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IntroductionOutline

• 1. Motivation   Eur. Phys. J. C (2023) 83:269 arXiv:2207.12177

• 2. Fast-simulation

• 3. Comparison with FCC-ee result https://arxiv.org/pdf/2503.18713 

• 4. Summary
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Introduction 

Motivation



• CEPC will be a versatile machine with many opportunities

• @~360 GeV it can also be a playground for

• The top “pole” mass is measured using top reconstruction at hadron colliders

• Heavily relies on the performance of MET (the neutrino) and JER & JES

• ATLAS+CMS combined measurements (15) reached a level of uncertainties of 330 
     MeV dominated by systematic uncertainties

• Precision improvements are limited by dominant systematic uncertainties in hadron 
collider environments.

• Higgs factory @~240 GeV, Diboson factory @~160 GeV, Z factory @~90 GeV

• Top quark precision measurements
• Higgs complementary measurements 
• BSM searches
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IntroductionIntroduction 

Top quark mass measurements

                                   ATLAS-CONF-2023-066, CMS-PAS-TOP-22-001 for Run1
New results such as CMS Eur. Phys. J. C 83 (2023) 963 with 370 MeV using Run2

1


• Use the package “QQbar_threshold” to calculate �(�+�− → ��) near threshold in ee-
colliders at N3LO precision

• We integrate LS by a Gaussian function with the CEPC expected beam energy spread (~500 
MeV) as a function of 
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Introductionttbar threshold scan

Our setup  in Eur. Phys. J. C (2023) 83:269, arXiv:2207.12177 

• ee-colliders enable both top reconstruction and ttbar threshold scan.

• The scan is made against        and cross-section is the direct observable

• This brings measurements of top mass and a couple of other parameters

•     , �� , �� 

• ISR effects are also included in the package

https://link.springer.com/article/10.1140/epjc/s10052-023-11421-1
https://arxiv.org/abs/2207.12177
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IntroductionDetermining the best collision energy
• CEPC plans to collect 100 fb-1 of data by ramping up the center-of-mass energy to the �� threshold.

• Around the ttbar threshold, we need to identify the energy point(s) that contain(s) the most sensitivity

• Construct Fisher information to test the energy point(s)

• Larger amplitudes implies richer information and higher sensitivities

• Aiming at measuring one parameter at a time (1D), given limited total luminosity:

• Statistical precision  at CEPC shows that 342.75 GeV is optimal for ���� , giving a 9 MeV uncertainty.

• Only colliding at one optimal energy point would give the best sensitivity

• This is tested with many different situations: one vs multiples energy points, un-even luminosity allocation etc.

• We also have tried 2D fit at a time, but it yields a worse precision on ����



7The top mass at the ttbar threshold with CEPC Leyan Li   CEPC RefTDR Internal Review Report

Introductionstatistical and systematical uncertainties of  ����

Eur. Phys. J. C (2023) 83:269, arXiv:2207.12177 

• Statistics:  9MeV are calculated under the total luminosity of 100 푓�−1, All luminosity 
is allocated to a single energy point optimized via Fisher information.      

• Theory:  Assuming 1% and 3% theory uncertainties on the cross section, which leads to 
8 MeV and 24 MeV uncertainty on ����, respectively.

• Quick scan & Beam energy: A quick scan is used to determine the optimal energy point,

•  �� & width :  are the inputs for this 1D top mass measurement, �� uncertainty (0.0007) 
and top width variation (±0.14 GeV) lead to 16 MeV and 10 MeV uncertainties on ����

• Experimental efficiency:  in this paper, Experimental efficiency of the CEPC is yet to 
know. Assuming experimental efficiency uncertainties of 0.5%, 1%, 3%, and 5% results 
in corresponding top mass uncertainties of 4, 10, 27, and 44 MeV.

and the CEPC beam energy precision (~1 MeV) results in a 2 MeV uncertainty on ���� 

• Background:  Assuming background uncertainties of 1% and 5% leads to top mass uncertainties of 2 MeV and 14 MeV, respectively, 
despite clean background subtraction.(refer to ttbar threshold scan at CLIC)

• Luminosity spectrum: LS is varied for 10% and 20% that result in uncertainties of 3 MeV  and 6 MeV on top mass

https://link.springer.com/article/10.1140/epjc/s10052-023-11421-1
https://arxiv.org/abs/2207.12177
DOI 10.1140/epjc/s10052-013-2530-7
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IntroductionNew work towards RefTDR:  Fast simulation -> Improve Uncertainties  

• Using CEPC RefTDR detector simulation, experimental uncertainties can be more accurately assessed, we focusing only 
on the most relevant sources: 

• JES and its uncertainties  (WIP)     

• an excellent btagger and its uncertainties  (WIP)

• JER  and its impact on b-tagging  (WIP)

• The statistical and background uncertainties are primarily driven by the final �푠��  and ����_�����. To obtain a more 
realistic evaluation:

• The Other systematic uncertainties are held consistent with our previous work

• Employ Delphes with a CEPC-specific detector configuration

• Generate full signal and background samples to optimize the final �푠��  and ����_�����
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Introduction 

Fast-simulation 
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IntroductionSample generating
• We have finished the analysis  semi-leptonic & full hadronic channel of   e+ e- > t t~ > W+ b W- b~

• Use MadGraph5_aMC@NLO, Pythia8, Delphes to generate fast-simulation sample

• Background samples are generated at LO, with cross sections computed using MadGraph5_aMC@NLO

• Signal sample (sl,hh), NLO samples are used, and the cross sections are calculated by QQbar_threshold tool (NNNLO precision)

• A total of 11 samples were generated at different center-of-mass energies: {338 GeV, 339 GeV, 340 GeV, 341 GeV, 342 GeV, 342.75 GeV, 
343 GeV, 344 GeV, 345 GeV, 346 GeV, and 347 GeV}.  Set mtop=171.5GeV，Γtop=1.33GeV，αs=0.1184

• Turn ISR & FSR on in Pythia8



11The top mass at the ttbar threshold with CEPC Leyan Li   CEPC RefTDR Internal Review Report

IntroductionDelphes setting

• The delphes card is based on CEPC Ref TDR model by zhangkl@ihep.ac.cn

• Jet-clustering: Using the �+�− − ��  algorithm, the number of reconstructed jets is required to be 4 for the sl channel, 
and 6 for the hh channel, the other parameters is based on algorithm in delphes.

• JES :  set ScaleFormula {1.0075}  for 0.75% scale

• Btagging effciency:  using 95% working point refer to JOI model from zhangkl@ihep.ac.cn

  # default efficiency formula (misidentification rate)
  add EfficiencyFormula {0} {0.01}

  # efficiency formula for c-jets (misidentification rate)
  add EfficiencyFormula {4} {0.01}

  # efficiency formula for b-jets
  add EfficiencyFormula {5} {0.95}

https://code.ihep.ac.cn/zhangkl/delphes_cepc
https://code.ihep.ac.cn/pimohan/onnxreader
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IntroductionObject selection - isolated muon/electron 
• To distinguish between semi-leptonic (sl) and fully hadronic (hh) events, the number of isolated leptons in the event is 

a key factor.    Leptons with E > 23GeV and  IPS < 2.7 are selected as isolated leptons.
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IntroductionObject selection - Jets  

• The sl events require 4 jets, originating from a pair of b quarks and a quark-antiquark pair from a W boson decay; 

• The hh events require 6 jets, from a b quark pair and two W bosons each decaying into a quark-antiquark pair.

• A strict requirement of exactly 2 b-jets is applied for sl events, while at least 2 b-jets are required for hh events.



14The top mass at the ttbar threshold with CEPC Leyan Li   CEPC RefTDR Internal Review Report

IntroductionEvents selection - event shape variables : ���   

• In  �+�− − ��  algorithm: ��� = 2���(��
2, ��

2)(1 − 푐�푠���), ��� = ��� / � , where Q is the total energy in the event

• For sl channel:  use �34 and �45 ,    For hh channel:  use �34 , �45 and �56

•  Optimize the best cut threshold between background & signal by scanning the signal significance :
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IntroductionEvents selection - event shape variables : Sphericity  &  Thrust  

• Sphericity：Measures how uniformly momentum is distributed in space (spherical shape), S ≈ 1 for spherical 
events; S ≈ 0 for jet-like events

• Thrust：Measures how concentrated momentum is along a certain direction, Thrust ≈ 1 indicates strong 
directionality (e.g., two-jet events)
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IntroductionEvents selection - event shape variables : PFOs  &  Charged PFOs  

Event selection is based on the total number of particles (PFOs) and charged particles (Charged PFOs), which are strongly 
correlated with the number of jets in the event.
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IntroductionEvents selection - event shape variables : Pmax  &  ETotal 
• Maximum particle momentum (PMax): In semi-leptonic events, the isolated lepton typically carries the highest momentum; 

in fully hadronic events, PMax is more related to the number of particles or jets.

• Total event energy (ETotal): Affected by initial state radiation (ISR) and jet reconstruction quality.
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IntroductionKinematic fit  

Semi-leptonic fit parameters： Full-hadronic fit parameters:

•      serves as the criterion for  pairing in top mass reconstruction, selecting the combination that minimizes it

• It effectively suppresses single top backgrounds that mimic the signal  
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IntroductionCutflow table

• After event selection & kinematic fit:
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IntroductionLikelyhood function  for statistical uncertainty  

• In the formula, P denotes the Poisson distribution , D is the observed number of signal events, ��� is the expected signal cross 
section, �� is the expected CEPC luminosity at the given center-of-mass energy, and � is the signal selection efficiency. The 
mean of the Poisson distribution                                           corresponds to the expected number of signal events.

• At a fixed center-of-mass energy, each top quark mass ���� corresponds to an expected number of signal events E, Combined 
with the observed number of events D , one can compute P(D|E). The larger the value of P(D|E), the more likely it is that the 
top quark mass is ����.

• Since the observed signal count is fixed to the expected value at ���� = 171.5퐺��, the likelihood is maximized at this mass, and 
the measured ���� is therefore fixed at 171.5 GeV. The statistical uncertainty is then extracted from the 1σ width of the likelihood curve.

Eur. Phys. J. C (2023) 83:269

https://link.springer.com/article/10.1140/epjc/s10052-023-11421-1
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IntroductionFinal result of each Uncertainty of  ���� 

• Compare 2 version( with/without      cut)  with result in Eur. Phys. J. C (2023) 83:269, arXiv:2207.12177

• Since single top, already the dominant background after event shape cuts, has a small cross section, applying the      cut 
further suppresses it but at the cost of signal efficiency. Thus, omitting the      cut may be preferable

• Statistics:  �푠��  is the main contributing factor, with ����_����� having a lesser impact

• Width:  The previous version contained a calculation error, which has been corrected in this update

• Background: ����_����� are  the main contributing factors

https://link.springer.com/article/10.1140/epjc/s10052-023-11421-1
https://arxiv.org/abs/2207.12177
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Introduction 

Comparison with FCC-ee result

https://arxiv.org/pdf/2503.18713 

https://arxiv.org/pdf/2503.18713


23The top mass at the ttbar threshold with CEPC Leyan Li   CEPC RefTDR Internal Review Report

Introduction Fcc-ee vs CEPC   -  1. Expermental     

• Lumi:     100 fb^-1 in 342.75 GeV      vs    41 fb⁻¹ × 10 energy points (340–345 GeV)     

• Expermental:     4.3     vs    4/44               

• FCC-ee:  stat-only      Lumi & btagging & background    impact on cross-section(ee->tt), then give an conservative factor of 20%   

• CPEC:   totally asumed systematic uncertainty  (including  , but from optimistic to a very very Conservative asuming( from 0.5% ~ 5%,  
which cover FCC-ee  1% ~ 2%)    this is dominant in our Conservative  estimation
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Introduction Fcc-ee vs CEPC -  2.Theory 

 • Theory:     35    vs    8/24 https://arxiv.org/pdf/2503.18713

• FCC-ee:  Directly varies the renormalisation scale � in the N3LO theoretical prediction,  dominant

• CPEC:   follow CLIC’s way (arXiv:1111.4486), assume a  ±1% or ±3% theoretical uncertainty on crosssectio normalization 

https://arxiv.org/pdf/2503.18713
arXiv:1111.4486
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Introduction Fcc-ee vs CEPC -  3. �� & width 

• �푠 :   2.2  vs  16          width :   3.0  vs  5  

  FCC-ee:    αS(mZ
2) is varied by  1 × 10 − 4 Vs    CEPC:  αS(mZ

2)  is varied by   7 × 10−4  (arXiv:1111.4486)

Vs     CEPC:   1D fit width is varied by 0.14 GeV                       
            

FCC-ee:    3D fit  no width variation        

arXiv:1111.4486
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Introduction Fcc-ee vs CEPC  - 4. Beam energy & LS 

“The authors of Ref. [20] project machine calibration uncertainties of 2–6 MeV, in agreement with our findings.”

• Beam energy:     1.2  vs  2
   

• FCC-ee can  the beam energy with a precision about  � � = 5/2.5 푀�� (3 × 10−5/1.5 × 10−5)
• CEPC can control the beam energy with a precision down to 10−5,  corresponding to ~ O(1) MeV at tt threshold

• Lumiosity spectrum (LS)   vs    Beam energy spread (BES):       0.1/0.3   vs   3/6
      

• FCC-ee:  BES is varied for  0.5% or  1.0%
• CEPC:    LS is varied for 10% and 20% that result in uncertainties  3/6 MeV of ���� 

https://arxiv.org/pdf/2503.18713 

https://arxiv.org/pdf/2503.18713
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Introduction 

Summary
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IntroductionSummary

• The expected top mass uncertainty at CEPC is 21 MeV (optimistic) and 54 MeV (conservative), both significantly better than the 
330 MeV at the LHC, and comparable to the FCC-ee projection of ~36 MeV.

• This highlights the advantage of the threshold scan method used in this study, which yields higher precision than the LHC’s direct 
reconstruction approach, as it avoids systematics from energy loss and jet reconstruction. The improvement also benefits from CEPC's 
superior beam energy control.

• In this analysis,  the experimental efficiency Uncertainty from btagging effciency, JER and JES are still can't calculate:

• Future improvements include training a jet tagger at 360 GeV and adding variables like momentum peak and forward-backward 
asymmetry to refine the top mass measurement.

 

• In the current CEPC Delphes card, these effects are implemented as fixed constants.

• These constants are partly derived from limited full simulation samples. These developments are still ongoing.
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Introduction 

Back Up
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IntroductionQ1: Are the experimental efficiency scenarios reasonable? There is no full simulation sample to even make a guess?   

The experimental efficiency of the future detectors are yet to know. We assume several possible scenarios for the level of 
this uncertainty: 0.5%, 1%, 3% and 5%. This uncertainty impacts directly on the signal yields and results in a measurement 
uncertainty of the top mass of 4 MeV, 9 MeV, 27MeV and 44 MeV, respectively

At this stage, using fast simulation, it is not able to calculate it now, so we can only rely on a full assumption.
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IntroductionQ3: I didn't understand what the quick scan uncertainty is until I read the paper. I think you still have space to add explanation.

• A quick scan preselects the optimal energy point for the high-luminosity run.

• The optimal collision energy is unknown in advance. A low-luminosity quick scan (e.g., 1 fb⁻¹ per point) 
estimates an  ���� close to the true value.

• Using this ����,   the predicted cross-section curve is fixed, allowing the optimal energy to be located.
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IntroductionBackground

• Background uncertainties are incorporated into the likelihood function (Eq. 2) as nuisance parameters constrained by 
Gaussian priors.

• Background efficiencies are taken from 2013 CLIC result, and the cross sections are calculated at leading order (LO), 
including initial-state radiation

• Assuming a 1% background uncertainty (optimistic) or 5% (conservative), the top quark mass uncertainty is found to be 2 
MeV and 14 MeV, respectively, demonstrating that background uncertainty plays a critical role.

arXiv:1111.4486
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IntroductionLS 
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Introductionsame cross section calculate result between FCC-ee & CEPC
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IntroductionKinematic fit -> full hadronic channel  chi square formula   
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IntroductionKinematic fit -> pairing in top mass reconstruction -> improve top mass resolution 
with chi^2 or not 

hh channel
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Introduction  
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Introduction  
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Introduction  
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IntroductionSummary

• The expected top mass uncertainty at CEPC is 21 MeV (optimistic) and 54 MeV (conservative), both significantly better than the 
330 MeV at the LHC, and comparable to the FCC-ee projection of ~36 MeV.

• This highlights the advantage of the threshold scan method used in this study, which yields higher precision than the LHC’s direct 
reconstruction approach, as it avoids systematics from energy loss and jet reconstruction. The improvement also benefits from CEPC's 
superior beam energy control.

• In this analysis,  the experimental efficiency Uncertainty from btagging effciency, JER and JES are still can't calculate:

• Future improvements include training a jet tagger at 360 GeV and adding variables like momentum peak and forward-backward 
asymmetry to refine the top mass measurement.

 

• In the current CEPC Delphes card, these effects are implemented as fixed constants.

• These constants are partly derived from limited full simulation samples. These developments are still ongoing.

• To accurately estimate such systematic uncertainties, one would need to:
              • Generate full simulation samples for both signal and background processes;

• Train a jet tagger that can be imported into Delphes.


