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Introduction

» studying & understanding FCC sensitivities on tau physics measurements & searches for

» FCC motivation
» FCC detectors requirements & optimization

tau pairs yields at past, present and future ete™ colliders
facility V4 T rrt 7 elative sample size
[million]  [million]
LEP 25 0.84
Belle 11 - 45.10°
STCF at 4.26 GeV, 10 years - 35-10°
CEPC 4.10°  13510° 1.6-10°xLEP 3.0xBellell
FCC-ee 6-10°  200-10° 2.4-10°xLEP 4.5xBellell

experimental conditions of tau pairs much better at Z peak compared to lower energies

» better momentum resolution and vertexing because less multiple scattering with higher track momenta
» better higher momentum muon id (much lower pion-to-muon misidentification)

» much better 717 separation from q§ background because of higher qg multiplicity at Z peak

» LHC produces more tau leptons, but with much less favourable experimental conditions
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Tau Physics prospects update

Lepton universality with tau decays

lepton universality from experiment [A.Pich, 2013]

FT‘}‘J./FT‘}e rwﬁ#/rﬂ'ﬁe FK‘}[J./FK‘}E rK%wu/FK%rre FL‘V‘};L/FV"IHE

|9/ 9| 1.0018 (14))  1.0021 (16)  0.9978 (20) 1.0010 (25) 0.996 (10)

rr—m/rp—»e I‘r—m/rn—m FT—)K/FK—H.L FVV—}T/]-‘VV—HA

|9/ g, 1.0011 (15) 0.9962 (27) 0.9858 (70) 1.034 (13)

F'rﬂp./rpﬂe FW’HT/FW’—)E

|9+ /9| 1.0030 (@ 1.031 (13)

» most precise lepton universality tests come from tau decays’ measurements
» (some competition from B(m — uv)/B(m — ev))
» B-factories did not significantly improve LEP measurements
» dedicated effort in Bellell, first result on tau mass and B(1 — pov)/B(T — ebv)

» FCC-ee luminosity & conditions ideal for high precision tau measurements for lepton universality tests
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Tau Physics prospects update

Lepton universality tests

today status [HFLAV 2023 report, preliminary]
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using Standard Model predictions for leptons A, p = e, u, 7 (Marciano, 1988):

» less precise tests possible with hadronic tau decays
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Tau Physics prospects update

Canonical tau lepton universality test plot

o 68% CL contour
[HFLAV 2023 prelim.]
0.1785 (g‘r/gey,) = 1.0017 + 0.0013

[gep = 8c = g, assuming g. = g,,]

’ A(g./8e,) contributions

. input  Ainput  A(g;/ge,)
: SM prediction b3and
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Tau Physics prospects update

Tau Lifetime uncertainty

T, uncertainty

20000 1 o ELEHI 2004 33 ® Measurement

Guestimate
10000 4
° DELPHI 2004

FCC total uncertainty estimates

50001 PDG 2012

o > FCC-ee(Z) CDR M. Dam, 1999
e * e a0ue > FCC-ee(Z) A.Lusiani, Tau
£ Physics Prospects at FCC-ee,
5 % selle doi:10.17181/57pxj-6xd43

200 +

FCC-ee(Z) CDR

Other estimates

o
)

» Bellell Physics Book

FCC-ee(2)
204

2000 2010 2020 2030 2040 2050 2060

T, statistical precision [ppm]

4800 DELPHI 2004, 144 pb_:L
18000 DELPHI 2004, 3-prong vs. 3-prong (3v3), 144 pb_1
15 FCC-ee(Z) 6-10" Z, 200 ab™*, from DELPHI 2004 3v3
(*) FCC-ee vertex resolution and beam spot < c7,. while they were comparable at DELPHI
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Tau Physics prospects update

Tau Lifetime uncertainty notes

» consider just tau pairs in 3-prong vs. 3-prong topology (3v3)

» Belle 2013 best measurement uses these events
» T direction reconstruction using vertices reduces dependence from simulation

» extrapolate FCC-ee statistical precision starting from Delphi 2004 3v3 events statistical precision
» expect no significant differences on selection efficiency
» Delphi 2004 3v3 precision by rescaling 3v1+3v3 measurement to number of 3v3 candidates
» 7. measurement is a measurement of transverse i.p. (dysin6) ~ 70 um
» Delphi 2004 3v3 precision consistent with a dj resolution ~ 70 um (tracking, beam spot)
» assume FCC-ee has both transverse beam spot and can have dj resolution < 70um

= resolution improvement factor ~70 um/(70 um @ 70 um) ~ 0.7

» assume DELPHI systematics for background, reconstruction bias and alignment (total 1.3 fs)

scale with luminosity to 3.9 ppm at FCC-ee (very optimistic)

» assume 30x better KKMC simulation can reduce uncertainty on ISR+FSR energy loss in tau pair
production to reduce the associated systematic contribution from 350 ppm to 11.5 ppm

» assume 10 ppm tau mass measurement at SCT/STCF or at FCC-ee

» assume 5 ppm vertex detector length scale (possible with optical methods proposed for MuonE)
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Tau Physics prospects update

Tau Lifetime at FCC-ee(Z) uncertainty budget

T, precision [ppm]

15.0  statistical
5.0 length scale of vertex detector
10.0 o(m,)
1.0 center-of-mass energy
11.5 average tau pair production radiative energy loss
3.9 systematics optimistically expected to scale with statistics
- detector alignment
- background
- fit model

22.3  total

detector requirements to limit effects below 1/2 of statistical uncertainty

» impact parameter resolution for tau decay tracks < 70/2 - /3 = 61 um
» taking into account that each single event measurement uses three tracks

> uncertainty on average length scale of vertex detector elements < 7.5 ppm (15 ppm / 2)

other detector requirements

» 30x precision improvement for simulation of radiation in tau pair production

» not detector but worth noting
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Tau Physics prospects update

Tau mass Bellell preliminary measurement [Moriond 2023]

NEW

oot VVOrld's most precise measurement
* World's most precise measurement of m, = 1777.09 + 0.08,,,, &+ 0.11,, MeV/c?

10° PDG Average (2022)
1776.86 £ 0.12

16 Belle Il Preliminary t Data — fit
3 _[Ldt:mofb"

»»»»» background

N

BES (1996) | | .
1776.96 018 102
BELLE (2007) i
1776.61+0.13+0.35

KEDR (2007) -
1776.81 2 +0.15

BaBar (2009) N
1776.68 £0.12 + 0.41

BES Il (2014) e

: s oo g 1776.91£0.12 '3 —
’ RN P S L R : Preliminary
3 PR g Belle 11 (2023)

1777.09 £0.08 £ 0.11

Events / (1.5 MeV/c?)

Pull

17 1.72 1.74 1.76 1.78 1.8 1.82 1.84
2
M, [GeV/c?]

vl b bl by

1774 1775 1776 1777 1778
Proof of high precision capability of Belle II! M, [MeV/c?]
arXiv:2305.19116 [hep-ex], May 30, 2023
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SICS prospect

Tau mass Bellell preliminary measurement [Moriond 2023], systematics

NEW .
for Morion T mass: precision challenge
* Excellent control of systematic uncertainties thanks to precise understanding of B cpp—— %
; P _ 2 - * i i tolal uncert,
beam energies and tracking: M, = \/1\/13,, +2 I:fs/2|~ E3.)(E3, —S M, < 10586 —fL dt=189.9 b i
© 10584 [- o
Source Uncertainty

[Mev/c? |

Beam energy calibration

Knowledge of the colliding beams:
geam energy correction g-gz |—> with B-meson hadronic decays
oost vector < 0.l )
el method and Y/(4S) lineshape

Reconstruction of charged particles:

Charged particle momentum correction ().()GI measurement to get 4s ) I L I L | x10°
Detector misalignment 0.03 o 100 200 %00 400 500
=R \ events
Fitting procedure:
Estimator bias 0.03 \ 35
Choice of the fit function 0.02 o Belle Il Preliminary - betore momentum correction
Mass dependence of the bias <0.01 ‘ — jL dt = 189.9 fb” - atter momentum correction
& E
Imperfections of the simulation: Momentum scale factor § o OoKEw ——
. v . . (]
Detector material budget 0.03 cures the bias due to imperfect B- s
Modeling of ISR and FSR 0.02 . © 3
Momentum resolution < 0.01 eld: extract corrections dependent 8, f
?:utl:_al pa;rf:igle recoustruc_tion efficiency E 83} on Cose"ack by comparing D° Kn § 05k
acking efficiency correction < 0. ) %:;%%
. N = ++
Trigger efficiency <0.01 mass peak w.r.t PDG mass. 0
Background processes < 0.01 o5E
e L
' Total 0.11 ‘, S0 06 o4 0z 0 0z 04 06 o8 i
! ) cos(6,)
O —————————————————————————
arXiv:2305.19116 [hep—ex], May 30, 2023 L.Zani - Dark sectors and tau phsyics at Belle Il - Moriond 2023 12
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Tau Physics prospects update

Tau mass prospects at FCC-ee

> AT — 45ppm at Belle Il with 190fb™", 175 M tau pairs
> AT™ = 1.3ppm at FCC-ee with 6:10" Z, 2.0-10" tau pairs
» neglecting surely better FCC-ee efficiency
> AT = 0.9 ppm at FCC-ee when rescaling OPAL 2000 tau mass uncertainty
» Bellell dominant systematics expected to be significantly reduced at FCC-ee

» beam energy (1 ppm at FCC-ee)
» track momentum scale (2 ppm calibration maybe possible at FCC-ee with m;,y,)

» alignment systematics can be expected to scale with statistics
» Bellell limiting systematics 29 ppm

> estimator bias (0.03 MeV/c2 )

» pseudo-mass fit function (0.02,MeV/c2 )

» detector material (0.03 MeV/c2 )

» modeling of ISR, FSR and tau decay (0.02 MeV/c2 )

» may expect to reduce non-luminosity-scaling systematics by factor 3 at FCC-ee, to 10 ppm
» guestimate FCC-ee tau mass precision at 10 ppm

» no particular detector requirements are needed, a baseline realistic detector is sufficient

Lusiani (SNS & INFN Pisa) — 2nd FCC Italy & France Workshop, Venice, Italy



Tau Ph prospects update

Tau mass prospects at FCC-ee and other facilities

m. uncertainty
.OPAL ® Measurement
1000 » Estimate
Guestimate
500 A
Belle BaBar
®
200 ®KEDR 2007
— ° KEDR 2023
£ °
éf 100 - .BESIII ’Bellell [Physics Book]
S e Belle 12023
< FCC-ee(Z) [M.Dam, 2019
P0G 2018 > 21 ]
50 1 ® PDG 2024
201
STCF CDR, 2024
104 > FCC-ee(Z)
2000 2010 2020 2030 2040 2050
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Tau leptonic branching fractions prospects at FCC-ee

» ALEPH 2006 measurement precision: 4400 ppm = [4000(stat.) & 1900(syst.)] ppm
(average of the two similar electron and muon decays branching fractions)

» complex simultaneous measurement of 12 tau branching fractions
» many systematic uncertainties, no reliable extrapolations to FCC-ee statistics
» several systematics related to photon and = 7y reconstruction

» FCC-ee extrapolated statistical precision: 4000 ppm-\/6.2-106 (ALEPH Z bosons)/8-1012 = 4.5ppm
» today guestimate: FCC-ee precision may be limited to about 1/10 of ALEPH systematics, 190 ppm

o Lusiani (SNS & INFN Pisa) — 2nd FCC ltaly & France Workshop, Venice, Italy



Tau Physics prospects update

ing fractions prospects at FCC-ee and o

B(t—-Lvv)
0.5 1 .ALEPH 2006 ® Measurement
Guestimate
.PDG 2018
0.2 1
9
g 017
3
=
Q
<
0.05 A
0.02 FCC-ee(Z) [A.L, London 2023]
2000 2010 2020 2030 2040 2050
» Bellell is working on these measurements
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Tau Physics prospects update

Canonical tau lepton universality plot extrapolation to FCC-ee

PDG 2024 [ FCC estimate

0.1790 1
68% CL contour

0.1785 1 ﬂ

0.1780 A

289.5 290.0 290.5 291.0 2915
T [fs]
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Tau Physics prospects update

pical tau LFV search

LE 0.0 R LE ]
] w 1
:_’ B T I B
4 g Eieiiiin PR N
2 I S 3 lemome sl
Ll i 4
S ] VR
; ass SR

| q :
oo N = iR
-0.01 [ . E RN O
: THaRINES
_0.02 :_ ; :: ...... € e e e .E
Fe 7 ]
e L ]
0.03,7 1.9 . 18 18 1.9
M, [GeV/c?] M, [GeV/c?]

(a) 75 — pEy. (b) 7% = ety

» search for reconstructed tau leptons matching

» invariant mass of tau decay products = the tau mass
» sum of energy of tau decay products in CM frame = /s/2

» count events in excess of expected background
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LFV T — p~y

FCC expected reach

» M. Dam, Tau-lepton Physics at the FCC-ee circular e+ e- Collider,
SciPost Phys. Proc. 1 (2019) 041. arXiv:1811.09408

assuming FCC-ee(Z) with 1.3-10"" tau pairs

assuming 25% efficiency

MC truth with smearing to simulate reconstruction
simulated sample of 2% of total assumed FCC statistics

signal region with Eﬂ," =/s5/2, my, = m,

VVvYvVYyVvYyvyy

sensitivity reported as 20 background fluctuation (20K events extrapolated in signal region)

90% CL upper limit at FCC-ee with 6-10'* Z

» converted 20 background fluctuation to expected 90% CL upper limit
> rescale to 6-10" Z (search is background-dominated and improves with v/LZ)
> B(t — py) < 1.2.107° at 90% CL




Tau Physics prospects update

LFV 7 — pvy

Belle Il expected reach

» Bellell Physics Books

» based on BaBar and Belle published upper limits
» assumes all tau LFV searches background-free (inappropriate for 7 — uy)

> Belle, 2021 upper limit B(T — wvy) < 4.9:10 % 90% CL, integrated luminosity 988 fb™*
> personal Bellell 50ab ™" limit estimate starting from Belle 2021 search

> B(1 — py) < 0.97-10° 90% CL “aggressive”, assuming linear integrated luminosity (L) scaling
> B(T — wy) < 6.9-10° 90% CL “conservative’, assuming +/L scaling (background-limited search)

STCF expected reach

> B(T — py) < 8.8:10° at 90% CL [Eur.Phys.J.C 83 (2023) 10, 908]
» STCF CDR quotes better limit citing a preliminary arXiv preprint of above published paper
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Tau Physics prospects update

LFV 7 — pvy

B(T - uy), measured or expected upper limit
5x10-8 4 Belle 2008 90% CL BaBar 2010 90% CL
e o Belle 2021 90% CL &~ Measurement
Guestimate
2% 1078 4
£ 1x10°° 4 STCF 90% CL, [EPJC 83 (2023) 10, 908]
g —
2 Bellell 90% CL 50 ab-1, VL scaling
> 5x107° 4
2x107° A
FCC-ee(Z) 90% CL, 61012 Z
1x107° 4
2000 2010 2020 2030 2040 2050
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Tau Physics prospects update

LFV T = 3p
FCC expected reach

> start from B(T — 3p) < 1.9-10° 90% CL [Belle Il 2024], sample size 390-10° tau pairs
» 20.4% efficiency, much larger than 7.6% of previous Belle search

» efficiency now comparable to 24.5% of DELPHI 1995 LEP search

> extrapolate to 2:10" tau pairs for FCC-ee

» assume FCC-ee can reach 35% efficiency
» assume no-background-limited search (linear luminosity scaling) thanks to

» expected excellent muon identification
» good momentum and vertexing resolution

> B(T — 3u) < 2.0-107" 90% CL
» MC simulations on severals details would be welcome
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Tau Physics prospects update

LFV 7 — 3p

Belle Il expected reach

> B(t — 3u) < 3.0-107"° 90% CL [Belle Il Physics Book]
> (optimistic) linear £ scaling from Belle 90% limit, 2.1.10"°, with 782 fb™integrated luminosity

STCF expected reach

> B(r — 3u) < 1.9:107'° 90% CL [STCF CDR, 2023]
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LFV T = 3p

B(T - 3u), measured or expected upper limit
LHCDb 90% CL
5x 1078 ° . — ® Measurement
ﬁasar 00% L . CMS 2023 prelim. 90% CL » Estimate
- ° Guestimate
2x107° 4 ®Belle 90% CL
1x 1078 4 LHCb 50fb-1 95% CL
>
5x 1079 1
% LHCb 300fb-1 95% CL
2 2x107° A
£
T 1x107°
[
Qo
S 5x10710 ]
»
2 % 10-10 Bellell 90% CL  STCF CDR, 2023
% ]
1x 10710 4
5x 1071
FCC-ee(Z) 90% CL 6-10'2 Z, £ scaling
2x10711
2000 2010 2020 2030 2040 2050
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Tau Physics prospects update

» estimated FCC expected precision on tau properties measurements
» tau mass
» tau lifetime
» tau leptonic branching fractions
» estimated FCC precision on lepton universality test
» estimated FCC reach for LFV searches
> T = py
> 7 —3u
» several updates w.r.t. past presentations

» documentation in A.L., Tau Physics Prospects at FCC-ee, doi:10.17181/57pxj-6xd43
» short version recently submitted to ECFA as three analysis summaries

e p ot —
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Backup Slides
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Tau Physics prospects update Backup Slides

Impact of tau LFV decay limits from future Tera-Z colliders

» constraints on UV-complete vector lepto-quark model for B anomalies [Cornella et al., 2021]

today and future Belle1l, LHCb 300 fb~! bounds

10-SL upper boundon 7 — . _|
E mixing reduced by 1/2
Excluded at 95% CL  due to new Ry
1077 .
108 3
?§; E Belle 11 (50 ab™?) ]
T 10—5)5_ -
L ]
«Q 10_10:_ —
101k s 5
E Nih E
10-12f £ -
I L _~ L I
1078 1077 1076 107° 1071 107
B(Bs — 77 uh)
[from G.Isidori, Jul 2023]
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Tau Physics prospects update Backup Slides

Impact of tau LFV decay limits from future Tera-Z colliders

» constraints on UV-complete vector lepto-quark model for B anomalies [Cornella et al., 2021]

future FCC-ee bounds, G.Isidori naive estimate

I L/ | T T 1

10°C P upper boundon 7 — p _|

E | mixing reduced by 1/2

r Excluded at 95% CL  due to new Ry §

1077 e y -

E 4 i G|

‘ 4 : 1

107° [ : =

S E Belle I1 (50 ab™*) 5 E
~ o ) 777777777777 : ----------------------- N
T 107 I, : .
S i V : ]
= 4 ]
Q 10-10 I 8l
D ’ E

L/ 'e : 1

10—1] L / g ' i
........... » [ FCC-ce ; =
[ # = ]

“12 :

107+ |/ = |

/ L il vl
1078 1077 1076 107° 10~ 107

B(B, — 7 u™)
[from G.lsidori, Jul 2023]
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Tau Physics prospects update Backup Slides

Impact of tau lepton universality measurements from future Tera-Z colliders

» constraints on 4321 vector lepto-quark model for B anomalies
[Allwicher, Isidori, Selimovic, 2021],

[Allwicher, Isidori, Lizana, Selimovic, Stefanek, 2023]

today g;au/g,, g./8, bounds

1.010
| TEom/Me—e |
1.005 E
L TEoe)lre)
1.000
o /////////// o ///////////
ES 4321 full model i 4321 full model
5 ////// sy
0.995 E
Lo _LeonflEzw
0.990 E
0.985 1
0.1 []|.2 013 014 0.5 0.1 []{2 013 0:4 0.5

[from G.Isidori, Jul 2023]
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Tau Physics prospects update Backup Slides

Impact of tau lepton universality measurements from future Tera-Z colliders

» constraints on 4321 vector lepto-quark model for B anomalies
[Allwicher, Isidori, Selimovic, 2021], [Allwicher, Isidori, Lizana, Selimovic, Stefanek, 2023]

future FCC-ee g, /g,, 8./8,, model escluded

1.010 A E
1.005 E
1.000
o /////// // o ///////////
) 4321 full model S 4321 full model
5 L s
0.995 E
0.990 - E
0.985 E
0.1 0{2 [)13 0?4 0.5 0.1 012 013 0‘.4 0.5
[from G.Isidori, Jul 2023]
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Tau Physics prospects update Backup Slides

Impact of tau lepton universality measurements from future Tera-Z colliders

» constraints on 4321 vector lepto-quark model for B anomalies
[Allwicher, Isidori, Selimovic, 2021], [Allwicher, Isidori, Lizana, Selimovic, Stefanek, 2023]

future FCC-ee g, /gy, 8./8,, model confirmed

1.010 4 e
1.005 E
Lo0o ISM sm
W sy o P
S 32T Follmodel S A3 rairmodel
5 L s
0.995 E
0.990 4 -
0.985 E
0.1 0.2 0.3 0.4 05 01 0.2 03 04 0.5
[from G.Isidori, Jul 2023]
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Advantages of using 3v3 tau pairs

Belle 2014 reconstructed proper tau decay time

>

» more precise vertexing (3 tracks)
» good fit of vertexing resolution on negative
tail of reconstructed decay length distribution
(resolution has importain bias in Belle 2013)

Entries / 10 pm

» using a reconstructed vertex rather than an im-
pact parameter for 1-prong tau decay is less de-
pendent on tau decay dynamics

» spatial tau flight direction from two vertices pro-
vides tau flight direction, which cannot be re-
constructed from detectable tau decay products,
and provides the tau flight polar angle to recon-
struct the decay length from its transverse mea-

* surement

;i ! m bbbt Mﬁ I > about 2.2% of tau events have 3v3 topology
AL Al T

0.04 0.06 0.08 0.1

trc(:onslructed (Cm)

Pull
T
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Tau Lifetime systematics at LEP

DELPHI main systematics, Eur.Phys.J.C 83-296,200

» IP impact parameter difference on 1-1-prong tau pairs

» trimming, backgrounds, impact parameter resolution, alignment
» MD miss-distance on 1-1-prong tau pairs

» resolution on MD, bias, selection

» DL transverse decay length on 3-1 and 3-3 prong tau pairs

P alignment

ALEPH main systematics, Phys.Lett.B414:362-372,1997

» MIPS, momentum-weighted impact parameter sum
> resolution on impact parameter sum, bias (from MC)

» 3DIP 3D impact parameter, Z. Phys. C 74, 387-398 (1997) &0

> bias (from MC), vertex x° cut o
>

» IPD, impact parameter difference 6‘9(}0 o
K

P resolution and trimming of outliers &

» DL, decay length

» vertex chisq cut
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Tau Physics prospects update Backup Slides

Tau Lifetime systematics at Belle 2013

Source AN [pm]

SVD alignment 0.090 scales with luminosity (see in the following)
Asymmetry fixing 0.030 scales with luminosity

Beam energy and ISR/FSR description 0.024 (270 ppm) does not scale trivially with luminosity
Fit range 0.020  scales with luminosity

Background contribution 0.010  scales with luminosity

T-lepton mass 0.009 (100 ppm) does not scale trivially with luminosity
Total 0.101

Lusiani (SNS & INFN Pisa) FCC ltaly & France Workshop, Venice, Italy



Tau Lifetime vertex detector alignment systematics

M. Dam, SciPost Phys.Proc. 1 (201

systematic uncertainty:
- take 0.25 um alignment uncertainty from Belle 2013
- translates immediately, with higher boost, into a FCC systematic precision ~0.04 fs, i.e. 140 ppm

S.R.Wasserbaech, Nucl.Phys.Proc.Suppl. 76 (1999) 107-116

» studies of vertex detector misalignment systematics for ALEPH at LEP

» misalignment effects average to zero at first order

» measure decay length in transverse plane
» uniform azymuthal acceptance (note: can be forced by weighting data azymuthally)

» confirmed by more refined studies at BABAR

Alberto Lusiani (SNS & INFN Pisa) — 2nd FCC ltaly & France Workshop, Venice, Italy
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S.R.Wasserbaech, Nucl.Phys.Proc.Suppl. 76 (1999) 107-116

ALEPH vertex detector misalignment simulation cm 00%
» basic simulation of ALEPH vertex detector with 0
all wafers radially shifted out by 100 um
» impact parameter offset = 100 um - sin 0,005
» o — track angle w.r.t. normal of wafer
» decay length offset cm 04
(measured using 3-tracks vertex) 03
» negative when 3 tracks hit same wafer 02
» positive when 3 tracks hit two wafers 01 b
0
-0.1

[ impact parameter offset

L T L .

0 90 180 270 360

decay length offset

j ; ] i 1 | + 4 '

L 1, " ! 4 h " " |

b " " " H " "y W K |

L N o N 'y " o t n i

Lo i

L g oww g W\M) LI w» g ’vwf
90 180 270 360

¢ [degrees]

» decay length offset ~ derivative of impact parameter offset

» can be understood with 1-st order model of most simple misalignments
» confirmed empirically quite precisely in accurate simulations of real detectors

» averaging decay length over full range of azymuth angle is like integrating
= average offset = impact parameter offset variation from 0 to 27 i.e. zero

Lusiani (SNS & INFN Pisa

2nd FCC ltaly & France Workshop, Veni
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BABAR studies, tau lifetime with SVT misalignment files

EllipsData SVT misalignment InnerBias SVT misalignment Diff2000 SVT misalignment
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BABAR studies, tau lifetime with SVT misalignment files

InnerBias SVT misalignment
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Vertex detector absolute length scale systematic

» vertex detector misaligment can have large effect but can be suppressed and calibrated

» average radius of the vertex detector can be constrained with data using overlapping wafer modules:
radius will be known with the same relative precision of the knowledge of the size of the silicon modules,
or equivalently the average strip pitch

» LEP, B-factories, absolute length scale knowledge of silicon vertex detector believed to be 100 ppm

» A.L. Jan 2020 guestimate for FCC tau lifetime uncertainty limited to 100 ppm by this limitation

MUonE interferometric monitoring of detector to 1 pm/50 cm, 2 ppm

» A. Arena, G. Cantatore, M. Karuza, Digital holographic interferometry for particle detector
diagnostic, Proceedings of the International Convention MIPRO, May 2022,
doi:10.23919/MIPR0O55190.2022.9803636
» During preliminary tests, we have obtained reconstructed holographic images with interference

fringes showing a displacement of the monitored object, over time, of the order of ~1 um. This
experimentally demonstrated resolution is already sufficient to satisfy the 10 um resolution
mandated by MUonE. [MUonE silicon modules are 50 cm apart]

» also absolute calibration required in addition to monitoring, appears feasible with optical techniques

» 2ppm tau lifetime sistematics from vertex detector length scale appears attainable

Alberto Lusiani (SNS & INFN Pisa) — 2nd FCC ltaly & France Workshop, Venice, Italy
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Tau mass and radiative energy loss systematics

= By = = m at Z-peak: Epeam > My, Epearm > ENS
v \/E‘IQ' - m‘?’ \/(Ebeam - E:\;I;:)Z - mf‘

systematic contribution from tau energy loss with radiation uncertainty

» includes ISR & FSR, is predicted by KKMC

> DELPHI 2004: EM$ =1.1% (1+3.1%) - Epeam = 350 ppm on 7, for DELPHI 2004

» guestimate KKMC with next rad. order will reduce AEMS by 30 = 12ppm on 7, for FCC-ee(Z)
» abundant data will permit testing of KKMC prediction for EMS

systematic contribution from tau mass uncertainty

» Am, =68ppm (PDG 2019) = induces about equal size systematic uncertainty contribution
» SCT/STCF may measure m, to 7 ppm

> alternatively, FCC-ee(Z) may also measure m,.

Tr

Alberto Lusiani (SNS & INFN Pisa) — 2nd FCC ltaly & France Workshop, Venice, Italy



Vertex detector absolute length scale systematic

» vertex detector misaligment can have large effect but can be suppressed and calibrated

» average radius of the vertex detector can be constrained with data using overlapping wafer modules:
radius will be known with the same relative precision of the knowledge of the size of the silicon modules,
or equivalently the average strip pitch

» LEP, B-factories, absolute length scale knowledge of silicon vertex detector believed to be 100 ppm

» A.L. Jan 2020 guestimate for FCC tau lifetime uncertainty limited to 100 ppm by this limitation

MUonE interferometric monitoring of detector to 1 pm/50 cm, 2 ppm

» A. Arena, G. Cantatore, M. Karuza, Digital holographic interferometry for particle detector
diagnostic, Proceedings of the International Convention MIPRO, May 2022,
doi:10.23919/MIPR0O55190.2022.9803636
» During preliminary tests, we have obtained reconstructed holographic images with interference

fringes showing a displacement of the monitored object, over time, of the order of ~1 um. This
experimentally demonstrated resolution is already sufficient to satisfy the 10 um resolution
mandated by MUonE. [MUonE silicon modules are 50 cm apart]

» also absolute calibration required in addition to monitoring, appears feasible with optical techniques

» 2ppm tau lifetime sistematics from vertex detector length scale appears attainable

Alberto Lusiani (SNS & INFN Pisa) — 2nd FCC ltaly & France Workshop, Venice, Italy


http://dx.doi.org/10.23919/MIPRO55190.2022.9803636
http://dx.doi.org/10.23919/MIPRO55190.2022.9803636
http://dx.doi.org/10.23919/MIPRO55190.2022.9803636
http://dx.doi.org/10.23919/MIPRO55190.2022.9803636
http://dx.doi.org/10.23919/MIPRO55190.2022.9803636
http://dx.doi.org/10.23919/MIPRO55190.2022.9803636
http://dx.doi.org/10.23919/MIPRO55190.2022.9803636
http://dx.doi.org/10.23919/MIPRO55190.2022.9803636
http://dx.doi.org/10.23919/MIPRO55190.2022.9803636
http://dx.doi.org/10.23919/MIPRO55190.2022.9803636
http://dx.doi.org/10.23919/MIPRO55190.2022.9803636
http://dx.doi.org/10.23919/MIPRO55190.2022.9803636
http://dx.doi.org/10.23919/MIPRO55190.2022.9803636
http://dx.doi.org/10.23919/MIPRO55190.2022.9803636
http://dx.doi.org/10.23919/MIPRO55190.2022.9803636
http://dx.doi.org/10.23919/MIPRO55190.2022.9803636
http://dx.doi.org/10.23919/MIPRO55190.2022.9803636

Tau Physics prospects update Backup Slides

*te™ colliders

Tau pairs at past, present and future e

CLEO, LEP Belle,

AEe e gagae  Bellell SCT  STCF  CEPC(Z) FCC-ee(2)
Ecwm [GeV] ~10.6 92 ~106 ~106 2—6 2-7 92
[Ldt[ab™']  0.01 1.5 50 10 180
tau pairs 1-10°  0.84.10° 1.4-10° 46-10° 30-10° 135-10° 200-10°

» as of August 2023
» SCT & SCFT tau pairs estimate assuming 10 years of tau-pairs-optimized CM energies running

Alberto Lusiani (SNS & INFN Pisa) — 2nd FCC ltaly & France Workshop, Venice, Italy
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Tau branching fractions notes

» world averages of large BRs still dominated by LEP

» background separation from dileptons and hadrons much better
» higher selection purity and efficiency
» possible to tag single tau with good efficiency and purity and observe the other one
= wonderful base for reducing systematics using data, exploited in particular by ALEPH

» B-factories improved on small branching fractions using statistics
= FCC statistics 1300°x ALEPH, 175x Belle, 3.5x Bellell (& better efficiency w.r.t. B-factories)

Important ingredients for precise BR measurements

PID efficiency, purity, accurate PID modeling with control samples

efficiency, purity of ° reconstruction, accurate modeling with control samples
improve current poor simulation of high multiplicity invariant mass distributions
improvements on tau pairs Monte Carlo simulations highly desirable

| 2
| 2
>
| 2
» high statistics samples will help very much on first 3 points, but analyses will be very complex
>

FCC is best imaginable context for tau BR measurements

Alberto Lusiani (SNS & INFN Pisa) — 2nd FCC ltaly & France Workshop, Venice, Italy
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systematics

Total systematic errors for branching ratios measured from the 19941995 data sample

Topology e sel bkg pid int uk dyn mes Total
e 0011 0021 0.029 0.019 0.009 0.000 0.000 0015
" 0.004 0020 0,020 0.021 0.008 0.000 0.000 0015
h 0071 0016 0010 0022 0022 0014 0.000 0019
ha® 0063 0027 0,019 0011 0.045 0.009 0.000 0.027
n2n0 0.089 0021 0.014 0.004 0.007 0.003 0.040 0.028
nand 0056 0012 0.015 0.000 0.008 0.001 0.008 0.030
hand 0029 0.005 0011 0.000 0015 0.000 0.000 0019
3h 0047 0021 0.018 0.004 0012 0014 0.006 0015
3hm 0.033 0017 0.029 0.002 0041 0.009 0.007 0018
3n2n0 0.027 0.008 0015 0.000 0.009 0.003 0.012 0014
3h370 0010 0012 0.002 0.000 0.002 0.001 0010 0.006
Sh 0002 0.000 0.002 0.000 0.000 0.001 0.000 0.003
Sha 0.002 0.000 0.006 0.000 0.000 0.000 0.000 0002 0.007
Class 14 0013 0003 0022 0.002 0.024 0.000 0.000 0011 0037

All numbers are absolute in per cent. The labels are defined as follows: photon and ¥ reconstruction (z”), event selection efficiency (sel), non-t
ound (bkg), charged particle identification (pid). secondary interactions (int), tracking (trk), Monte Carlo dynamics (dyn), Monte Carlo
statistics (mes), total systematic uncertainty (total).

Total systematic errors for branching ratios measured from the 1994-1995 data sample

Topology n sel bkg pid int rk dyn mes Total
e 0011 0021 0,029 0.019 0.009 0.000 0.000 0015 0.045
" 0004 0020 0020 0021 0.008 0.000 0.000 0015 0.039
h 0071 0016 0.010 0.022 0014 0000 0019 0.083
hr? 0.063 0.027 0.019 0.011 0.009 0.000 0027 0.090
h2nd 0.089 0021 0.014 0.004 0.003 0.040 0.028 0.105
h3n® 0.056 0.012 0015 0.000 0.001 0.008 0.030 0.068
han® 0029 0005 0.011 0.000 0.000 0.000 0,019 0.040
3h 0047 0021 0018 0.004 0.012 0.014 0.006 0015 0.059
3hn? 0033 0017 0,029 0.002 0.041 0.009 0.007 0.018 0.066
3h2m0 0.027 0.008 0015 0.000 0.009 0.003 0012 0014 0,038
3n3n0 0.010 0.012 0.002 0.000 0.002 0.001 0.010 0.006 0019
sh 0002 0.000 0.002 0.000 0.000 0.001 0.000 0.003 0.004
Shn® 0.002 0.000 0.006 0.000 0.000 0.000 0.000 0.002 0.007
Class 14 0013 0.003 0.022 0.002 0.024 0.000 0.000 0011 0,037

All numbers are absolute in per cent. The labels are defined as follows: photon and ¥ reconstruction (2”), event selection efficiency (sel), non-t
background (bkg), charged particle identification (pid). secondary interactions (int), tracking (irk), Monte Carlo dynam
statistics (mes), total systematic un (total).

(dyn). Monte Carlo

» many systematics but in general all limited
only by data vs. MC comparisons

> non-trivial to extrapolate to 1300 more data

ni (SNS & INFN Pisa 2nd FCC ltaly & France Workshop, Venic
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ematics of ALEPH tau BR (2005) 191

» non-tau backgrounds

> estimated by varying MC estimate by 30%
» does not trivially scale with luminosity, but can be improved

» tau pair selection
» use break-mix method on data and MC, 0.1-0.2% uncertainties

dominant systematics from data statistics of tau vs. hadron cut separation
» scales with luminosity, but correlations between hemispheres limit how much

> PID

» uncertainties from control samples studies
P partially scales with luminosity, but limited by achievable purity of control samples

» photon efficiency

P uncertainties from control samples studies data-MC comparisons

fit data using predicted MC fake and genuine photon distributions and compare number of genuine photons
compare photons > 3 GeV as function of separation from tracks

compare converted photons

compare hadron to electron misidentification

compare photon identification efficiency

photon energy scale calibrated with momentum measurement on high-energy e from tau decay

compare fake photons

VVYVVYYVYY

2nd FCC ltaly & France Workshop, Vel
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tematics of ALEPH tau BR Rept. 421 (2005) 191

> 70 efficiency
» compare data and MC D;; distributions (probability -y;, «;) of 70 mass fit

> efficiency for 7° with unresolved photons
» compare data and MC 2nd moment of transverse evergy in calorimeter cells
» radiative and bremsstrahlung photons
» compare data and MC distributions
» compare PHOTOS vs. exact calculation for 7 — 7%y with radiative E, > 12MeV
» tracking
» compare data and MC on same sign events events (two tracks missing in one hemisphere)
» tau decay dynamics

» reduced because acceptances are large and flat

» will become important with higher statistics

» theory models of tau decay hadrons kinematic distributions approximate or unavailable
» unknonw invariant mass distributions can be fit on high-statistics data (complex)

2nd FCC ltaly & France Workshop, Veni
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