT (BINP, Novo

» SCT/Russia inputs to the European Particle Physics Strategy

» STCF/China Haiping Peng, priv.comm., 7 — p7y study arXiv:1511.07228 [hep-ex]
» very similar projects, common description

> E=2-60r2-7GeV, £L =107 cm >
> begin datataking 2029-2030

—1 . —
s °, polarized e beam

» max 71T cross-section at 4.25 GeV (3.5nb), unknown how many years at that CM energy
> | rescaled estimates to 2 years at 4.25 GeV (each year 2- 10" s and 7-10° tau pairs)

» Am, from £0.166 MeV (BESIII) to £0.012 MeV [10x better systematic uncertainty]

> B(t — py) < 5-107°90% CL

> extrapolated from 3fbflassuming search bkg free (my understanding)
> note that background is significantly less than at B-factories energies

> B(r — 3u) <35-10 °90% CL sensitive also to all other B(T — £,4,43)
» many LFV modes and other tau measurements possible, but little guiding past experience

» both projects actively investigating/planning many tau Physics measurements
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Tau Physics plans of relevant facilities

CEPC at the Z peak

» inputs to the European Particle Physics Strategy

» The CEPC Conceptual Design Report, Vol |I: Physics and Detector, arXiv:1811.10545 [hep-ex]
» could be approved in 2022!

» 1.10% Z, 3. 10" tau pairs (comparable to 4.5 - 10% of Bellell)

> expect tau LFV sensitivities similar to Bellell

» but historic LEP LFV limits are much better than B-factories, for the same number of tau
stat. uncertainties O(450)x better than LEP = must estimate reasonable limiting systematics
expect AB(T — £ov) ~ 0.02% (by improving 10x ALEPH systematics 0.2%)

expect A7, ~ 0.02% (by improving 10x w.r.t. Belle total uncertainty of 0.2%)

significant advances possible on about all measurements and LFV limits

vV Vv v VY

Z peak offers by far best conditions for about all tau Physics measurements
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Tau Physics plans of relevant facilities

FCC-ee at the Z peak

» inputs to the European Particle Physics Strategy

» Future Circular Collider, Vol. 1 : Physics opportunities (December 2018)

» Dam 2019 (Tau 2018 proc.)

» 8y preparation, 10y construction, 15y operation

» Z peak phase delivers 5 - 10+ Zs, 15-10% tau pairs (Bellell 4.5 - 1010)

> stat. uncertainties O(1000) x better than LEP = must estimate reasonable limiting systematics
> expect AB(T — Lov) ~ 0.02% (by improving 10x ALEPH systematics 0.2%)

> expect AT, ~ 0.01% (by improving 9x w.r.t. Belle detector alignment systematics of 0.1%)
> expect Am, ~ 0.07 MeV (by calibrating on mp+, PDG 2018 WA +0.12 MeV)

> Bt — py) <2- 10 °90% CL Monte Carlo study on 2% of full FCC-ee statistics
» B(t — 3u) < [1-0.1]-10

> significant advances possible on about all measurements and LFV limits

90% CL  guestimate

> Z peak offers by far best conditions for about all tau Physics measurements

siani, SNS & INFN Pisa —



Digression on tau g—2 and EDM with bent crystals

| Fomin, Korchin, Stocchi, Barsuk, Robbe 2018 | Fu, Giorgi, Henry,
Marangotto, Martinez Vidal,
Merli, Neri, Ruiz Vidal 2019

y
Aa. MDM Ady,ecm EDM
Ss, Ss, z
S0 S0,
2 Y
107 1 SSosed sy, SO\Jeg,
.55 ~Sety, 15 1SS, 10715 =
DELPHI 1071 "0 &%" /e 2 —@y 107
102 forrrr e T & = o (2,8) §0.58 o
SELLE? Q = Z 2t taggin 2,
o ‘D ),-tagging
5 | SMvalue 10716 D c 8 6,-1agging 2
10~ BELLE a o —abC >
[ -16 'S
. S, R
10 10774 10~
104 1016 108 Neor 1016 1018 102 Npor 3
)

Bellell prospects on tau g—2 and EDM
107

» Chen, Wu 2018, simulation of just statistical errors

10

> AldN?|=204-10 Pecm, AlaNT|=175-10"° 1078

(beware: here one actually measures NP pointlike contributions) 10

lole 1 018 1020
PoT
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Additional notes

> best facilities for B(T — £ov) and T, are best ones for most tau Physics, e.g.,

> |V,.| from tau, og(m,), muon g—2 HVP and spectral functions
> tau g—2 and EDM

» CPV in tau decay and production

»> Michel parameters, radiative decays

e

» ¢ e machines with hermetic detectors are best for most tau Physics

> tau decays at the Z peak offer much more favourable conditions than at lower energies

SNS & INFN Pisa — EPPSU - 13-16 May 2 Granada,



Additional notes on LFV searches

ete™ machines hadronic tau production

» proven record » can produce many more tau's
B R T e but experimental condnt_n_)ns much worse
and seems only competitive for 7 — 3u

» limited by accelerator luminosity ~ (et by dlisetey Lo

> optimized experiments like TauFV
may match or do better than ete”
machines for 7 — 3u

SNS & INFN Pisa — EPPSU - 13-16 May 20
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Some benchmarks
Introduction and cautions

» in the next pages, future facilities are compared for their experimental reach
» Red is used when estimates of experimental sensitivity

> are based on dedicated studies
> similar past facilities have an extablished record of performance from which to extrapolate

> is used when estimates of experimental sensitivity

> have a less solid foundation
> there are novel features for which it is difficult to extrapolate from past experience

» all estimates, including the ones in Red, are indicative

> unfeasible to do studies close enough to the final analysis on simulated events

> realization and operation of future, especially non-approved, projects is uncertain

> extrapolations are not necessarily done in an equivalent way for different projects
(I have tried to select and adapt the estimates to be comparable, but | almost always opted
to report the original numbers)

> dates of estimated results are indicative and reflect my limited knowledge of future schedules

» benchmarks compare just an incomplete subset of features and are not an executive summary

SNS & INFN Pisa — E
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nchmark of LFV searches T — p~v, 7 — 3p
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Conclusions

» effectively search for LFV tau decays
» do precision tau Physics

» Bellell will

» on statistically-limited measurements
» on other measurements if dedicated efforts will reduce typical B-factory systematics

» TauFV may match or even improve the search for 7 — 3u in the near future
» other hadron facilities can search for 7 — 3u but quite less effectively
» SCT and STCF are essential to improve the precision on m..

» may be very good on tau LFV searches and precision tau Physics,
despite lack of past track record, sensitivity studies are progressing and encouraging

» CEPC and FCC-ee at the Z peak are best facilities for about all aspects of tau Physics

Which future facility is scientifically the best one for your flavour topic?

FCC-ee with 5-10'°Z’s is the best for tau Physics

ThanKs for your attention!
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