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Z-pole Above the Z-pole
FCC-ee plan
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Z-pole

 -bosonsO(1012) Z
•  more than LEP  
    statistical improvement on EWPO 

• Systematics: capped at 

∼ 105

→ O(300)
O(10) − O(100)

Above the Z-pole

Probe tree-level new physics 
up to  TeVO(100)

(LEP  TeV) O(10)

FCC-ee report (2019) 
De Blas et al (2019) 
Blondel, Janot (2019, 2022) 
Bernardi et al (2022) 
Allwicher et al (2023, 2024) 
Stefanek et al (2024) 
Ge et al (2024), … 

FCC-ee plan
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Z-pole

 -bosonsO(1012) Z
•  more than LEP  
    statistical improvement on EWPO 

• Systematics: capped at 

∼ 105

→ O(300)
O(10) − O(100)

Above the Z-pole

 WW
163 GeV 240 GeV 365 GeV

 Zh  tt̄

10 ab−1 5 ab−1 1.5 ab−1

Probe tree-level new physics 
up to  TeVO(100)

(LEP  TeV) O(10)

 Higher energy & luminosity than LEP-II            

What are the 
new physics opportunities?

(130-209 GeV,  tot)∼ 3 fb−1

Reference energies:

FCC-ee report (2019) 
De Blas et al (2019) 
Blondel, Janot (2019, 2022) 
Bernardi et al (2022) 
Allwicher et al (2023, 2024) 
Stefanek et al (2024) 
Ge et al (2024), … 

FCC-ee plan
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Outline 
1. Observables and flavor tagging above the Z-pole 
2. SMEFT interpretation 
3. Impact on selected models 
4. Conclusion 
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1. Observables and flavor tagging above the Z-pole 

Observables

+ Rc, Rs, Rt, Rℓ

Consider inclusive, non-radiative fermion pair-production ratios:
( s′ ≳ 0.85 s)

Rb =
σ(e+e− → b̄b)

∑q=u,d,s,c,b σ(e+e− → q̄q)
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1. Observables and flavor tagging above the Z-pole 

• Theoretically OK:  

• Naïve stat limit:  same as theory 
• Systematics?

ΔRb/Rb |theory ∼ 10−4

≈ (WW : Nb̄b ≃ 6 × 107)

PDG EW (2024)

1. Observables and flavor tagging above the Z-pole 

Consider inclusive, non-radiative fermion pair-production ratios:
( s′ ≳ 0.85 s)

Observables

+ Rc, Rs, Rt, RℓRb =
σ(e+e− → b̄b)

∑q=u,d,s,c,b σ(e+e− → q̄q)
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1. Observables and flavor tagging above the Z-pole 

Flavor tagging crucial 
to assess expected FCC-ee precision

• Theoretically OK:  

• Naïve stat limit:  same as theory 
• Systematics?

ΔRb/Rb |theory ∼ 10−4

≈

PDG EW (2024)

(WW : Nb̄b ≃ 6 × 107)

Consider inclusive, non-radiative fermion pair-production ratios:
( s′ ≳ 0.85 s)

Observables

+ Rc, Rs, Rt, RℓRb =
σ(e+e− → b̄b)

∑q=u,d,s,c,b σ(e+e− → q̄q)
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1. Observables and flavor tagging above the Z-pole 

Toy model: Rb
Two flavors only (b, j)

  total untagged events→
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1. Observables and flavor tagging above the Z-pole 

Toy model: Rb
Two flavors only (b, j)

  total untagged events→

True positive rate (prob. tag -jet as ) ϵb
b = b b = 1 − ϵ j

b
False positive rate (prob. tag -jet as ) ϵb

j = j b = 1 − ϵ j
j

Taggers:
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1. Observables and flavor tagging above the Z-pole 

Toy model: Rb

• Systematic uncertainty on taggers: ,  from MC 

• Fit parameters:  

• Asimov approximation: 

ϵ j
i → ϵ j

i (1 + x) δϵ

Rb & Ntot, ϵb
b

Nexp
i → Nnominal

i



Alessandro Valenti | University of BaselNew Physics Through Flavor Tagging at FCC-ee 12

1. Observables and flavor tagging above the Z-pole 

Toy model: Rb

 True positives stat→

False positives stat ←

False positives syst ←

• Systematic uncertainty on taggers: ,  from MC 

• Fit parameters:  

• Asimov approximation: 

ϵ j
i → ϵ j

i (1 + x) δϵ

Rb & Ntot, ϵb
b

Nexp
i → Nnominal

i
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1. Observables and flavor tagging above the Z-pole 

Toy model: Rb
DeepJetTransformer ROC curves at FCC-ee 

ϵb
b

ϵb
j

Blekmann et al (2024)

• Realistic estimate . Consider  run. 

• Minimize  with  (conservative)

δϵ ≃ 0.01 WW
ΔRb/Rb ϵb

j = ϵb
c (ϵb

b)
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1. Observables and flavor tagging above the Z-pole 

Toy model: Rb
DeepJetTransformer ROC curves at FCC-ee 

ϵb
b

ϵb
j

 
ΔRb

Rb
≃ 2 × 10−4

• Almost saturates naïve stat & theory limit 

• LEP-II: ΔRb/Rb ≃ O(0.05)

ϵb
j ≃ 10−3

ϵb
b ≃ 0.65( )

Blekmann et al (2024)

  impressive  improvement!→ O(102)
LEP EW WG (2003,2013)

 Note: for role of additional background (e.g. collimated ) see the paperVV

• Realistic estimate . Consider  run. 

• Minimize  with  (conservative)

δϵ ≃ 0.01 WW
ΔRb/Rb ϵb

j = ϵb
c (ϵb

b)
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1. Observables and flavor tagging above the Z-pole 

Realistic fit: results
Fit  
simultaneously

Rb, Rs, Rc

Solid (at least)  improvement compared to LEP-IIO(102)

→

 ←stat 
 ←stat 
 ←syst (theory)  

Small correlations: 
e.g. WW

Room for improvement: -taggings

assuming 
 

from FCC-ee  scan  
Δmt /mt ≲ O(0.1%)

mt
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1. Observables and flavor tagging above the Z-pole 

-pole summaryZ

(See PDG@EW 
 for definitions)

(Curr. from SLC)

LEP EW WG (2003,2013) 
De Blas et al (2019) 
Blonde, Janot (2021) 
PDG (2024) 
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1. Observables and flavor tagging above the Z-pole 

-pole  decays summaryW +τ
LEP EW WG (2003,2013) 
De Blas et al (2019) 
Blonde, Janot (2021) 
PDG (2024) 
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Outline 
1. Observables and flavor tagging above the Z-pole 
2. SMEFT interpretation 
3. Impact on selected models 
4. Conclusion 
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ℒ = ℒSM + ∑
i

ci

Λ2
𝒪i Consider flavor conserving, non-universal 4F interactions

2. SMEFT interpretation 
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• Tree-level:  operators involving  2q2ℓ + 4ℓ e+e− (prst = 11ii)

e+

e−

q̄i, ℓ̄i

qi, ℓi

2q2ℓ

4ℓ

Above the pole

ℒ = ℒSM + ∑
i

ci

Λ2
𝒪i Consider flavor conserving, non-universal 4F interactions

2. SMEFT interpretation 
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2q2ℓ

4ℓ

• 1-loop: , all indices  (gauge running)2q2ℓ + 4ℓ + 4q prst = iijj

qi, ℓiqj, ℓj

e+

e−

q̄j, ℓ̄j q̄i, ℓ̄i
Z, γ

4q

• Tree-level:  operators involving  2q2ℓ + 4ℓ e+e− (prst = 11ii)

Above the pole

ℒ = ℒSM + ∑
i

ci

Λ2
𝒪i Consider flavor conserving, non-universal 4F interactions

2. SMEFT interpretation 
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Above the pole

ℒ = ℒSM + ∑
i

ci

Λ2
𝒪i Consider flavor conserving, non-universal 4F interactions

 Build likelihood with the 3 runs, one operator at a time

 : growth compensates 
                                    precision deterioration! 
→ ΔRa/RSM

a ∼ s/Λ2

 set   lower bound on → ci = 1 ⇒ Λ

 Alternative: pair-production around the -pole  See Ge et al (2024)→ Z ⇒

2. SMEFT interpretation 
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• (HL-)LHC: high-   tailspT q̄q → e+e−
• LEP-II:  ratiosRa

• FCC-ee -pole: 1-loop RGEZ
e+

e−

q, ℓ

q, ℓ

Z (  for top, gauge others)y2
t

(95 % CL)

2ℓ2q

2. SMEFT interpretation 
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(  for top, gauge others)y2
t

• LEP-II:  ratiosRa

• (HL-)LHC: high-   tailspT q̄q → e+e− e+

e−

q, ℓ

q, ℓ

Z

(95 % CL)

• FCC-ee -pole: 1-loop RGEZ

2ℓ2q

2. SMEFT interpretation 
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(  for top, gauge others)y2
t

• (HL-)LHC: high-   tailspT q̄q → e+e− e+

e−

q, ℓ

q, ℓ

Z

• Cs: atomic parity violation

(95 % CL)

• FCC-ee -pole: 1-loop RGEZ

2ℓ2q

2. SMEFT interpretation 
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2. SMEFT interpretation 

• LEP-II:  ratiosRa

* tree-level  (muon decay)GF

e+

e−

ℓ

ℓ

Z

(95 % CL)

• FCC-ee -pole: 1-loop RGE*Z

4ℓ
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Outline 
1. Observables and flavor tagging above the Z-pole 
2. SMEFT interpretation 
3. Impact on selected models 
4. Conclusion 
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3. Impact on selected models

Motivation:  anomaliesB

Benchmark = BSM models accounting one/both discrepancies

b → sℓℓ b → cτν
 tension with SM∼ 3.3σCMS+LHCb tension with (some) SM calculations

( )RK(*) ≃ 1
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3. Impact on selected models

I) Vector LQ for  and b → sℓℓ b → cτν
ℒ ⊃

gU

2
Uμ (q̄3

Lγμℓ3
L+βsτ q̄2

Lγμℓ3
L) + h.c.

Parameters:   & rU ≡ gU /MU βsτ
Buttazzo, Greljo, Isidori, Marzocca (2017) 

Cornella, Faroughy, Fuentes-Martin, 
Isidori, Neubert (2019, 2021)

Uμ ∼ (3,1,2/3)
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3. Impact on selected models

I) Vector LQ for  and b → sℓℓ b → cτν
ℒ ⊃

gU

2
Uμ (q̄3

Lγμℓ3
L+βsτ q̄2

Lγμℓ3
L) + h.c.

Parameters:   & rU ≡ gU /MU βsτ

c

b

ντUμ

τ

gU

gUβsτ

b

c

τ

ντ

∼ r2
Uβsτ

• TL contrib. to b → cτν

Buttazzo, Greljo, Isidori, Marzocca (2017) 
Cornella, Faroughy, Fuentes-Martin, 

Isidori, Neubert (2019, 2021)

Uμ ∼ (3,1,2/3)
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3. Impact on selected models

I) Vector LQ for  and b → sℓℓ b → cτν
ℒ ⊃

gU

2
Uμ (q̄3

Lγμℓ3
L+βsτ q̄2

Lγμℓ3
L) + h.c.

Parameters:   & rU ≡ gU /MU βsτ

τ

b τ ℓ

Z, γ
s ℓ

r2
Uβsτ

• TL contrib. to  

• 1-loop to 

b → cτν
b → sℓℓ

Buttazzo, Greljo, Isidori, Marzocca (2017) 
Cornella, Faroughy, Fuentes-Martin, 

Isidori, Neubert (2019, 2021)

Uμ ∼ (3,1,2/3)
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3. Impact on selected models

I) Vector LQ for  and b → sℓℓ b → cτν
ℒ ⊃

gU

2
Uμ (q̄3

Lγμℓ3
L+βsτ q̄2

Lγμℓ3
L) + h.c.

Parameters:   & rU ≡ gU /MU βsτ

t

τb

W

ντ

∼ r2
U

• TL contrib. to  

• 1-loop to  

• 1-loop to 

b → cτν
b → sℓℓ
τ → μνν

Buttazzo, Greljo, Isidori, Marzocca (2017) 
Cornella, Faroughy, Fuentes-Martin, 

Isidori, Neubert (2019, 2021)

Uμ ∼ (3,1,2/3)
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3. Impact on selected models

I) Vector LQ for  and b → sℓℓ b → cτν
ℒ ⊃

gU

2
Uμ (q̄3

Lγμℓ3
L+βsτ q̄2

Lγμℓ3
L) + h.c.

Parameters:   & rU ≡ gU /MU βsτ

• TL contrib. to  

• 1-loop to  

• 1-loop to 

b → cτν
b → sℓℓ
τ → μνν

33

Uμ ∼ (3,1,2/3)
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3. Impact on selected models

I) Vector LQ for  and b → sℓℓ b → cτν

FCC-ee:
•  improvement in  

  &  

𝒪(10) τ → μνν
𝒪(50) W → τν

t

τb

W

ντ

∼ r2
U
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3. Impact on selected models

I) Vector LQ for  and b → sℓℓ b → cτν

FCC-ee:
•  improvement in  

  &   

• -pole: 1-loop contrib. 

  to  

𝒪(10) τ → μνν
𝒪(50) W → τν

Z
Z → ττ, Z → inv

τ, ντb, t

b, t

Z
τ, ντ

∼ r2
U
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3. Impact on selected models

I) Vector LQ for  and b → sℓℓ b → cτν

FCC-ee:
•  improvement in  

  &   

• -pole: 1-loop contrib. 

  to   
• Above the pole: 1-loop contrib. 
  to 

𝒪(10) τ → μνν
𝒪(50) W → τν

Z
Z → ττ, Z → inv

e+e− → ττ, e+e− → q̄q

τb

b

Z, γ

τ

∼ r2
U

e

e
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3. Impact on selected models

I) Vector LQ for  and b → sℓℓ b → cτν

FCC-ee:
•  improvement in  

  &   

• -pole: 1-loop contrib. 

  to   
• Above the pole: 1-loop contrib. 
  to 

𝒪(10) τ → μνν
𝒪(50) W → τν

Z
Z → ττ, Z → inv

e+e− → ττ, e+e− → q̄q
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3. Impact on selected models

II) Scalar LQ for b → sℓℓ
ℒ ⊃ ∑

α=e,μ

Sα ℓα
L (λb q̄c,3

L +λs q̄c,2
L )

Parameters: rb,s ≡ λb,s/MS

Greljo, Salko, 
Smolkovic, Stangl (2022)

Sα ∼ (3̄, 3,1/3)
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3. Impact on selected models

II) Scalar LQ for b → sℓℓ
ℒ ⊃ ∑

α=e,μ

Sα ℓα
L (λb q̄c,3

L +λs q̄c,2
L )

Parameters: rb,s ≡ λb,s/MS
b

ℓ

S

ℓλb

λs
s

∼ rb rs• TL contrib. to b → sℓℓ

Greljo, Salko, 
Smolkovic, Stangl (2022)

Sα ∼ (3̄, 3,1/3)
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3. Impact on selected models

II) Scalar LQ for b → sℓℓ
ℒ ⊃ ∑

α=e,μ

Sα ℓα
L (λb q̄c,3

L +λs q̄c,2
L )

Parameters: rb,s ≡ λb,s/MS

• TL contrib. to  

• TL to  high-  tails (LHC & HL-LHC)

b → sℓℓ
q̄q → ℓℓ pT

b, s

b, s ℓ

S

ℓλb,s

λb,s

∼ r2
b,s

Greljo, Salko, 
Smolkovic, Stangl (2022)

Sα ∼ (3̄, 3,1/3)
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3. Impact on selected models

II) Scalar LQ for b → sℓℓ
ℒ ⊃ ∑

α=e,μ

Sα ℓα
L (λb q̄c,3

L +λs q̄c,2
L )

Parameters: rb,s ≡ λb,s/MS

• TL contrib. to  

• TL to  high-  tails (LHC & HL-LHC) 

• TL to above the pole  (LEP-II & FCC-ee)

b → sℓℓ
q̄q → ℓℓ pT

e+e− → q̄q

b, s

b, s ℓ

S

ℓλb,s

λb,s

∼ r2
b,s

Greljo, Salko, 
Smolkovic, Stangl (2022)

Sα ∼ (3̄, 3,1/3)
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3. Impact on selected models

II) Scalar LQ for b → sℓℓ
ℒ ⊃ ∑

α=e,μ

Sα ℓα
L (λb q̄c,3

L +λs q̄c,2
L )

Parameters: rb,s ≡ λb,s/MS
ℓb, s

b, s

Z
ℓ

∼ r2
s,b• TL contrib. to  

• TL to  high-  tails (LHC & HL-LHC) 

• TL to above the pole  (LEP-II & FCC-ee) 
• 1-loop to Z-pole EWPO (LEP & FCC-ee)

b → sℓℓ
q̄q → ℓℓ pT

e+e− → q̄q

Greljo, Salko, 
Smolkovic, Stangl (2022)

Sα ∼ (3̄, 3,1/3)
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3. Impact on selected models

II) Scalar LQ for b → sℓℓ
ℒ ⊃ ∑

α=e,μ

Sα ℓα
L (λb q̄c,3

L +λs q̄c,2
L )

Parameters: rb,s ≡ λb,s/MS

• TL contrib. to  

• TL to  high-  tails (LHC & HL-LHC) 

• TL to above the pole  (LEP-II & FCC-ee) 
• 1-loop to Z-pole EWPO (LEP & FCC-ee) 

• 1-loop (box) to  oscillations

b → sℓℓ
q̄q → ℓℓ pT

e+e− → q̄q

Bs − B̄s

Greljo, Salko, 
Smolkovic, Stangl (2022)

b

s

S

ℓλb

λs

∼ (rbrs)2 M2
SS

λs

λb

ℓ

s

b

Sα ∼ (3̄, 3,1/3)
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3. Impact on selected models

II) Scalar LQ for b → sℓℓ
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Outline 
1. Observables and flavor tagging above the Z-pole 
2. SMEFT interpretation 
3. Impact on selected models 
4. Conclusion 
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4. Conclusion 

• Current results in flavor tagging at FCC-ee allow saturation of the naïve stat 
 limit on  (for  improvement needed) 

•  above the -pole at FCC-ee:  

probe flavor conserving, non-universal 4F (also 3rd gen!) up to  TeV! 
• SMEFT RG: 
 Interplay/complementarity between -pole EWPO (1-loop) and above the pole (TL) 

• FCC-ee may rule out/discover models for current  anomalies!

Rb, Rc Rs

Ra Z
𝒪(50)

Z
B

Thank you for your attention!
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BACKUP
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Z-pole

Allwicher et al (2023) limitU(2)
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Z-pole

From L. Allwicher talk

VE
C

TO
R

S

https://indico.cern.ch/event/1439509/contributions/6286662/attachments/2995229/5276883/allwicher_FCC2025.pdf
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Z-pole
FE

R
M

IO
N

S

From L. Allwicher talk

https://indico.cern.ch/event/1439509/contributions/6286662/attachments/2995229/5276883/allwicher_FCC2025.pdf
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Z-pole
SC

AL
AR

S

From L. Allwicher talk

https://indico.cern.ch/event/1439509/contributions/6286662/attachments/2995229/5276883/allwicher_FCC2025.pdf


Alessandro Valenti | University of BaselNew Physics Through Flavor Tagging at FCC-ee 52

Other bounds

Oblique corrections

EoM: 
flavor conserving, non-universal 4F  

(TL above the Z-pole) 
+ 

Higgs-fermion current operators 
(TL at the Z-pole)
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Other bounds

3rd gen only:
Pure RG effect, 
both at Z and above 
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4F operators around the Z-pole?
Ge et al (2024) 

Key: σZ,SM ∼
s

(s − m2
Z)2 + m2

z Γ2
Z

⟶
σBSM

σSM,Z
∼

s − m2
Z

Λ2

 GeV: larger stat but relative effect suppresseds ⊃ mz ± 5
Comparing results: stronger bounds above the pole
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Flavor-violating ratios
Rij =

σ(e+e− → q̄iqj) + σ(e+e− → q̄jqi)
∑k,l σ(e+e− → q̄kql)

Consider only  
(contrib. to other bins negligible)

Nij

Rij ≲ 1.645
σb

Ntotϵi
iϵ

j
j

σb ≃ (b + ∑
k

σb,k)1/2

E[S] = s/σb

(95% CL)

Result
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Flavor-violating ratios
SMEFT interpretation:

Bounds generally weaker/comparable with ones from hadronic decays 
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3. Impact on selected models

III)  for Z′ b → sℓℓ
ℒ ⊃ gsb Zμ

′ (q̄3
Lγμq2

L) + gℓ Zμ
′ ∑
ℓ=e,μ,τ

(ℓ̄γμℓ) + h.c.

Parameters:   & rsb ≡ gsb/MZ′ 
rℓ ≡ gℓ/MZ′ 

• TL contrib to  

• TL contrib to  mixing 

• TL contrib to 

b → sℓℓ
Bs − B̄s

e+e− → f̄f


