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Preparing a next microscope. 
Developing in important tools for indirect information on new physics. 

Discovery can be better prepared if we know where to look 
Once a new state is discovered, the new framework needs to give indications 
where other state could be.
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30 Study of Electroweak Interactions at the Energy Frontier
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Figure 1-11. MSSM parameter scan for MW and sin
2 ✓`e↵ (see text). Today’s 68% C.L. ellipses (from

Ab

FB(LEP), A
e

LR(SLD) and the world average) are shown as well as the anticipated LHC and ILC/GigaZ
precisions, drawn around today’s central value.

based on Ae

LR
by SLD and Ab

FB
by LEP, corresponding to

Ab

FB
(LEP) : sin2 ✓`

exp,LEP

e↵
= 0.23221± 0.00029 , (1.14)

Ae

LR
(SLD) : sin2 ✓`

exp,SLD

e↵
= 0.23098± 0.00026 , (1.15)

sin2 ✓`
exp,aver.

e↵
= 0.23153± 0.00016 , (1.16)

where the latter one represents the average [3]. The first (second) value prefers a value of MSM

H
⇠

32 (437) GeV. The two measurements di↵er by about 3�. The averaged value of sin2 ✓`e↵ , as given in
Eq. 1.16, prefers MSM

H
⇠ 110 GeV. One can see that the current averaged value is compatible with the

SM with MSM

H
⇠ 125.6 GeV and with the MSSM. The value of sin2 ✓`e↵ obtained from Ae

LR
(SLD) clearly

favors the MSSM over the SM. On the other hand, the value of sin2 ✓`e↵ obtained from Ab

FB
(LEP) together

with the MW data from LEP and the Tevatron would correspond to an experimentally preferred region
that deviates from the predictions of both models. This unsatisfactory solution can only be resolved by
new measurements. The anticipated LHC accuracy for sin2 ✓`e↵ would have only a limited potential to
resolve this discrepancy, as it is larger than the current uncertainty obtained from the LEP/SLD average.
On the other hand, a Z factory, i.e. the GigaZ option, would be an ideal solution, as is indicated by the
red ellipse. The anticipated ILC/GigaZ precision of the combined MW –sin2 ✓`e↵ measurement could put
severe constraints on each of the models and resolve the discrepancy between the Ab

FB
(LEP) and Ae

LR
(SLD)

measurements. If the central value of an improved measurement with higher precision should turn out to
be close to the central value favored by the current measurement of Ab

FB
(LEP), this would mean that the

electroweak precision observables MW and sin2 ✓`e↵ could rule out both the SM and the most general version
of the MSSM.

Community Planning Study: Snowmass 2013

Ref. [1]
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Figure 28: The measured value of mW is compared to other published results, including measurements from the
LEP experiments ALEPH, DELPHI, L3 and OPAL [25–28], and from the Tevatron collider experiments CDF and
D0 [22, 23]. The vertical bands show the statistical and total uncertainties of the ATLAS measurement, and the
horizontal bands and lines show the statistical and total uncertainties of the other published results. Measured
values of mW for positively and negatively charged W bosons are also shown.

 [MeV]Wm
80320 80340 80360 80380 80400 80420

LEP Comb. 33 MeV±80376

Tevatron Comb. 16 MeV±80387

LEP+Tevatron 15 MeV±80385

ATLAS 19 MeV±80370

Electroweak Fit 8 MeV±80356

Wm
Stat. Uncertainty
Full Uncertainty

ATLAS

Figure 29: The present measurement of mW is compared
to the SM prediction from the global electroweak fit [16]
updated using recent measurements of the top-quark and
Higgs-boson masses, mt = 172.84± 0.70 GeV [117] and
mH = 125.09 ± 0.24 GeV [118], and to the combined
values of mW measured at LEP [119] and at the Tevatron
collider [24].
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Figure 30: The 68% and 95% confidence-level contours
of the mW and mt indirect determination from the global
electroweak fit [16] are compared to the 68% and 95%
confidence-level contours of the ATLAS measurements
of the top-quark and W-boson masses. The determin-
ation from the electroweak fit uses as input the LHC
measurement of the Higgs-boson mass, mH = 125.09 ±
0.24 GeV [118].

The determination of the W-boson mass from the global fit of the electroweak parameters has an uncer-
tainty of 8 MeV, which sets a natural target for the precision of the experimental measurement of the mass
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More precise measurement of W mass could lead to more precise weak mixing 
angle. Weak mixing angle describes the rotation of the original W0 and B0 
vector states into the observed 𝜸 and Z boson as the results of spontaneous 

symmetry breaking. (test Higgs mechanism) 
It constrains a new physics beyond the Standard Model. 
Electroweak radiative corrections of W or Z boson is sensitive to new physics. 
Current results 
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sin2θW = 0.23153± 0.00016
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LEP experiments ALEPH, DELPHI, L3 and OPAL [25–28], and from the Tevatron collider experiments CDF and
D0 [22, 23]. The vertical bands show the statistical and total uncertainties of the ATLAS measurement, and the
horizontal bands and lines show the statistical and total uncertainties of the other published results. Measured
values of mW for positively and negatively charged W bosons are also shown.
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Figure 52.1: Measurements of the W-boson mass by the LEP, Tevatron and LHC
experiments.

Good agreement between the LEP and Tevatron results is observed. Combining these
results, assuming no common systematic uncertainties between the LEP and the Tevatron
measurements, yields an average W mass of MW = 80.385 ± 0.015 GeV and a W width
of ΓW = 2.085 ± 0.042 GeV.

At the 2016/17 winter conferences, the ATLAS collaboration presented a measurement
of the mass of the W boson in pp collisions at

√
s = 7 TeV, MW = 80.370 ± 0.019 GeV,

since then published [6], which is compatible with the above world average and of
similar precision to the best measurements of CDF and D0. Assuming a Tevtaron/LHC
common PDF uncertainty of 7 MeV [7], this results in a new world average of
MW = 80.379 ± 0.012 GeV.

The LEP, Tevatron and LHC results on mass and width, which are based on all results
available, are compared in Fig. 52.1 and Fig. 52.2. The Standard Model prediction from

June 5, 2018 20:00
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Figure 52.2: Measurements of the W-boson width by the LEP and Tevatron
experiments.

the electroweak fit, using Z-pole data plus mtop measurement, gives a W-boson mass of
MW = 80.363 ± 0.020 GeV and a W-boson width of ΓW = 2.091 ± 0.002 GeV [1].

References:
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Working Group, CERN-PH-EP/2013-022, arXiv:1302.3415 [hep-ex], Phys.Rept.
532 (2013) 119-244.
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Combination of CDF and D0 Results on the Width of the W Boson, March 2010,
arXiv:1003.2826 [hep-ex].

3. The CDF Collaboration, Precise measurement of the W-boson mass with the CDF II
detector, arXiv:1203.0275 [hep-ex], Phys. Rev. Lett. 108, 151803 (2012).
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The uncertainty of current W mass measurement is around 12 MeV.



 6Pei-Zhu Lai (NCU, Taiwan)

WW Production & Decay

CEPC Workshop, Nov 12~14, 2018

In the e+e- machine, W boson is mainly produced in a pair. 
Can produce W+W- with center-of-mass, √s > 161 GeV.

413 15.1 Properties of the W bosons

Thus the total decay rate of the W boson to either quarks or to the three possible
leptonic final states is

ΓW = (3+ 6 κQCD) Γ(W− → e−νe)≈9.2×
g2

WmW

48π
= 2.1 GeV,

and the branching ratio of the W boson to hadronic final states is

BR(W→ qq′) =
6 κQCD

3+ 6 κQCD
= 67.5%. (15.9)

The prediction of ΓW = 2.1 GeV is in good agreement with the measured value of
ΓW = 2.085 ± 0.042 GeV (see Chapter 16). Because the mass of the W boson is
large, so is the total decay width, and the lifetime of the W boson is onlyO(10−25 s).

15.1.2 W-pair production

The fact that the force carrying particles of the weak interaction possess the charge
of the electromagnetic interaction is already suggestive that the weak and electro-
magnetic forces are somehow related. Further hints of electroweak unification are
provided by the observation that the coupling constants of the electromagnetic and
weak interactions are of the same order of magnitude (see Section 11.5.1). How-
ever, there are also strong theoretical arguments for why a theory with just the weak
charged current must be incomplete.

Pairs of W bosons can be produced in e+e− annihilation at an electron–positron
collider or in qq annihilation at a hadron collider. The three lowest-order Feynman
diagrams for the process e+e− → W+W− are shown in Figure 15.5. The t-channel
neutrino exchange diagram represents a purely weak charged-current process. The
s-channel photon exchange diagram is an electromagnetic process, which arises
because the W+ and W− carry electromagnetic charge. With the first two dia-
grams of Figure 15.5 alone, the calculated e+e−→W+W− cross section is found
to increase with centre-of-mass energy without limit, as shown in Figure 15.6.
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!Fig. 15.5 The three lowest-order Feynman diagram for e+e− → W+W−.
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At some relatively high centre-of-mass energy, the cross section violates quantum
mechanical unitarity, whereby particle probability is no longer conserved; the cal-
culated number of W-pairs produced in the interaction exceeds the incident e+e−

flux. This problematic high-energy behaviour of the e+e− → W+W− cross section
indicates that the theory with just the first two diagrams of Figure 15.5 is incom-
plete. Because the s- and t-channel diagrams interfere negatively, the problem
would be even worse with the neutrino exchange diagram alone,

|Mν +Mγ|2 < |Mν|2.

The problem of unitarity violation in e+e− → W+W− production is resolved
naturally in the electroweak theory, which predicts an additional gauge boson, the
neutral Z. Because the contribution to the e+e− → W+W− cross section from the
Z-exchange diagram interferes negatively,

|Mν +Mγ +MZ|2 < |Mν +Mγ|2,

the calculated e+e− → W+W− cross section is well behaved at all centre-of-mass
energies, as shown in Figure 15.6. This partial cancellation only works because the
couplings of the γ, W±and the new Z boson are related to each other in the unified
electroweak model.

443 16.3 Properties of the W boson

W+W- → e-νeµ+νµ W+W- → e-νeq1q2 W+W- → q1q2q3q4!Fig. 16.9 The three possible event topologies for the decays of W+W− in e+e− → W+W− at LEP. Reproduced courtesy
of the OPAL Collaboration.

Consequently, the relative numbers of observed events in the three W+W− topolo-
gies gives a precise measurement of the W-boson branching ratio to hadrons,

BR(W→ qq′) = 67.41 ± 0 .27%.

This is consistent with the Standard Model expectation of 67.5% obtained from
(15.9). Furthermore, the decays W → eν, W → µν and W → τν are observed
to occur with equal frequencies, consistent with the expectation from the lepton
universality of the charged-current weak interaction.

Figure 16.10 shows the combined measurements of the e+e− → W+W− cross
section from the four LEP experiments. The data are consistent with the Standard
Model expectation determined from the three Feynman diagrams of Figure 15.5.
The contribution to the total cross section from the s-channel Z-exchange diagram,
shown in Figure 16.11, depends on the strength of the W+W−Z coupling, which
in the Standard Model is fixed by the local gauge symmetry and the electroweak
unification mechanism. The predicted cross section without the contribution from
the Z-exchange diagram, also shown in Figure 16.10 , clearly does not reproduce
the data. The e+e− → W+W− cross section measurements therefore provide a test
the Standard Model prediction of the strength of coupling at the W+W−Z vertex.
Yet again, the Standard Model provides an excellent description of the data.

16.3.1 Measurement of the W boson mass and width

The mass and width of the Z boson are determined from the shape of the resonance
in the Z production cross section in e+e− collisions. The production of W-pairs
at LEP is not a resonant process; for

√
s > 2mW, the Z boson in the s-channel

Feynman diagram of Figure 16.11 is far from being on-mass shell. Consequently
different techniques are required to measure the mass and width of the W boson.
In principle, it is possible to measure the W boson mass and width from the shape

(Fully Leptonic) 
Br(WW→lvlv)= 9.9 ± 0.3%
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(15.9). Furthermore, the decays W → eν, W → µν and W → τν are observed
to occur with equal frequencies, consistent with the expectation from the lepton
universality of the charged-current weak interaction.

Figure 16.10 shows the combined measurements of the e+e− → W+W− cross
section from the four LEP experiments. The data are consistent with the Standard
Model expectation determined from the three Feynman diagrams of Figure 15.5.
The contribution to the total cross section from the s-channel Z-exchange diagram,
shown in Figure 16.11, depends on the strength of the W+W−Z coupling, which
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16.3.1 Measurement of the W boson mass and width

The mass and width of the Z boson are determined from the shape of the resonance
in the Z production cross section in e+e− collisions. The production of W-pairs
at LEP is not a resonant process; for
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s > 2mW, the Z boson in the s-channel
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(Semi Leptonic) 
Br(WW→lvqq̅)= 43.2 ± 0.8%

(Fully Hadronic) 
Br(WW→qq̅qq̅)= 46.9 ± 0.8%

Ref. [4]
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Performed in ZH runs (240 GeV) 
Expected precision 2~3 MeV at CEPC

Two Ways for W-boson Mass Measurement

CEPC Workshop, Nov 12~14, 2018

Direct MeasurementWW Threshold Scan
WW threshold runs (157~172 GeV) 
Expected precision 1 MeV at CEPC
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Figure 3: Mass distributions in the: (a) 4q, (b) eνqq̄, (c) µνqq̄ and (d) τνqq̄ channels for data (points
with error bars), non-WW background (shaded area) and signal+background Monte Carlo with mW

values set to those fitted from each individual channel (solid line histogram). For the 4q channel, the
distribution shows the 5C kinematically fitted dijet masses before window cuts are applied. For the ℓνqq̄
channels, the distributions show the 2C (or 1C) kinematic fits before window cuts.
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Figure 5.1: Measurements of the W-pair production cross-section, compared to the predictions
of RACOONWW [168] and YFSWW [161, 167]. The shaded area represents the uncertainty
on the theoretical predictions, estimated as ±2% for

√
s < 170 GeV and ranging from 0.7 to

0.4% above 170 GeV. The W mass is fixed at 80.35 GeV; its uncertainty is expected to give a
significant contribution only at threshold energies.91

Ref. [5, 6]

Operation  
mode

√s 
(GeV)

L per IP
(1034 cm-2s-1) Years Total  ∫L

(ab-1, 2 IPs)
WW 

Event yields

ZH 240 3 7 5.6 9.4 x 107

W+W- 158-172 10 1 2.6 1.5 x 107
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1. WW production threshold is very sensitive to mW, mW can be measured from 

threshold scans. 

2. The threshold scan method suffered from large statistical uncertainty at LEP 

(about 200 MeV). 

3. CEPC can provide a 4-point threshold scan with 2.6 ab-1 integral luminosity. 

4. Strongly rely on stability of beam energy.

Benefit of WW Threshold Scan

CEPC Workshop, Nov 12~14, 2018
Ref. [7]



3 Data taking strategies

In the above section, we study the main sources of the uncertainties of mW (��W if there is more than
one data point), including both the statistical and systematic ones. Generally, the �mW (��W) associated
with these sources is depending on the energy of the data point, and the statistical part is also limited by
the integrated luminosity of the data point. Based on the previous study, three data taking schemes are
investigated, that are taking data at one, two, and three energy points.

In this paper, the following configurations are assumed for the di↵erent data taking schemes: the
final uncertainty of the beam energy calibration is better than 0.5 MeV, �E < 0.5 MeV; the beam energy
spread can be well determined with its relative uncertainty less than 1%, �EBS < 0.01; and the total
relative correlated systematic, �corr

sys ⌘
q
�L2 + �✏2,+�P2 + ��2

th, less than 2 ⇥ 10�4. The one standard
derivation of �W from PDG [15] is used as its uncertainty, which is 42 MeV.

3.1 Measurement of W mass at one energy point

For taking data at a single data point, there is a ideal strategy to measure the mW at the statistical sensitiv-
ity energy point, E = 2mW +0.4 ⇡ 161.2 GeV, which is shown in the Fig. 2 (a). But the contribution from
systematic should be considered, especially for the added source, �W . Figure 6 shows the distribution of
W-pair cross section with the W mass and width set at the PDG [15] average values mW = 80.385 GeV,
and �W = 2.085 GeV, and with large 1GeV variation bands of the mass and width central values. We can
seen that although the variation of the W width changes the cross section lineshape, all the lineshapes of
the cross sections with di↵erent �W will intersect at a energy point, E = 2mW + 1.5 ⇡ 162.3 GeV, where
the cross section is insensitive to the W width.

Based on the study of the uncertainties of mW , we try to take data at the two specific energy points
individually. One is around the most statistical sensitive point, E = 161.2 GeV, and other one is E =

162.3 GeV, where there are very small contributions from the uncertainties of �W and the EBS . Table 1
summarizes the results for taking at the above two energy points individually, with the configurations
described above. We can see that the dominant contribution to �mW at the most statistic sensitive point
is from the uncertainty of �W , which is negligible when taking data at E = 162.3 GeV. So taking data
at 162.3 GeV is a good strategy when just measuring the mW , and the corresponding precision is about
0.9 MeV.
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W
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Figure 6: The distribution of W-pair cross section as a function the c.m. energy. The central curve
corresponds to the result the PDG values of mW and �W [15]. Purple and green bands show the cross
section curves obtained changing the mW and �W with 1 GeV.
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WW Threshold Scan(Systematics Uncertainty)

CEPC Workshop, Nov 12~14, 2018

Consider the beam spread uncertainty (EBS), beam energy uncertainty, signal efficiency, 
cross section uncertainty, and background uncertainty. 

With the �E and �EBS , the �obs becomes:

�obs(E0) =
Z 1

0
�TH(E

0
) ⇥ 1

2
p
⇡EBS

e

�(E�E
0

)2

4E
2
BS dE

0
, (7)

where E is the energy with its uncertainty, E = G(E0,
p

2�E), and EBS is the energy spread with its
uncertainty, EBS = G(E0

BS
,
p

2�EBS ). Figure 3 (a) shows the dependence of uncertainty of W mass,
�mW , on the �E, with a fixed energy. We can see that the �mW is almost increase linearly with the
�E. When the �E is fixed, the �mW is near insensitive to the energy, which is shown in Fig. 3 (b).
The distributions of W-pair cross section with di↵erent beam energy spreads are shown in Fig 4, where
the Y-axis is the ratio between the cross sections with di↵erent EBS and the one without EBS . It can
be noted that the dependence of cross section on the beam energy spread intersects at a point, with
E ⇡ 2mW + 1.3 GeV, where the cross section is insensitive to the beam energy spread.
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Figure 3: (a)The dependence of uncertainty of W mass , �mW , on the �E, with a fixed energy. (b)The
dependence of �mW on the energy, with a fixed �E.
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Figure 4: The distribution of the ratio between the cross sections with di↵erent EBS and the one without
EBS . The central curve corresponds to the prediction obtained with EBS = 0.16% (relative value), which
is the design value of CEPC. Purple and blue bands show the ratio curves obtained varying the EBS .
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≈ σ (E ' )× 1
2π 2EBS

e
−(E−E ' )2

2( 2EBS )
2

dE '
E−6 2ΔEBS

E−6 2ΔEBS∫

σWW (E) = σWW (E
' )×G(E,E ' )dE '

0

∞

∫
With EBS, the σWW becomes:

EBS + ∆EBS is used in the simulation, and EBS is for the fit 
formula.  
The mW is insensitive to ∆EBS when taking data around 
162.2 GeV.
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WW Threshold Scan(running plan)

CEPC Workshop, Nov 12~14, 2018

WW threshold scan running proposal: 
Assuming one year data taking in WW threshold (2.6 ab-1) 
Four center-of-mass energy scan points: 

157.5, 161.5, 162.5 (W mass, W width measurements) 
172.0 GeV ( αQCD (mW) measurements, Br(W→had), CKM |VCS| ) 
15M WW events will be collected in total threshold scan data. (Amount of 
W is 400 times larger than LEP2 during threshold scan runs)

√s (GeV)

σ W
W

 (p
b)

YFSWW and RacoonWW

LEP
 

0

10

20

160 180 200

16

17

18

190 195 200 205

0
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20

30

160 180 200
√s (GeV)

σ W
W

 (p
b)

YFSWW/RacoonWW
no ZWW vertex (Gentle)
only νe exchange (Gentle)

LEP
 

Figure 5.1: Measurements of the W-pair production cross-section, compared to the predictions
of RACOONWW [168] and YFSWW [161, 167]. The shaded area represents the uncertainty
on the theoretical predictions, estimated as ±2% for

√
s < 170 GeV and ranging from 0.7 to

0.4% above 170 GeV. The W mass is fixed at 80.35 GeV; its uncertainty is expected to give a
significant contribution only at threshold energies.91

Ecm(GeV) Lumi(ab-1) XS(pb) Number of WW pairs(106)

157.5 0.5 1.25 0.6
161.5 0.2 3.89 0.8
162.5 1.3 5.02 6.5
172.0 0.6 12.2 7.3

Ref. [6]
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WW Threshold Scan(Uncertainty)

CEPC Workshop, Nov 12~14, 2018

Statistics is enough for branching ratio measurement Br(W→had) and αQCD 

(mW) measurements. 
Statistics uncertainty is one of the limiting factor for W mass and W width 
measurement with CEPC one year running plan. (2.6 ab-1) 
The total uncertainty of WW threshold scan manner is expected to be 1 MeV at 
CEPC.

Observable mW 𝚪W

Source Uncertainty (MeV)
Statistics 0.8 2.7
Beam energy 0.4 0.6
Beam spread — 0.9
Corr. Syst. 0.4 0.2

Total 1.0 2.8

→ accelerator

→ accelerator
→ Lumi unc. & 
     signal effi. &  
     theory XS unc.

Ref. [7]
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1. No dedicated run is needed: all the measurements can be done in ZH runs 

with √s = 240 GeV. It also represents that this method has a lower 

requirement for accelerator performance. 

2. Semi-leptonic channel has more statistic than fully leptonic channel. 

3. Provide a better measurement than threshold scans at LEP. 

4. Main challenge is to handle the uncertainty due to QED radiation. It can be 

reduced to the 1 MeV level by using 1000 fb-1.

Benefit of Direct Measurement

CEPC Workshop, Nov 12~14, 2018
Ref. [7]
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 Jet Reconstruction
There are three kinds of simulation stages in the framework, MC 

particle(MCP), particle jet(Gen jet), and PFOs(Particle Flow Objects) 

jet(Reco jet).

CEPC Workshop, Nov 12~14, 2018

Reconstructed 
particles

Particle Jet

Parton level
q, g

ee_kt

Ref. [2]
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W Mass Direct Measurement

CEPC Workshop, Nov 12~14, 2018

Benefited by excellent jet energy resolution and PFA oriented detector. 
The W, Z, and Higgs bosons in dijet final state can be well separated in CEPC. 
It is possible to measure W mass from direct dijet mass reconstruction.

Ref. [8]
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Veto the Prompt 𝞵 in the Jet
The veto criteria are as following(should satisfy all of them at the same time) 

Pass 𝞵 ID (±13) (from Arbor) 

Track energy > 15 GeV. 
D0 and Z0 < 0.01mm and R0 < 0.014mm. 
D0, Z0, and R0 Significant < 4. 
(coneE)2 < 1 GeV2.  

Use e+e-→ZZ→𝛎𝛎̅qq̅ process as non-prompt 𝞵 control sample. 

Use e+e-→WW→𝞵𝛎qq̅ as prompt 𝞵 signal sample with MC matching. 
85.43% prompt muon is vetoed in WW process. Only 1.74% non-prompt muon is mis-
vetoed. 𝞵

coneE = Energy in the cone(excepts the muon itself) / Energy of muon

ISOlatedPolynomial:

cosΔθcone = 0.98

(coneE)2 = aE2 + bE + c

R0 = D02 + Z02

CEPC Workshop, Nov 12~14, 2018
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Event Selection(WW→𝞵𝛎qq̅) 

CEPC Workshop, Nov 12~14, 2018

Selection # of event Efficiency Efficiency w.r.t. previous

Tot # of event 5799018 — —

nTrack > 7 5772755 99.6% —

Muon Selection 4483515 77.3% 77.6%

Detector acceptance  
|cos(𝜃𝞵)| < 0.995 4483515 77.3% 100%

PtMiss > 10 GeV 4290706 74.0% 95.6%

Visible mass > 0.5*√s 4189703 72.2% 97.6%

Two jets b-tag score < 0.5 3901981 67.3% 93.1%

Two jets c-tag score < 0.6 2714699 46.8% 69.6%
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W Mass Direct Measurement

CEPC Workshop, Nov 12~14, 2018

Reconstruct dijet mass from WW→𝞵𝛎qq process in ZH run. 

Major systematic is from jet energy scale (JES) uncertainty (2~3 MeV) 
Main uncertainty is from jet flavor composition and jet flavor response. 

Calibrate JES with Tera-Z (Z→qq).

b-quark tag < 0.5 Without b-quark tag
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Direct Measurement(Uncertainty)

CEPC Workshop, Nov 12~14, 2018

Collider LEP CEPC
√s (GeV) 180-203 240
∫ 𝑳dt 2.6 fb-1 5.6 ab-1

Channels lvqq,̅ qqq̅q ̅ lvqq ̅

Source Uncertainty (MeV)
Statistics 25 1.0
Beam energy 9 1.0
Hadronization 13 1.5
Radiative corrections 8 1.0
Detector effects 10 1.5
Total 33 3.0

→ accelerator
→ theory 
→ theory 
→ jet flavor response

The beam energy uncertainty will be included after kinematic fitting study. 
After calibration, the major systematics, jet energy scale uncertainty is expected 
to be reduced to 1.5 MeV. 
The total uncertainty of direct W mass measurement is expected to be 3 MeV at 
CEPC.

Ref. [7]



3 Prospects of the electroweak fit with the LHC and ILC/GigaZ 15

 [GeV]HM
60 80 100 120 140 160 180 200

2 χΔ
0

5

10

15

20

25

σ1

σ2

σ3

σ4

σ5
Present SM fit
Present uncertainties

Prospects for LHC

Prospects for ILC/GigaZ

 [GeV]WM
80.33 80.34 80.35 80.36 80.37 80.38 80.39 80.4

2 χΔ

0

5

10

15

20

25

σ1

σ2

σ3

σ4

σ5
Present SM fit
Prospects for LHC
Prospects for ILC/GigaZ

Direct measurement (present/LHC/ILC)

)eff
lθ(2sin

0.2312 0.2313 0.2314 0.2315 0.2316 0.2317 0.2318

2 χΔ

0

5

10

15

20

25

σ1

σ2

σ3

σ4

σ5
Present SM fit
Prospects for LHC
Prospects for ILC/GigaZ

Direct measurement (present/LHC/ILC)

Figure 5: Profiles of ��
2 versus MH (top), MW (middle) and sin2✓`

e↵
(bottom). In blue the present result,

and in light blue, green and orange the present, LHC and ILC/GigaZ scenarios, respectively, all using
the future fit setup (reproducing MH ' 125 GeV) with corresponding uncertainties. The impact of the
theoretical uncertainties is illustrated by the width of the coloured curves. See Table 3 for the numerical
results of these fits.
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Prospect of W Mass Measurement at CEPC

CEPC Workshop, Nov 12~14, 2018

CEPC can improve current precision of W mass by one order of magnitude. 
A possible BSM physics can be discovered in the future.

World Avg. + CEPC 
mW = 80385 ± 3 MeV

SM Predicted 
mW = 80363 ± 2 MeV

Ref. [1]
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Figure 4: Constraints on the oblique parameters S and T , with the U parameter fixed to zero, using all
observables (blue). Individual constraints are shown from the asymmetry measurements (yellow), the Z
partial and total widths (green) and W mass and width (red), with confidence levels drawn for one degree
of freedom. The SM prediction within uncertainties is indicated by the thin black stroke.

For the studies presented here we use the SM reference as MH,ref = 125 GeV and mt,ref = 173 GeV.
We find

S = 0.05± 0.11 , T = 0.09± 0.13 , U = 0.01± 0.11 , (4)

with correlation coe�cients of +0.90 between S and T , �0.59 (�0.83) between S and U (T and
U). Fixing U = 0 one obtains S|U=0 = 0.06 ± 0.09 and T |U=0 = 0.10 ± 0.07, with a correlation
coe�cient of +0.91. The constraints on S and T for a fixed value of U = 0 are shown in Fig. 4.
The propagation of the current experimental uncertainties in MH and mt upon the SM prediction
is illustrated by the small black area at about S = T = 0.

3 Prospects of the electroweak fit with the LHC and ILC/GigaZ

We use a simplified set of input observables to study the prospects of the electroweak fit for the
Phase-1 LHC and the ILC/GigaZ. The measurements of the Z pole asymmetry observables are
summarised in a single value of the e↵ective weak mixing angle. The measurement of R0

`
is the

only partial decay width that enters the fit to constrain ↵S. This simplified fit setup leads in some
cases to reduced constraints on observables as can be seen by comparing the uncertainties of the
present scenarios between the last column of Table 2 and the fifth column of Table 3. The central
values of the observables are adjusted to the values predicted by the current best fit giving a fully
consistent set of SM observables.6

6
The following central values are used for the future scenarios: MH = 125.0 GeV, �↵(5)

had(M
2
Z) = 2755.4 · 10�5

,

MZ = 91.1879 GeV, mt = 173.81 GeV, MW = 80.363 GeV, sin
2✓`e↵ = 0.231492 and R0

` = 20.743. See Table 3 for
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Prospect of W Mass Measurement at CEPC

CEPC Workshop, Nov 12~14, 2018

CEPC can improve current precision of W mass by one order of magnitude. 
A possible BSM physics can be discovered in the future. 
Oblique parameter, U is only constrained by the W mass and its total width.

Ref. [1]
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Conclusion

CEPC Workshop, Nov 12~14, 2018

The excellent performance of the ILC, CEPC, FCC-ee colliders with clean, 
advantageous kinematics of e+e- annihilation events offer a high precision to explore 
and probe the new physics.

18 Study of Electroweak Interactions at the Energy Frontier

highest polarization levels achievable. The estimated uncertainties assume that the beam energy scale
can be established from collision data at the level of 1 part in 105 leading to a corresponding experimental
uncertainty onMW of 0.8 MeV. This has been shown to be statistically feasible using di-muon events provided
that the momentum scale is determined to the same precision. This appears feasible using J/ events in
Z boson decays. The ILC numbers are based on a detailed and updated study with realistic assumptions
on detection e�ciency, polarization determination, backgrounds, e�ciency and normalization errors using
a 6-point scan with four di↵erent beam helicity combinations. The ILC numbers include the (small)
e↵ects from beamstrahlung on the cross-section and take advantage of the 150 fb cross-section of multi-
hadron production for determinining the beam polarizations from the data. In addition, the table includes
an indicative estimate of the anticipated theoretical uncertainty associated with interpreting cross-section
measurements near threshold in terms of MW of 1.0 MeV. A discussion of the present status of predictions
for W -pair production at threshold can be found in Section 1.2.3.1. A detailed assessment of the anticipated
theoretical shape and normalization uncertainties on the cross-section behavior with center-of-mass energy
and including the e↵ects of realistic experimental acceptance for all the four-fermion final states would in
principle be needed to report a firm theoretical error estimate. In the table for the ILC, the systematics
are essentially currently included in the overall error as the multi-parameter fit adjusts the systematics
as nuisance parameters constrained within a priori uncertainties taken as 0.1% for relative e�ciency and
absolute integrated luminosity. The beam polarizations and backgrounds are fitted simultaneously from the
data. In the context of the polarized scan this measurement is essentially statistics dominated.

�MW [MeV] LEP2 ILC ILC ILC
p
s [GeV] 172-209 250 350 500

L [fb�1] 3.0 500 350 1000

P (e�) [%] 0 80 80 80

P (e+) [%] 0 30 30 30

beam energy 9 0.8 1.1 1.6

luminosity spectrum N/A 1.0 1.4 2.0

hadronization 13 1.3 1.3 1.3

radiative corrections 8 1.2 1.5 1.8

detector e↵ects 10 1.0 1.0 1.0

other systematics 3 0.3 0.3 0.3

total systematics 21 2.4 2.9 3.5

statistical 30 1.5 2.1 1.8

total 36 2.8 3.6 3.9

Table 1-9. Current and preliminary estimated experimental uncertainties in the measurement of MW at
e+e�colliders from kinematic reconstruction in the qq̄`⌫` channel with ` = e, µ

Table 1-9 has projected results for kinematic reconstruction using the semi-leptonic channels as was used at
LEP2. Details of this method are in the recently submitted LEP2 legacy paper [102] and the systematics
discussed there are used as the basis for this discussion. At LEP2 the fully hadronic channel was also used.
It is not expected to be competitive at the sub-10 MeV level because of final-state interaction e↵ects and
is so is neglected for these projections. There have not been dedicated studies on the semi-leptonic channel
for ILC, but the measurements at LEP2 can be used to estimate/bracket some of the primary uncertainties.
The beam energy uncertainty is taken again as a 10�5 uncertainty at 250 GeV leading to an error of
0.8 MeV. At higher energies this uncertainty is scaled linearly with center-of-mass energy reflecting in part

Community Planning Study: Snowmass 2013

CEPC FCC-ee CEPC
157~172 157~172 240
2.6 ab-1 10 ab-1 5.6 ab-1

WW threshold WW threshold Direct  
measurement

0.6 — 1.0
— — —
— — 1.5
— — 1.0
— — 1.5
0.2 — —

0.6 — 2.5
0.8 0.3 1.0
1.0 1.0 3.0

Ref. [1, 7, 9]
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ZZ→𝛎𝛎qq̅

CEPC Workshop, Nov 12~14, 2018
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Draf
t-v

2.0

CEPC EXPERIMENTAL CONDITIONS 113

Higgs W Z (3T) Z (2T)
Number of IPs 2
Beam energy (GeV) 120 80 45.5
Circumference (km) 100
Synchrotron radiation loss/turn (GeV) 1.73 0.34 0.036
Crossing angle at IP (mrad) 16.5 ⇥ 2

Piwinski angle 3.48 7 23.8
Bunch number 242 1524 12000 (10% gap)
Bunch spacing (ns) 680 210 25
No. of particles/bunch Ne(10

10
) 15 12 8

Beam current (mA) 17.4 87.9 461
Synch. radiation power (MW) 30 30 16.5
Bending radius (km) 10.7
� function at IP: �⇤

x
(m) 0.36 0.36 0.2 0.2

�⇤
y

(m) 0.0015 0.0015 0.0015 0.001
Emittance: x (nm) 1.21 0.54 0.18 0.18

y (nm) 0.0024 0.0016 0.004 0.0016
Beam size at IP: �x ( µm) 20.9 13.9 6.0 6.0

�y ( µm) 0.06 0.049 0.078 0.04
Beam-beam parameters: ⇠x 0.018 0.013 0.004 0.004

⇠y 0.109 0.123 0.06 0.079
RF voltage VRF (GV) 2.17 0.47 0.1
RF frequency fRF (MHz) 650
Natural bunch length �z (mm) 2.72 2.98 2.42
Bunch length �z (mm) 4.4 5.9 8.5
Natural energy spread (%) 0.1 0.066 0.038
Energy spread (%) 0.134 0.098 0.08
Photon number due to beamstrahlung 0.082 0.05 0.023
Lifetime (hour) 0.43 1.4 4.6 2.5
F (hour glass) 0.89 0.94 0.99
Luminosity/IP (10

34
cm

�2
s
�1) 3 10 17 32

Table 3.1: Main beam parameters for the CEPC operation at three center-of-mass energies. The
detector solenoid magnetic field affects the beam quality in the Z-factory operation mode. The last
two columns compare the beam parameters for the case of a two- or three-Tesla detector solenoid.
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Figure 1-6. Fit results for the present and assumed future scenarios compared to the direct measurements.
For the future scenarios the central values of the input measurements are adjusted to reproduce the SM with
MH ' 126 GeV. Left: ��2 profiles versus MH ; in blue the present result, and in light blue, green and
orange the present, LHC and ILC/GigaZ scenarios are shown, respectively, all using the future fit setup
with corresponding uncertainties. Right: MW versus mt; the horizontal and vertical bands indicate in blue
today’s precision of the direct measurements, and in light green and orange the extrapolated precisions for
LHC and ILC/GigaZ, respectively.

given in Table 1-13. The sensitivity to new physics is improved over a factor of three compared with that of
today.

1.2.7 EWPOs in the MSSM

Precision measurements of SM observables have proven to be a powerful probe of BSM physics via virtual
e↵ects of the additional BSM particles. In general, precision observables (such as particle masses, mixing
angles, asymmetries etc.) constitute a test of the model at the quantum-loop level, since they can be
calculated within a certain model beyond leading order in perturbation theory, depending sensitively on
the other model parameters, and can be measured with equally high precision. Various models predict
di↵erent values of the same observable due to their di↵erent particle content and interactions. This permits
to distinguish between, e.g., the SM and a BSM model, via precision observables. Naturally, this requires
a very high precision of both the experimental results and the theoretical predictions. (It should be kept
in mind that the extraction of precision data often assumes the SM.) Important EWPOs are the W boson
mass, MW , and the e↵ective leptonic weak mixing angle, sin2 ✓`e↵ , where the top quark mass plays a crucial
role as input parameter. As an example for BSM physics the Minimal Supersymmetric Standard Model
(MSSM) is a prominent showcase and will be used here for illustration.

The first analysis concerns the W boson mass. The prediction of MW in the MSSM depends on the masses,
mixing angles and couplings of all MSSM particles. Sfermions, charginos, neutralinos and the MSSM Higgs
bosons enter already at one-loop level and can give substantial contributions to MW . The evaluation used
here consists of the complete available SM calculation, a full MSSM one-loop calculations and all available
MSSM two-loop corrections [119, 120]. Due to the strong MSSM parameter dependencies, it is expected
to obtain restrictions on the MSSM parameter space in the comparison of the MW prediction and the
experimental value.
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angles, asymmetries etc.) constitute a test of the model at the quantum-loop level, since they can be
calculated within a certain model beyond leading order in perturbation theory, depending sensitively on
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role as input parameter. As an example for BSM physics the Minimal Supersymmetric Standard Model
(MSSM) is a prominent showcase and will be used here for illustration.

The first analysis concerns the W boson mass. The prediction of MW in the MSSM depends on the masses,
mixing angles and couplings of all MSSM particles. Sfermions, charginos, neutralinos and the MSSM Higgs
bosons enter already at one-loop level and can give substantial contributions to MW . The evaluation used
here consists of the complete available SM calculation, a full MSSM one-loop calculations and all available
MSSM two-loop corrections [119, 120]. Due to the strong MSSM parameter dependencies, it is expected
to obtain restrictions on the MSSM parameter space in the comparison of the MW prediction and the
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26 Study of Electroweak Interactions at the Energy Frontier
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Figure 1-7. Fit results for the present and assumed future scenarios. Left: fit contours for MW versus
sin

2✓`e↵compared to the direct measurements; in blue, orange and green the present, LHC and ILC/GigaZ
scenarios are shown, respectively. For the future scenarios the central values of the input measurements are
adjusted to reproduce the SM with MH ' 126 GeV; horizontal and vertical bands indicate today’s and the
expected future precision of the direct measurements. Right: constraints of the oblique parameters S and
T , with U = 0 fixed, for the present data (blue), the present uncertainties with central values adjusted to
obtain MH ' 126GeV (light blue), the LHC (green) and ILC/GigaZ prospects (orange).

The results for the general MSSM can be obtained in an extensive parameter scan [120]. The ranges of the
various SUSY parameters are given in Table 1-14. µ is the Higgsino mixing parameter, M

F̃i
denotes the soft

SUSY-breaking parameter for sfermions of the ith family for left-handed squarks (F = Q), right-handed up-
and down-type squarks (F = U,D), left-handed sleptons (F = L) and right-handed sleptons (F = E). Af

denotes the trilinear sfermion-Higgs couplings, M3 the gluino mass parameter and M2 the SU(2) gaugino
mass parameter, where the U(1) parameter is fixed as M1 = 5/3s2

w
/c2

w
M2. MA is the CP-odd Higgs boson

mass and tan� the ratio of the two Higgs vacuum expectation values.

Parameter Minimum Maximum

µ -2000 2000

M
Ẽ1,2,3

= M
L̃1,2,3

100 2000

M
Q̃1,2

= M
Ũ1,2

= M
D̃1,2

500 2000

M
Q̃3

100 2000

M
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100 2000
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D̃3

100 2000
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Ẽ

3M
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Ab -3max(M
Q̃3

,M
D̃3

) 3max(M
Q̃3

,M
D̃3

)

At -3max(M
Q̃3

,M
Ũ3
) 3max(M

Q̃3
,M

Ũ3
)

tan� 1 60

M3 500 2000

MA 90 1000

M2 100 1000

Table 1-14. MSSM parameter ranges. All parameters with mass dimension are given in GeV.
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T , with U = 0 fixed, for the present data (blue), the present uncertainties with central values adjusted to
obtain MH ' 126GeV (light blue), the LHC (green) and ILC/GigaZ prospects (orange).

The results for the general MSSM can be obtained in an extensive parameter scan [120]. The ranges of the
various SUSY parameters are given in Table 1-14. µ is the Higgsino mixing parameter, M
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denotes the soft
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Figure 5.2: Ratios of LEP combined W-pair cross-section measurements to the expectations
calculated with YFSWW [161, 167] and RACOONWW [168] The yellow bands represent con-
stant relative errors of 0.5% on the two cross-section predictions.

5.2.2 Derived Quantities

From the cross-sections of the individual WW decay channels, each experiment determined the
values of the W branching fractions, with and without the assumption of lepton universality 2.
In the fit with lepton universality, the branching fraction to hadrons is determined from that
to leptons by constraining the sum to unity. In building the full 12×12 covariance matrix,
the same correlations of the systematic errors as used for the cross-section measurements are
assumed. The detailed inputs to LEP and the correlation matrices are reported in Table E.6.

The results from each experiment are reported in Table 5.5 together with the LEP combina-
tion and shown in Figure 5.3. The results of the fit which does not assume lepton universality
show a negative correlation of 20.1% (12.2%) between the W → τντ and W → eνe (W → µνµ)
branching fractions, while between the electron and muon decay channels there is a positive
correlation of 13.5%.

From the results on the leptonic branching fractions an excess of the branching fraction
W → τντ with respect to the other leptons is evident. The excess can be quantified by the
pair-wise ratios of the branching fractions, which represent a test of lepton universality in the
decay of on-shell W bosons:

2In what follows any effects from lepton masses on W partial widths are neglected given their small size.
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Lepton Lepton

non–universality universality

Experiment B(W → eνe) B(W → µνµ) B(W → τντ ) B(W → hadrons)

[%] [%] [%] [%]

ALEPH 10.78± 0.29 10.87± 0.26 11.25± 0.38 67.13± 0.40

DELPHI 10.55± 0.34 10.65± 0.27 11.46± 0.43 67.45± 0.48

L3 10.78± 0.32 10.03± 0.31 11.89± 0.45 67.50± 0.52

OPAL 10.71± 0.27 10.78± 0.26 11.14± 0.31 67.41± 0.44

LEP 10.71± 0.16 10.63± 0.15 11.38± 0.21 67.41± 0.27

χ2/dof 6.3/9 15.4/11

Table 5.5: Summary of W branching fractions derived from W-pair production cross-sections
measurements up to 207 GeV centre-of-mass energy.

 
W Leptonic Branching Ratios
ALEPH 10.78 ±  0.29
DELPHI 10.55 ±  0.34
L3 10.78 ±  0.32
OPAL 10.71 ±  0.27

LEP W→eν 10.71 ±  0.16
ALEPH 10.87 ±  0.26
DELPHI 10.65 ±  0.27
L3 10.03 ±  0.31
OPAL 10.78 ±  0.26

LEP W→µν 10.63 ±  0.15
ALEPH 11.25 ±  0.38
DELPHI 11.46 ±  0.43
L3 11.89 ±  0.45
OPAL 11.14 ±  0.31

LEP W→τν 11.38 ±  0.21

LEP W→lν 10.86 ±  0.09
χ2/ndf = 6.3 / 9
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Figure 5.3: Leptonic and hadronic W branching fractions, as measured by the experiments,
and the LEP combined values according to the procedures described in the text.
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χ2/ndf = 15.4 / 11

66 68 70

Br(W→hadrons) [%]

 

Figure 5.3: Leptonic and hadronic W branching fractions, as measured by the experiments,
and the LEP combined values according to the procedures described in the text.
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Benefit of Direct Measurement
∆MW(MeV) LEP CEPC
√s(GeV) 161 250
∫ L(fb-1) 3 1000

Channel lvqq, qqqq lvqq

Beam energy 9 1.0

Hadronization 13 1.5

Radiative corrections 8 1.0

Lepton and missing energy 
scale 10 1.5

Bias in mass reconstruction 3 0.5

Statistics 30 1.0

Overal systematics 21 2.5

Total 36 3.0
CEPC Workshop, Nov 12~14, 2018
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ISOlatedPolynomial Decision

ISOlatedPolynomial: (coneE)2 <1

Prompt muon Prompt muonNon-prompt muon

The muon ID has been applied. 
To veto the prompt muon, the (coneE)2 < 1 GeV2 will be taken into account as the prompt 
muon candidate.

CEPC Workshop, Nov 12~14, 2018
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ISOlatedPolynomial Decision

ISOlatedPolynomial:

The muon ID has been applied. 
To veto the prompt muon, the (coneE)2 < 1 GeV2 will be taken into account as the prompt 
muon candidate.

(coneE)2 <1
CEPC Workshop, Nov 12~14, 2018
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Impact Parameters

The muon ID has been applied. 
To veto the prompt muon, the Z0 and D0 < 0.01mm, and R0 of muon < 0.014mm will be 
taken into account as the prompt muon candidate.

R0 = D02 + Z02

CEPC Workshop, Nov 12~14, 2018



Z0 Sig
0 2 4 6 8 10 12 14

A.
U

. /
 (0

.1
)

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08 )-µ+µ→Z→-e+ (eµPrompt 

)qqνν→ZZ→-e+ (eµNon Prompt 

)qqνµ→WW→-e+ (eµPrompt 

CEPC Preliminary (240 GeV)

D0 Sig
0 2 4 6 8 10 12 14

A.
U

. /
 (0

.1
)

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08 )-µ+µ→Z→-e+ (eµPrompt 

)qqνν→ZZ→-e+ (eµNon Prompt 

)qqνµ→WW→-e+ (eµPrompt 

CEPC Preliminary (240 GeV)

R0 Sig
0 2 4 6 8 10 12 14

A.
U

. /
 (0

.1
)

0

0.01

0.02

0.03

0.04

0.05

0.06 )-µ+µ→Z→-e+ (eµPrompt 

)qqνν→ZZ→-e+ (eµNon Prompt 

)qqνµ→WW→-e+ (eµPrompt 

CEPC Preliminary (240 GeV)

 37Pei-Zhu Lai (NCU, Taiwan)

Impact Parameters Significance

R0 = D02 + Z02

The muon ID has been applied. 
To veto the prompt muon, the Z0, D0, and R0 significant of muon < 4 will be taken into 
account as the prompt muon candidate. 
What is the definition of impact parameter significance?

CEPC Workshop, Nov 12~14, 2018
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Energy Distribution

The muon ID has been applied. 
To veto the prompt muon, the track energy of muon > 15 GeV will be taken into account 
as the prompt muon candidate.
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Without b-quark tag

ud cs

us cd
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With b-quark tag < 0.5

ud cs

us cd
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With b-quark tag < 0.5 and c-quark tag < 0.6

ud cs

us cd
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XS vs.  √s

CEPC Workshop, Nov 12~14, 2018
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Summary
mW (GeV) mZ (GeV) mH (GeV) Jets / PFOs wi/wo Clean wi/wo Cali

82.66 ± 3.54 93.69 ± 3.89 127.48 ± 4.93 Jets 0 0

82.79 ± 3.34 93.95 ± 3.48 127.31 ± 4.54 Jets 1 0

80.72 ± 3.46 91.67 ± 3.77 125.02 ± 5.11 Jets 0 1

80.82 ± 3.23 91.76 ± 3.39 124.39 ± 4.39 Jets 1 1

82.63 ± 3.53 93.69 ± 3.89 127.57 ± 4.80 PFOs 0 0

82.77 ± 3.32 93.90 ± 3.54 127.83 ± 4.50 PFOs 1 0

CEPC Workshop, Nov 12~14, 2018
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b-/c- tagging plots

Red line is for b-jet, blue line is for c-jet, and black line is for light-jet. 

According to left plot, if want to reject b-jet, the score is recommended less than 0.9; if want 

to select b-jet, the score is recommended greater than 0.8. 

According to right plot, if want to reject c-jet, the score is recommended less than 0.6; if want 

to select c-jet, the score is recommended greater than 0.4.

CEPC Workshop, Nov 12~14, 2018


