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Motivation

SMEFT approach to connect modifications at top- and beauty scales with common
set of operators →Anomalies at O(mB) and O(mZ ) translate to higher energy scale
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Motivation

Combination of top- and beauty observables:
synergies in global SMEFT fits [1]

More operators can be probed at once +
different collider setups can be tested

High precision and variety of observables is
the key to extract tight constraints
→→→To which extent can FCC-ee bring
improvements?

t + b-observables: Removes flat directions in
parameter space.
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https://link.springer.com/article/10.1007/JHEP06(2021)010


Motivation
FCC-ee (run-plan) offers ideal environment
to study Z → bb̄ and top-observables at one
machine

Especially Z -pole run with O(1012) events
offers unrivaled precision and possibilities

Deviations on Z → bb̄ observables/scale
translate to top-energy scale

Phase
√

s /GeV Event statistics

Z 0 88− 95 5 · 1012 (106· LEP)
W+W− 158− 192 3 · 108 (104· LEP)

Z 0H 240 106

tt̄ 345− 365 106
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Top energy scale

Observable finding
Top-observable simulation for
different operator strenghts

Sensitivity to Wilson coefficient
Measure for the sensitivity and hierarchy

Precision estimate
Reconstruction in FCC-ee environment

for estimate of observable precision

Z → bb̄ energy scale

Precision limitations
Current limitations on
Z → bb̄ observables

New hemisphere tagging
Exclusive tagging from B-hadron decays

Proof from simulation
Test assumptions from FCC-ee

simulated Z → bb̄ sample

Prospective of global interpretation
Interpretation of simulated top- and beauty

measurements in SMEFT framework

I

II

III

L. Röhrig | Nov. 22, 2022 5 / 13



SMEFT framework
SMEFT allows to merge energy scales to access BSM physics
Build operators out of SM fields for higher energy scales Λ and small couplings

LSMEFT = LSM︸︷︷︸
dim. 4

+O(O(5)) +
1
Λ2

∑
i

C (6)
i O(6) + . . .

Dimension-6 operators affect processes including top production and decay:
Two-heavy OtW , OtZ , OtG , O(3,−)
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I○ Observable finding
Two approaches: Optimal observables &
parametrisation of observables

1. Deviation in the phase space dΩ by final
state objects of a process

Angular information d cos(θ`±,b±)
Energy information dx`±

2. Several top-production and decay
observables simulated (MadGraph +
dim6top):

Asymmetries: AFB,A|∆φ``|,Acos(ϕ)

Decay width: Γt
W -helicity fractions: FL,F0,FR
Spin correlations: B, ~C
Cross sections: σtt̄ , σtt̄bb̄, σtt̄`¯̀, σt , σtt̄j
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II○ Sensitivity to Wilson coefficient

First derivative (gradient) evaluated at Ci = 0 as sensitivity measure
Procedure for all observables ⊗ operators
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III○ Precision estimate
Reconstruction of tt̄-system + observables at FCC-ee holds challenges
Considered decay modes: semileptonic and fully leptonic decay
Examples: Top 4-vector reconstruction vs. Cnn = −9〈cos(θn1) cos(θn2)〉 distribution

150− 100− 50− 0 50 100 150
reconstructed top - parton top / GeV
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Next step: estimate of uncertainty (WIP) as input for global SMEFT interpretation
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I○ Measurements at the Z -pole: Rb

Running down the scale to Z → bb̄: Rb and Ab
FB with the largest pull from EWPO fit

Potential for SM-deviation in Rb:
∆RLEP

b
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b −RSM
b
≈ 40%
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Zbb-vertex correction, contribution ≈ 1%.

O(1012) Z → bb̄ events @FCC-ee: Measurements systematically limited
Goal: reduce systematic uncertainty to scale of statistical uncertainty

LEP-times: Systematic uncertainties dominated by udsc-physics + MC statistics

L. Röhrig | Nov. 22, 2022 10 / 13



II○ New hemisphere tagging

Exclusive b-hadron tagging

Select the hemispheres by exclusively tag b-hadrons with a potential
purity of P = 100% and an efficiency of ε ≈ 1%

Motivation for an exclusive tagger

Suppose NZ→had = 1012. An exclusive double-tagger with εb ≈ 1%
→∆Rexcl.

b (stat) ≈ 4.6 · 10−5 at FCC-ee: factor 20 wrt. LEP

Systematic uncertainty reduces to
→∆Rexcl.

b (syst.) ∼
√

∆MC2
stat +∆Evt.sel2 +∆Trk.2 +∆udsc2 +∆hem.corr.2

Hemisphere-correlation uncertainty present for standard tagger
mostly reduced by excl. tagger

e+ e−

B+

D̄0

π+
K+

π−

1○: D̄0 → K+π−

2○: D̄0 → Ksπ+π−

3○: D̄0 → K+π−π0

PV
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II○ New hemisphere tagging: Next steps

1. Estimate the purity of the exclusive tagger in several cases:
Fully charged final state particles: B± → K+π+π−

Final states with Ks : D̄0 → Ksπ
−π+

Final states with one π0: D̄0 → K+π−π0

→Place requirements on Ks tracking and π0 calorimetric reconstruction

2. Add up the modes and verify, that εb = 1% can be reached

3. Estimate hemisphere-correlation uncertainty sources for exclusive tagger

4. Use of the exclusive tagger simultaneously with standard taggers
→ Study the correlation between them

5. Similar work to be developed for Ab
FB
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Conclusions and Outlook

Anomalies at mB and mZ -energy scale: modifications at top-energy scale
→ SMEFT approach provides a common set of operators to connect both

Combination of different scales showed synergies in global interpretations: to which
extent can FCC-ee improve?
Top-energy scale studies: Found sensitive observables to dimension-6 operators
→Evaluate the precision at FCC-ee from simulation

Z -pole measurements systematically limited
→Novel b-hadron double-tagging technique for Rb determination (to be confirmed
from simulation)
→Further application on Ab

FB measurement planned
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Backup
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Estimation of top observables at FCC-ee
Use official FCC-ee simulated samples of

√
s = 365GeV e+e− → tt̄ → all collisions

Focus on semileptonic and dileptonic decay on parton & reconstructed level

Semileptonic
1 isolated lepton ` ∈ [e, µ] with
p` > 20GeV

Missing energy

Exactly 4 jets, 2 of them b-tagged
(80 % efficiency each)

t

b

q̄

q′
W+

Dileptonic
2 isolated leptons ` ∈ [e, µ] with
p` > 20GeV

Missing energy

Exactly 2 jets, both b-tagged
(80 % efficiency each)

t̄

b̄

`−

ν`
W−
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Reconstructing the dileptonic final state
Ex. methods to fully reconstruct tt̄-system [4]→ only verified on generator-level
Based on 4-momentum conservation: P0 = P`1 + P`2 + Pν + Pν̄ + Pj1 + Pj2 ,
Pi : input 4-vector, P0 = (

√
s, 0, 0, 0)>

Not enough to fix six ν-momentum components: Minimisation w.r.t. mt and mW
Generator-level : Event energy ΣEi =

√
si = 365GeV known →Reproduce results

Publication reference.
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Generator-level : Feasibility tests.
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Method II applied

https://arxiv.org/pdf/2003.12320.pdf


Reconstructing the dileptonic final state
Ex. methods to fully reconstruct tt̄-system [4]→ only verified on generator-level
Based on 4-momentum conservation: P0 = P`1 + P`2 + Pν + Pν̄ + Pj1 + Pj2 ,
Pi : input 4-vector, P0 = (

√
s, 0, 0, 0)>

Not enough to fix six ν-momentum components: Minimisation w.r.t. mt and mW
Reco-level : Event energy not known ΣEi 6=

√
si , because ME 6= Eν1 + Eν2

Publication reference.
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Reco-level : Naively assume P0 = 365 GeV.
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Method II applied

https://arxiv.org/pdf/2003.12320.pdf


Reconstructing the dileptonic final state
Reason for asymmetry: Total event energy not exactly determinable
Cross-check: Cuts during reconstruction on ΣE remove asymmetries (left plot)
Use event-wise knowledge: P0 = P`1 + P`2 + PME + Pj1 + Pj2
→Asymmetry gets worse, too less energy for reconstruction

Cuts on the total event energy.
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Reco-level : Use accessible event energy for P0.

L. Röhrig | Nov. 22, 2022 : 17 / 13



Reconstructing the dileptonic final state
Ansatz: Find correlation between ME and Eν1 + Eν2 with parton-level information
Correct reconstructed ME with fitted dependence: MEcorr. = pfit

0 ·ME2 +pfit
1 ·ME+pfit

2
Use corrected, event-wise knowledge: Pcorr.

0 = P`1 + P`2 + PMEcorr. + Pj1 + Pj2

→ Does not lead to hoped improvements
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Fit 2nd degree polynom.
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Reco-level : Uncorrected P0.
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Reconstructing the dileptonic final state
Ansatz: Find correlation between ME and Eν1 + Eν2 with parton-level information
Correct reconstructed ME with fitted dependence: MEcorr. = pfit

0 ·ME2 +pfit
1 ·ME+pfit

2
Use corrected, event-wise knowledge: Pcorr.

0 = P`1 + P`2 + PMEcorr. + Pj1 + Pj2
→ Does not lead to hoped improvements
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Observables
Examples: ∆ytt̄- and |∆φ``|-distributions to extract AFB and A|∆φ``| resp.
Distributions compared for MadGraph and FCC-ee samples on parton- and reco-level
For MadGraph: No ISR and BES taken into account
Prepare ground to draw similar conclusions as on generator level
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Summary: sensitivites from gradients
Gradient sensitivites in matrix and most sensitive observable per operator highlighted

Several processes
dominated by tt̄
production

Decay predominantly via
Wtb vertex with OtW and
O(3)
ϕq

Both: Composition of
production and decay
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Method II: Sensitivities from optimal observables

Sensitivity follows as Sii =
w2

i

wSM
(
σMG

i

)2

∑nbins
m=1

(
dσi
dΩm

)2
/

dσSM
dΩm

Each dimension of the phase-space adds up information, but: curse of dimensionality
Tradeoff between number of bins and number of entries, here: Nbins/dimension = 5

Here: Dimension-dependent evaluation for CtZ

Collection of the OO-sensitivities Sii for the different
operators i .

L. Röhrig | Nov. 22, 2022 : 21 / 13

Preliminary



Final state objects – semileptonic

Final state object resolution plots, showing x reco − xparton, x ∈ [E , px , py , pz ]

Here: t/t̄ and W±
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Final state objects – semileptonic

Final state object resolution plots, showing x reco − xparton, x ∈ [E , px , py , pz ]

Here: ` and ν`
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Final state objects – semileptonic

Final state object resolution plots, showing x reco − xparton, x ∈ [E , px , py , pz ]

Here: light jets and b-jets
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Final state objects – dileptonic

Final state object resolution plots, showing x reco − xparton, x ∈ [E , px , py , pz ]

Here: t/t̄ and W±
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Final state objects – dileptonic

Final state object resolution plots, showing x reco − xparton, x ∈ [E , px , py , pz ]

Here: ` and ν`
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Final state objects – dileptonic
Final state object resolution plots, showing x reco − xparton, x ∈ [E , px , py , pz ]
Here: b-jets
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Parameterisations – operator-wise
Here: CtG

Label 21 23

Observable σtt̄j σtt̄bb̄

∂
∂CtG−→
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Parameterisations – operator-wise
Here: CtW

1 2 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

A|∆φ`` | Alab
cos(ϕ) Crk −Cr Cnr Ck Bk+ Bk− Br+ Br− F0 FL FR Γt σt σtt̄j σtt̄`¯̀ σtt̄bb̄ σtt̄ AFB

∂
∂CtW−→
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Parameterisations – operator-wise
Here: CtZ

1 2 8 9 10 11 12 13 14 15 21 22 23 24 25

A|∆φ`` | Alab
cos(ϕ) Crk −Cr Cnr Ck Bk+ Bk− Br+ Br− σtt̄j σtt̄`¯̀ σtt̄bb̄ σtt̄ AFB

∂
∂CtZ−→
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Parameterisations – operator-wise
Here: C (3)

ϕq

Label 19 20 21 23 24

Observable Γt σt σtt̄j σtt̄bb̄ σtt̄

∂

∂C(3)
ϕq−→
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Parameterisations – operator-wise
Here: C (−)

ϕq

Label 20 21 23 24 25

Observable σt σtt̄j σtt̄bb̄ σtt̄ AFB

∂

∂C(−)
ϕq−→
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Parameterisations – operator-wise
Here: Cϕt

Label 21 23 24 25

Observable σtt̄j σtt̄bb̄ σtt̄ AFB

∂
∂Cϕt−→

L. Röhrig | Nov. 22, 2022 : 33 / 13



Parameterisations – operator-wise
Here: C (1)

te

1 2 8 9 10 11 12 13 14 15 21 22 23 24 25

A|∆φ`` | Alab
cos(ϕ) Crk −Cr Cnr Ck Bk+ Bk− Br+ Br− σtt̄j σtt̄`¯̀ σtt̄bb̄ σtt̄ AFB

∂

∂C(1)
te−→
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Parameterisations – operator-wise
Here: C (1)

tl

1 2 8 9 10 11 12 13 14 15 21 22 23 24 25

A|∆φ`` | Alab
cos(ϕ) Crk −Cr Cnr Ck Bk+ Bk− Br+ Br− σtt̄j σtt̄`¯̀ σtt̄bb̄ σtt̄ AFB

∂

∂C(1)
tl−→
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Parameterisations – operator-wise
Here: C (1)

qe

1 2 8 9 10 11 12 13 14 15 21 22 23 24 25

A|∆φ`` | Alab
cos(ϕ) Crk −Cr Cnr Ck Bk+ Bk− Br+ Br− σtt̄j σtt̄`¯̀ σtt̄bb̄ σtt̄ AFB

∂

∂C(1)
qe−→
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