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The greater danger for most of us lies not in setting our aim
too high and falling short; but in setting our aim too low, and
achieving our mark Michelangelo, cited by lan Shipsey in arXiv:1707.03711

Genéve



https://indico.cern.ch/event/1064327/

Where we are in basic research: half-empty or half-full glass of water?

“in this field, almost everything is
already discovered, and all that remains
is to fill a few unimportant holes"

advice to the young Max Planck
not to go into physics, Munich 1878

Philipp von Jolly
(1809-1884)

Albert Michelson (1894):

"It seems probable that most of the grand underlying
principles have been firmly established (...) the future
truths of physical science are to be looked for in the
sixth place of decimals"

Q: Dear Albert: What about special and general relativity, and quantum
mechanics, particle physics, ...7



Precision, true inception

» Tycho de Brahe (~ 1601) Mars orbits, Rudolphine tables;
https://archive.org/details/tabulrudolphinqu00Okepl /page/n5/mode/2up
https://indico.cern.ch/event /958085 /contributions /4329017 /attachments /2245318 /3807690 / Physics
— Johannes Kepler (~ 1609) - planets laws of motion;

— Isaac Newton (~ 1686) - gravitation

Abri Branchard bone (~ 30 000 years BC),

Alexander Marschack, ‘Cognitive Aspects of Upper Paleolithic Engraving’
Current Anthropology (1972),

Interpretation: Chantal Jegues-Wolkiewicz - probably e fist Moon calendar,

https://www.dailymotion.com /video/x8044kz, Prehistoric Astronomy

Similar paintings, Lascaux caves, ~ 17 000 BC.


https://archive.org/details/tabulrudolphinqu00kepl/page/n5/mode/2up
https://indico.cern.ch/event/958085/contributions/4329017/attachments/2245318/3807690/PhysicsPrecisionFrontier2021.pdf
https://www.dailymotion.com/video/x8044kz

PRECISION

In general, and consequences

"Whoever has only a hammer will see nothing but nails."

BBC series, Precision: The Measure of All Things


https://www.dailymotion.com/video/x612oj6

Precision changes history: justice, law, crime, trade, economy, social, ...

To be just was precisely to use balance.

Wisdom 11:20
‘By weight, measure and number, God made all things’
Code of Hammurabi 1772 BC - any taverner using false weights could be served up with the

death penalty



Precision: consequences

Trade, business.

1. Greenwich time (Airy). Time relativity - calibration - 1884 - SI.

1386, Salisbury

2. Time Zones - Steam Engine Time - Start of Globalization

Janusz Gluza



Precision: consequences

Calibration and standardization

Fire, Baltimore 1904 - incompatible fire brigades’ hydraulics from different cities

NIST



Precision: consequences

Industrial Revolution

Ford - production line, mass production, strict shifts, ...

Accuracy of making parts.



Precision: consequences

Politics

" To test our hope in action” John F. Kennedy Moon Speech (1962), youtube
Till 1960 - Az ~ 1077 m — AX 8000 km in navigation to the Moon

(need for ~ 100 better precision!)

Quantum leap - atom-based measurement

NB: Maxwell ~ "global sustainable standards should be based not on the dimensions or motion of
our planet, but on the length, period, and absolute mass of these imperishable and unalterable and
perfectly similar molecules”.

2nd revolution - just like the transition from " cubit rod” and human-based to Earth-based

measurements.


https://www.youtube.com/watch?v=TuW4oGKzVKc

Precision, Particle Physics

» (i) muon discovery, J/W¥
(i) (9= 2)e, (9= 2)u EXPERIMENT — THEORY
(iii) V-A, parity;

> (i) 7T (tau lepton);

(
(ii) Tevatron - top quark discovery; THEORY — EXPERIMENT
(

iii) H° (scalar Higgs-Englert boson)
Special volume of Acta Physica

Polonica B commemorating
M

SM corrections matters! LEP, SLAC, LHC
M. Veltman (1977) p-parametr ~ m?,In(m%);
— Acta Physica Polonica B

» Neutrinos (masses, mixing angles, CP phase(s));
Super-K, Hyper-K, T2K, NOvA, Antares, KM3NeT, Juno, Dune,
SNO+, Daya Bay, Double Chooz, RENO, ...

Future Colliders; THEORY <> EXPERIMENT


https://catalogue.library.cern/literature/z0s4b-kz104

PRECISION and ENERGY

frontiers

two examples
(



Precision, 4th FCC Physics and Experiments Workshop

ANNALS 0¥ puYsics: 6, 156-151 (1955)

Aside: factor-of-2 improvements can matter!

Long-lived Neutral K Mesons
M. Bawoox,

K. LaNbE, axp L

LepERsax

Coumbi Unirety, Now York, New Yok, cnd Brotbese
ional Laborat

Upton, New York
axp
WiLLiam CHINOWSKY

‘Brookhaven National Laboratories, Upton, New York

set an upper limit <0.6% on the reactions

(W +€*
<0.6% Ko {et 4o
W+

and on Ky — #* + «

Voruws 13, Nuwara

PHYSICAL REVIEW LETTERS

Search for KL~ nnt

Vouuws 6, Nowses 10 PHYSICAL REVIEW LETTERS

My 15, 1961
'DECAY PROPERTIES OF K, MESONS'

. Moscor,
e o 3. 00

Combining our data with those obtained in refer-

ence 7, we set an upper limit of 0.3% for the rel-
ative probability of the decay K, ~5-+7+. Our

<0.3%
“At that stage the search was terminated by administration of the Lab."

[Okun, hep-ph/0112031]

27 Juur 1964

EVIDENCE FOR THE 21 DECAY OF THE K, MESON*!
JH. cnn-nen.m J.W. Cronin ! V. L. vucn’mn Turlay®
rinceton University, Brinceton, New Je
(Received 10 July 1964)

=0.2x0.04 %

We would conclude therefore that K,° decays to
two pions with a branching ratio R = (K,~*+77)/
(K;°~ all charged modes) = (2.0 0.4)x 10 where
the error is the standard deviation. As empha-

Z.Ligeti



The first circular eTe™ accelarator

ADA/ADONE, 1969-1993, Frascati, /s < 3 GeV



To be lucky is an important life/research factor

2 PRLs in 1974 for J/W¥ discovery

242 vt
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Jorgen D'Hondt, " Strategies and plans for particle physics in Europe”,

Epiphany 2021, https://indico.cern.ch/event/934666

e*e Higgs Factories

4y @ M, (150ab?)
1-2y @ 2xMy, (10ab™)
3y @ 240 GeV (5ab™)
Sy @ 2xm, (1.5ab?)

C‘(//e/h

(978

Injection energy 10GeV

2y @ M, (16ab™)
1y @ 2xMy (2.6ab)
7y @ 240 GeV (5.6ab™)

ILC@Japan [250 GeV]
WX

/@ Wy
‘W inligddHe vol %

~16000 spercanductvecavtes o 1

= —
_— 11.5 years (2ab™!

Plefe’) = £80%/+£30%

"



https://indico.cern.ch/event/934666

Jorgen D'Hondt, " Strategies and plans for particle physics in Europe”,

Epiphany 2021, https://indico.cern.ch/event/934666

e*e Higgs Factories (incl. B/c/t/EW/top factories)

energy

frontier

8.5 years (4pb! @ 0.5 TeV)

8.5 years (8ab! @ 1 TeV)
I 7 years (2.5ab* @ 1.5 TeV)
CLIC) 8years (5ab! @ 3 TeV)

Higgs Factories with complementarity

1000 (=}
precision z 21Ps assumed for
fronti circular colliders
rontier
100
synchrotron radiation <\:<"’
£
£
= 10
for the same power, less —
luminosity at higher E,,
(Energy Recovery Linac
technology might mitigate this 1 )
& allow to go to higher £,,,) /ﬂ)o == 1000
ECm [
B/c/t/EW Factories
per detector in e'e #z #8 #t #charm | #ww .
LEP 4x108 1x10° 3x10° | 1x108 2x10¢ .
SuperKEKB - 101 10t 101 -
FCC-ee 25x102 | 75x10 | 2x104 | 6x10 | 15x10°

8hzz (250GeV) versus gy (380GeV)
top quark physics
beam polarization for EW precision tests

(transverse polarization in circular e*e” colliders only at lower
E.rn while longitudinal polarization at linear colliders)


https://indico.cern.ch/event/934666

Two discovery strategies at HEP — FCC being superior in many respects

1. Direct searches’, limitation: energy Mx < Agur — FCC-hh *= \\ ?
2. Precise predictions (calculations): SM <+ BSM,

limitation: statistics’ — FCC-ee
FCC Physics Groups a |

Energy.

FCC PED Physics Group meetings

%)
(@]
Electroweak physics 21 events o
Higgs physics 67 events ne]
j=
Top-quark physics 1 event w
Flavour physics at FCC 28 events ;
QCD and vy physics 13 events o
)
BSM physics 75 events ~
o
FCC-hh 41 events —
—
Global Fits 2 events
Monte Carlo Event Generators 1 event
Precision Calculations 4 events

TNon—FCC proponents (LCF,CLIC) emphasize the importance of direct searches for new states at
V5 = 0.5(1) TeV at eTe™ collisions.

Given the absence of any indication of a new scale beyond the SM, such a scenario is highly
constrained and represents a rather idealized limiting case. — LEP3 ...


https://indico.cern.ch/category/15156/

FCC-ee statistics

Phase Run duration Center-of-mass Integrated Event
(years) Energies Luminosity Statistics
(GeV) (ab—1)
FCC-ee-Z 4 88-94 150 5.1012 Z decays || LEPx10°
FCCeeW 2 157-163 10 105 WW events || LEPx 103
FCCeeH 3 240 5 108 ZH events | Neyer done
25k WW — H
FCC-ee-tt 5 340-365 0.2+1.5 105 £ even ts
200k ZH Never done
50k WW — H R
s-channel H 7 125 ~ 5000 (oo
\o//

Precision. FCC-ee is the most demanding HEP project for
theoretical SM calculations.

Meeting the required experimental precision for Standard Model
observables (1 to 2 orders of magnitude improved measurements)
requires solving a wide range of issues across all areas of the program.

Main target defined by the FCC program:



A. Blondel, P. Janot, 2106.13885

None calculated with required precision!

Observable present FCC-ee |[FCC-ee Comment and
Now/Future value & error Stat. Syst. leading exp. error

my (keV) 22 91186700 + 2200 4 100 From Z line shape scan
Beam energy calibration

'z (keV) 2505.00272 | 2495200 £ 2300 4 25 From Z line shape scan
90 — 200 12 Beam energy calibration

sin 65 (% 10%) 231480 + 160 2 2.4 from ARG at Z peak
70 Beam energy calibration

1/agen(mz)(x10%) 128952 + 14 3 small from Ay off peak
QED&EW errors dominate

R (x10%) 20767 + 25 0.06 0.2-1 ratio of hadrons to leptons
acceptance for leptons

o, (mz) (x107) 1196 + 30 0.1 0.4-1.6 from RY above
g (x10%) (nb) 41541 £ 37 0.1 4 peak hadronic cross section
) luminosity measurement

N, (x10%) 2006 + 7 0.005 1 7Z peak cross sections
Luminosity measurement

R, (x10°) 2000 216290 £ 660 0.3 < 60 ratio of bb to hadrons
0.3 stat. extrapol. from SLD

AP, 0 (x107) 992 + 16 0.02 1-3  |b-quark asymmetry at Z pole
from jet charge

APnT (%107 1498 + 49 0.15 <2 7 polarization asymmetry
7 decay physics

7 lifetime (fs) 290.3 £ 0.5 0.001 0.04 radial alignment
T mass (MeV) 1776.86 £+ 0.12 0.004 0.04 momentum scale
7 leptonic (ur,v.) B.R. (%) 17.38 £ 0.04 | 0.0001 0.003 e/p/hadron separation
myy (MeV) 80350 £ 15 0.25 0.3 From WW threshold scan

50

Beam energy calibration



https://arxiv.org/abs/2106.13885

MC generators and theory (Z-pole)

Subtraction of y-exchange, v — Z exchange, box (non-factorizable),
non-resonance terms.
How to account for in MC generators (efficiency, particles ID,,,)?

Form factors (FF) @\J/ Nq\J/ LEP FCC-ee
< qcp
ISR: 4 [/

B N LTI Za
1z e FSR:¥ X
MW W F <] D +
: VA (|) : f, |F| M X
e~ [ & L a :

EWPOs 7 Z Toops
EIectroWeaszeudoObservables )
Tz, Ri, App, sin® 05, sin? /" . i




Rough scheme for extracting the Z f f vertex and EW corrections

1986 mwméw ANANANS A '\/V\/\/\/<E{

1993-2014 W@:

2018-2019

5F22



To get to the experimental precision, we must improve very much!

Expected precision in 2040

a  Conclusion of the 2018 Workshop
"We anticipate that, at the beginning of the FCC-ee campaign of precision
measurements, the theory will be precise enough not to limit their physics interpre-
tation. This statement is however conditional to sufficiently strong support by the
physics community and the funding agencies, including strong training programmes".

+ Numerical evaluation with three-loops calculations:

arXiv:1901.02648
[ 6Tz [MeV] [ 6R, [10~7) [ 6R, [107°] | dsin’}, 6 [107F]
Present EWPO theoretical uncertainties
EXP-2018 23 250 66 160
A= 4 TH-2018 0.4 60 10 45
0.'5 — 0.4 EWPO theoretical uncertainties when FCC-ee will start
Five yearst oo rccee | 05 0] 10 2:6 6 3
TH-FCC-ee 0.07 7 3 7

e 500 person-years needed over 20 years — Recognized as strategic priority.

. FCC Week, Brussels
Patrick Janot 28 .lune 2019 2z



To get to the experimental precision, we must improve very much!

GERN Yellow Reports: —
Verographs
a Cross section : Z mass and width
2 :
E “F ALEPH f .I"-. 1
<] DELPHI FE R Standard Model Theory for
wf  om the FCC-ee Tera-Z stage
/
20] I
 mgm e/
10 F otvome / A Blondel
s/ cluza
5. dadach
P danot
e . M, . 7. Riemann
86 88 90 92 94
. E_, [GeV] @‘
+ ~30% QED corrections (ISR) %
or .025
222 1070

Lz 2495



Luminosity and matching between fixed-order and resummed calculations

ISR with perturbative series for an EW-mediated cross section 2 — n

Issue 1 Uwa"i ii (0.9) i g
=0

My choices, for more complete 07
— Pier Monni's FCC Week 2026 plenary {nl'l?

Q°
= ln(m ) (collinear log) ~ 25

2
e

2
L= 1n<(Q7) (IR log) ~ 15 (small angle scattering)

AE,)?
TH goal for FCC
(a) 0.6% (b) 0.03% (¢) 0.001%

a’L o

oL o’L? oL o
2

oLt o'l o'L? oLt

a’
o’L? o’L
o'l? all?

EPJC'19; Jadach, Skrzypek 1903.09895

Getting 10~ ° precision regime, see M. Skrzypek et al '24, HOW WELL COULD
WE CALCULATE LUMINOSITY AT FCCee? pdf, also F. Piccinini'26: pdf


https://arxiv.org/abs/1903.09895
https://www.actaphys.uj.edu.pl/fulltext?series=Sup&vol=17&aid=2-A4
https://indico.mitp.uni-mainz.de/event/438/contributions/5945/attachments/4255/5597/piccinini.pdf

Issue 2

Input, intrinsic and parametric theoretical errors

A. Freitas et al., " Theoretical uncertainties for electroweak and Higgs-boson

precision measurements at FCC-ee”, https://arxiv.org/abs/1906.05379

Quantity FCC-ee  Current intrinsic error Projected intrinsic error
(at start of FCC-ee)
My [MeV] 05-1F 4 (a%,0d%a)) 1
sin? 0% [107°] 0.6 45 (a®,aay) 1.5
I'z [MeV] 0.1 04 (a®, a?as,aa? 0.15
Ry, [1077] 6 11 (o?,?as) 5
R; [1073] 1 6 (a®, a’as) 1.5
TThe pure experimental precision on Myy is ~ 0.5 MeV.
Quantity FCC-ee future parametric unc. __Main source
My [MeV] 0.5 — 1 1(0.6) 5(Aa)
sin? 6. [1079) 06 2 (1) 5(Aa)
Ty [MeV] 0.1 0.1 (0.06) Sag
Ry, [1079] 6 <1 Sag
Ry [1079] 1 1.3 (0.7) Sag

Important input parameter errors are §(Aa) = 3-107°, Sas = 0.00015.


https://arxiv.org/abs/1906.05379

Wider perspective: Existing - global - wishlists

ESPPU briefing book https://arxiv.org/abs/2511.03883

Table 4.2: Wish-list for calculations of missing higher-order perturbative QCD ¢(a') and/or
EW (") to match the expected experimental uncertainty at future eTeand e p colliders.

Observable Missing higher-order & power-suppressed corrections

Hadronic Z width o), 0(ad), 0(’), 6(a,a’), O(ol )

Hadronic W width o), 0(a?), 6(c2a)

Hadronic  width o)

Hadronic event shapes (Z, W, H decays) NLO differential, NYLL resummation, power corrections

Inclusive jet rates 3-jet cross-sections at N3LO, 4-jets at NZLO, S-jets at NLO

Lattice QCD results Il(af) B-function; &(a;) heavy quark decoupling; (i(a:) static potential

(0 extr.; quark masses m,,myp) l/'(ot,.3 ) lattice perturbation theory matching (lattice coupling to ogw etc.)

(et > WIW)vs. /5 EW N’LO: (o), Mixed EW-QCD: 6(a,a?), 6(ala)

olefe” — 1) vs. /s NRQCD: (i(a,s) Non-resonant: (i(a,s) ﬁ(a}) differential; QED: ﬁ(az) at NNLL
H— bb width N*LO (m,, # 0); N'LO differential (1m, = 0)

H—» gg width N°LO (heavy-top limit), N*LO (m, # 0); N*LO differential, N>LO differential (n1, # 0)
MC simulations fore' e~ — X processes N “JLO matched to N*>LL PS. Permille control of non-pQCD effects (hadronization, CR, ...)
ep — hadrons (PDF and o determ.) N**LO evolution equations and inclusive cross-sections

ep — jets (0 determ.) N>LO cross-sections



https://arxiv.org/abs/2511.03883

Future Circular Collider Feasibility Study Report Volume 1 Physics,
Experiments, Detectors, Eur. Phys. J. C (2025) 85:1468, link

1468  Page 700f 218 Eur. Phys. J.C (2025) 85:1468

Table 10 A few S:lll\pll,‘ pres cision L]U'.lll[]lil‘\ of interest for the FCC-ce two columns show the current state of the art for calculations of this
programme, their current and projected experimental uncertainties, and  theory input and higher-order calculations needed to reach the FCC-ce
the required theory input for their extraction from the data. The last  precision target. More details can be found in Ref. [40]

Quantity Current precision FCC-ge stat. (syst.) preci- Required theory input  Theory status as of today Needed theory improvement®
sion
mz (MeV) 2.0 0.004 (0.1) Non-resonant e*e~ — NLO, ISR logarithms up NNLO fore*e — ff

-state radiation to 6th order

Iz (MeV) 23 0.004 (0.012)
sin® 6 1.6 % 107% 12012 % 107
mrw (MeV) 99 0.18(0.16) Lineshape of e*e~ — NLO (e*e” — 4f or NNLO for ete”™ —
WW near threshold EFT framework) WW, W — ff’ in EFT
setup
HZZ coupling - 0.1% Cross  section  for NLO EW plus partial Full NNLO EW
efe” = ZH NNLO QCD/EW
nnop (MeV) 290 4249 Threshold scan e¥e~ — N'LO  QCD, NNLO Maiching fixed orders
i EW, resummations up with  resummations,
to NNLL. O(30MeV) merging with MC, ag
scale uncert. (input)

2The necessary theory calculations mentioned are a minimum baseline: additional partial higher-order contributions may also be required
No absolute value for the HZZ. coupling can be extracted from the LHC data without nddllmnal assumptions

Table 11 Required theory calculations for the prediction of the listed purpose of testing the validity of the SM and probing BSM physi
precision quantities within the SM. These predictions are needed for More details in Ref. [40]
comparison with the quantities extracted from data (Table 10), for the

Quantity Required theory input Theory status as of today Needed theory improvement®

rz vertex corrections for Z —» ff NNLO + partial higher orders NLO EW + partial higher orders
;3

sin” B

e SM corrections to the muon decay rate NNLO + partial higher orders NLO EW + partial higher orders

“The mentioned needed theory calculations are a minimum bascline; additional partial higher-order contributions may also be required


https://inspirehep.net/files/ca3f1c295e628d07fa61690b2022fafa

Issue 3 Higgs boson decays: theoretical status, M. Spira (2019), pdf

Estimated theoretical uncertainties from missing higher orders and the
perturbative orders (QCD/EWK:.) of the results included in the analysis.

Partial Width QCD Electroweak Total on-shell Higgs
H — bb/cc ~02% ~0.5% ~0.5% N*LO / NLO
H ot jutp — ~ 0.5% ~0.5% — /NLO

H - gg ~ 3% ~ 1% ~ 3% N3LO / NLO
H — vy <1% <1% ~1%  NLO /NLO
H — Zv <1%  ~5% ~5% LO/LO
H—WW/ZZ - Af <05% ~ 0.5% ~0.5% NLO/NLO

» Decay widths and BRs known with sufficient accuracy for the LHC
[FCC-ee: more to be done]

> sizeable corrections from QCD

» EWK corrections required for high precision

Recent progress (2026): J. Wang, Partial QCD N4LO result O(a?), pdf


https://indico.cern.ch/event/766859/contributions/3252577/attachments/1775929/2887427/spira.pdf
https://indico.mitp.uni-mainz.de/event/438/contributions/5940/attachments/4279/5621/Wang_Higgs_decay.pdf

Issue 4

Science 376 (2022) 6589, 170-176
SM EWK FIT :

Global AVG, no CDF :
CDFII :

ATLAS 2023*

FCC-ee forecast :

LEP2

DO

ATLAS

LHCb —&——

80.376+ 0.033

PR U
42idof = 49/41

—_ 80.383+ 0.023

— 80.370+0.019

80.354+0.032

World Avg —m—

CDF 2022

ATLAS 2024 —u—

80.3692+0.0133
72idof = 0513
—m—80.4335+ 0.0094

80.3665+ 0.0159

CMS 2025 —m- 80.3602:+ 0.0099
03 0% 804 s04s 508
my, [GeV]
Mw = 80356 + 6 MeV, (PDG2025)
Mw = 80369 £+ 13 MeV, (PDG2025)
Mw = 80433.5+9.4 MeV
: My = 80360+ 16 MeV
My = X404-1MeV!

* CDF-II data on W mass are in contradiction with global electroweak et e fits and recent

ATLAS LHC analysis, with systematic uncertainty improved by 15% ATLAS:2023fsi and

optimised reconstruction of the W-boson transverse momentum ATLAS:2023l1f.


https://inspirehep.net/literature/2064224
https://inspirehep.net/literature/2646678
https://inspirehep.net/literature/2667898

Muon decay, SM-QED matching

B = vue Ue

2

i _ G mfi m?
T F

® 19273

m5>(1+AQ)’

where

F(x) =1-8z—122°Inz + 82> —2*

M2, sin? Oy, = e

,u7 e v \/EG/J,
Agq and

_ Ar = Ar(o, My, Mz, Mg, my)

gathers QED and SM corrections

(1+Ar),

A. Freitas FCC WG precision talk: pdf-link (+video, for WG members)


https://indico.cern.ch/event/1680305/contributions/7082404/attachments/3297300/5897333/fcc_prec26.pdf

Third order mixed EWK-QCD O(Nya’as) corrections

2
TaMy

A My

= A
2V2G, Mw(MZ —2M2)

I. Dubovyk, A. Freitas, JG, J. Usovitsch, 2603.06571


https://arxiv.org/abs/2603.06571

Muon decay, substantial O(Nya?as) correction

Ar [107% | AMw [MeV]
) 1296.8 —441.5
aas, aal) +42.2 —73.0
+29.0 —49.4
5 a?, atag’) —0.30 +0.50
N}o®, Njotas) —0.89 +1.46
O(NfOzQas) —2.01 +3.14

Q\_/

Today, integrals can be calculated with > 10-digit precision using many
methods and tools (see Issue 6 below).

CMS preliminary

myin Mev
LEP combination
Phys. Rep. 532 (2013) 119 [~ 80.376£33

DO Phys. Rev. Lett. 108 | ——

(2012) 151804 80375423

CDF Scence 376 |- 804335+9.4 -
(2022)6 ’

LHCb . mgn Energy Phys. |- 80,354 + 32

01(2022)036

ATLAS arX(v:2403.15085 [ 80,366.5£15.9 | Hetemmt
suhmlt\ed to Eur. Phys. J.C

[ 803602499  iswm
T vork B EWfit

T T T T
80,300 80,350 80,400 80,450
my (Me)



Precision calculations d My,

G. Degrassi, talk in Mainz: pdf:
" A prediction of my, with a precision 1 MeV seems not feasible in the
near future”

» A solid prediction of myy with a precision below 10 MeV requires a
better understanding of the top pole mass (and an improvement in

Ao (m3)) [smw ~ 10 MeV]

and there are more ingredients, e.g.

Amz
Z boson mass:

=2.107° = dmpy ~ 2.5 MeV
mg

or (4-loop estimate)

O(aa?) — dmy ~ 2 MeV


https://indico.mitp.uni-mainz.de/event/438/contributions/5934/attachments/4259/5601/Degrassi_Mainz26.pdf

Issue 5 aqep and dAanad

The electromagnetic gauge coupling is a fundamental parameter in the
Standard Model

o (0%
- 1-Aa(g?)’

Uncertainty on a(M%) dominated by non-perturbative QCD effects in
5
Aol (M3).

Aa(g?) = Aciep(¢®)+Aa (¢%)+Acsop (¢2)-

had

a(q®)

2
Oem(m3)
—_ Exler, Ferro-H. [5]
—————————1  Jegerlehuer [6]
2l s —_— Davier et.al. [8]
o & ’.
=l = —_— Keshavarzi et.al. [9]
2 E ——— Ce et.al. [10]
— PDG average [11]
g ——i < 1% exp.& < 0.1% th
%l g ——i Al off-peak [14]
8| 5
e ™ Re- et off-peak
9o this work: ¢ /4P
5= ] R, e+ on-peak
128.92 128.94 128.96 128.98 129.

FIG. 1. Current and projected measurements of a,, (m2).

M. Riembau, Phys.Rev.Lett. 134 (2025) 22, 221802, arXiv:2501.05508


https://arxiv.org/abs/2501.05508

aqep and 6Admad

» The electroweak precision program at FCC-ee requires

6Aa£5a)d ~ 3 x 1075, based on FB asymmetry muon production
measurements.

P. Janot, JHEP 02 (2016) 053

» A novel method based on Z-pole measurements could reach a
statistical sensitivity of 6Aa>, ~ 1 x 1075,

M. Riembau, arXiv:2501.05508

A. Conigli, talk in Mainz (lattice): pdf
Outlook: path to FCC-ee precision

» The FCC-ee EW program requires Aapaa ~ 3 % 10~°, and possibly dAapaa ~ 1 x 10~°

> Increasing the matching scale Q7 alone is insufficient, but combining this with moderate lattice
improvements (x2 — x4) yields substantial gains

]

» Significant progress in pQCD inputs needed for the 1 x 1077 regime, and LQCD can play a crucial role


https://indico.mitp.uni-mainz.de/event/438/contributions/5958/attachments/4273/5615/MITP.pdf

Direct numerical approach to calculation of multiloop integrals:

All programs are public
Issue 6

» Sector decomposition (SD) method:

» FIESTA [2016], [AV.Smirnov]

» pySecDec, [Expansion by regions with pySecDec], 2022
» The Mellin-Barnes (MB) method:

» MB M.czakon, 2006]

» MBnumerics [.usovitsch, 1.Dubovyk, T.Riemann, 2015] — Minkowskian kinematics
> Differential equations (DEs) method:

» DiffEXp [F. Moriello, 2019; M. Hidding], 2021

» AMFlow [x.Liu v-Q Ma] 2022

» SeaSyde [T. Armadillo, R. Bonciani, . Devoto, N. Rana, A. Vi] 2022

> AmpRed (w.chen) 2025
» Integration-By-Parts (IBPs) - crucial for DEs

» Kira [F. Lange. P. Maierhsffer, J. Usovitsch] 2021

» Reduze [c. Studerus, 2010]
» FIRE [A. Smirmov, 2008]
>

lus fast progress in analytical approaches
LiteRed [r. Lee, 2014] P prog y PP



Precision calculations: Methods and tools for higher order SM corrections

A. Vicini talk in Mainz: pdf

Challenges in the Master Integrals evaluation
courtesy of TArmadillo
T
Example N
Number of
eSO 36 56 51 47 104 126 140
Reduction 1.5m 30m 8h 54h
Kira + Z;zh;l:r:) 2362hcoolires) (312 (tj:i)r/e) (96 core + (120 core + (120 core + (120 core +
Firefly Ratracer) Ratracer) Ratracer) Ratracer)
AMFlow 50 min 75 min 6h45m 15 min 1 hour 4 hours X
1 point (32 core) (32 core) (32 core) (96 core) (120 core) (120 core)
Dimension | 74 1}, 2.1 Mb / 4Mb 45 Mb 350 Mb 22
equations
SeaSyde
3250 5 days 10 days / 2? 2? ? ?
points

key to overcome these problems: the improvement in the choice of the Feynman Integrals
systematic usage of polynomial reconstruction

13


https://indico.mitp.uni-mainz.de/event/438/contributions/5929/attachments/4274/5616/Vicini-Mainz2026-DYhighmass.pdf

Symbolic, numeric solutions: Great challenges for decades!

Collider physics ... magic of the math world!

l 11
T=2rn ’ X oF} §,§;l;sin20

Analytic solutions for massive multiloop integrals, which describe scattering

processes/decays, go beyound elliptic functions - how far? v

Annals of Mathematics, 141 (1995), 443-551

Modular elliptic curves
and
Fermat’s Last Theorem
By ANDREW JOHN WILES®
For Nada, Claire, Kate and Olivia

Feynman integrals and iterated integrals
of modular forms

LUISE ADAMS AND STEFAN WEINZIER

Cubum autem in duos cubos, aut quadratoquadratum in duos quadra-
toquadratos, et generaliter nullam in infinitum ultra quadratum
potestatum in duos ejusdem nominis fas est dividere: cujes rei

demonstrationem mirabilem sane detexi. Hanc marginis exiguitas
non caperet.

" Epsilon-factorized form” of banana
4-loop integrals — fast evaluations

Q to nearly arbitrary precision.
‘Taming Calabi-Yau Feynman Integrals:

v The Four-Loop Equal-Mass Banana Inte-

gral’, S. Pogel, X. Wang, S. Weinzierl,



https://inspirehep.net/literature/2178113

<

SM precision needed for discovery studies (indirect effects)
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Four scales :
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Mellin-Barnes

Integrals

+ differential equations, numerical methods, ...




To collimate the focus, a new FCC WG

Precision Calculations, talks, Indico link
https://indico.cern.ch/category/21380/

INdicn

@ Europe/Zurich ~

@ English (United Kingdom) - 5] Login

Home  Create event ~

Room booking

Home » Projects » FCC » FCC Physics, B s » FCC Physics pr

performance » » Precision Calculations

Precision Calculations

@ Navigate 4 Parentcategory [H @ -

The *Precision calculations” subgroup is connected to the next step in the development of the FCC project: the Reference

Managers
Design Phase and the assembly of the required materials, in preparation for a CERN Council decision on the future HEP R )
machine, foreseen in 2028

4 fcc-ped-physicsgroup-precisioncalculation-
admin

For a full list of working groups, see https://gms.web.cern.ch/, where you can Join our group (fec-ped-physicsgroup-

precisioncalculations)

Direct link to join: https://gms.web.cern.ch/group/FCC I

) PED_egroups_chart_2026_03_2Lpdt
) PED_OrgChart_CLoseUp_2026_04_15.pdf
There is one event in the future. Hide

July 2026

[  08Ju FCC precision calculation WG meeting: talks S. Jones & S. Banik

June 2026

B 173un FCC precision calculation WG meeting: talks A. Freitas & J. Usovitsch

May 2026
[E  27May FCC precision calculation WG meeting talks: A. Denner & J. Lindert

B  13May FCC precision calculation WG kick-off meeting


https://indico.cern.ch/category/21380/

Precision-calculation targets for FCC-ee in the coming years

» Improved unfolding techniques to go from observables to
pseudo-observables (QED interference effects, non-factorizable corrections,
matching between EW corrections and radiated /resummed photons, ...).

» Developing tools: MC generators including NLO QCD and EW corrections
(Bhabha, exclusive NNLO eTe™ — ff), multiloop numerical, analytical
programs.

» Improved input parameters by roughly one order of magnitude (a, as,
mw, Mmp, M, Aahad, )

» Full two-loop corrections for ete™ — WTW ™, ete™ — ZH and
ete” = VVH, H— ff(+7).

» Going beyond 2-loop corrections (3-loop EW and mixed EW-QCD, leading
4-loop corrections for Z — 2f vertices).

No fundamental show-stopper has been identified. With a
concerted theory effort, these goals appear achievable, paving the
way for FCC to become a flagship facility of the 21st century.



Thank you for your attention (part I)

SPEECH DELIVERED BY PRCFESSOR NIELS BOHR
OK_THE OCCASION OF [HD INAUGURATION OF THE CERN PROTON SYNCHROTRON

ON 5 FEBRUARY, 1960 Press Release PR/56
12 February, 1960

It may perhaps seem odd that apparatus as big and as
complex as our gigantic proton synchrotron is needed for the

investigation of the smallest objects we know about. However,

just as the wave features of light propagation make huge telescopes
necessary for the measurement of small angles between rays from
distant stars, so the very character of the laws governing the
properties of the many new elementary particles which have been
discovered in recent years, and especially their transmutations in
violent collisions, can only be studied by using atomic particles

accelerated to immense energies. Actually we are here confronted
with most challenging problems at the border of physical knowledge,

the exploration of which promises to give us a deeper understanding
of the laws responsible for the very existence and stability of
matter.




DG, Fabiola Gianotti, CERN vision and goals until next strategy update, — pdf
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https://indico.cern.ch/event/923801/contributions/3942028/attachments/2138905/3603386/FCC-2020.pdf

Usefuleness of basic science, some links

Eugene Wigner (!), The Unreasonable Effectiveness of Mathematics in the
Natural Sciences

What's the use of basic science? by Llewellyn Smith, vidyo and pdf
Alexander Flexner, 1939 The usefulness of useless knowledge, see
comment by Paul Kirschner blog

Essay in Nature: No final frontier

4 essays on FCC usefulness discussion, extract from one of them: The
Mirage Of Freed Resources "when the Superconducting Super Collider was abandoned in the United States,
the project simply ceased to exist. Teams dispersed, and world leadership in particle physics gradually shifted towards CERN. The
resources supposedly "freed” did not give rise to a new major international scientific programme. They were not redirected
towards other large-scale fundamental research projects. Nor did they lead to any substantial increase in CERN'’s funding. The
SSC was not replaced. It was abandoned. The closure of Superphénix in France did not trigger a broad revival of French nuclear
research. Instead, it gradually led to the dispersal of teams, the erosion of rare expertise in fast-neutron reactor technologies, and
the weakening of a field that several countries are now attempting to rebuild. Whatever one's views of Superphénix itself, the
lesson is straightforward. History did not record the emergence of a major replacement programme. What it remembers above all
is the disappearance of a capability. JG in red: Can anyone point to an example of a major scientific project whose cancellation
led to a lasting strengthening of other disciplines? We are aware of none.”

Tadeusz Lesiak lecture for Polish Physical Society with gathered many
arguments: talk


https://en.wikipedia.org/wiki/The_Unreasonable_Effectiveness_of_Mathematics_in_the_Natural_Sciences
https://en.wikipedia.org/wiki/The_Unreasonable_Effectiveness_of_Mathematics_in_the_Natural_Sciences
https://cds.cern.ch/record/388110
https://www.ias.edu/sites/default/files/library/UsefulnessHarpers.pdf
https://paulkirschner173727.substack.com/p/the-usefulness-of-useless-knowledge
https://www.nature.com/articles/s42254-019-0052-4
https://indico.cern.ch/event/1715748/##3-le-mirage-des-ressources-lib
https://indico.cern.ch/event/1715748/##3-le-mirage-des-ressources-lib
http://www.ptf.us.edu.pl/wordpress/?p=970

BACKUP



BSM - (SM)EFT: effective theories

Lot = Lo+ Yoy i 20, CLP O, Observables: O = Osm + Y, Fi &

FCC Feasibility Study, https://arxiv.org/abs/2505.00272


https://arxiv.org/abs/2505.00272

Precision calculations BSM

Power of Tera-Z: Vectors

8 Universal couplings M Third-gen. only M Flavourless couplings

_ 1
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Allwicher, MM, Renner: 2408.03992 E. Celada, L. Mantani, J. Rojo,
A. N. Rossia, M. Thomas, J. ter Hoeve,
B. E. Vryonidou

« No RGE, with Th. Err

S MEFIT

TeV
M [TeV]

2 2=2YY”?”
7

[°] U

Huge work on BSM effects within FCC feasibility study, e.g. talks at 8th
FCC Physics Workshops, 2025, 2026 and S. Dawson talk in Mainz: pdf


https://indico.mitp.uni-mainz.de/event/438/contributions/5939/attachments/4263/5605/dawson_precision_2026.pdf

Future: W, t, H

> ete” - WTIW™ at 161 GeV: dmSi” = 0.5+ 1 MeV.
Challenge to get the same TH error:
NNLO eTe™ — 4f.

> ete™ — ¢t at 350 GeV: 6m;°°P = 17 MeV
Big challenge for theory, today > 100 MeV, future projection < 50 MeV:
~ 10 MeV unc. from mass def.;
~ 15 MeV from a5 unc. to threshold mass def.;
~ 30 MeV - h. orders resummation

» ete™ — HZ at 240 GeV: Kinematic constraint fits with Z — Il and
H — bb, ...,
mug = 125.35 GeV £150 MeV [link CMS], T = 4.15:§ MeV, Ty < 13
MeV at 95 % C.L., 1901.00174

exp

omy " = 10 MeV; Theory errors subdominant.


https://cms.cern/news/cms-precisely-measures-mass-higgs-boson
https://arxiv.org/abs/1901.00174

Higgs boson decays: theoretical status

Projected intrinsic and parametric uncertainties for the partial and total
Higgs-boson decay width predictions. The last column: the target of
FCC-ee precisions.

decay intrinsic para. myq para. ag para. My | FCC-ee prec. on g% x x
H — bb ~ 0.2% 0.6% < 0.1% = ~ 0.8%
H — cc ~0.2% ~ 1% < 0.1% = ~ 1.4%
H—7tr™ | <01% = = = ~1.1%
H— putp~ <0.1% - - - ~ 12%
H — gg ~ 1% 0.5% (0.3%) = ~ 1.6%
H — vy < 1% = = = ~ 3.0%
H — Zv ~ 1% = = ~0.1%

H—->WW <0.3% = = ~0.1% ~ 0.4%
H— ZZ <0.3%" - - ~01% | ~0.3%
oot ~ 0.3% ~ 0.4% < 0.1% < 0.1% ~ 1%

T FromeTe™ - HZ production

Sven Heinemeyer, Stanislaw Jadach, Jiirgen Reuter, https://arxiv.org/abs/2106.11802


https://arxiv.org/abs/2106.11802

QED challenges beyond LEP: the FCC-ee example

Current QED precision vs. FCCee exp. error

LEP err. ==l
QED today The present precision of QED theoretical
¥ M, predictions would severely limit the analysis
e ¥ of precise measurements at FCC-ee.
/ To properly confront the data with theoretical
. ) Progress  predictions of similar accuracy demands a
LEP L ;‘;e:gdc-aa huge progress in precision calculations!
Needed factor 6-200 improvement with respect
to LEP.
arXiv:1903.09895
® Omsenvable. (Jadach&Skrzypek)
Observable Source Err.{QED} Stat[Syst] LEP main development
EWPO LEP LEP FCC-ee FCC-ee | to be done
Mz [MeV] Z linesh. 2.1{0.3} 0.005[0.1] 3x3* light fermion pairs
I'Z [MeV] Z linesh. 2.1{0.2} 0.008[0.1] 2x3* fermion pairs
2"“ [pb] a,?w 37{25} 0.1[4.0] 6x3* better lumi MG
EW pseudo-observables | - g2", 108 o(M;z) 25{12} | 0.06[1.0] | 12x3* | better FSR
EWPOs N, x 10° o(Mz) 8{6} 0.005[1.0] | 6x3** | CEEXinlumiMC
Ny x 103 Zy 150{60} 0.8[< 1] 60x 3** O(a?) for Zy
sin® 0ff % 10° A/E"r 53{28} 0.3[0.5] 55x3** | h.o. and EWPOs
sin® 0¢ff % 10° (Pr), A”"’ ke 41{12} 0.6[< 0.6] | 20x3** | better T decay MC
My, [MeV] mass rec 33{6} 0.3[7.7] 20x3** O(c), FSRexp
My [MeV] threshold 200{30} 0.5[0.3] 100x3*** | O(c?) at thresh.
ARE 55 10 732 | 2000{100} | 1.0[0.3] | 100x3*** | improved IFI




Standard Model Theory for the FCC-ee Tera-Z stage (2019): 1809.01830
EPJC’'19; Jadach & Skrzypek 1903.09895

Scheme of construction and the use of EWPO/EWPP at FCC-ee

(A)
Raw experimental DATA
including
cut-offs, efficiencies, QED

Removing detector
inefficiencies,
w (simplifying cut-offs)

(B) - R
Experimental DATA Predicting realistic distributions |

with idealised cut-offs

BSM Physics Models
+SM without QED

(D)
SM calculations
1-2-3 EW loops
QED subtracted

QED still present
(realistic observables)

Fitting with MC, WT-diffs /'

EV\(IIEz)

. ’s
C, N )
O’% - or EWPP’s

Parameters in
the effective Born,
QED subtracted

N O(al)noQED ® QED

Scheme DATA — Born ® QED


https://arxiv.org/abs/1903.09895
https://e-publishing.cern.ch/index.php/CYRM/issue/view/89

Published results on EWPOs in the SM @NNLO

Complete corrections  Freitas, Hollik, Walter, Weiglein: '00

Ar, sin? Qéﬂ: Awramik,Czakon: '02,0nishchenko, Veretin: '02
Awramik,Czakon,Freitas,Weiglein: '04
Awramik,Czakon,Freitas: '06
Hollik,Meier,Uccirati: '05,'07
Degrassi,Gambino,Giardino: '14

Fermionic corrections  Awramik,Czakon,Freitas,Kniehl: '09

sin? 0, ar, vy Czarnecki,Kuhn: '96
Harlander,Seidensticker,Steinhauser: '98
Freitas: '13,'14

Bosonic corrections

sin® 6% : Dubovyk, Freitas, JG, Riemann, Usovitsch '16
Bosonic corrections
Tz, Ry, ... : Dubovyk, Freitas, JG, Riemann, Usovitsch '18,'19

— 1-loop results: Many seminal works by Veltman, Passarino, Sirlin,
Marciano, Bardin, Hollik, Jegerlehner, Riemann, Degrassi, Kniehl, ...



> 2020 results on EWPOs in the SM @NNNLO and beyond

» L. Chen and A. Freitas, JHEP 07, 210 (2020), " Leading fermionic
three-loop corrections to electroweak precision observables”,
https://arxiv.org/abs/2002.05845

» L. Chen and A. Freitas, "Mixed EW-QCD leading fermionic three-loop
corrections at O(asa?) to electroweak precision observables” JHEP 03,
215 (2021), arXiv:2012.08605.

» L. Chen and A. Freitas, "GRIFFIN: A C++ library for electroweak
radiative corrections in fermion scattering and decay processes” SciPost
Phys. Codebases 2023, 18 (2023), arXiv:2211.16272.

. P. Martin, " Three-loop corrections to the Fermi decay constant in the
MS scheme” Phys. Rev. D 112, 073002 (2025), arXiv:2507.15946.

For earlier approximate 3- and 4-loop results, (enhanced by y; and/or Ny ), see
references in " Third-order mixed electroweak-QCD corrections to the W-boson
mass prediction from the muon lifetime”, |. Dubovyk, A. Freitas, JG, J.
Usovitsch, 2603.06571


https://arxiv.org/abs/2002.05845
https://arxiv.org/abs/2603.06571

Input and renormalization schemes

E.g. the bosonic 2-loop corrections shift the value of I'; by 0.51 MeV
when using My as input and 0.34 MeV when using G, as input.

Reminder: 0I'z pec—ce = 0.1 MeV
Dubovyk et al, https://doi.org/10.1016/].physletb.2018.06.037

[ T, MeV] [ Te, Ty Tr [ Tog Loy, Loy Ty, Ts | Tw,lc T}, Ty
Born 81142 160.096 371.141 292.445 360.56 | 24202
O(a) 2273 6.174 9.717 5.799 3.857 60.22
O(aas) 0.288 0.458 1276 1156 2.006 911
O(N;faz) 0.244 0.416 0.698 0.528 0.694 5.13
O(N;a?) 0.120 0.185 0.493 0.494 0.144 3.04
[SICTIN) 0.017 0.019 0.058 0.057 0.167 0.505
O(aga?, agas, afas, ap) 0.038 0.059 0.191 0.170 0.190 1.20

* Fixed values of My,



https://doi.org/10.1016/j.physletb.2018.06.037

W-mass, slide by A.Freitas, Snowmass 2020, pdf

m High-precision measurement of Myy o m035GeV T, 2085 GeV
from ete” — WHW at threshold

w a) Corrections near threshold enhanced by
1/BandIng

. / M, —i My —reas
Byl — 4 W Py /My

b) Non-resonant contributions are important " el e

m Full O(«) calculation of ete™ — 47
Denner, Dittmaier, Roth, Wieders '05

m EFT expansion in a ~ My /My ~ 32
Beneke, Falgari, Schwinn, Signer, Zanderighi '07
e NLO corrections with NNLO Coulomb correction
(o< 1/8"): SenMyy ~ 3 MeV
Actis, Beneke, Falgari, Schwinn '08
e Adding NNLO corrections to ee — WW and
W — ffand NNLO ISR: §¢, My < 0.6 MeV



https://indico.fnal.gov/event/43963/contributions/191333/attachments/131719/163400/talk.pdf

SM W-physics, FCC-ee-W, 11th FCC-ee workshop 2019, pdf

Full NLO calculation for ete~ — 4f (Denner, Dittmaier, Roth, Wieders 05)

More than 1000 1-loop diagrams, 5, 6-point loop integrals

= pioneering methods for six-point diagrams
now automated for LHC: RECOLA, OpenLoops, MadLoops

complex mass scheme for W decay width

fully differential calculation

not easy to incorporate higher-order effects

DPA not sufficient at threshold and for /s > 500 GeV

T — ]
o7 | ete™ et | 0l | et vt
-10 |- 4 ®»r b
y 0 e
—15 1 =
s | 4
20 | . 4 L 4
meq et
o DPA
ot colf —
5k J
| I I I L _10 L
150 160 170 10 190 200 210 20 500 1000 2000
V3[GeV] V5[ GeV]

C. Schwinn WW threshold theory FCC-ee workshop


https://indico.cern.ch/event/766859/contributions/3252579/attachments/1775788/2887165/wtalk_fccee.pdf

SM W-physics, FCC-ee-W

EFT expansion ina~ % ~ ,32 (Beneke/Falgari/CS/Signer/Zanderighi 07)
e systematically possible to include higher-order corrections

e limited to total cross section near threshold
Leading NNLO corrections

e 2nd Coulomb correction ~ a?/8% ~ a

(Fadin et al. 95)
e Coulomb-enhanced corrections ~ a?/8 ~ /2

(Actis et al. 08)

- ST

. Numer|ca| effect: Aoww ~ 5%o; [My] < 3MeV

a(e” et = ppuud)(fb)

V51GeV] || NLOgpr | NLOee [DDRW] || Annio(e?/5%) | Annio(a?/8)
161 117.5 118.77 0.44 (3.7%o) 0.15 (1.3%o)
170 307.8 4045 0.25 (0.6%0) | 1.6 (3.9%0)

C. Schwinn

WW threshold theory FCC-ee workshop



SM W-physics, FCC-ee-W

Future improvements of theory predictions?

Implementation of state-of-the art calculations in public tools?
o NLO-EW e-et — 4f now possible with standard tools
(RECOLA, OpenLoops, MadLoops + SHERPA, MadGraph, WHIZARD...)
but not (yet) optimized for ee* (ISR, Beamstrahlung)

e Two-loop Coulomb-enhanced corrections for differential
observables doable; (related: ¢t with Coulomb resummation in WHIZARD)
(no guarantee of formal accuracy for general distributions)

Full NNLO in EFT for total cross section

e Soft log 8 terms can be adapted from QCD results

e NNLO log(me./Myw) terms doable (c.f. Bhabha scattering)

e two-loop hard non-logarithmic corrections
(from amplitudes for e*e™ — W W™ at threshold: border of current capabilities)
resulting uncertainty from cross-section calculation

2 . . > -
Ac? = () o ~ (1-2)%o for estimate ¢ = (cV)?

Full NNLO for ete~ — 4f: completely new methods needed

C. Schwinn WW threshold theory FCC-ee w



SM W-physics, M. Skrzypek, FCC-ee-W: hybrid approach, 11th FCC-ee

workshop 2019, pdf

Conclusions and outlook ‘iﬁ
"y

» KoralW+YFSWWa3: LEP2 precision is 0.5%.
Factor of 20 + 50 improvement is needed for FCCee
» Lesson from LEP2: be pragmatic, split into Double- and
Single-Pole, pick only numerically dominant terms:
» O(a') for e~ et — 4f must be implemented in MC with explicit split
into Double Pole and Single Pole. Calculations exist
» O(a?)pp calculations for the Double-Pole production and decay
parts are needed! Feasible?
» O(a?)sp and O(a®) seem to be negligible
» More detailed analysis at the threshold may be instrumental
» EFT methods promising, but for now inclusive results only
» Non-factorizable soft interferences can be exponentiated within
YFS scheme. How much of the higher order corrs. would be
reproduced this way?

The overall precision tag ~ 2 x 10~ feasible (?)

YFSWW3dKoralW with new exponentiation
look like a2 aood <tartina noint


https://indico.cern.ch/event/766859/contributions/3252674/attachments/1775305/2970123/FCCeeKoralW_CERN2019_MS.pdf

QED unfolding, ISR, slide by A.Freitas, Snowmass 2020, pdf

® Mz, [z: From o(+/s) lineshape
— Main uncertainties: B-field calibration, QED
— 0Mz, 6Tz ~ 0.1 MeV could be achievable

e my: Current status 6m; ~ 0.4 GeV at LHC PDG '18

— Additional theory uncertainties? Butenschoen et al. '16
Ferrario Ravasio, Nason, Oleari '18

From ete™ — tf at /s ~ 350 GeV

today: future:
SmMS = [ Jexp [20 MeV]exp
@ [50 MeV]qcp @[30 MeV]qcp  (h.o. resummation)
@ [10 MeV]mass def.  ® [10 MeV]mass def.
@ [70 MeV]ag ®[15MeV]as  (Sas < 0.0002)
> 100 MeV

< 50 MeV



https://indico.fnal.gov/event/43963/contributions/191333/attachments/131719/163400/talk.pdf

SM FCC-ee-t, Andreas Maier, 11th FCC-ee workshop 2019, pdf

Conclusions

Top pair threshold scan allows precise mass determination

Am; < 100MeV

Theory-dominated error, ~ 3% QCD scale uncertainty
e Known corrections:
* N3LO QCD + Higgs
¢ N?LO electroweak + non-resonant
® LL initial state radiation
All corrections included in version 2 of QQbar_threshold
https://qgbarthreshold.hepforge.org/


https://indico.cern.ch/event/766859/contributions/3252662/attachments/1776890/2889174/amaier_FCC-ee_2019.pdf

SM FCC-ee-t, Daniel Samitz, shower cuts dependence, 11th FCC-ee workshop

2019, pdf

MC Top Quark Mass Parameter

Why is there a non-trivial issue in the interpretation of m}©?

® picture of “top quark particle” does not apply (non-zero color charge)

® my is a scheme-dependent parameter of a perturbative computation
— in which scheme do MC event generators calculate?

* relation of mM® to any field theory mass definition can be affected by different
contributions (let's consider pole mass just for convention)

MC ole t -pert MC
my!C = mf? - AR AT A

—

pQCD contribution: non-perturbative contribution: Monte Carlo shift:
e perturbative corrections ® effects of hadronization ® contribution arising from
model systematic MC uncertainties

e depends on MC
parton shower setup ® may depend on ® e.g. color reconnection, b-jet
parton shower setup modelling, finite width,...


https://indico.cern.ch/event/766859/contributions/3252664/attachments/1775490/2889185/FCCee-Samitz.pdf

To get to the experimental precision, we must improve very much!

|. Dubovyk et al JHEP 2019 (1906.08815)

Present theory uncertainty for I'z: 0.4 MeV

Observable max. dev. EXPnow FCC-ce CEPC GigaZ
I'z [MeV] 0.04 2.3 0.1 0.5 0.8
sin? 6% < 10 | 0.056 L6 0.06 023 0.1
sin? % x 101 | 0.025 160 9 9 15

Table 4. Goodness of fit for some chosen EWPQs, compared with the envisaged precision mea-
surements for 'y and sin’ s (statistical errors), and sin’ b (systematic errors) at the collider
projects FCC-ee Tera-Z [84], CEPC [85] and ILC/GigaZ [36]. The values of maximal deviations
are taken from tables 1 and 3. The entry “EXP now” gives the present experimental precision, as
known since LEP 1 [44].

Present theoretical calculations are far behind the FCC-ee Tera-Z demands.

And enough for GigaZ LC.



https://inspirehep.net/files/ad97237fd82b77d65c12c44bdb413cab

