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Absence of Beyond the SM physics signals in data

The problems of the SM : Flavour?
Neutrino masses?

Higgs hierarchy?
Dark matter?

reasons to believe there is more!
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Indirect observations, historically…
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1970s
Indirect evidence for neutral 

current at Gargamelle 
bubble chamber

Inferring the existence of Z
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1980s
SPS construction was 

justified and motivated

Discovering Z and W
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Indirect evidence for neutral 
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Inferring the existence of Z

LEP construction was 
justified and motivated

Indirect observations, historically…
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1990s
Precision measurements of 

Z and W properties

Inferring
mtop = 173+13

−10 GeV
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Z and W properties
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1995
Discovering (Tevatron)


top quark in the predicted range

Inferring 
mH = 98+25

−21 GeV
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1970s
Indirect evidence for neutral 

current at Gargamelle 
bubble chamber

Inferring the existence of Z

1990s
Precision measurements of 

Z and W properties

Inferring
mtop = 173+13

−10 GeV

1995
Discovering (Tevatron)


top quark in the predicted range

Inferring 
mH = 98+25

−21 GeV

2012
Discovering (LHC)


Higgs in the predicted range
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1980s
SPS construction was 

justified and motivated

Discovering Z and W

LEP construction was 
justified and motivated

∼ m2
t

∼ log(mH /mZ)

Indirect observations, historically…
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Indirect measurements are essential!

   Precision

Z

WW pairs

H

tt pairs

∼ 1/ NN

1012

108

106

106

10−6

10−4

10−3

10−3
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FCC-ee

[Future Circular Collider Conceptual Design Report Volume 2]
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Model independent parametrisation of the New Physics effects:

SMEFT

Example @ the Z-pole:   :NFCC−ee
Z = 105NLEP

Z

cFCC−ee
i ∼ 10−5/2cLEP

i ∼ 0.003 × cLEP
i

or

ΛFCC−ee ∼ 105/4ΛLEP ∼ 18 × ΛLEP

(Neglecting theory and systematic errors)
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SMEFT
Operators that can be tested at FCC-ee:

𝒪H□ = (H†H) □ (H†H)
𝒪eH = (H†H)(ℓ̄LHeR)
𝒪uH = (H†H)(q̄LH̃uR)
𝒪dH = (H†H)(q̄LHdR)

h → ff

𝒪3W = ϵabcWaν
μ Wbρ

ν Wcμ
ρ

 prod.VV

𝒪H□ = (H†H) □ (H†H)
𝒪HG = (H†H)GμνGμν

𝒪HW = (H†H)WμνWμν

𝒪HB = (H†H)BμνBμν

𝒪HWB = (H†σaH)Wa
μνBμν

𝒪HD = |H†iDμH |2

h → VVh → Vff
𝒪(1)

Hq = (H†iDμH)(q̄γμq)

𝒪(3)
Hq = (ϕ†iDa

μH)(q̄γμσaq)

𝒪(1)
Hℓ = (H†iDμH)(ℓ̄γμℓ)

𝒪(3)
Hℓ = (ϕ†iDa

μH)(ℓ̄γμσaℓ)

𝒪Hu = (H†iDμH)(ūγμu)

𝒪Hd = (H†iDμH)(d̄γμd)
𝒪He = (H†iDμH)(ēγμe)
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 implies   decaysNZ = 1012 1.3 × 1011 Z → τ+τ−

 - physics @ FCC-eeτ

1. Tests of lepton flavour universality in  - decaysτ
2. Tests of charged lepton flavour violation in  - decaysτ

6/27

[Tau-lepton Physics at the FCC-ee, Mogens Dam]

[Belle]

[LEP]

[LEP]

[BESIII]
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1. Tests of LFU in  - decaysτ

FCC-ee expected to go below  !10−4

7/27

QED corrections known to 𝒪(α2) ≲ 10−5

[Tau-lepton Physics at the FCC-ee, Mogens Dam]
[Precision Tau Physics, Antonio Pich]

[LEP]

[LEP]

[LEP]
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B-anomalies: a quick review Example: B-anomalies  LFUV in  decays↔ τ

•  /  and  /   deviation 
in  charged current

τ μ τ e ∼ 3σ
b → cτν

• Tree level in SM

•  /   deviation 
in  neutral current

μ e ∼ 4σ
b → sℓℓ

• Loop level in SM

Combined explanation ingredients 
2.  vector leptoquarkU1 ∼ (3,1)2/31. Approximate  flavour symmetryU(2)5

[R. Barbieri, G. Isidori, J. Jones-Perez, P. Lodone  
and D. M. Straub, arXiv:1105.2296]

[D. Buttazzo, A. Greljo, G. Isidori and  
D. Marzocca, arXiv:1706.07808]

A quick review:
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B-anomalies: a quick review Example: B-anomalies  LFUV in  decays↔ τ

⌧L

⌫L

bL

tL

W

µL

⌫L

bL cL

⌧L ⌫L
[F. Feruglio, P. Paradisi, A. Pattori arXiv: 1606.00524]
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EFT for  decays τ

In the SM:

Deviation parametrised by:

10/27
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EFT for  decays τ

LEFT - SMEFT matching (tree-level):

`

⌫

v

v

W

`

⌫

` `

H H
†

(a)

` `

H H
†

(b)
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[LFU violations in leptonic  decays and B-physics anomalies,
Lukas Allwicher, Gino Isidori, NS]

τ

[TeV ] [TeV ]
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Full model computations are important!
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[L. Di Luzio, J. Fuentes-Martin, A. Greljo, M. Nardecchia, S. Renner, arXiv: 1808.00942]
[M. Bordone, C. Cornella, J. Fuentes-Martin, G. Isidori, arXiv: 1712.01368, 1805.09328]

[J. Fuentes-Martın, P. Stangl, arXiv: 2004.11376]
[D. Guadagnoli, M. Reboud, P. Stangl, arXiv: 2005.10117] … 
[H. Georgi, Y. Nakai, arXiv: 1606.05865]

[L. Di Luzio, A. Greljo and M. Nardecchia, arXiv: 1708.08450]

Example: 4321 Models 
SU(4)3 × SU(3)1+2 × SU(2)L × U(1)′￼

= (q′￼3
L ℓ′￼3

L )T

= (u3
R ν3

R)T

= (d3
R e3

R)T

g4 g3

13/27
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 LQ: 2nd ingredient U1

i = 1,2
 : 1st ingredient U(2)5
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= (d3
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+ Vector-like fermions:  breakingU(2)5

= (Q′￼L L′￼L)T

= (QR LR)T

g4 g3

Example: 4321 Models 
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Contribution to  :C(3)
Hℓ

4321 - SMEFT matching @ 1-loop
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[LFU violations in leptonic  decays and B-physics anomalies,
Lukas Allwicher, Gino Isidori, NS]

τ
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2. Tests of cLFV in  - decaysτ

16/27

Example: Type-I seesaw (symmetry protected)

ℒ = −
1
2

(ν̄L N̄c
R) Mν (νc

L NR)T

[Comprehensive Analysis of Charged Lepton Flavour Violation in the Symmetry Protected Type-I Seesaw,
Andreas Crivellin, Fiona Kirk, Claudio Andrea Manzari]
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Z LFV couplings
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Example: Type-I seesaw (symmetry protected)
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(ν̄L N̄c
R) Mν (νc

L NR)T

[Comprehensive Analysis of Charged Lepton Flavour Violation in the Symmetry Protected Type-I Seesaw,
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Electroweak physics @ FCC-ee
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[Future Circular Collider Conceptual 
Design Report Volume 1]
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Design Report Volume 1]
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Electroweak physics @ FCC-ee

18/27

Great theory effort needed to match the experimental precision!

[Future Circular Collider Conceptual 
Design Report Volume 1]
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Electroweak physics @ FCC-ee

19/27

Example: Z width

 MeV0.1

Current status:

[Standard Model Theory for the FCC-ee Tera-Z stage, 
Report on the Mini Workshop: Precision EW and QCD Calculations for the FCC Studies: Methods and Tools]

[Complete electroweak two-loop corrections to Z boson 
production and decay,

I. Dubovyk et al., Phys. Lett. B783 (2018) 86]



Nudžeim SelimovićNudžeim Selimović LFU  tests & EWPO @ FCC-eeτ

Electroweak physics @ FCC-ee

19/27

Example: Z width

 MeV0.1

Current status:

Compare with  MeVδΓZ = 2.3

[Standard Model Theory for the FCC-ee Tera-Z stage, 
Report on the Mini Workshop: Precision EW and QCD Calculations for the FCC Studies: Methods and Tools]

[Complete electroweak two-loop corrections to Z boson 
production and decay,

I. Dubovyk et al., Phys. Lett. B783 (2018) 86]
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Electroweak physics @ FCC-ee

10/27

Example: Z width

 MeV0.1

Theory error estimates:

Missing 3-loop contributions

Missing 4-loop contributions

[Standard Model Theory for the FCC-ee Tera-Z stage, 
Report on the Mini Workshop: Precision EW and QCD Calculations for the FCC Studies: Methods and Tools]
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Electroweak physics @ FCC-ee

𝒪HWB = (H†σaH)Wa
μνBμν

𝒪HD = |H†iDμH |2

𝒪(1)
Hq = (H†iDμH)(q̄γμq)

𝒪(3)
Hq = (ϕ†iDa

μH)(q̄γμσaq)

𝒪(1)
Hℓ = (H†iDμH)(ℓ̄γμℓ)

𝒪(3)
Hℓ = (ϕ†iDa

μH)(ℓ̄γμσaℓ)

𝒪Hu = (H†iDμH)(ūγμu)

𝒪Hd = (H†iDμH)(d̄γμd)

𝒪He = (H†iDμH)(ēγμe)

𝒪ℓℓ = (ℓ̄LγμℓL)(ℓ̄LγμℓL)

10 operators modifying EWPOs: Neutral current couplings modifications:

21/27
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Electroweak physics @ FCC-ee
Leptonic Z-coupling modifications:

22/27

[11th FCC-ee workshop: Theory and Experiments CERN, Jan 9, 2019,
Jorge de Blas]

δgZe
R δgZμ

R δgZτ
R

δgZe
L δgZμ

L δgZτ
L

|δgZe
L | < 2.5 × 10−4 (2.5 × 10−3)

|δgZe
R | < 3 × 10−4 (3 × 10−3)

|δgZμ
L | < 2.5 × 10−4

|δgZμ
R | < 4 × 10−4

|δgZτ
L | < 4 × 10−4 (4 × 10−3)

|δgZτ
R | < 5.5 × 10−4 (5.5 × 10−3)
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Electroweak physics @ FCC-ee
Up-type Z-coupling modifications:

22/27

δgZu
R δgZc

R δgZt
R

δgZu
L δgZc

L δgZt
L

[11th FCC-ee workshop: Theory and Experiments CERN, Jan 9, 2019,
Jorge de Blas]

|δgZu
L | < 1.5 × 10−2

|δgZu
R | < 3 × 10−2

|δgZc
L | < 6 × 10−3 (2.5 × 10−2)

|δgZc
R | < 3 × 10−2 (9 × 10−2)

|δgZt
L | < 4 × 10−2

|δgZt
R | < 9 × 10−2
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Electroweak physics @ FCC-ee

22/27

δgZd
R δgZs

R δgZb
R

δgZd
L

δgZs
L δgZb

L

[11th FCC-ee workshop: Theory and Experiments CERN, Jan 9, 2019,
Jorge de Blas]

|δgZd
L | < 1.5 × 10−2

|δgZd
R | < 1.5 × 10−1

|δgZs
L | < 2.5 × 10−2

|δgZs
R | < 3.5 × 10−1

|δgZb
L | < 2 × 10−3 (1 × 10−2)

|δgZb
R | < 6 × 10−2 (2.5 × 10−1)

Down-type Z-coupling modifications:
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B-anomalies: a quick review 

[F. Feruglio, P. Paradisi, A. Pattori arXiv: 1606.00524]

Example: B-anomalies  invisibles ↔ Z →

23/27

⌧L

⌫L

bL

tL

W

µL

⌫L

νL
tL

Z Changing the effective number of LH neutrinos: Neff
ν
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Example: B-anomalies  invisibles ↔ Z →

24/27

[LFU violations in leptonic  decays and B-physics anomalies,
Lukas Allwicher, Gino Isidori, NS]
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SU(4)3 × SU(3)1+2 × SU(2)L × U(1)′￼

= (q′￼3
L ℓ′￼3

L )T

= (u3
R ν3

R)T

= (d3
R e3

R)T

ℒ = − YH Ψ̄L H̃ Ψ+
R

predicting mt ≃ mντ

Inverse seesaw mechanism:

ℒ = − λR S̄c
R ΩT

1 Ψ+
R +

1
2

μ S̄c
R SR

→ mR ∼ λR⟨Ω1⟩ ± μ

→ mντ
∼ Yν

H⟨H⟩μ / mR
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Example: Inverse seesaw mechanism
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[C(1)
Hℓ]33 = − [C(3)

Hℓ]33 = −
|Yν

H |2

4m2
R

 is tied to the TeV scale 
 FCC-ee opportunity

mR
→
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Example: Vector-like Quarks

U D Q1 Q5 Q7 T1 T2

δgZd
L

δgZu
L

δgZu
R

δgZd
R

δgWq
L
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[Large t→cZ as a sign of vectorlike quarks in light of the W mass,
    Andreas Crivellin, Matthew Kirk, Teppei Kitahara, Federico Mescia]
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Conclusions
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• FCC-ee will provide unrivalled test of the SM: 1 LEP / min 

• 1-2 orders of magnitude improvement in precision across 
multitude of observables 

• Theory effort needed to match great statistics: 
 
                -   computing higher order corrections 
                -   looking for new “clean” observables  
                -   doing NP sensitivity studies
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THANK YOU!


