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‘The reasonable man adapts himself to the world.
The unreasonable one persists in trying to adapt the world to
himself.
Therefore all progress depends on the unreasonable man.’

— George Bernard Shaw, Man and Superman
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Staszek Jadach, inter alia: Petra, Hera, LEP1, LEP2, LHC, FCC-ee
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LEP1 (1989) link: Z Physics at LEP1 : vol. 1 : Standard Physics
LEP2 W-physics (2000), link: Reports of the WGs on Precision
Calculations for LEP2 Physics

Standard Model Theory for the FCC-ee Tera-Z stage (2019): link


http://cds.cern.ch/record/116932
https://inspirehep.net/literature/528036
https://inspirehep.net/literature/528036
https://e-publishing.cern.ch/index.php/CYRM/issue/view/89

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

Innovation fronts, S. Jadach, Radcor 2019 (still valid goals)

% Better Monte Carlo algorithm for phase space with very hard photons.
Phase space generation in KKMC for extremely hard photos is inefficient.

*Novel ideas for better incorporation of the collinear resummation within soft photon
resummation, especially at the amplitude level (CEEX), main problems are loops.

% Alternative methods of calculating spin amplitudes in CEEX,
instead of Kleiss-Stirling, for massive particles?

% Soft photon emission resummation from unstable charged particles like W boson.
Outline is there but implementation nontrivial.

% Subtraction of IR part from (gauge invariant) sets of multi-loop diagrams at the loop
integrand level.

*Fitting EWPOs to data using high statistics “MC templates”, weight differences,
machine learning etc.

* Effective methods of parametrising the virtual (loop) correction to be used in the
matrix element in the MC generators.

In general: Matching of higher order matrix elements with QED parton
shower (IS, FS, exclusive).


https://nz42.ifj.edu.pl/_media/user/jadach/main/talks/2019-09-12-avignon-radcor.pdf

TOOLS and methods, additions

Many groups present rapid progress:

> Analytical/numerical solutions for Master Integrals (MIs) by differential
equations DEs;

Sector decomposition (1SD);

Mellin-Barnes representations (MB);

Reductions at the integrand level;

Expansions by regions; Taylor expansion in Feynman parameters;
Loop-tree duality (G. Rodrigo et al, Weinzierl et al);

Multi-loop amplitudes with numerical unitarity (Abreu et al.);

vV VvV vVVvYy VvV VY

Four-dimensional unsubtraction; Direct numerical evaluation of multi-loop
integrals without contour deformation (R. Pittau et al.);

» Feynman parameters and dispersion relations (Song, Freitas);



Recent exploratory methods

Feynman parameter integration through differential equations, Martijn
Hidding, Johann Usovitsch, https://arxiv.org/abs/2206.14790

Feynman Integrals from Positivity Constraints, Mao Zeng
https://arxiv.org/abs/2303.15624

News on IBPs:

Reduction to master integrals via intersection numbers and polynomial
expansions Gaia Fontana, Tiziano Peraro
https://arxiv.org/pdf/2304.14336.pdf

Macaulay Matrix for Feynman Integrals: Linear Relations and
Intersection Numbers, Chestnov et al, https://arxiv.org/abs/2204.12983

Targeting multi-loop integrals with neural networks, R. Winterhalder et al
https://arxiv.org/abs/2112.09145


https://arxiv.org/abs/2206.14790
https://arxiv.org/abs/2303.15624
https://arxiv.org/pdf/2304.14336.pdf
https://arxiv.org/abs/2204.12983
https://arxiv.org/abs/2112.09145

Input and calculated/measured parameters

Schemes: G, vs M ,...
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Fig. from the FCC-ee report ‘aggrp’ by F. Jegerlehner in 1905.05078


https://arxiv.org/abs/1905.05078

Input, theoretical

and parametric errors,

A. Freitas et al.,
precision measurements at FCC-ee

"Theoretical uncertainties for electroweak and Higgs-boson
", 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%ay) 1
sin? 0% [107°] 0.6 45 (« 3 a?as) 15
I'z [MeV] 0.1 04 (« 5, a2a5, 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 [1073] 1 1.3 (0.7) Sag

Important input parameter errors are §(Aa) = 3-107°, Sas = 0.00015.
as — see the talk by David d’Enterria.


https://arxiv.org/abs/1906.05379

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

A. Blondel, P. Janot, 2106.13885

Eur. Phys. J. Plus (2022) 137:92 Page9of 19 92

Table 3 Measurement of selected precision measurements at FCC-ee, compared with present precision.
Statistical errors are indicated in boed phase. The systematic uncertainties are initial estimates, aim is to
improve down to statistical errors. This set of measurements, together with those of the Higgs properties.
achieves indirect sensitivity to new physics up to a scale A of 70TeV in a description with dim 6 operators,
and possibly much higher in specific new physics (non-decoupling) models

Observable Present value £ error FCC-ge stat. FCC-ee syst. Comment and leading exp. error
my (keV) Q1186700 £ 2200 4 100 From Z line shape scan
Beam energy calibration
Iz (keV) 2495200 + 2300 4 25 From Z line shape scan
Beam energy calibration
sin®agll (x 106) 231480 £ 160 2 24 from Af at Z peak
Beam energy calibration
lf&QEDII'I'J%J( x10%) 128952+ 14 3 Small From A‘Fﬁg off peak
QED&EW errors dominate
Rf (x10%) 20767 + 25 0.06 0.2-1 Ratio of hadrons to leptons
Acceptance for leptons
as(m3) (x10%) 1196 = 30 0.1 0.4-1.6  FromRZ above
°r?a|1 (% 10%) (nb) 41541 £ 37 0.1 4 Peak hadronic cross section
Luminosity measurement
N, (x10%) 2006 +7 0.005 | Z peak cross sections

Luminosity measurement
Rp (= 108) 216290 £ 660 0.3 < 6l Ratio of bb to hadrons


https://arxiv.org/abs/2106.13885

Observable present FCC-ee |[FCC-ee Comment and|
value + error| Stat. Syst. leading exp. error|

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

T, (keV) 2495200 £ 2300 1 75 From Z Iine shape scan|
Beam energy calibration

sin 0y (X 10°) 231480 + 160 2 2.4 from AL at Z peak|
Beam energy calibration

1/agep(mz) (x10%) 128052 + 14 3 small from ALY off peak
QED&EW errors dominate

Ry (x107) 20767 + 25 0.06 0.2-1 ratio of hadrons to leptons|
acceptance for leptons

w.(mz) (x107) 1196 + 30 0.1 |0.4-1.6 from R} above|
g (x10%) (ub) 41541 + 37 0.1 4 peak hadronic cross section|
luminosity measurement
N, (x10%) 2096 + 7 0.005 1 Z peak cross sections
Luminosity measurement
Ry (x lﬂ") 216290 + 660 0.3 < 60 ratio of bb to hadrons|
stat. extrapol. from SLD
Abp, 0 (x10%) 992 + 16 0.02 1-3  |b-quark asymmetry at Z pole
from jet charge|
AT (x107) 1498 + 49 0.15 <2 7 polarization asymmetry|
7 decay physics|

7 lifetime (fs) 290.3 £ 0.5 0.001 0.04 radial alignment
7 mass (MeV) 1776.86 £ 0.12 | 0.004 0.04 momentum scale|
7 leptonic (jv,v,) BR. (%) 17.38 £ 0.04 | 0.0001 | 0.003 ¢/ /hadron separation|
my (MeV) 80350 £ 15 0.25 0.3 From WW threshold scan|
Beam energy calibration
Tw (MeV) 2085 £ 42 1.2 0.3 From WW threshold scan|
Beam energy calibration|

o, () (< 10°) 1170 + 420 3 small from R}
N, (x10%) 2020 £ 50 0.8 small ratio of invis. to leptonic
in radiative 7 returns
oy (MeV/c?) 72740 £ 500 17 small From tt threshold scan
QCD errors dominate
Tiop (MeV/c) 1410 + 190 45 small From tt threshold scan|
QCD errors dominate
Atop/ Mooy 12£03 | 010 | small From tt threshold scan|
QCD errors dominate
ttZ couplings =+ 30% (0.5 — 1.5%| small From /s = 365GeV run




Higgs boson decays: theoretical status, M. Spira, pdf

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

Partial Width QCD Electroweak Total on-shell Higgs
H — bb/ce ~02% ~0.5% ~0.5% N*LO / NLO
H— 1t /utu™ — ~ 0.5% ~05% — /NLO

H — gg ~ 3% ~ 1% ~ 3% N3LO / NLO
H — vy < 1% < 1% ~ 1% NLO / NLO
H — Zy < 1% ~ 5% ~ 5% LO / LO
H—-WW/ZZ - 4f <0.5% ~ 0.5% ~0.5% NLO/NLO



https://indico.cern.ch/event/766859/contributions/3252577/attachments/1775929/2887427/spira.pdf

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

Z-resonance: SM Theory for the FCC-ee Tera-Z stage (2019): link

1. Z-resonance and v, Z’, ... — Laurent series,

R = _ o
— 50)™ B = M2 +iMyT 5.
_SO+Z(5 50) , S0 7z tiMzlz

n=0

M:

S

2. We want to extract EW Z-vertex couplings and definitions like
sin? Hfff, but in reality, we deal with complicated process

ete™ — fTf~ +invisible (n v+ eTe pairs + - - -)

ae+e*_>f+f*+”'(s) = /dx }‘Zm\) Ue+e*_>f+f7(s’) 5z —s'/s)
—_—

— form factors, QED separation/deconvolution, non-factorizations,

To determine the structure function/flux function kernels and hard
scattering ansatz for data preparation or for unfolding is one of the
challenges of FCC-ee-Z physics.


https://e-publishing.cern.ch/index.php/CYRM/issue/view/89

QED unfolding

Altogether 17-10°% Z-boson decays at LEP

a Cross section : Z mass and width
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How to unfold - rough scheme

We have to describe
efe™ — (v,2) — fHf(v),

S-matrix Ansatz in the complex energy plane

Background

At Rz +R—+S+(573z)5’
S — Sz

y—Z inter ference

Sy = Mzz—iﬁzfz

> R,S,S’,... are individually gauge-invariant and UV-finite - unitarity
and analyticity of the S-matrix. IR-finite, when soft and collinear
real photon emission is added. [Willenbrock, Valencia, 1991] [Sirlin,1991] [Stuart,1991]

[Riemann, 1991, 1992] [H. Veltman,1994] [Passera, Sirlin, 1998] [Gambino, Grassi, 2000] [Awramik, Czakon, Freitas, 2006].



The term R, (s)/s is part of the the background

» The poles of A have complex residua Rz and R,.

» There is only ONE pole in mathematics, while in physics we observe
two of them: photon exchange at s = 0, Z exchange at sy = sz.
Mathematicaly, the appearance of the photon pole is result of
summing of part of background around Z pole, sg = sz

[T. Riemann, APPB 2015]

R, (s) ZZO:O Rn(s —s0)"
Do Bn(s = 50)"

s0 — (s0 — 9)

> 1 1
= D Bals=50)" — T—as

n=0 g 50

> 1 So— S Sop— S 2
— S Ru(s—so)" — [14+2 +<° ) oo |
0 S So S0

0




QED unfolding, S-matrix approach, slide by A.Freitas, AWLC2020, pdf

Consistent (gauge-invariant) theory setup:

Expansion of Afete™ — ptp~] about sg = M3 — iMzl 7 & Mf
. Y
e f

A[e+57—>ff7]=SL+S+(S—50)T+... o

R = g5(50)95(50) VAN

1 ) )
S= W,qi,g;f + 955" + 9598 + Spox o' <
: o
wl
e o f

g\f/(s) . effective V f f couplings

At NNLO: Need R at O(a?), S at O (), etc.

Current state of art: full one-loop for S, T"

— 0(0.01%) uncertainty within SM see, e.g., Bardin, Griinewald, Passarino '99
(improvements may be needed)

— Sensitivity to some NP beyond EWPO



https://agenda.linearcollider.org/event/8622/contributions/46418/attachments/36008/56009/awlc_freitas.pdf

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

Z lineshape 6/18
Deconvolution of initial-state QED radiation: LEP EWWG '05

o’[e+e’ — fﬂ = Rini(&, S/) ® Uhard(sr)

Kureav, Fadin '85

Berends, Burgers, v. Neerven '88
Kniehl, Krawczyk, Kiihn, Stuart '88
Beenakker, Berends, v. Neerven '89
Bardin et al. '91; Skrzypek '92
Montagna, Nicrosini, Piccinini '97

Oha

Soft photons (resummed) + collinear photons

R -—Z(O‘)n an h |nm( s )
<ini — = P Z nm mg
Universal (m=n) logs known to n = 6,

also some sub-leading terms
Ablinger, Blimlein, De Freitas, Schénwald 20

Exclusive description: MC tools — talk by Jadach



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

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

Factorization of massive and QED/QCD FSR:

NeMz [ f ) £12 1 1of 1 f)2 1 ]
— [(RV\QV\ LA )71_}_%2,2 Y

M@ = - finite,  with ®=M<§

R{., RY,: Final-state QED/QCD radiation;
known to O(af), O(a?), O(aas) Kataev '92
Chetyrkin, Kiihn, Kwiatkowski '96
Baikov, Chetyrkin, Kiihn, Rittinger '12

e’ f
gé, gﬁ, ¥: Electroweak corrections M
e f

=]

A



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

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

m Interference between ISR and FSR e f
suppressed by "z /M7 on Z resonance Ii:[
e f
m Still relevant for high precision an off-resonance

(s) CEEXE: BuesFlon, Backello, v, 0.2, ISR°FSA (a) CEEXE: BluesFion, BackelFot v <003 ISR'FSR
1=IFloff, ISR"FSR. a

KKsem: Green=IFlof, ISR'FSR

o
s -87.9060V o6 p——
ot h i
1 o A
™ ! Som i
N s
Bocn g g r
Bocs oy Foos, el
Hr— oze —
o
o
oc2
o
*17es og od ez 0 bz be 05 08 955 es e as e oz 64 os o Jadach, Yost'18
S cosit)

m Factorization from hard matrix element requires 4-variable convolution

m Soft-photon resummation can be included Jadach, Yost '18
Greco, Pancheri-Srivastava, Srivastava '75



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

EWPOs - refers to |M|?; EWPPs - refers to M

Beyond Born level, one can write
Amicem (s)

MSyO)(€76+ %fiij) = f@e@fﬁ/a ®")/aa
— — . S e e
MPD(emet = f7 1) = 4262XZ7()[MU{%1 ®Y* — M yarys ® 1*

—MEf v x ¥*y5 + ML a5 @ v*vs).

In the pole scheme, where M is defined as the real part of the pole of
the S matrix, one has

()= 22 gy L S :
Xz \/587raem z _1+i% S—M§+iszz _8—1\4%-i-’L']\fz]:‘Z(S)7
S
Fz(s) = 52 FZ
MZ

SM Theory for the FCC-ee Tera-Z stage (2019): link


https://e-publishing.cern.ch/index.php/CYRM/issue/view/89

EWPOs - refers to |M|?; EWPPs - refers to M

Definitions are related:

Mgz ~ M L 17 Mz — 34 MeV
~ _ - = — e,
4 7 2 My, Z
_ 1 13
Ty~Tyz;—>= %2 =~ I'y—09MeV.
2 M3

» Known from LEP. One of examples why changing
frameworks/assumptions/simplifications of calculations matter (!).

» However, at FCC-ee 6I'; ~ 0.1 MeV. Non-facotrization effects must
be added properly beyond 1-loop.

» s it necessary for FCC-ee accuracy to implement MC with radiative
corrections calculated at the amplitudes level?

» At this precision it is important which parameters are taken as input
parameters in schemes.



EWPOs and Form Factors

fermionic,bosonic

VMZbE = Yulvp(s) + ap(s)ys) = -+ -+ : + : +---

planar,non—planar

Note approximate factorization of weak couplings

) 0 ., A Ag
[fo dcos — ffl dcos@} dc;se 2a.ve  2ajvy .

Arp = = ~ ——— —5 5 tcorrections

of .
A, = 2Re ay _ 1 — 4|Qy|sin® 04
1+ (%e"—f)2 1 — 4|Qy|sin® Olg + 8(Qysin® Og)?”
(.Lv/‘

sin? 923 = F (?}‘Eev—f)

ar



EWPOs, Z pole

Ohaa = ole’

r, = STz f]]
f

e~ — hadrons],_ 2,

I'[Z — hadrons]
= _— - g =
RK F[Z—)€+€_] ) €, U, T,
I[Z — qq]
R, = ——7—— =u,d b.
1 I'[Z — hadrons]’ S
The remaining EWPOs are cross section asymmetries, measured at the Z

pole, e.g., forward-backward asymmetry

op[0< 3] —os[0>75]

AL, =
e or[0<§]+or[0> 5]

where 6 is the scattering angle between the incoming e~ and the
outgoing f.



SM precision parameters determination: a(M%), F. Jegerlechner, pdf

1. a(M%) in precision physics (precision physics limitations)

Uncertainties of hadronic contributions to effective « are a problem for electroweak
precision physics: besides top Yukawa y; and Higgs self-coupling 4
, G, Mz most precise input parameters = precision predictions
50% non—pverturbative sin’ O, vp,ar, My, Tz, Ty, -

a(Mz),G,, Mz best effective input parameters for VB physics (Z,W) etc.

o~ 36 x 107
Zuow 86  x 10°
”
Mz o -5
k7 24 x 10
:((1\422; ~ 09+1.6 x 10™* (present: lost 10° in precision!)
"(Z;ZIZZ; ~ 53 x 107  (FCC - ee/ILC requirement)

LEP/SLD: sin? O = (1 — vj/a;)/4 = 0.23148+ 0.00017
0Aa(Mz) = 0.00020 = §sin® @cr = 0.00007 ; My /Mw ~ 4.3 x107°

affects most precision tests and new physics searches!!!

5M,

My 15x1074, S~ 13x1073, Gl ~23% 107

My
For pQCD contributions very crucial: precise QCD parameters o, m,., m,, m,= Lattice-QCD
F. Jegerlehner FCCee Workshop, CERN Geneva, January 2019 2



https://indico.cern.ch/event/766859/contributions/3252567/attachments/1775776/2887144/SMalphaFCCee19.pdf

SM precision parameters determination: a(]\/[%)

J Still an issue in HVP

J region 1.2 to 2 GeV data; test-ground exclusive vs inclusive R
measurements (more than 30 channels!) VEPP-2000 CMD-3, SND (NSK)
scan, BaBar, BES Ill radiative return! still contributes 50% of uncertainty

’ w202 T 2017
3.0 3.0
A KEOR
2.5
Fo o M

excl. vsincl. clash

& ave incl (BES-II, KEOR)
0.5 4 ave incl lexc. BES-II) 0.5 e

—— all data

1.40 1.60 1.80 2.00 2.20 2.40 2.60 1.40 1.60 1.80 2.00 2.20 2.40 2.60
E (GeV) E (GeV)

@ illustrating progress by BaBar and NSK exclusive channel data
vs new inclusive data by KEDR. Why point at 1.84 GeV so high?

F Jeaerlehner FCCee Workshoo. CERN Geneva. Januarv 2019



Three approaches should be further explored for better error estimate

Note: theory-driven standard analyses (R(s) integral) using pQCD above 1.8 GeV cannot be

improved by improved cross-section measurements above 2 GeV !!!

precisionina: present direct 1.7x107*
Adler 12%x107*
future Adler QCD 0.2% 54 x107°
Adler QCD 0.1% 3.9 x 107°
future  via Ay offZ 3x 107

@ Adler function method is competitive with Patrick Janot’s direct near Z pole
determination via forward backward asymmetry in ete™ — ptu

HE gAML 3a42 1
where AFB AFB,() + 4 UZ Z + g
vy — Zinterference term 7 « a(s) G,
Z alone Z«xG
y only G x a*(s)
v vector Z coupling also depends on a(s ~ M2) and sin” @ (s ~ M2)
a axial Z coupling sensitive to p-parameter (strong M, dependence)

J using v, « as measured at Z-peak

F. Jegerlehner FCCee Workshop, CERN Geneva, January 2019

25



eTe™ — pTu~ and o?(s)

G
1. the photon-exchange term, G, proportional to a?(s);

2. the Z-exchange term, Z, proportional to G% (where G is the
Fermi constant);

3. the Z-photon interference term, Z, proportional to a(s) x Gg
The muon forward-backward asymmetry, A%L, is maximally dependent
on the interference term

2
Aty = A+ 25

varies with aqgep(s) as follows:

AAf = (At — At )



eTe”™ — up~ and o?(s)

z N L N | | S I A S AR AR A
- \
\\
- R ..../ ................... / ............................
/. H 7.
S y AN i V4
4 \ : /.
A\ /.
\ | /
\\}‘\//
[ eeeenas Current o, accuracy
Gogp accuracy from A' at FCC-ee
50 60 70 80 90 100 110 120 130 140 150
Vs (GeV)

The best accuracy is obtained for one year of running either just below or
just above the Z pole, at 87.9 and 94.3 GeV, respectively.



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

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
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150 160 170 10 190 200 210 20 500 1000 2000
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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

