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Motivation 
✦ EW observables at the Tera-Z at FCC-ee will be measured with statistical precision down to several orders of magnitude 

✦ Z total decay width can be measured in an energy scan (  = 87.9, 91.2, 93.8 GeV) with 4 keV statistical precisions

✦ Need to bring down the systematic uncertainties as close as possible to the statistical precision 
✦ From LEP: a limiting systematic factor is the uncorrelated point-to-point uncertainty on  of the 3 energy scan points 
✦ At FCC-ee: this factor can be possibly controlled in-situ with invariant mass distribution of dimuon samples  

✦ Preliminary studies with a parameterization of the CLD detector show that a precision of 40 keV can be reached, 
splitting the dataset in independent samples and looking at the dimuon peak position in these subsamples 

https://arxiv.org/pdf/1909.12245v1.pdf 
✦ First goal of this study: estimate this precision with fast simulation and reconstruction 

✦ Important ingredient for this precision to hold is the stability of the mass scale, e.g. from one fill to the next (especially 
the magnetic field) * 
✦ "a control of  to 40 keV precision with the dimuon peak demands a control of the scale at the level of 40 keV / 91 
GeV = sub 10-6. Monitoring the detector field at this level may be challenging with NMR probes. 

✦ Second goal of this study: estimate the level of stability in-situ with low-mass resonances, i.e. J/ψ and D0 
 

*  Another important ingredient is the very good control of ISR required, as it shifts the peak position depending on .   

[To be calculated, but out of today’s talk topic] 

s

s

s

https://arxiv.org/pdf/1909.12245v1.pdf
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Dimuon samples
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Analysis steps
✦ Analysis chain performed with custom-made FCCSW samples and using FCCAnalysis framework for analysis and plotting 

✦ Pythia samples at   = 87.9, 91.2, 93.8 GeV, with 0.132% BES, and ISR+FSR on 
✦ Delphes cards: IDEAtrkCov and CLDtrkCov ( = IDEAtrkCov, except for the tracking from CLD) 
✦ Produced 1e6 events at each energy point and for each detector card (statistics validated below) 

✦ Muons selected with pT > 10 GeV, isolation > 0.4, polar angle > 20° 
✦ modified selectParticlePtIso to include the cut in angle 

✦ Used ResonanceBuilder to create dimuon combinations and select them based on the closest mass to the Z mass 
 

s
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91.2 GeV: 100ab-1 
✦ from Pythia: σ(ff) = 46 nb => x L_int x BR( ) = 1.38e11 events 

✦ but: possibly some QED-correction already included 
✦ from Tab. 21 [1]: σ( ) = 1.5 nb => x L_int = 1.5e11 events 

✦ 1e6 events produced => scaling factor = 1.5e11/1e6 = 1.5e5

Z → μμ

μμ

87.9 GeV: 25ab-1 
✦ from Pythia: σ(ff) = 9.6 nb => x L_int x BR( ) = 7.2e9 events 
✦ from Tab. 21[1] _at 88.2_: σ( ) = 0.24 nb => x L_int = 6e9 events 

✦ 1e6 events produced => scaling factor = 6e9/1e6 = 6e3

Z → μμ
μμ

 sample normalizationZ → μμ

[1] Eur Phys J C 14 (2000) 1

https://arxiv.org/pdf/hep-ex/0509008.pdf

93.8 GeV: 25ab-1 
✦ from Pythia: σ(ff) = 15 nb => x L_int x BR( ) = 1.1e10 events 
✦ from Tab. 21 [1] _at 93.7_: σ( ) = 0.5 nb => x L_int = 1.25e10 events 

✦ 1e6 events produced => scaling factor = 1.25e10/1e6 = 1.25e4

Z → μμ
μμ

https://epjc.epj.org/articles/epjc/abs/2000/09/epjc0319/epjc0319.html
https://arxiv.org/pdf/hep-ex/0509008.pdf
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Fit of the dimuon invariant mass around peak at -, , + s s s
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✦ Fit range was varied to 
assess fit stability

87.9 GeV Fit range mean err

87.4-88.3 7.6E-04

87.5-88.3 7.8E-04

87.6-88.3 1.2E-03

91.2 GeV Fit range mean err

90.8-91.6 8.2E-04

90.85-91.6 9.8E-04

90.9-91.6 1.3E-03

93.8 GeV Fit range mean err

93.3-94.2 9E-04

93.4-94.2 1.3E-03

93.5-94.2 2E-03

✦ Gaussian fit values correspond to the luminosity of the Monte Carlo samples. Distributions are normalized as from slide #5.

✦ Distributions agree with the reference paper (width ~ 280 MeV) https://arxiv.org/pdf/1909.12245v1.pdf

✦ Fit with Crystal Ball for 

 = 91.2 GeV in backups

https://arxiv.org/pdf/1909.12245v1.pdf
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Fit of the dimuon invariant mass around peak at -, , + s s s IDEA

✦ Gaussian fit values correspond to the luminosity of the Monte Carlo samples. Distributions are normalized as from slide #5.
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✦ Fit range was varied to 
assess fit stability

87.9 GeV Fit range mean err

87.6-88.1 3.3E-04

87.7-88.1 5.4E-04

87.8-88.1 1.8E-03

91.2 GeV Fit range mean err

90.8-91.5 3E-04

90.9-91.5 3.6E-04

91-91.5 6E-04

93.8 GeV Fit range mean err

93.5-94 5E-04

93.6-94 9.2E-04

93.7-94 3E-03

✦ At the Z peak, the width of the distribution ~ x2 smaller than for CLD
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Summary (1/2)

✦ We have studied how to control the point-to-point uncertainty on  on the 3 energy scan points at the FCC-ee Tera-Z 
in-situ with invariant mass distribution of dimuon samples  

✦ These studies reproduce the distributions shown in the reference paper https://arxiv.org/pdf/1909.12245v1.pdf  
✦ The fit results differ from the reference paper, where a ~40 keV precision was obtained with 100 subsamples 

✦ at  = 87.9, 91.2, 93.8 GeV we observe the following uncertainties on the peak positions: 
✦ 10, 2.5, 11 keV with CLD 
✦ 7, 0.9, 8 keV with IDEA 

✦ by splitting the full statistics in 100 subsamples (e.g. in time, one per fill), we get: 
✦ ~ 100 keV with CLD 
✦ ~ 70 keV with IDEA 

✦  After discussion with Patrick, we foresee to refine our fitting strategy, e.g. by using the constrained kinematics to 
reconstruct the energy of the ISR photons, and thus correct the raw dimuon mass with the result of a much more 
Gaussian distribution

s

s

https://arxiv.org/pdf/1909.12245v1.pdf
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Momentum scale stability

Two low-mass resonances exploited: 
✦ J/ψ: at FCC-ee #( ) / #( ) = 1 / 150, but 

 peak reconstructed with very good resolution 

=> set strong constraints on scale stability 
✦ D0: BR( ) = 20%, BR( ) = 4% 

=> O(40x) more Kπ pairs from D0/D0bar than dimuon pairs from J/ψ

Z → J/ψ + X, J/ψ → μμ Z → μμ
J/ψ → μμ

Z → D0D̄0 + X D0 → Kπ
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✦ 1e7  events,  O(20%) 
 => 0.4 genuine muons per event 

✦ In  O(13) tracks x 5% fake rate = 
0.6 additional fake muons 

✦ x 2.5 more muons 
✦ => 2.5**2 more combinations 

Z → bb b → μ

Z → bb

J/ψ : Analysis steps 
✦ Centrally-produced EDM4hep samples in /eos  
✦ FCCAnalysis framework for analysis 

✦ some simple custom functions developed within FCCAnalysis, some could be included in the common code 

✦ Pythia samples of  at   = 91.2, no BES, and ISR+FSR on 
✦ Delphes cards: IDEAtrkCov  
✦ Processed O(1e7) events for each decay 

✦ NB: ‘Muons’ objects from EDM4hep not used, as they only contain isolated muons 
✦ ‘Genuine’ muons selected from the RecoParticles associated with a MonteCarlo muon with E > 2 GeV  
✦ Genuine+Fake: reconstructed tracks not associated to a MonteCarlo muon or electron, assigned to muons with random 
probability (5%), added to genuine sample 

✦ Saved all dimuon combinations

Z → bb, → cc, → uds s
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Z->bb 
- Cross section from pythia: 6645.46 pb 
- Number of events processed: 1.01e7 
- Luminosity: 1519 pb-1

Z->cc 
- Cross section from pythia: 5215.46 pb 
- Number of events processed: 1.01e7 
- Luminosity: 3662 pb-1

Z->uds 
- Cross section from pythia: 18616.5 pb 
- Number of events processed: 1.03e7 
- Luminosity: 553 pb-1

=> to scale to Z->bb luminosity, reweigh by 1519/3662 = 0.42

=> to scale to Z->bb luminosity, reweigh by 1519/553 = 2.75

 normalization Z → hadrons
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Dimuon invariant mass in hadronic Z decays
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✦ With no fakes, dimuon events are largely dominated by  
✦ With fakes, not negligible contributions from other samples

Z → bb

L = 1519 pb-1 L = 1519 pb-1

✦ Selected muons of opposite charge.
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Dimuon invariant mass in hadronic Z decays around J/ψ
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✦ With no fakes, J/ψ and ψ2S visible 
✦ With fakes, ψ2S peak disappears, but J/ψ still visible

L = 1519 pb-1 L = 1519 pb-1

✦ Selected muons of opposite charge. 
✦ in 100k  events, expected O(2400) J/ψ, hence 150 Z → bb J/ψ → μμ
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14

Dimuon invariant mass in hadronic Z decays around J/ψ
no fakes + 5% fakes

Combinations of opposite-charge muons and of same-charge muons shown separately 
✦ Very few same-charge combinations from genuine muons only  
✦ When fakes are added, the same-charge combinations are not good enough to predict the 
background under the peak, but they could be used to predict the background shape 
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Fit of dimuon invariant mass in hadronic Z decays around J/ψ

no fakes

+ 5% fakes

Uncertainty on the peak: 
70 keV

Uncertainty on the peak: 
75 keV

✦ Fit with a Crystal Ball on top of an exponential background

✦ Error on the fitted peak position varies only slightly with the addition of fakes 
✦ Different fits were tried, with similar results on the peak uncertainty (see backup)

L = 1519 pb-1L = 1519 pb-1
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Calculation of the scale stability
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Uncertainty on the peak: 

70 keV

At 91.2 GeV 
✦ sample luminosity = 1519 pb-1 
✦ 70 keV /  = 0.27 keV 
✦ 0.27 keV / mJ/ψ = 9e-8 
✦ dividing in 100 subsamples: 9e-8 x sqrt(100) = 9e-7 

✦ e.g. one subsample = one fill, to check potential 
time variation of the scale at this granularity

(100ab−1/1519pb−1)

Off peak 
✦ 4x less luminosity 
✦ 30x less statistics: 9e-7 x sqrt(30) = 5e-6 
=> J/ψ allows to monitor in-situ the stability 
of the scale at the level of 5e-6

L = 1519 pb-1
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D0: Analysis steps

✦ Centrally-produced EDM4hep samples in /eos  
✦ FCCAnalysis framework for analysis 

✦ Pythia samples of  at   = 91.2, no BES, and ISR+FSR on 
✦ Delphes cards: IDEAtrkCov  
✦ Processed O(2e6) events for each decay 

✦ D0 candidates built under extreme hypotheses: 
✦ with perfect PID, i.e. each track associated to a MonteCarlo kaon (pion) is flagged as a kaon (pion) 
✦ with no PID, i.e. use all track to make combinations, with each track entering the kaon and the pion hypothesis in turn

Z → bb, → cc, → uds s
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Dimuon invariant mass in hadronic Z decays around D0
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✦ Off-peak combinations dominated by uds sample as expected 
✦ D0 come mostly from bb, then cc, and a negligible combination from uds 

✦ in 100k  events: O(130k D0+D0bar mesons) 

✦ in 100k  events: O(115k D0+D0bar mesons) 

✦ in 100k  events: O(4k D0+D0bar mesons) 
✦ With no PID at all: background 10x larger than with perfect PID

Z → bb
Z → cc
Z → uds
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Fit of dimuon invariant mass in hadronic Z decays around D0
✦ Fit with a Gaussian on top of an exponential background

perfect PID

no PID

Uncertainty on the peak: 
27 keV

Uncertainty on the peak: 
78 keV

✦ With a scaling similar to slide #16: stability monitored to 1.4e-6 (perfect PID) and 4e-6 (no PID)

L = 316 pb-1L = 316 pb-1
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Fit of dimuon invariant mass in hadronic Z decays around D0
✦ Subtraction of opposite and same charge with perfect PID
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Uncertainty on the peak: 
12 keV

✦ Same-charge combination predict the background not too badly 
✦ Subtracting the same- from the opposite-charge combinations, 
the signal peak sits on top of a flat residual background 
✦ a Gaussian fit of this peak leads to O(2x) better determination 
of the peak position

L = 316 pb-1
L = 316 pb-1
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Summary (2/2)

✦ We have estimated the scale stability in-situ with the J/ψ and D0  
✦ with the J/ψ: relative scale monitoring of 5x10-6  
✦ with the D0: relative scale monitoring of  

✦ 1.4e-6 (perfect PID)  
✦ 4e-6 (no PID) 
✦ 6e-7 (subtracting same-charge) 
✦ next: we will consider K → π+π−
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Extra
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 sample normalizationZ → μμ [1] Eur Phys J C 14 (2000) 1

https://epjc.epj.org/articles/epjc/abs/2000/09/epjc0319/epjc0319.html
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Preliminary study with parametrized CLD

the z axis. With the total integrated luminosities of the foreseen scan, the purely statistical
precision of the measurement amounts to 5.5 keV, 1.1 keV, et 3.8 keV for the three energy
points of the scan. Here again, the breakdown of the data in more than 100 samples allows
the systematic variations and the stability of the centre-of-mass energy measurement to be
measured and controlled with a precision of 40 keV or better.

The effect of QED initial- and final-state radiation is readily visible in a shift of the
fitted invariant mass with respect to the input centre-of-mass energy which amounts to
34.8, 37.5, and 43.3MeV for the three points. Such a large shift – added to the absolute
calibration of the detector for the muon momentum measurement – precludes the use of
this method for absolute energy calibration. A careful estimate of the QED effects is needed
to quantify and correct the expected dependence of this shift on the centre-of-mass energy
(closely related to the QED effects on the line-shape itself). The possibility to ensure the
long term stability of the magnetic field in the detector is the main instrumental challenge.

In summary, at least two independent methods allow a verification of the stability of
the energy calibration at the 40 keV level of precision, which provides a good justification
for assigning a value of 40 keV for the point-to-point uncertainties.

Figure 58. Invariant mass distribution of 105 muon pairs in the CLD detector, at centre-of-
mass energies of (left-to-right) 87.9, 91.2 and 94.3 GeV respectively; the width of the distribution is
dominated by the muon momentum measurement uncertainty. The data correspond to 521 pb�1,
69 pb�1, and 257 pb�1, which can be acquired in 4 minutes, 35 seconds and 2 minutes respectively

9.3 Additional machine and beam monitoring tools

9.3.1 Orbit monitoring

Earth tides induce roughly 1 mm peak-to-peak amplitude circumference changes of the
LEP/LHC ring [22, 66, 67], while longer term geological deformations induced seasonal
circumference variations of around 2 mm [9]. Due to the infrequent energy calibrations at
LEP, which left many coasts un-calibrated, it was essential to be able to correct for such
circumference changes that could affect the LEP energy by up to 20MeV at the Z pole (and
more than twice as much at higher energies). While a model is available for earth tides
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Fit of the dimuon invariant mass at -, , +s s s
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Fit of dimuon invariant mass in hadronic Z decays around J/ψ
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Energy distributions of pions and kaons from D0 decays
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