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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

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
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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


Janusz Gluza

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

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
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TOOLS and methods, additions

Many groups present rapid progress:

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

▶ Sector decomposition (SD);

▶ 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.);

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

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

▶ ...



Janusz Gluza

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


Janusz Gluza

Input and calculated/measured parameters

SU(2)L ⊗U(1)Y
Higgs mechanism

g2,g1,v
yt, λ, . . .

Thomson
scattering e+e−, ep,p( )p̄

p( )p̄, e+e−

→ Z

p( )p̄, e+e−

→ H

e+e− → f f̄
e+e− → e+e−

νe, νN

µ-decay

e+e−

p( )p̄, e+e−

→ W+W−

e+e−

p( )p̄, e+e−

→ tt̄

α αs

MZ

MW

Gµ

Mtyt

MHλ

sin2 ΘW

vf , af

Schemes: Gµ vs MW ,...

Gµ, sin
2 θℓeff , MZ

Fermilab!

Fig. from the FCC-ee report ‘αQED ’ by F. Jegerlehner in 1905.05078

https://arxiv.org/abs/1905.05078


Janusz Gluza

Input, theoretical and parametric 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)

MW [MeV] 0.5–1 ‡ 4 (α3, α2αs) 1

sin2 θℓ
eff [10−5] 0.6 4.5 (α3, α2αs) 1.5

ΓZ [MeV] 0.1 0.4 (α3, α2αs, αα
2
s ) 0.15

Rb [10−5] 6 11 (α3, α2αs) 5

Rl [10−3] 1 6 (α3, α2αs) 1.5
‡The pure experimental precision on MW is ∼ 0.5MeV.

Quantity FCC-ee future parametric unc. Main source

MW [MeV] 0.5 − 1 1 (0.6) δ(∆α)

sin2 θℓeff [10−5 ] 0.6 2 (1) δ(∆α)

ΓZ [MeV] 0.1 0.1 (0.06) δαs

Rb [10−5 ] 6 < 1 δαs

Rℓ [10−3 ] 1 1.3 (0.7) δαs

Important input parameter errors are δ(∆α) = 3 · 10−5, δαs = 0.00015.
αs −→ see the talk by David d’Enterria.

https://arxiv.org/abs/1906.05379
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Input and renormalization schemes

E.g. the bosonic 2-loop corrections shift the value of ΓZ by 0.51 MeV
when using MW as input and 0.34 MeV when using Gµ as input.

Reminder: δΓZ,FCC−ee = 0.1 MeV

Dubovyk et al, https://doi.org/10.1016/j.physletb.2018.06.037

Γi [MeV] Γe,Γµ,Γτ Γνe ,Γνµ ,Γντ Γd,Γs Γu,Γc Γb ΓZ

Born 81.142 160.096 371.141 292.445 369.56 2420.2
O(α) 2.273 6.174 9.717 5.799 3.857 60.22

O(ααs) 0.288 0.458 1.276 1.156 2.006 9.11

O(N2
fα2) 0.244 0.416 0.698 0.528 0.694 5.13

O(Nfα2) 0.120 0.185 0.493 0.494 0.144 3.04

O(α2
bos) 0.017 0.019 0.058 0.057 0.167 0.505

O(αtα
2
s , αtα

3
s , α2

tαs, α3
t ) 0.038 0.059 0.191 0.170 0.190 1.20

∗ Fixed values of MW

https://doi.org/10.1016/j.physletb.2018.06.037
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https://arxiv.org/abs/2106.13885
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EWPOs 2020
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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 → bb̄/cc̄ ∼ 0.2% ∼ 0.5% ∼ 0.5% N4LO / NLO

H → τ+τ−/µ+µ− — ∼ 0.5% ∼ 0.5% — / NLO

H → gg ∼ 3% ∼ 1% ∼ 3% N3LO / NLO

H → γγ < 1% < 1% ∼ 1% NLO / NLO

H → Zγ < 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
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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. mq para. αs para. MH FCC-ee prec. on g2
HXX

H → bb̄ ∼ 0.2% 0.6% < 0.1% – ∼ 0.8%

H → cc̄ ∼ 0.2% ∼ 1% < 0.1% – ∼ 1.4%

H → τ+τ− < 0.1% – – – ∼ 1.1%

H → µ+µ− < 0.1% – – – ∼ 12%

H → gg ∼ 1% 0.5% (0.3%) – ∼ 1.6%

H → γγ < 1% – – – ∼ 3.0%

H → Zγ ∼ 1% – – ∼ 0.1%

H → WW ≲ 0.3% – – ∼ 0.1% ∼ 0.4%

H → ZZ ≲ 0.3%† – – ∼ 0.1% ∼ 0.3%

Γtot ∼ 0.3% ∼ 0.4% < 0.1% < 0.1% ∼ 1%
† From e+e− → HZ production

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

https://arxiv.org/abs/2106.11802
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Z-resonance: SM Theory for the FCC-ee Tera-Z stage (2019): link

1. Z-resonance and γ, Z ′, ... −→ Laurent series,

M =
R

s− s0
+

∞∑
n=0

(s− s0)
n B(n), s0 = M̄2

Z + iM̄Z Γ̄Z .

2. We want to extract EW Z-vertex couplings and definitions like
sin2 θfeff, but in reality, we deal with complicated process

e+e− → f+f− + invisible (n γ + e+e−pairs + · · · )

σe+e−→f+f−+···(s) =
∫

dx
︷︸︸︷
f(x) σe+e−→f+f−

(s′)︸ ︷︷ ︸ δ(x− 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
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QED unfolding

Altogether 17 · 106 Z-boson decays at LEP
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How to unfold - rough scheme

We have to describe

e+e− −→ (γ, Z) −→ f+f−(γ),

S-matrix Ansatz in the complex energy plane

Ae+e−→bb =
RZ

s− sZ
+

Background︷ ︸︸ ︷
Rγ

s
+ S + (s− sZ)S

′ + . . .,

︸ ︷︷ ︸
γ−Z interference

sZ = M
2

Z − iMZΓZ

▶ 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].
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The term Rγ(s)/s is part of the the background

▶ The poles of A have complex residua RZ and Rγ .
▶ There is only ONE pole in mathematics, while in physics we observe

two of them: photon exchange at s = 0, Z exchange at s0 = sZ .
Mathematicaly, the appearance of the photon pole is result of
summing of part of background around Z pole, s0 = sZ
[T. Riemann, APPB 2015]

Rγ(s)

s
=

∑∞
n=0 Rn(s− s0)

n

s

=

∑∞
n=0 Rn(s− s0)

n

s0 − (s0 − s)

=

∞∑
n=0

Rn(s− s0)
n 1

s0

1

1− s0−s
s0

=

∞∑
n=0

Rn(s− s0)
n 1

s0

[
1 +

s0 − s

s0
+

(
s0 − s

s0

)2

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

https://agenda.linearcollider.org/event/8622/contributions/46418/attachments/36008/56009/awlc_freitas.pdf
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QED unfolding, ISR, slide by A.Freitas, Snowmass 2020, pdf

https://indico.fnal.gov/event/43963/contributions/191333/attachments/131719/163400/talk.pdf
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QED unfolding, FSR, slide by A.Freitas, Snowmass 2020, pdf

https://indico.fnal.gov/event/43963/contributions/191333/attachments/131719/163400/talk.pdf
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QED unfolding, IFI, slide by A.Freitas, Snowmass 2020, pdf

https://indico.fnal.gov/event/43963/contributions/191333/attachments/131719/163400/talk.pdf
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EWPOs - refers to |M |2; EWPPs - refers to M

Beyond Born level, one can write

M(0)
γ (e−e+ → f−f+) =

4πiαem(s)

s
QeQf γα ⊗ γα,

M(0)
Z (e−e+ → f−f+) = 4ie2

χZ(s)

s

[
Mef

vv γα ⊗ γα −Mef
av γαγ5 ⊗ γα

−Mef
va γα × γαγ5 +Mef

aa γαγ5 ⊗ γαγ5
]
.

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

χZ(s) =
GFM

2
Z√

2 8παem

KZ(s) ≃
1

1 + i Γ̄Z
M̄Z

s

s− M̄2
Z + iM̄Z Γ̄Z

≃ s

s−M2
Z + iMZΓZ(s)

,

ΓZ(s) =
s

M2
Z

ΓZ

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

https://e-publishing.cern.ch/index.php/CYRM/issue/view/89
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EWPOs - refers to |M |2; EWPPs - refers to M

Definitions are related:

M̄Z ≈ MZ − 1

2

Γ2
Z

MZ
≈ MZ − 34 MeV,

Γ̄Z ≈ ΓZ − 1

2

Γ3
Z

M2
Z

≈ ΓZ − 0.9 MeV.

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

▶ However, at FCC-ee δΓZ ∼ 0.1 MeV. Non-facotrization effects must
be added properly beyond 1-loop.

▶ Is 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.
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EWPOs and Form Factors

V Zbb
µ = γµ[vb(s) + ab(s)γ5] = · · ·+

fermionic,bosonic︷ ︸︸ ︷
1 2

3

4

5

6

s

+

s

1

2

3

4
6

5

︸ ︷︷ ︸
planar,non−planar

+ · · ·

Note approximate factorization of weak couplings

AFB =

[∫ 1

0
dcosθ −

∫ 0

−1
dcosθ

]
dσ

dcosθ

σT
∼

Ae︷ ︸︸ ︷
2aeve
a2
e + v2e

Af︷ ︸︸ ︷
2afvf
a2
f + v2f

+corrections

Af =
2ℜe vf

af

1 +
(
ℜe vf

af

)2 =
1− 4|Qf |sin2 θfeff

1− 4|Qf |sin2 θfeff + 8(Qf sin
2 θfeff)

2
,

sin2 θfeff = F

(
ℜe vf

af

)
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EWPOs, Z pole

σ0
had = σ[e+e− → hadrons]s=M2

Z
,

ΓZ =
∑
f

Γ[Z → ff̄ ],

Rℓ =
Γ[Z → hadrons]

Γ[Z → ℓ+ℓ−]
, ℓ = e, µ, τ,

Rq =
Γ[Z → qq̄]

Γ[Z → hadrons]
, q = u, d, s, c, b.

The remaining EWPOs are cross section asymmetries, measured at the Z
pole, e.g., forward-backward asymmetry

Af
FB =

σf

[
θ < π

2

]
− σf

[
θ > π

2

]
σf

[
θ < π

2

]
+ σf

[
θ > π

2

] ,
where θ is the scattering angle between the incoming e− and the
outgoing f .
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SM precision parameters determination: α(M2
Z), F. Jegerlechner, pdf

https://indico.cern.ch/event/766859/contributions/3252567/attachments/1775776/2887144/SMalphaFCCee19.pdf
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SM precision parameters determination: α(M2
Z)
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Three approaches should be further explored for better error estimate
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e+e− → µ+µ− and α2(s)

σµµ:

1. the photon-exchange term, G, proportional to α2(s);

2. the Z-exchange term, Z, proportional to G2
F (where GF is the

Fermi constant);

3. the Z-photon interference term, I, proportional to α(s)×GF

The muon forward-backward asymmetry, Aµµ
FB, is maximally dependent

on the interference term

Aµµ
FB = Aµµ

FB,0 +
3

4

2

2

I
G + Z ,

varies with αQED(s) as follows:

∆Aµµ
FB =

(
Aµµ

FB −Aµµ
FB,0

)
× Z − G

Z + G × ∆α

α
.
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e+e− → µ+µ− and α2(s)

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.
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Future: W, t, H

▶ e+e− → W+W− at 161 GeV: δmexp
W = 0.5÷ 1 MeV.

Challenge to get the same TH error:
NNLO e+e− → 4f .

▶ e+e− → tt̄ at 350 GeV: δmt
exp = 17 MeV

Big challenge for theory, today > 100 MeV, future projection ≤ 50 MeV:
∼ 10 MeV unc. from mass def.;
∼ 15 MeV from αs unc. to threshold mass def.;
∼ 30 MeV - h. orders resummation

▶ e+e− → HZ at 240 GeV: Kinematic constraint fits with Z → ll and
H → bb, ...,
mH = 125.35 GeV ±150 MeV [link CMS], ΓH = 4.15.14.0 MeV, ΓH < 13
MeV at 95 % C.L., 1901.00174
δmexp

H = 10 MeV; Theory errors subdominant.

https://cms.cern/news/cms-precisely-measures-mass-higgs-boson
https://arxiv.org/abs/1901.00174
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W-mass, slide by A.Freitas, Snowmass 2020, pdf

https://indico.fnal.gov/event/43963/contributions/191333/attachments/131719/163400/talk.pdf
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SM W-physics, FCC-ee-W, 11th FCC-ee workshop 2019, pdf

https://indico.cern.ch/event/766859/contributions/3252579/attachments/1775788/2887165/wtalk_fccee.pdf
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SM W-physics, FCC-ee-W
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SM W-physics, FCC-ee-W
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SM W-physics, M. Skrzypek, FCC-ee-W: hybrid approach, 11th FCC-ee

workshop 2019, pdf

https://indico.cern.ch/event/766859/contributions/3252674/attachments/1775305/2970123/FCCeeKoralW_CERN2019_MS.pdf
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QED unfolding, ISR, slide by A.Freitas, Snowmass 2020, pdf

https://indico.fnal.gov/event/43963/contributions/191333/attachments/131719/163400/talk.pdf
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SM FCC-ee-t, Andreas Maier, 11th FCC-ee workshop 2019, pdf

https://indico.cern.ch/event/766859/contributions/3252662/attachments/1776890/2889174/amaier_FCC-ee_2019.pdf
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SM FCC-ee-t, Daniel Samitz, shower cuts dependence, 11th FCC-ee workshop

2019, pdf

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

