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4 years @ 90 GeV: 6 trillion Z bosons

2 years @  160 GeV: 240 million W bosons

3 years @ 240 GeV: 1.5 million Higgs bosons

5 years @ 365 GeV: 2 million top quarks
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2 years @ 90 GeV: 1.4 trillion Z bosons

1 year @  160 GeV: 80 million W bosons

7 years @ 240 GeV: 2 million Higgs bosons
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11 years @ 250 GeV: 0.4 million Higgs bosons

2 years @ 350 GeV: 1.3 million top quarks

9 years @ 500 GeV:  0.2 million Higgs bosons


with longitudinal polarization
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also CLIC, HALHF, C3
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ECFA physics studies for a future e+e- collider
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Identified ‘focus topics’ for study (arXiv:2401.07564)

HTE subgroup held series of meetings 

focussing on each  s
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Table S.3 Measurement of selected electroweak quantities at the FCC-
ee, compared with the present precision. The systematic uncertainties
are present estimates and might improve with further examination.
This set of measurements, together with those of the Higgs proper-

ties, achieves indirect sensitivity to new physics up to a scale ! of 70
TeV in a description with dim 6 operators, and possibly much higher in
some specific new physics models

Observable Present value ± error FCC-ee stat. FCC-ee syst. Comment and dominant exp. error

mZ (keV/c2) 91,186,700 ± 2200 5 100 From Z line shape scan Beam
energy calibration

"Z (keV) 2,495,200 ± 2300 8 100 From Z line shape scan beam
energy calibration

RZ
# (×103) 20,767 ± 25 0.06 0.2–1 Ratio of hadrons to leptons

acceptance for leptons

αs (mZ) (×104) 1196 ± 30 0.1 0.4–1.6 From RZ
# above

Rb (×106) 216,290 ± 660 0.3 < 60 Ratio of bb̄ to hadrons stat.
extrapol. from SLD

σ 0
had (×103) (nb) 41,541 ± 37 0.1 4 Peak hadronic cross-section

luminosity measurement

Nν (×103) 2991 ± 7 0.005 1 Z peak cross sections Luminosity
measurement

sin2θeff
W (×106) 231,480 ± 160 3 2–5 From Aµµ

FB at Z peak Beam energy
calibration

1/αQED (mZ) (×103) 128,952 ± 14 4 Small From Aµµ
FB off peak

Ab,0
FB (×104) 992 ± 16 0.02 1–3 b-quark asymmetry at Z pole from

jet charge

Apol,τ
FB (×104) 1498 ± 49 0.15 < 2 τ Polarisation and charge

asymmetry τ decay physics

mW (MeV/c2) 80,350 ± 15 0.5 0.3 From WW threshold scan Beam
energy calibration

"W (MeV) 2085 ± 42 1.2 0.3 From WW threshold scan beam
energy calibration

αs (mW) (×104) 1170 ± 420 3 Small From RW
#

Nν (×103) 2920 ± 50 0.8 Small Ratio of invis. to leptonic in
radiative Z returns

mtop (MeV/c2) 172,740 ± 500 17 Small From tt̄ threshold scan QCD errors
dominate

"top (MeV) 1410 ± 190 45 Small From tt̄ threshold scan QCD errors
dominate

λtop/λ
SM
top 1.2 ± 0.3 0.1 Small From tt̄ threshold scan QCD errors

dominate

ttZ couplings ± 30% 0.5–1.5% Small From ECM = 365 GeV run

at short distances. The FCC-eh, with precision and energy in between FCC-ee and FCC-hh, integrates their potential well. For
example, its ability to separate individual light quark flavours in the proton, gives it the best sensitivity to their EW couplings.
Furthermore, its high energy and clean environment enable precision measurements of the weak coupling evolution at very
large Q2. More details can be found in volume 1 of the FCC CDR. The FCC EW measurements are a crucial element of, and
a perfect complement to, the FCC Higgs physics programme.

The electroweak phase transition

Explaining the origin of the cosmic matter-antimatter asymmetry is a challenge at the forefront of particle physics. One
of the most compelling explanations connects this asymmetry to the generation of elementary particle masses through
electroweak symmetry-breaking (EWSB). This scenario relies on two ingredients: a sufficiently violent transition to the
broken-symmetry phase, and the existence of adequate sources of CP-violation. As it turns out, these conditions are not
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Electroweak and QCD measurements

FCC
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Electroweak measurements

Precision EW measurements probe multi-TeV physics 
 Effective field theory used to check consistency and sensitivity across measurements

W boson mass measurement 
(Wmass focus topic)   

Two-fermion asymmetries and cross-sections 
(TwoF focus topic)

Other Z & neutrino interactions

E. Gabrielli                                                                                                                                                                  ECFA HTE meeting on Z pole physics, Sep 23, 2022        
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Anomalous Magnetic moment of neutrinosAnomalous Magnetic moment of neutrinos

missing energy from neutrino-antineutrino pair  →  truly 3-body decay 

Bohr magneton

SM

Gould-Rothstein hep-ph/9405216 (PLB)

Aydin-Bayar-Kilic hep-ph/0603080 
Chin. Phys. C (2008) 

NSI at electron collidersጩኖˤॉࠪࣀᇿܹᆓ˥

Nonstandard Interactions (NSI)

Wolfenstein, Phys. Rev., D17, 2369 (1978) 

Neutrino mass

P. Minkowski 1977, T. Yanagida 1979, 
Weinberg  1979, S.L. Glashow 1980

𝜈𝐿

𝑁𝑅

Seesaw mechanism

Nonstandard Interactions 

Data for Dipole Operator

Xin-Kai Wen (Peking Univ.) ECFA-HTE mini-WS@CERN No.500

(R. Boughezal et al. Phys.Rev.D 104 (2021)…)
Single-Parameter-Analysis @LHC

EW dipole couplings constrained poorly in traditional method via cross-section and width

$#$

$%&
NP

$#$

$#&
SM ~0 for tiny mass 

in dipole case

%(1/Λ')
$#$

$%&
NP

$#$

$%&
NP %(1/Λ()

leading effect

(R. Boughezal et al. arXiv: 2303.08257) 

%(1/Λ')%(1/Λ()

Only small non-interfering effect with !()*+,-".
#ü Cause Chirality Flip of Fermion

(Disappear in massless SM)

Differential WW measurements 
(WWdiff focus topic)
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W boson mass measurement
The WW threshold lineshape and the W mass

WW cross section rise % = 1 − ⁄4+,
- . driven by t-channel production

ALEPH Phys.Lett.B 401 (1997) 347 with 10/pb  +, = 80.14 ± 0.34 GeV    
stat extrapolation to 10/ab    ⟹ Δ+, = 0.34 MeV 

Extract the  W mass inverting the mW dependence 

σ mW ,E( ) mW =σ −1 E( )

ΔmW =
dσ
dmW

"

#
$

%

&
'

−1

Δσ

ECFA W mass team - 9 June 2023 P.Azzurri - introduction 5

YFSWW3 1.18 

FCC: 0.3 MeV statistical uncertainty

Hadron-collider measurements 
reconstruct single W bosons

e+e- colliders can perform a threshold scan

LEP: 340 MeV statistical uncertainty Reaching precision of 0.3-0.5  MeV 
 (lep. channel) requires NNLO EW

๏   XS known at NLO (EW) + NNLO (unstable particles EFT). OK 
 for δmW ~ 5-6 MeV. Effect of selection cuts in EFT to be understood 

๏  Recent calculation of  terms ~ O(0.034%) 

๏  Can be further improved using higher-orders ISR (NLL and beyond)

!(αsα)

9

  WW threshold scan and W mass and width

ΔMW

ΔΓW

[Denner, Dittmaier, Roth, Wieders ’05; Actis, Beneke, Falgari, Schwinn ’08]

[Azzurri ’21]

NB: no W BRs: ~0.04% in table units 
 at √s = 161 GeV

[Li et al.2024]

[Frixione’s talk]

Also: 

1 MeV uncertainty 


on the width

ℒ × 106



W boson mass measurement

achieving sub-MeV systematic precision is challenging

WW threshold : W mass precision requirements 

ECFA W mass team - 9 June 2023 P.Azzurri - introduction 9

ΔmW (ε) =σ
dσ
dmW
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ΔmW (E) =
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2
ΔE

∆+, 7 =
89
8+,

:; ∆9<
=

⨁∆9?@ Background and Theory

Acceptance and Luminosity

Collision energy

Conditions to achieve ∆+,(syst)< ∆+,(stat) = 0.3 MeV
with a single point WW threshold measurement 

∆9?@ < Tfb (∆9?@/ 9?@ < 2 V 10:W)
∆9</= < 1fb (∆9</ 9< < 4 V 10:Y)

∆BC < 0.3 QNO (∆BC/ BC < 4 V 10:Z)

∆[

[
⊕

∆]

]
< ^ V T_:`

current theory precision 
⇒ ∆GH = 3 MeV

WW threshold  @ ILC
arXiv:1603.06016 & arXiv:1908.11299

ILC polarised collisions : enhance (x4) t-channel 
WW production or suppress it to control background

with 100 fb−1 

ECFA W mass team - 9 June 2023 P.Azzurri - introduction 12

fitted ∆=~10:Y and ∆9< ~6 fb
additional impact of pol uncertainty 

ILC: 2.4 MeV statistical uncertainty

WW threshold  @ ILC
arXiv:1603.06016 & arXiv:1908.11299

ILC polarised collisions : enhance (x4) t-channel 
WW production or suppress it to control background

with 100 fb−1 

ECFA W mass team - 9 June 2023 P.Azzurri - introduction 12

fitted ∆=~10:Y and ∆9< ~6 fb
additional impact of pol uncertainty 7 + theory

FCC beam energy group led by 

Guy Wilkinson (Oxford)

A 4 MeV shift in MW could be 
caused by new physics at 30 TeV
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W boson mass measurement

e+e--collider measurements can also used reconstructed W-boson pairs  
( s = 160 and 240 GeV)

W mass from kinematics with 4P fit (LEP2) 

ECFA W mass team - 9 June 2023 P.Azzurri - introduction 19

Formula  for  2-jets final state from ee→Zi→qqi

ECM is again a main ingredient: sets jet energy scale 
other main ingredients are the jets (and lepton) angles
secondary ingredients are the jet velocities (%=p/E)

Eur.Phys.J.C47 (2006) 306

LEP2 (ALEPH) from ~10k WW @ ECM=183-209 GeV 

Stat uncertainty jmW jkW

elqq 87 MeV ➝ 0.9 MeV 200 MeV ➝ 2 MeV

mlqq 82 MeV ➝ 0.8 MeV 200 MeV ➝ 2 MeV

nlqq 121 MeV ➝ 1.2 MeV 320 MeV ➝ 3.2 MeV

qqqq 70 MeV ➝ 0.7 MeV 120 MeV ➝ 1.2 MeV

combined 43 MeV ➝ 0.4 MeV 90 MeV ➝ 0.9 MeV

statistical uncertainties ALEPH LEP2➝ FCCee extrapolated

W mass from kinematics with 4P fit (LEP2) 

ECFA W mass team - 9 June 2023 P.Azzurri - introduction 19

Formula  for  2-jets final state from ee→Zi→qqi

ECM is again a main ingredient: sets jet energy scale 
other main ingredients are the jets (and lepton) angles
secondary ingredients are the jet velocities (%=p/E)

Eur.Phys.J.C47 (2006) 306

LEP2 (ALEPH) from ~10k WW @ ECM=183-209 GeV 

Stat uncertainty jmW jkW

elqq 87 MeV ➝ 0.9 MeV 200 MeV ➝ 2 MeV

mlqq 82 MeV ➝ 0.8 MeV 200 MeV ➝ 2 MeV

nlqq 121 MeV ➝ 1.2 MeV 320 MeV ➝ 3.2 MeV

qqqq 70 MeV ➝ 0.7 MeV 120 MeV ➝ 1.2 MeV

combined 43 MeV ➝ 0.4 MeV 90 MeV ➝ 0.9 MeV

statistical uncertainties ALEPH LEP2➝ FCCee extrapolated

W kinematic fit : systematics
For larger  Ebeam at ECM=240-365 GeV  can make use of 

radiative Z-returns (Zγ) and ZZ events 
ΔECM(240GeV)~2 MeV  & ΔECM=(365 GeV) ~10 MeV 

EPOL ΔECM=0.3 MeV  at ECM=162.6 GeV  
[with  jmW (stat)(162)~1 MeV ]

ECFA W mass team - 9 June 2023 P.Azzurri - introduction 20

lepton and jet uncertainties 
from (Z) calibration data

Improvements in jet simulation will come from Z pole measurements

W kinematic fit : systematics in 4q

ECFA W mass team - 9 June 2023 P.Azzurri - introduction 21

W kinematic fit : systematics in 4q

ECFA W mass team - 9 June 2023 P.Azzurri - introduction 21

W kinematic fit : systematics in 4q

ECFA W mass team - 9 June 2023 P.Azzurri - introduction 21

FCC
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W mass from lepton Energy and Pseudomass

ECFA W mass team - 9 June 2023 P.Azzurri - introduction 23

Endpoints in the lepton (or jet) energy a
Eℓ= ECM(1 ± β) where β is the W velocity

G.Wilson CERN precision workshop June 10 2022 arXiv:2203.07622

expected statistical $mW =4.4 MeV with  2/ab@250 GeV
experimental syst from lepton energy calibration

W boson mass measurement

New ideas for observables could improve precision

Focus topic team also considering single-W production at   
1 million W bosons expected

s = 91 GeV

Graham Wilson, Josh Bendavid, Juergen Reuter, Keisho Hidaka, 

Martin Beneke, Raimund Strohmer, Simon Platzer, Stefan Dittmaier 

Graham Wilson, 

arXiv:2203.07622

ILC
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Forward backward asymmetries
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Table S.3 Measurement of selected electroweak quantities at the FCC-
ee, compared with the present precision. The systematic uncertainties
are present estimates and might improve with further examination.
This set of measurements, together with those of the Higgs proper-

ties, achieves indirect sensitivity to new physics up to a scale ! of 70
TeV in a description with dim 6 operators, and possibly much higher in
some specific new physics models

Observable Present value ± error FCC-ee stat. FCC-ee syst. Comment and dominant exp. error

mZ (keV/c2) 91,186,700 ± 2200 5 100 From Z line shape scan Beam
energy calibration

"Z (keV) 2,495,200 ± 2300 8 100 From Z line shape scan beam
energy calibration

RZ
# (×103) 20,767 ± 25 0.06 0.2–1 Ratio of hadrons to leptons

acceptance for leptons

αs (mZ) (×104) 1196 ± 30 0.1 0.4–1.6 From RZ
# above

Rb (×106) 216,290 ± 660 0.3 < 60 Ratio of bb̄ to hadrons stat.
extrapol. from SLD

σ 0
had (×103) (nb) 41,541 ± 37 0.1 4 Peak hadronic cross-section

luminosity measurement

Nν (×103) 2991 ± 7 0.005 1 Z peak cross sections Luminosity
measurement

sin2θeff
W (×106) 231,480 ± 160 3 2–5 From Aµµ

FB at Z peak Beam energy
calibration

1/αQED (mZ) (×103) 128,952 ± 14 4 Small From Aµµ
FB off peak

Ab,0
FB (×104) 992 ± 16 0.02 1–3 b-quark asymmetry at Z pole from

jet charge

Apol,τ
FB (×104) 1498 ± 49 0.15 < 2 τ Polarisation and charge

asymmetry τ decay physics

mW (MeV/c2) 80,350 ± 15 0.5 0.3 From WW threshold scan Beam
energy calibration

"W (MeV) 2085 ± 42 1.2 0.3 From WW threshold scan beam
energy calibration

αs (mW) (×104) 1170 ± 420 3 Small From RW
#

Nν (×103) 2920 ± 50 0.8 Small Ratio of invis. to leptonic in
radiative Z returns

mtop (MeV/c2) 172,740 ± 500 17 Small From tt̄ threshold scan QCD errors
dominate

"top (MeV) 1410 ± 190 45 Small From tt̄ threshold scan QCD errors
dominate

λtop/λ
SM
top 1.2 ± 0.3 0.1 Small From tt̄ threshold scan QCD errors

dominate

ttZ couplings ± 30% 0.5–1.5% Small From ECM = 365 GeV run

at short distances. The FCC-eh, with precision and energy in between FCC-ee and FCC-hh, integrates their potential well. For
example, its ability to separate individual light quark flavours in the proton, gives it the best sensitivity to their EW couplings.
Furthermore, its high energy and clean environment enable precision measurements of the weak coupling evolution at very
large Q2. More details can be found in volume 1 of the FCC CDR. The FCC EW measurements are a crucial element of, and
a perfect complement to, the FCC Higgs physics programme.

The electroweak phase transition

Explaining the origin of the cosmic matter-antimatter asymmetry is a challenge at the forefront of particle physics. One
of the most compelling explanations connects this asymmetry to the generation of elementary particle masses through
electroweak symmetry-breaking (EWSB). This scenario relies on two ingredients: a sufficiently violent transition to the
broken-symmetry phase, and the existence of adequate sources of CP-violation. As it turns out, these conditions are not
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474 Page 18 of 161 Eur. Phys. J. C (2019) 79 :474

Table S.3 Measurement of selected electroweak quantities at the FCC-
ee, compared with the present precision. The systematic uncertainties
are present estimates and might improve with further examination.
This set of measurements, together with those of the Higgs proper-

ties, achieves indirect sensitivity to new physics up to a scale ! of 70
TeV in a description with dim 6 operators, and possibly much higher in
some specific new physics models

Observable Present value ± error FCC-ee stat. FCC-ee syst. Comment and dominant exp. error

mZ (keV/c2) 91,186,700 ± 2200 5 100 From Z line shape scan Beam
energy calibration

"Z (keV) 2,495,200 ± 2300 8 100 From Z line shape scan beam
energy calibration

RZ
# (×103) 20,767 ± 25 0.06 0.2–1 Ratio of hadrons to leptons

acceptance for leptons

αs (mZ) (×104) 1196 ± 30 0.1 0.4–1.6 From RZ
# above

Rb (×106) 216,290 ± 660 0.3 < 60 Ratio of bb̄ to hadrons stat.
extrapol. from SLD

σ 0
had (×103) (nb) 41,541 ± 37 0.1 4 Peak hadronic cross-section

luminosity measurement

Nν (×103) 2991 ± 7 0.005 1 Z peak cross sections Luminosity
measurement

sin2θeff
W (×106) 231,480 ± 160 3 2–5 From Aµµ

FB at Z peak Beam energy
calibration

1/αQED (mZ) (×103) 128,952 ± 14 4 Small From Aµµ
FB off peak

Ab,0
FB (×104) 992 ± 16 0.02 1–3 b-quark asymmetry at Z pole from

jet charge

Apol,τ
FB (×104) 1498 ± 49 0.15 < 2 τ Polarisation and charge

asymmetry τ decay physics

mW (MeV/c2) 80,350 ± 15 0.5 0.3 From WW threshold scan Beam
energy calibration

"W (MeV) 2085 ± 42 1.2 0.3 From WW threshold scan beam
energy calibration

αs (mW) (×104) 1170 ± 420 3 Small From RW
#

Nν (×103) 2920 ± 50 0.8 Small Ratio of invis. to leptonic in
radiative Z returns

mtop (MeV/c2) 172,740 ± 500 17 Small From tt̄ threshold scan QCD errors
dominate

"top (MeV) 1410 ± 190 45 Small From tt̄ threshold scan QCD errors
dominate

λtop/λ
SM
top 1.2 ± 0.3 0.1 Small From tt̄ threshold scan QCD errors

dominate

ttZ couplings ± 30% 0.5–1.5% Small From ECM = 365 GeV run

at short distances. The FCC-eh, with precision and energy in between FCC-ee and FCC-hh, integrates their potential well. For
example, its ability to separate individual light quark flavours in the proton, gives it the best sensitivity to their EW couplings.
Furthermore, its high energy and clean environment enable precision measurements of the weak coupling evolution at very
large Q2. More details can be found in volume 1 of the FCC CDR. The FCC EW measurements are a crucial element of, and
a perfect complement to, the FCC Higgs physics programme.

The electroweak phase transition

Explaining the origin of the cosmic matter-antimatter asymmetry is a challenge at the forefront of particle physics. One
of the most compelling explanations connects this asymmetry to the generation of elementary particle masses through
electroweak symmetry-breaking (EWSB). This scenario relies on two ingredients: a sufficiently violent transition to the
broken-symmetry phase, and the existence of adequate sources of CP-violation. As it turns out, these conditions are not

123

474 Page 18 of 161 Eur. Phys. J. C (2019) 79 :474

Table S.3 Measurement of selected electroweak quantities at the FCC-
ee, compared with the present precision. The systematic uncertainties
are present estimates and might improve with further examination.
This set of measurements, together with those of the Higgs proper-

ties, achieves indirect sensitivity to new physics up to a scale ! of 70
TeV in a description with dim 6 operators, and possibly much higher in
some specific new physics models

Observable Present value ± error FCC-ee stat. FCC-ee syst. Comment and dominant exp. error

mZ (keV/c2) 91,186,700 ± 2200 5 100 From Z line shape scan Beam
energy calibration

"Z (keV) 2,495,200 ± 2300 8 100 From Z line shape scan beam
energy calibration

RZ
# (×103) 20,767 ± 25 0.06 0.2–1 Ratio of hadrons to leptons

acceptance for leptons

αs (mZ) (×104) 1196 ± 30 0.1 0.4–1.6 From RZ
# above

Rb (×106) 216,290 ± 660 0.3 < 60 Ratio of bb̄ to hadrons stat.
extrapol. from SLD

σ 0
had (×103) (nb) 41,541 ± 37 0.1 4 Peak hadronic cross-section

luminosity measurement

Nν (×103) 2991 ± 7 0.005 1 Z peak cross sections Luminosity
measurement

sin2θeff
W (×106) 231,480 ± 160 3 2–5 From Aµµ

FB at Z peak Beam energy
calibration

1/αQED (mZ) (×103) 128,952 ± 14 4 Small From Aµµ
FB off peak

Ab,0
FB (×104) 992 ± 16 0.02 1–3 b-quark asymmetry at Z pole from

jet charge

Apol,τ
FB (×104) 1498 ± 49 0.15 < 2 τ Polarisation and charge

asymmetry τ decay physics

mW (MeV/c2) 80,350 ± 15 0.5 0.3 From WW threshold scan Beam
energy calibration

"W (MeV) 2085 ± 42 1.2 0.3 From WW threshold scan beam
energy calibration

αs (mW) (×104) 1170 ± 420 3 Small From RW
#

Nν (×103) 2920 ± 50 0.8 Small Ratio of invis. to leptonic in
radiative Z returns

mtop (MeV/c2) 172,740 ± 500 17 Small From tt̄ threshold scan QCD errors
dominate

"top (MeV) 1410 ± 190 45 Small From tt̄ threshold scan QCD errors
dominate

λtop/λ
SM
top 1.2 ± 0.3 0.1 Small From tt̄ threshold scan QCD errors

dominate

ttZ couplings ± 30% 0.5–1.5% Small From ECM = 365 GeV run

at short distances. The FCC-eh, with precision and energy in between FCC-ee and FCC-hh, integrates their potential well. For
example, its ability to separate individual light quark flavours in the proton, gives it the best sensitivity to their EW couplings.
Furthermore, its high energy and clean environment enable precision measurements of the weak coupling evolution at very
large Q2. More details can be found in volume 1 of the FCC CDR. The FCC EW measurements are a crucial element of, and
a perfect complement to, the FCC Higgs physics programme.

The electroweak phase transition

Explaining the origin of the cosmic matter-antimatter asymmetry is a challenge at the forefront of particle physics. One
of the most compelling explanations connects this asymmetry to the generation of elementary particle masses through
electroweak symmetry-breaking (EWSB). This scenario relies on two ingredients: a sufficiently violent transition to the
broken-symmetry phase, and the existence of adequate sources of CP-violation. As it turns out, these conditions are not

123

aggressive targets: systematic uncertainties are key

6th FCC Physics workshop - Krakow – 23-27 January 2023

Systematic uncertainties

11

We know that statistical uncertainty will not be an issue
• LEP combination has ~equal stat and syst contributions
• We expect ~105 times more statistics at FCC-ee ⇒ ~300 times smaller stat. uncertainty

Systematic uncertainties expected to be dominant
• Modelling b-fragmentation

• Affecting B-hadron kinematics

• Final-state QCD radiation effects
• Affecting jet shapes, distribution of charge, B-hadron kinematics...

• b-tagging efficiency:
• Uncertainty on mis-tag rate affecting background prediction
• pT and η dependency of b-tagging eff. for signal

AFBb systematics studies ongoing

FCC

Giovanni Guerrieri, FCC workshop Krakow

Z pole
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Forward backward asymmetries

ILC studying sensitivity to new physics off the Z-pole 
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AFB – heavy quarks Double Charge Method

▷AFB measured in the continuum (not Z in rest frame)

● Sensitivity to Z, gamma, Z`

▷At least 4 observables for AFB at ILC250 per energy 
point

● 2 quarks and 2 polarisations (eLpR, eRpL)

►Per mil level statistical uncertainties reachable for 
the nominal ILC250-500 program

● Smaller exp syst. Uncertainties 

● Fragmentation, angular correlations → minimized 
thanks to double tagging techniques and Data 
Driven measurement of efDciencies  à la LEP and 
SLC

Eur.Phys.J.C 84 (2024) 5, 537
ILD-PHYS-PUB-2023-001

ILD-PHYS-PROC-2023-013
Irles, Marquez, Poeschl, Richard, 

Yamamoto, Namatsu, Saibel
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SLC
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5-sigma sensitivity to Z’ mass of 7 TeV


Increases to 10 TeV with running at 500 GeV

Adrian Irles et al, 2403.09144

Studies ongoing in tau-tau final states

Daniel Jeans, TwoF meeting
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FIG. 2. The confusion matrix M11 with perfect identification
of leptons and charged hadrons for ⌫⌫̄H,H ! jj events at
240 GeV center-of-mass energy. The matrix is normalized to
unity for each truth label (row).

FIG. 3. Jet flavor tagging e�ciencies and charge flip rates
with perfect identification of leptons (the first scenario, de-
noted as `

± in the legend), plus identification of charged
hadrons (the second and default scenario, denoted as K

±)
and neutral kaons (the third scenario, denoted as K0

L/S).

interest to many New Physics models [24, 28, 44–47].
We explore the anticipated upper limits of H ! ss̄,

uū, dd̄, and H ! sb, ds, db, uc at the CEPC, where
Higgs bosons are mainly produced via the Higgsstrahlung
(ZH) and vector boson fusion (e+e� ! ⌫e⌫̄eH, e+e� !
e
+
e
�
H) processes [48]. Our simulation analyses focus on

the ⌫⌫̄H, µ+
µ
�
H, and e

+
e
�
H channels, with expected

event yields of 0.926, 0.135, and 0.141 million under the
CEPC nominal Higgs operation scenario, respectively.

We begin with the existing analyses of ⌫⌫̄H,H ! bb̄,

cc̄, gg [49, 50] at center-of-mass energy of 240 GeV. These
analyses consist of two stages: the first stage performs
event selection to concentrate the Higgs to di-jet signal
in the entire SM data sample, and the second stage identi-
fies di↵erent flavor combinations using the LCFIPlus [32]
flavor tagging algorithm. For the Higgs rare and exotic
decay analyses, we re-optimize the event selections in the
first stage and replace the flavor tagging in the second
stage with the jet origin identification. After the event
selections (described briefly in Appendix A), the lead-
ing SM backgrounds are mainly `⌫̄`W , ⌫⌫̄Z, and `

+
`
�
Z

events. Taking the ⌫⌫̄H,H ! jj analyses as an exam-
ple, the event selection in this stage has a final signal
e�ciency of 24%, and reduces the backgrounds by six or-
ders of magnitude, leading to a background yield of 23k.
A toy MC simulation is then applied to the remaining
events to mimic the jet origin identification, by sampling
the 11 likelihoods of each jet according to its origin. A
gradient boosting decision tree (GBDT) classifier [51] is
trained to distinguish signal and background processes
using the 22 likelihoods of the jet pair in a physics event.
For the ⌫⌫̄H,H ! ss̄ analysis, the combined GBDT

scores of the remaining events are illustrated in the upper
panel of Fig. 4. Defining the signal strength as the ratio
of the observed event yield to the SM prediction, the
anticipated upper limit on the signal strength of H ! ss̄

at 95% confidence level (CL) [52, 53] as a function of
cut value is shown in Fig. 4. With the optimal cut on
the combined scores, there remain 37 events of H ! ss̄

and 5.1k background events, leading to an upper limit of
3.8 on the signal strength of H ! ss̄ at 95% CL. A fit
to the combined score distributions further improves the
upper limit to 3.5. Combined with e

+
e
�
H and µ

+
µ
�
H

channels, an expected upper limit of 3.2 on the signal
strength is achieved at 95% CL. It is worth noting that in
the analysis of H ! ss̄, the branching ratios of all other
Higgs decays are assumed to be at their SM predictions.

We analyze H ! uū and H ! dd̄ decay modes using
the same method. By combining all three channels, the
branching ratios of H ! uū and dd̄ can be constrained
to 0.091% and 0.095% at 95% CL, respectively. These
results are less stringent than those for H ! ss̄ since the
identification of the u and d jets is much more challeng-
ing than s jets. We also analyze H ! sb, ds, db, and
uc decay modes and obtain upper limits ranging from
0.02% to 0.1% for these decay modes. These results are
summarized in Table I and Fig. 5.

Discussion and Summary.— We propose the concept
of jet origin identification that distinguishes jets gener-
ated from 11 types of colored SM particles. State-of-the-
art algorithms are developed to realize the concept of jet
origin identification at the future electron-positron Higgs
factory, achieving jet flavor tagging e�ciencies ranging
from 67% to 92% for bottom, charm, and strange quarks,
and jet charge flip rates of 7% to 24% for all species of
quarks.

Forward backward asymmetries

Expansion to light flavours possible with particle id in the ParticleNet jet tagger

H Liang, M Ruan et al, 2310.03440
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To enhance the scientific discovery power of high-energy collider experiments, we propose and
realize the concept of jet origin identification that categorizes jets into 5 quark species (b, c, s, u, d),
5 anti-quarks (b̄, c̄, s̄, ū, d̄), and the gluon. Using state-of-the-art algorithms and simulated ⌫⌫̄H,H !
jj events at 240 GeV center-of-mass energy at the electron-positron Higgs factory, the jet origin
identification simultaneously reaches jet flavor tagging e�ciencies ranging from 67% to 92% for
bottom, charm, and strange quarks, and jet charge flip rates of 7% to 24% for all quark species.
We apply the jet origin identification to Higgs rare and exotic decay measurements at the nominal
luminosity of the Circular Electron Positron Collider (CEPC), and conclude that the upper limits
on the branching ratios of H ! ss̄, uū, dd̄, and H ! sb, db, uc, ds can be determined to 2⇥10�4 to
1⇥10�3 at 95% confidence level. The derived upper limit for H ! ss̄ decay is approximately three
times the prediction of the Standard Model.

Introduction.— Quarks and gluons are standard model
(SM) particles that carry color charges of the strong
interaction. Due to the color confinement of quantum
chromodynamics (QCD), colored particles cannot travel
freely in spacetime and are confined to composite parti-
cles like hadrons. Once generated in high-energy colli-
sions, quarks and gluons fragment into numerous parti-
cles that travel in directions approximately collinear to
the initial colored particles. These collinear particles are
called jets, see Fig. 1.

We define jet origin identification as the procedure to
determine from which colored particle a jet is generated,
and consider 11 di↵erent kinds: b, b̄, c, c̄, s, s̄, u, ū, d, d̄,
and gluon. A successful jet origin identification is critical
for experimental particle physics at the energy frontier.
At the Large Hadron Collider, successfully distinguish-
ing quark jets from gluon ones could e�ciently reduce
the typically large background from QCD processes [1–
7]. Jet flavor tagging is essential for the Higgs property
measurements at the LHC [5, 6, 8, 9]. The determina-
tion of jet charge [10, 11] was essential for weak mixing
angle measurements at both LEP and LHC [12], is crit-
ical for time-dependent CP measurements [14, 15], and
could have a significant impact on Higgs boson property
measurements [16].

We realize the concept of jet origin identification in
physics events at an electron-positron Higgs factory using
a Geant4-based simulation [18] (referred to as full sim-
ulation for simplicity), since the electron-positron Higgs
factory is identified as the highest-priority future collider
project [19, 20]. We develop the necessary software tools,
Arbor [21? ] and ParticleNet [22], for the particle flow
event reconstruction and the jet origin identification. We

FIG. 1. Event display of an e
+
e
� ! ⌫⌫̄H ! ⌫⌫̄gg (

p
s =

240 GeV) event simulated and reconstructed with the CEPC
baseline detector [17]. Di↵erent particles are depicted with
colored curves and straight lines: red for e±, cyan for µ±, blue
for ⇡±, orange for photons, and magenta for neutral hadrons.

demonstrate the jet origin identification performance us-
ing an 11-dimensional confusion matrix (referred to as
M11 for simplicity), which exhibits the performance of jet
flavor tagging and jet charge measurements. We apply
the jet origin identification to rare and exotic Higgs bo-
son decay measurements under the CEPC nominal Higgs
operation scenario. This scenario expects an integrated
luminosity of 20 ab�1 at

p
s = 240 GeV, and could ac-

cumulate 4 million Higgs bosons [20, 23]. We analyze
the rare decays H ! ss̄, uū, and dd̄, and the flavor-
changing neutral current (FCNC) decays H ! sb, ds,
db, and uc (here sb denotes sb̄ or s̄b, and similarly for ds,
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Differential WW measurements

Snowmass study with HEPfit used optimal observables to estimate aTGC sensitivity
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Figure 2: Sensitivity at 68% probability to deviations in the di↵erent e↵ective Higgs cou-
plings and aTGC from a global fit to the projections available at each future collider project.
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3-aTGC fit, detector-level sample
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! Naively applying truth-level optimal observables to detector-level
samples could lead to a large bias!

! ML model trained on detector-level samples (Sally-DA) automatically
take care of the detector effects and are more robust.

Jiayin Gu Fudan University

From Optimal Observables to Machine learning in EFT analyses of e+e− → W+W−

Recent studies consider effects of 
detector resolution and background

Neural network applied to detector-level 
sample gives similar performance to 

optimal observable

where only cgg, �cZ , c��, cZ�, cZZ , cZ⇤ are independent parameters:

�cW = �cZ + 4�m,

cWW = cZZ + 2 sin2 ✓wcZ� + sin4 ✓wc��,

cW⇤ =
1

g2 � g0 2
⇥
g2cZ⇤ + g0 2cZZ � e2 sin2 ✓wc�� � (g2 � g0 2) sin2 ✓wcZ�

⇤
,

c�⇤ =
1

g2 � g0 2
⇥
2g2cZ⇤ + (g2 + g0 2)cZZ � e2c�� � (g2 � g0 2)cZ�

⇤
, (8)

with ✓w the weak mixing angle and the parameter �m contains the dimension-6
contributions to MW with respect to the SM value,

�L
mass
W,Z

=
(g2 + g0 2)v2

8
ZµZ

µ +
g2v2

4
(1 + �m)2W+

µ
W�µ. (9)

• Trilinear Gauge Couplings:

�L
aTGC = ie�� A

µ⌫W+
µ
W�

⌫
+ ig cos ✓w

⇥
�g1,Z (W+

µ⌫
W�µ

�W�
µ⌫
W+µ)Z⌫

+(�g1,Z �
g0 2

g2
��)Z

µ⌫W+
µ
W�

⌫

�

+
ig�Z

m2
W

�
sin ✓wW

+⌫

µ
W�⇢

⌫
Aµ

⇢
+ cos ✓wW

+⌫

µ
W�⇢

⌫
Zµ

⇢

�
, (10)

where two of the three coe�cients, �g1,Z and �� depend on cgg, �cZ , c��, cZ�, cZZ , cZ⇤:

�g1,Z =
1

2
(g2 � g0 2)

⇥
c��e

2g0 2 + cZ�(g
2
� g0 2)g0 2 � cZZ(g

2 + g0 2)g0 2 � cZ⇤(g
2 + g0 2)g2

⇤
,

�� = �
g2

2

✓
c��

e2

g2 + g0 2
+ cZ�

g2 � g0 2

g2 + g0 2
� cZZ

◆
, (11)

while �Z is an independent parameter. Quartic gauge couplings also receive
contributions in the e↵ective Lagrangian but, to dimension 6, they are always
connected to the trilinear ones.

• Yukawa couplings:

�L
h↵
6 = �

h

v

X

f2u,d,e

�̂yf mfff + h.c., (12)

where �̂yf mf should be thought as 3 ⇥ 3 matrices in flavour space. FCNC
are avoided when �̂yf is diagonal in the same basis as mf . Note that once we
include dimension-6 contributions, the SM relation between the fermion masses
and Yukawa interactions no longer holds and these are two sets of independent
parameters.
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Differential WW measurements

ILC studies demonstrated the importance of single-W production

Interfacing detector-level studies |  WWdiff mini0WS | 25 Jun 2024  |  Jenny List 10

More recently
including 250 GeV (~2017-2018)

• Extrapolation of 500 GeV / 1 TeV detector-level studies to 250 GeV
• And first look into “single-W” contribution to evqq final-state  

(detector effects parametrized, but systematics included)  
=> single-W important contribution to TGC precicision  
=> must be fully included in the future!

TGC Limits @ 68% CL
0.05− 0 0.05

γλ∆

γκ∆

1
Z

g∆

LEP2 ILC 250

simultaneous fit 
of all three 
couplings

PhD Thesis R. Karl
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36 2.2. SM SCATTERING AMPLITUDES
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ū↓(p2)γρ i(γαqα)

q2−m2 γν
(

1−2s2
w

2swcw

)

u↓(p−)· −igρσ

k2
1−M2

W

j′σs,W,q

j′µt,Z,LL
igµν

k2
0−M2

Z

· −e2

sw

√
2
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Again, k0 is the momentum transfer to the Z boson, while k1 is momentum transfers to

the W− boson. Due to the radiation of the W boson, a left-handed electron is required

in the initial state and as a result the t-channel process is not permitted for the e−Re+
L

initial helicity state. For the positron, both helicity eigenstates are possible since the Z

boson couples to both. This allows a contribution from the e−L e+
L initial helicity state.

For a random initial state, t- and s-channel can not be separated. By using defined

initial helicity eigenstates, however, the contributions of both diagrams can be accessed

individually, providing a far deeper insight into different interactions.
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Figure 2.6: Contributions to the e+νūd final state that involve Triple Gauge Couplings. The

left diagram corresponds to W pair production and the right to single W production. The color

coding highlights the different parts of the diagram for a better illustration of the matrix element

calculation, seen in eq. 2.39 for the W -pair diagram and in eq. 2.40 for single W diagram.

This specific structure can also be observed for the Triple Gauge Coupling (TGC)

contribution, shown in fig. 2.6. Taking the W decays from the t-channel contribution,

shown in eq. 2.36, and the s-channel Z exchange from eq. 2.31, the matrix element for the

W -pair production via Triple Gauge Couplings can directly be determined to
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Again, k0 is the momentum transfer to the Z boson, while k1 is momentum transfers to

the W− boson. Due to the radiation of the W boson, a left-handed electron is required

in the initial state and as a result the t-channel process is not permitted for the e−Re+
L

initial helicity state. For the positron, both helicity eigenstates are possible since the Z

boson couples to both. This allows a contribution from the e−L e+
L initial helicity state.

For a random initial state, t- and s-channel can not be separated. By using defined

initial helicity eigenstates, however, the contributions of both diagrams can be accessed

individually, providing a far deeper insight into different interactions.
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Figure 2.6: Contributions to the e+νūd final state that involve Triple Gauge Couplings. The

left diagram corresponds to W pair production and the right to single W production. The color

coding highlights the different parts of the diagram for a better illustration of the matrix element

calculation, seen in eq. 2.39 for the W -pair diagram and in eq. 2.40 for single W diagram.

This specific structure can also be observed for the Triple Gauge Coupling (TGC)

contribution, shown in fig. 2.6. Taking the W decays from the t-channel contribution,

shown in eq. 2.36, and the s-channel Z exchange from eq. 2.31, the matrix element for the

W -pair production via Triple Gauge Couplings can directly be determined to

−iMT GC
W W =































[

jµ
s,Z,LR

−igµν

k2
0−M2

Z

· −igρσ

k2
1−M2

W

j′σs,W,q· −igαβ

k2
2−M2

W

j′βs,W,l

iecw
sw

(

gρα (k1 − k2)ν + gαν (k2 − k0)ρ + gνρ (k0 − k1)α

)]

[

jµ
s,Z,RL

−igµν

k2
0−M2

Z

· −igρσ

k2
1−M2

W

j′σs,W,q· −igαβ

k2
2−M2

W

j′βs,W,l

iecw
sw

(

gρα (k1 − k2)ν + gαν (k2 − k0)ρ + gνρ (k0 − k1)α

)]

(2.39)

Interfacing detector-level studies |  WWdiff mini0WS | 25 Jun 2024  |  Jenny List 10

More recently
including 250 GeV (~2017-2018)

• Extrapolation of 500 GeV / 1 TeV detector-level studies to 250 GeV
• And first look into “single-W” contribution to evqq final-state  

(detector effects parametrized, but systematics included)  
=> single-W important contribution to TGC precicision  
=> must be fully included in the future!

TGC Limits @ 68% CL
0.05− 0 0.05

γλ∆

γκ∆

1
Z

g∆

LEP2 ILC 250

simultaneous fit 
of all three 
couplings

PhD Thesis R. Karl

36 2.2. SM SCATTERING AMPLITUDES
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Again, k0 is the momentum transfer to the Z boson, while k1 is momentum transfers to

the W− boson. Due to the radiation of the W boson, a left-handed electron is required

in the initial state and as a result the t-channel process is not permitted for the e−Re+
L

initial helicity state. For the positron, both helicity eigenstates are possible since the Z

boson couples to both. This allows a contribution from the e−L e+
L initial helicity state.

For a random initial state, t- and s-channel can not be separated. By using defined

initial helicity eigenstates, however, the contributions of both diagrams can be accessed

individually, providing a far deeper insight into different interactions.
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Figure 2.6: Contributions to the e+νūd final state that involve Triple Gauge Couplings. The

left diagram corresponds to W pair production and the right to single W production. The color

coding highlights the different parts of the diagram for a better illustration of the matrix element

calculation, seen in eq. 2.39 for the W -pair diagram and in eq. 2.40 for single W diagram.

This specific structure can also be observed for the Triple Gauge Coupling (TGC)

contribution, shown in fig. 2.6. Taking the W decays from the t-channel contribution,

shown in eq. 2.36, and the s-channel Z exchange from eq. 2.31, the matrix element for the

W -pair production via Triple Gauge Couplings can directly be determined to
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224 10.2. TRIPLE GAUGE COUPLING MEASUREMENT

ECMS[GeV] e+e− → µνqq̄ e+e− → eνqq̄ comb.

∆P−e−

[

10−4
] 250 1.64 · 103 73.7 73.4

500 1.71 · 103 20.7 20.1

∆P +
e−

[

10−4
] 250 178 11.4 9.91

500 189 7.47 6.25

∆P−e+

[

10−4
] 250 644 33.2 31

500 765 16.2 14.1

∆P +
e+

[

10−4
] 250 1.22 · 103 53.2 53

500 1.44 · 103 17.3 16.1

TGC ECMS[GeV] e+e− → µνqq̄ e+e− → eνqq̄ comb.

∆g
[

10−4
] 250 45.8 15.8 13.9

500 8.46 4.14 3.52

∆κ
[

10−4
] 250 54.9 19 16.5

500 8.85 4.63 3.65

∆λ
[

10−4
] 250 68.6 22.5 21.6

500 15.6 6.14 5.77

Table 10.9: Polarization and aTGC precisions as obtained from the µνqq̄′ and eνqq̄′ final state

individually and combined. Results are given for 250 GeV and 500 GeV for 1 ab−1 with a sharing

of 45%(40%) for the opposite-sign and 5%(10%) for the like-sign configurations at 250(500) GeV,

respectively. A global selection efficiency of 60% and a global purity of 80% is considered but no

uncertainties on all three quantities are taken into account.

yield enough information for an unambiguous measurement of the four beam polarization

parameters. The same result is also expected without aTGC measurement but this is

not explicitly shown here. In contrast, the eνqq̄′ final state yields a substantially better

precision by up to two orders of magnitude. This can be explained by the additional

contribution from the equal chiral states (e−L e+
L and e−Re+

R) and, possibly, the fact that this

final state is used charge separated in e−ν̄qq̄′ and e+νqq̄′. It is thus not surprising that

for the combined measurement the precision for almost all polarization parameters at the

two energies is completely given by the eνqq̄′ final state.

A completely different scenario is given for the aTGC precision. The eνqq̄′ final state still

yields the better precision but by less than one order of magnitude. Furthermore, the

µνqq̄′ final state contributes significantly to the combined measurement, which was not

the case for the polarization measurement. This demonstrates that the aTGCs and the

polarization measurement influence the eνqq̄′ and µνqq̄′ final state in a complementary

Recent studies consider detector acceptance 
and combined fits of 2f and 4f final states to 

reduce the associated systematic

Studies ongoing on impact of tracking efficiency

Jenny List, WWDiff meeting Focus topic team: P Azzi, T Barklow, J De Blas, A Denner, 
A Grohsjean, W Kilian, J List, F Siegert
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Electron couplings using transverse spin asymmetry

Recent study proposes transversely polarised beams to constrain dipole interactions
How to Probe Dipole Operator at !/#!

Xin-Kai Wen (Peking Univ.) ECFA-HTE mini-WS@CERN No.600

Our proposal:
ü Transverse polarization effect of beams

(Interference between the different helicity states)

ü +)*+,-./,', interfering with the massless SM

ü Without depending on other NP operators

ü Non-trivial azimuthal angular distribution

Single Transverse Spin Azimuthal Asymmetries

$#$

$%&
NP

$#$

$#&
SM

| ⟩ℎ = + ⟨ℎ = −|

Transverse polarization effect  à Interference of helicity amplitudes 
Breaking the rotational invariance à A nontrivial azimuthal behavior

Ken-ichi Hikasa, Phys.Rev.D 33 (1986) 3203, PhysRevD.38 (1988) 1439

Unpolarized beams: dominant sensitivity to new physics decreases as  

Due to helicity flip in interference term 

Transversely polarized beams: sensitive to interference with SM ( )

1/Λ4

1/Λ2

Transverse Spin Polarization

Xin-Kai Wen (Peking Univ.) ECFA-HTE mini-WS@CERN No.700

dipole operator àℳ±±, massless SM àℳ±∓

Only the azimuthal 
difference between 
initial 1⃗ and finial 2⃗#
physical meaningful

3

5⃗

6⃗.

6⃗/,1 4# − 4$ = 4

G. Moortgat-Pick et al. Phys.Rept. 460 (2008), JHEP 01 (2006)X.-K.W, BY, ZY, C.-P.Y, work in progress

Spin dependent amplitude square: 

$#$

$%&
NP

$#$

$#&
SM

细

7%&∗$ 7%&∗(

Term linear in bT interferes with NP

3

is exclusively probing the electron dipole operators. By
combining the measurements of ALR and AUD, we can
simultaneously determine the real and imaginary parts of
the dipole couplings, allowing to also probe CP -violating
e↵ects.

An interesting constraint follows from properties of the
CP transformation, under which the initial state e+ and
e
� only exchanges their spins, the final states W

+
W

�

and µ
+
µ
� are left invariant, whereas Zh and Z� flip

their momentum directions. As a result,

A
i(sT , s̄T ;�

e
Z,�) = ±A

i(s̄T , sT ;�
e⇤
Z,�), (7)

which holds for both A
i
R and A

i
I , with “+” for i =

W
+
W

� or µ
+
µ
�, and “�” for i = Zh or Z�. This

constrains the coe�cients A
i
R and A

i
I to have definite

dependence on the beam spins, namely,

(AWW,µµ
R , A

Zh,Z�
I ) / sT + s̄T ,

(AWW,µµ
I , A

Zh,Z�
R ) / sT � s̄T . (8)

Therefore, we can take advantage of both beams being
polarized to enhance the signals of SSAs. For probing
A

WW,µµ
R and A

Zh,Z�
I we shall use the aligned spin setup,

while AWW,µµ
I and A

Zh,Z�
R are better measured with the

opposite spin setup.

Numerical results and discussion. Now we present
the projected constraints of the SSAs in Eq. (6) on the
dipole couplings �e

Z,� at an e
+
e
� collider. Since each

final-state particle is color neutral, the parton showering
and hadronization e↵ects in their hadronic decay chan-
nels will not be correlated with the overall azimuthal dis-
tributions so will not a↵ect the SSAs, nor will the detec-
tor e↵ects, as we have verified explicitly.

The Zh and Z� events at lepton colliders can be iden-
tified by the recoil mass method. We combine all decay
modes of the Z-boson in the Z� channel, and for the Zh

process, we include all decay modes of the Higgs boson
and Z ! `

+
`
�
/jj with ` = e, µ, and ⌧ . To measure

the � distribution in the W
+
W

� production, we select
the decay channel W+

W
�
! jj`

±
⌫`(⌫̄`). The kinematic

cuts for the decay products of final states can change the
total event numbers, but shall not significantly alter the
azimuthal angle distribution and will be neglected in the
following analysis. The statistical uncertainties of the
SSAs in Eq. (6) are given by

�A
i
LR,UD =

s
1� (Ai

LR,UD)2

N i
'

1
p

N i
, (9)

where N i is the number of the selected events of the final
state i for a certain spin setup after the kinematic cuts,
and the “'” in the second step takes the approximation
A

i
LR,UD ' 0 in the SM. We assume the systematic un-

certainties are cancelled in the SSAs in this study [56].
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FIG. 1. Expected constraints on the real and imaginary parts
of the electron dipole couplings �e

Z,� from the SSAs ALR,UD.
The black bands are combinations of the four production
channels.

While there are several options in the market for a
future lepton collider with a c.m. energy

p
s = 240 ⇠

250 GeV, such as the Circular Electron Positron Col-
lider (CEPC) [57], the Future Circular Collider (FCC-
ee) [58], and the International Linear Collider (ILC) [56],
none of them have explored the potential of using trans-
versely polarized beams. As a benchmark study, we
adopt the polarization parameters (bT , b̄T ) = (0.8, 0.3)
for our analysis [56].

Figure 1 presents the expected constraints on the real
and imaginary parts of the dipole couplings �e

Z,� at 68%
confidence level (C.L.) for the Zh (red bands), Z� (green
bands), W+

W
� (blue bands), and µ

+
µ
� (purple bands)

channels with an integrated luminosity of L = 5 ab�1 at
p
s = 250 GeV for each spin setup, under the SM as-

sumption. The linear dependence of the SSAs in Eq. (6)
on the dipole couplings lead to linearly shaped confidence
regions, among which the Zh process is solely constrain-
ing �e

Z , whereas the other channels are probing almost
orthogonal linear combinations of �e

Z and �e
� . As ex-

pected from Eq. (8), the constraints of the aligned (op-
posite) spin setup on the real parts of �e

Z and �e
� are

the same as the opposite (aligned) spin setup on their
imaginary parts. It also confirms that the aligned (op-
posite) spin setup gives better constraints on Re�e

Z,� for
the W

+
W

� and µ
+
µ
� (Zh and Z�) channels, and con-

versely for Im�e
Z,� .

For the Z� and µ
+
µ
� processes, parity symmetry re-

quires the dependence of AR (AI) on Re�e
� (Im�e

�) to be

Summary

Xin-Kai Wen (xinkaiwen@pku.edu.cn) ECFA-HTE mini-WS@CERN No.1200

ü The muon g-2 data may hint the NP effects from the dipole operators, but their weak 

interactions are difficult to be probed since the leading effects are from 1/,(

ü We propose a new method to probe dipole operator at 1/,' via transverse polarized beams

Single Transverse Spin Azimuthal Asymmetries

ü STSAA simultaneously constrains well both Re & Im parts

without impact from other NP

offering a new opportunity for directly probing potential CP-violating effects. 

ü Our bound could be reached around O(0.01%~0.1%), much stronger sensitivity than other 

approaches by 1~2 orders of magnitude

ü Future colliders (Z/Higgs/Top factory…)
Polarized Muon collider, hadron colliders, electron-Ion collider 

|Γ)*| |Γ+*|
Our Study 0.0002 0.005

LHC Drell-Yan 0.0765 0.197

Z Partial Width 0.0582 0.093

C − 2 * 10,- 10,.Thank you 

ECFA HTE mini-workshop on e+e- physics at 240-350 GeV
CERN,  Sept. 25th, 2023

X-K Wen, B Yan, Z Yu, 
C-P Yuan, 2307.05236
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Neutrino anomalous magnetic moment

E. Gabrielli                                                                                                                                                                  ECFA HTE meeting on Z pole physics, Sep 23, 2022        

                                           
11

Anomalous Magnetic moment of neutrinosAnomalous Magnetic moment of neutrinos

missing energy from neutrino-antineutrino pair  →  truly 3-body decay 

Bohr magneton

SM

Gould-Rothstein hep-ph/9405216 (PLB)

Aydin-Bayar-Kilic hep-ph/0603080 
Chin. Phys. C (2008) 

Z-pole run could improve  magnetic moment constraints by two orders of magnitudeντ

E. Gabrielli                                                                                                                                                                  ECFA HTE meeting on Z pole physics, Sep 23, 2022        
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photon energy spectrum at the Z-pole

Giga Z

Tera Z

Improving bounds on MDM of neutrino-tau
From PDG

naive estimations

relevant SM bckg from tale of non-resonant e+e- → n n g

E. Gabrielli                                                                                                                                                                  ECFA HTE meeting on Z pole physics, Sep 23, 2022        
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photon energy spectrum at the Z-pole

Giga Z

Tera Z

Improving bounds on MDM of neutrino-tau
From PDG

naive estimations

relevant SM bckg from tale of non-resonant e+e- → n n gEmidio Gabrielli, HTE meeting
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Neutrino four-fermion interactions

Single-photon final state also sensitive to four-fermion interactions involving neutrinos

Energy-dependent interaction

NSI at electron collidersጩኖˤॉࠪࣀᇿܹᆓ˥

Nonstandard Interactions (NSI)

Wolfenstein, Phys. Rev., D17, 2369 (1978) 

Neutrino mass

P. Minkowski 1977, T. Yanagida 1979, 
Weinberg  1979, S.L. Glashow 1980

𝜈𝐿

𝑁𝑅

Seesaw mechanism

Nonstandard Interactions 

NSI at electron collidersጩኖˤॉࠪࣀᇿܹᆓ˥

Altarelli-Parisi radiator function 

+

Nicrosini, Trentadue, PLB 231, 487 (1989) 

NSI@electron collider

NSI at electron collidersጩኖˤॉࠪࣀᇿܹᆓ˥

Allowed regions lie between two concentric circles with the center:

is a function of 𝑠

𝑠=160 GeV

𝑠=240 GeV

𝑠=91.2 GeV

NSI@CEPC

Y Zhang, J Liao, 
2105.11215
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QCD measurements

QCD measurements crucial to achieving precision physics goals 
e.g. fragmentation & jet shapes

Heavy flavour production and fragmentation identified as a focus topic (BCfrag and Gsplit)   
introduction models tuning & data introduction

motivation: it’s all about precision

anticipated (perturbative) theory precision:  1% (personal take!)

at least O(↵3
S) corrections for QCD event shapes

at least O(↵2
S) corrections for QCD final states with up to four jets

(I think we’ll see the first of such calculations in the next 2-3 years)

systematic inclusion of O(↵EW ) in a multiplicative scheme
and a lot of mixed O(↵S↵EW ) corrections
NNLL parton shower matched to NNLO QCD

bottlenecks (if any):

treatment of massive particles in parton shower
Bhabha scattering at O(↵3)⌦ resummation for me 6= 0 (luminosity)

photon-photon physics (PDFs, underlying event)

soft physics e↵ects may dominate theory uncertainties:

no first-principles theory �! must measure!

F. Krauss IPPP

Measurements for Hadronization Models

introduction models tuning & data introduction

motivation: it’s all about precision

anticipated (perturbative) theory precision:  1% (personal take!)

at least O(↵3
S) corrections for QCD event shapes

at least O(↵2
S) corrections for QCD final states with up to four jets

(I think we’ll see the first of such calculations in the next 2-3 years)

systematic inclusion of O(↵EW ) in a multiplicative scheme
and a lot of mixed O(↵S↵EW ) corrections
NNLL parton shower matched to NNLO QCD

bottlenecks (if any):

treatment of massive particles in parton shower
Bhabha scattering at O(↵3)⌦ resummation for me 6= 0 (luminosity)

photon-photon physics (PDFs, underlying event)

soft physics e↵ects may dominate theory uncertainties:

no first-principles theory �! must measure!

F. Krauss IPPP

Measurements for Hadronization Models

Frank Krauss (IPPP),

ECFA workshop 

DESY
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Heavy flavour production and fragmentation

introduction models tuning & data introduction

a data issue

disagreement in b-quark fragmentation measurements

(look at results from ALEPH, OPAL, SLD �! need to chose one!)
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introduction models tuning & data introduction

a data issue

disagreement in b-quark fragmentation measurements

(look at results from ALEPH, OPAL, SLD �! need to chose one!)
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introduction models tuning & data introduction

“missing” pieces: gluon fragmentation (2)

e�e+ (like LEP) dominated by quark jets:

�! questionable handle on details of gluon fragmentation

(examples: enhanced diquark-popping? (leading) baryons? realisation of LPHD in gluons?)

measurement strategy:

“Mercedes star” with two
id’d heavy quark jets
�! third jet is gluon jet
jet-shape measurements:
sub-jettiness & friends
hadron yields inside jet
leading hadron identity/xp
di-baryon/di-strange
correlations inside jet

F. Krauss IPPP

Measurements for Hadronization Models

introduction models tuning & data introduction

“missing” pieces: gluon fragmentation (1)

g ! QQ̄ splitting tricky in parton showers

(no soft enhancement, coll. divergence shielded by masses)

HF production is perturbative process
analyse 4b and 2b2c final states
combine two softest equal flavour HFs into “gluon” and measure the
g ! QQ̄ splitting function
will yield information about shower evolution parameter and correct
scale definition for ↵S

F. Krauss IPPP

Measurements for Hadronization Models

Frank Krauss (IPPP),

ECFA workshop 

DESY
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Heavy flavour production and fragmentation
BCFrag: Measurement of b- and c-fragmentation functions and hadronisation rates 

5

From T. Sjöstrand at FT 
meeting in Aug ‘23 
https://indico.cern.ch/ev
ent/1318673/

List of observables to 
be (re-)measured in 
ee and pp

Paolo Azzurri, Ayres Freitas, Adrian Irles, Andreas B. Meyer                             BCFRAG&GSPLIT                                                WG1 convener mtg,, CERN, 19 June  2024 

List of important observables produced by Torbjorn Sjostrand and the focus topic team

Eli Ben Haim, Loukas Gouskos, Simon Platzer, Andrzej Siodmok, Maria Ubiali (Cambridge)
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Top-quark measurements

Top quark measurements can enter new realm of precision (TTthresh focus topic)   

Goal: define a strategy for tt threshold scan at FCC-ee

● Realistic WbWb selection in the presence 
of backgrounds

○ Currently focussing on l+jets and fully-hadronic 
channels (~80% of total branching ratio)

○ Focussing on WW background

● Optimise threshold scan to maximize 
sensitivity to relevant SM parameters

○ Focus on top mass, total width, Yukawa coupling + 
strong coupling constant

○ Assume that impact of uncertainty in EW couplings 
and mW is negligible (to be checked later on)

2

Sensitivity to top quark properties and couplings

● Highest sensitivity to mt at around 
-1.4 GeV from peak

● Total width well constrained below 
threshold and at the peak

● Some residual sensitivity to Yukawa
at peak +1 GeV

● Sensitivity to aS small compared to 
Z peak (corresponding to variation)

● IF sensitivity to aS vanishes above 
threshold, a measurement at (say) 
365 GeV would be very beneficial

○ Planning dedicated studies on this Note: for mt, width, and yt, very similar 
picture at lower orders (see backup) 12
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Table S.3 Measurement of selected electroweak quantities at the FCC-
ee, compared with the present precision. The systematic uncertainties
are present estimates and might improve with further examination.
This set of measurements, together with those of the Higgs proper-

ties, achieves indirect sensitivity to new physics up to a scale ! of 70
TeV in a description with dim 6 operators, and possibly much higher in
some specific new physics models

Observable Present value ± error FCC-ee stat. FCC-ee syst. Comment and dominant exp. error

mZ (keV/c2) 91,186,700 ± 2200 5 100 From Z line shape scan Beam
energy calibration

"Z (keV) 2,495,200 ± 2300 8 100 From Z line shape scan beam
energy calibration

RZ
# (×103) 20,767 ± 25 0.06 0.2–1 Ratio of hadrons to leptons

acceptance for leptons

αs (mZ) (×104) 1196 ± 30 0.1 0.4–1.6 From RZ
# above

Rb (×106) 216,290 ± 660 0.3 < 60 Ratio of bb̄ to hadrons stat.
extrapol. from SLD

σ 0
had (×103) (nb) 41,541 ± 37 0.1 4 Peak hadronic cross-section

luminosity measurement

Nν (×103) 2991 ± 7 0.005 1 Z peak cross sections Luminosity
measurement

sin2θeff
W (×106) 231,480 ± 160 3 2–5 From Aµµ

FB at Z peak Beam energy
calibration

1/αQED (mZ) (×103) 128,952 ± 14 4 Small From Aµµ
FB off peak

Ab,0
FB (×104) 992 ± 16 0.02 1–3 b-quark asymmetry at Z pole from

jet charge

Apol,τ
FB (×104) 1498 ± 49 0.15 < 2 τ Polarisation and charge

asymmetry τ decay physics

mW (MeV/c2) 80,350 ± 15 0.5 0.3 From WW threshold scan Beam
energy calibration

"W (MeV) 2085 ± 42 1.2 0.3 From WW threshold scan beam
energy calibration

αs (mW) (×104) 1170 ± 420 3 Small From RW
#

Nν (×103) 2920 ± 50 0.8 Small Ratio of invis. to leptonic in
radiative Z returns

mtop (MeV/c2) 172,740 ± 500 17 Small From tt̄ threshold scan QCD errors
dominate

"top (MeV) 1410 ± 190 45 Small From tt̄ threshold scan QCD errors
dominate

λtop/λ
SM
top 1.2 ± 0.3 0.1 Small From tt̄ threshold scan QCD errors

dominate

ttZ couplings ± 30% 0.5–1.5% Small From ECM = 365 GeV run

at short distances. The FCC-eh, with precision and energy in between FCC-ee and FCC-hh, integrates their potential well. For
example, its ability to separate individual light quark flavours in the proton, gives it the best sensitivity to their EW couplings.
Furthermore, its high energy and clean environment enable precision measurements of the weak coupling evolution at very
large Q2. More details can be found in volume 1 of the FCC CDR. The FCC EW measurements are a crucial element of, and
a perfect complement to, the FCC Higgs physics programme.

The electroweak phase transition

Explaining the origin of the cosmic matter-antimatter asymmetry is a challenge at the forefront of particle physics. One
of the most compelling explanations connects this asymmetry to the generation of elementary particle masses through
electroweak symmetry-breaking (EWSB). This scenario relies on two ingredients: a sufficiently violent transition to the
broken-symmetry phase, and the existence of adequate sources of CP-violation. As it turns out, these conditions are not

123
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“Brute force” BDT with all variables

Stacked Not stacked

6

Top-quark measurements

Kinematics: e.g. with semi-leptonic

4

Ongoing FCC effort to update experimental fit  
 Study detector-level distributions, use MVA to suppress backgrounds

Summary of phenomenological study

● A simultaneous fit of mt, total width, and yt seems possible based on a 
threshold scan of [-4,+1] GeV around the threshold

● 30 (50) MeV shift in mass (width) induce a 4% shift in the xsec
● 10% shift in Yukawa produce a ~1% effect just above threshold
● Limited impact from aS assuming expected precision at Z pole

● Some residual sensitivity to yt above threshold -> we will investigate the 
possibility of one additional scan point well above threshold (continuum)

● Presented studies do not include impact from ISR and beam energy 
resolution, which can be significant -> will be included at next update

13

Ankita Mehta & Matteo Defranchis,

WG1 conveners meeting

Z Bahariyoon, M Beneke, F Cornet, 

G Durieux, A Hoang, A Jafari, 


J Kieseler, V Miralles (Manchester), 

M Moreno, L Pintucci, J Reuter, 


R Schweinworst, F Simon, F Zarnecki
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Figure 4.1. Same as Fig. 3.8 for the marginalised bounds on the SMEFT operators from a global O
�
⇤�2

�
analysis,

displaying the ratio of uncertainties to the SMEFiT3.0 baseline of fits which include first the HL-LHC projections
and subsequently both the HL-LHC and the FCC-ee observables. All fits shown here are carried out based on Level-1
pseudo-data.

provide the absolute magnitude of the resulting bounds, in addition to their relative improvement as

compared to the baseline. With this motivation, Table 4.2 indicates the 95% CL upper bounds on the EFT

coe�cients obtained from the fits including both the HL-LHC and the FCC-ee projections, assuming ⇤ = 1

TeV. In analogy with Table 3.4, we provide these bounds for linear and quadratic EFT fits and both at

the individual and marginalised level. The impact of the FCC-ee is clearly visible specially for the purely

bosonic and two-fermion operators, with most of them constrained to be |c| ⇠< 0.1 (for ⇤ = 1 TeV) in the

global marginalised fit, and several of them at the |c| ⇠< 10�2 level or better. We demonstrate in Sect. 5

how these constraints on the Wilson coe�cients translate into the mass reach for UV-complete models.

Fisher information analysis. In order to better scrutinise the interplay between the constraints pro-

vided by the (HL-)LHC measurements, on the one hand, and by the FCC-ee ones, on the other hand, it is

– 33 –

Global EFT constraints

Eugenia Clelada, Alejo Rossia, 
Marion Thomas, Eleni Vryonidou 

(Manchester), 

Luca Mantani (Cambridge), 

Tommaso Giani, Jaco ter Hoeve, 
Juan Rojo

2404.12809
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Summary

The proposed e+e- colliders can provide a step-change in precision

More than an order of magnitude in many cases


Broad range of physics topics within electroweak and QCD physics 

  LEP programme produced more than 1700 papers with no Higgs or top measurements

  Truncated ECFA studies are only the tip of the iceberg


Active FCC and ILC physics working groups

https://agenda.linearcollider.org/event/9154/

Michael Peskin, Aidan Robson (Glasgow), Junping Tan, 

ILC physics group conveners

FCCeePhysicsPerformance

Welcome to the FCC-ee Physics
Performance Documentation

Table of Contents
1. Organisation
2. Towards the definition of detector requirements
3. List of Active Case studies (evolving)
4. General information for FCC-ee analyses
5. LOIs submitted to Snowmass
6. Software

Organisation

Coordinators
Patrizia Azzi (INFN Padova) - Patrizia.Azzi@cern.ch
Emmanuel Perez (CERN) - Emmanuel.Perez@cern.ch
Michele Selvaggi (CERN) - michele.Selvaggi@cern.ch

Physics Performance meetings
O(monthly) meetings: Mondays, 3pm-5pm, CERN time. Usually the third Monday of each
month.

indico category “Physics Performance”.
indico category for the meetings of the Physics Groups

E-group used for announcements: FCC-PED-FeasibilityStudy. To subscribe, go here.

Towards the definition of detector requirements
Goal: Circular colliders have the advantage of delivering collisions to multiple interaction
points, which allow different detector designs to be studied and optimized – up to four for
FCC-ee. On the one hand, the detectors must satisfy the constraints imposed by the
invasive interaction region layout. On the other hand, the performance of heavy-flavour
tagging, of particle identification, of tracking and particle-flow reconstruction, and of lepton,
jet, missing energy and angular resolution, need to match the physics programme and the
exquisite statistical precision offered by FCC-ee. Benchmark physics processes will be
used to determine, via appropriate simulations, the requirements on the detector
performance or design that must be satisfied to ensure that the systematic uncertainties of
the measurements are commensurate with their statistical precision. The usage of the
data themselves, in order to reach the challenging goals on the stability and on the
alignment of the detector, in particular for the programme at and around the Z peak, will
also be studied. In addition, the potential for discovering very weakly coupled new
particles, in decays of Z or Higgs bosons, could motivate dedicated detector designs that
would increase the efficiency for reconstructing the unusual signatures of such processes.
These studies are crucial input to the further optimization of the two concepts described in
the Conceptual Design Report, CLD and IDEA, and to the development of new concepts
which might actually prove to be better adapted to (part of) the FCC-ee physics
programme.

Case studies (evolving list)
1. Electroweak physics at the Z peak
2. Tau Physics
3. Flavour physics
4. WW threshold
5. QCD measurements
6. Higgs physics
7. Top physics
8. Direct searches for new physics

General information for FCC-ee analyses
1. Common event samples
2. Example analyses and how-to’s

1. Basics
2. How to associate RecoParticles with Monte-Carlo Particles
3. How to navigate through the history of the Monte-Carlo particles
4. How to compute event variables (thrust, sphericity, etc)
5. How to fit tracks to a common vertex
6. How to run jet algorithms
7. How to run kinematic fits

3. Code development
4. To produce your own Delphes samples

1. Quick instructions for producing samples
2. Make simple changes to the tracker or beam-pipe description in Delphes
3. Change the Jet algorithms

5. The five-parameter tracks produced by the Delphes interface
6. Vertexing and flavour tagging

1. Vertex-fitter code from Franco Bedeschi
2. Vertexing with the ACTS suite
3. The LCFI+ algorithm
4. The DecayTreeFitter (DTF) algorithm
5. Flavour tagging using machine learning

7. Making particle combinations with awkward arrays
8. Generating events under realistic FCC-ee environment conditions

1. Beam energy spread
2. Vertex distribution
3. Transverse boost to account for the crossing angle

9. Monte-Carlo programs
10. Bibliography

LOIs submitted to Snowmass
Initial list of case studies
“Letters of Interest” submitted to Snowmass 2021 process (Aug 2020). Collected also
here this repository under “Energy Frontier”.
Other documents submitted to Snowmass 2021:

LOIs sent by the CEPC collaboration
LOIs sent by the CALICE collaboration
Link to the Snowmass portal

Software Documentation & Links

Software tutorials
the FCCSW tutorials
the tutorials given for Snowmass (September 2020) have been recorded, see here and
here
the extremely useful FCCSW FORUM page

Useful repositories
FCCSW
DELPHES
DD4Hep
key4hep/EDM4hep
FCCAnalyses

FCCeePhysicsPerformance maintained by HEP-FCC

Published with GitHub Pages

View on GitHub
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Exotic Z decays Exotic Z decays 

Emidio Gabrielli
  University of Trieste, Italy

   NICPB, Tallinn, Estonia 

ECFA HTE meeting on Z pole physics
September 23, 2022 

E. Gabrielli                                                                                                                                                                  ECFA HTE meeting on Z pole physics, Sep 23, 2022        

                                           
2

Exotic Z decaysExotic Z decays

   Sensitivity on BSM physics at the Z-pole: Giga-Z and Tera-Z factories

   signatures:

 correspond to several BSM physics scenarios : different final states (2,3,4 particles)

 benchmark models required (most inspired by dark-matter and dark-sector scenarios)

 axion-like particle (ALP) 

 light-vector X coupled to anomalous currents

 magnetic inelastic DM, anomalous magnetic moment of neutrinos

 dark-photon (massive, massless scenarios) 

 (light) massive spin-2 particles effectively coupled to SM sector

 Rare decays in SM particles (ggg, gg+g , ggg) sensitive to NP.

E. Gabrielli                                                                                                                                                                  ECFA HTE meeting on Z pole physics, Sep 23, 2022        

                                           

 Landau-Yang theorem forbids Z  2 photons –> amplitude vanishes →

 avoided due to distinguishability of photon and dark-photon interaction (blob) 

 massive dark-photon couples also via magnetic dipole interaction, its

 tree-level coupling via mixing with photon is vanishing due to LY theorem

dark photon field strength

f

f

f

f →  run over all SM fermions

C
i
 finite due

gauge invariance

generated at 1-loop

sensitive to dark magnetic-dipole

couplings of all SM fermions

Fabbrichesi, EG, Mele 
[1712.05412] (PRL)
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Top quark FCNCs

at the LHC and e+e≠
colliders

Gauthier Durieux
(CERN)

Global approach to top-quark flavor-changing interactions,
GD, F. Maltoni, C. Zhang, Phys.Rev. D91 (2015) 074017, [1412.7166]

Section 8.1 in Opportunities in flavour physics at the HL-LHC and HE-LHC,
GD, T. Kitahara, C. Zhang, [1812.07638]

Section 3.1.2 in The CLIC potential for new physics, GD, [1812.02093]

Section 10.1.4 in ILC report to Snowmass, GD, M. Vos, [2203.07622]

ECFA Workshop – DESY – 6 Oct 2022
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Four-fermion operators
[1412.7166]
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Linear colliders [CLIC ’18] [ILC ’22]

Use statistically optimal observables, against e
+

e
≠ æ W

+
W

≠ bkg
Extrapolate e�ciencies from previous studies (‘ Ã 1/

Ô
s

1.9) [TESLA ’01]
[FCC-ee ’14]

global 95% CL limits, in TeV≠2, ILC scenario (2, 4, 8 ab≠1)
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e+e≠ æ tq at future colliders [Tesla: Aguilar-Saavedra, Riemann ’01]
[FCC-ee: Khanpour, Khatibi, Khatiri, Mohammadi ’14]

[CLIC: GD ’18]
[CEPC: Shi, Zhang ’19]

[ILC: GD ’22]accessible below the tt̄ threshold
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top physics 

opportunities at a new e+e- collider 

– CP violation in the top sector

Marcel Vos, 

IFIC, CSIC/UV, Valencia, Spain

ECFA Higgs/top/EW factory study

October 2022
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CP-odd (imaginary parts of) operators at the LHC

Single top quark production in t-channel 
yields highly polarized sample
Lepton (t → Wb → lvb) is polarimeter 
for 3 orthogonal directions (x’, y’, z’)

Pz’ ~ 90 ± 10% (t), ~80 ± 16% (t)
Px’ ~ Py’ ~ 0 → constrain CtW

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-10/
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Bound on real part of CtW is competitive with 

combined ATLAS+CMS helicity at 8 TeV

Bound on imaginary part of CtW is of similar 
size, and has few competitors at the LHC
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Experimental strategy 

CP conserving analysis: use observables with complementary sensitivity (cross 
section, AFB) and beam polarization to disentangle vector and axial couplings, 
and photon and Z contributions [see Janot, arXiv:1503.01325, for an alternative 
strategy with final state polarization for a circular collider]

CP violating analysis: construct dedicated CP-odd triple-product observables

Where p+ and p- are the momenta of the incoming leptons, q+ and q- those of the 
leptons from t → Wb → lvb decay, and qX that of the hadronic top quark 

Bernreuther & Chen, in arXiv:1710.06737 (and older TESLA work)

Four coefficients again 
disentangled with beam 
polarization at LC

ECFA wksp Higgs/top/EW factories, Oct ‘22 marcel.vos@ific.uv.es15

Prospects

Note: LC prospects based on full-simulation studies, with th. and exp. systematics
         Numbers still using old, less ambitious operating scenarios

  Circular collider prospects not yet available (AFAIK) to be determined
  LHC results can be extrapolated to HL-LHC to refine projections

An electron-positron collider operated above the tt threshold can improve the 
collider-based bounds by orders of magnitude, even compared to HL-LHC

ECFA wksp Higgs/top/EW factories, Oct ‘22 marcel.vos@ific.uv.es13

Top EW couplings:even further back

Prospects for HL-LHC/ILC500/CLIC380

arXiv:1307.8102, arXiv:1505.0620 

2013-2015: IFIC & LAL study top quark EW couplings
See also: FCC-ee, arXiv:1503.01325, 1509.09056, ILC 
di-lepton, arXiv:1503.04247
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