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Introduction
• 𝐻 → 𝜇𝜇 is important for probing the Higgs Yukawa couplings

• The interactions of Higgs to the third generation charged fermions have already 
been observed by both ATLAS and CMS experiment [JHEP 08 (2016) 045]

• Only upper limits exist on the Higgs interactions with other generations fermions
• 𝐻 → 𝜇𝜇 offers the best opportunity to measure Higgs Yukawa couplings to the 

second generation fermions
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• In the ATLAS experiment, the latest (79.8 fb-1) 95% CL of 𝜅& is 1.51 [ATLAS-CONF-
2019-005]
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• In the projections with the ATLAS detector at HL-LHC (3000 fb-1), the expected 
uncertainty of 𝜅& is ~7% [ATL-PHYS-PUB-2018-054]
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𝑒𝑒 → 𝑍(𝑞𝑞)𝐻(𝜇𝜇) study in the CEPC
• With electron-positron colliders, we can gain much higher significance due to extremely clean 

background
• Focus on 𝑒𝑒 → 𝑍(𝑞𝑞)𝐻(𝜇𝜇) channel in the CEPC experiment
• Previous publication [10.1088/1674-1137/42/5/053001] gave counted significance at [124, 125] 

GeV: 10.8𝜎
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points with error bars represent data from CEPC
simulation. The red-solid and green-dashed lines
correspond to the signal and background con-
tributions and the solid-blue line represents the
post-fit value of the total yield.

4.2 BDT improvement

In order to achieve highest significance, we per-
form a two step multivariate analysis. The first step
exploit a MLP (Multilayer Perceptron)[26] method to
suppress the fully leptonic WW and ZZ backgrounds.

After applying Mµ+µ−

recoil > 90 GeV, 4 variables including
Mj1,2, Mjj and Mjj

recoil are considered as inputs for the
MLP. The effectiveness of this MLP is shown in Fig. 6.
After requiring MLP response to be greater than 0.71,
we exploit BDTG to further reduce the backgounds from
semileptonic ZZ and WW. In this second step, variables
cosθµ± , cosθµ±Z, PZ

µ+µ−
, PZjet12

, cosθj1/j2,H , cosθj1,2,
Mjj are taken as inputs.

Fig. 6. The MLP result and the overtraining test
in the Z(qq)H(µµ) analysis.
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Fig. 7. The BDT response(top) and the final fit
result(below) in the Z(qq)H(µµ) channel analysis

After the two step multivariate analysis, we require

BDTG response>-0.13, 90.4 < Mµ+µ−

recoil < 93 GeV and
28<PT

µ+µ−
<64 GeV. Finally, we perform a likelihood

fit to extract the signal yield and strength parameter, as
shown in Fig. 7. The signal yield from the fit is 73.4±12.4.
Based on a likelihood scan, the signal strength can be de-
termined with an uncertainty from -16% to 17%, at 68%
confidence level. The significance of the signal in the
peak region 124-125 GeV is found to be 10.8σ.

5 Summary

Feasibility of measuring H→µ+µ− at the CEPC
is studied considering a center of mass energy 250 GeV
collision and 5000 fb−1 integrated liminosity. The mea-
surement is perfomed in two complementary channels:
ZH production without measuring the Z boson decay
and ZH production with the Z boson hadronically decay.
For each decay channel, a cut-count analysis is tested
and followed with an improvement using multivariate
techniques. Similar results are obtained from two chan-
nels. Over 10 σ significance can be reached for the signal
H→ µ+µ− process. Accuracy of the signal strength can
be measured with ±14% uncertainty and the associated
H-µ-µ coupling can be restricted to 10% level. The re-
sults are comparable to the High-Luminosity LHC.

The authors would like to thank Xin Mo, Dan Yu
and Yuqian Wei for useful discussions. This work is
supported in part by the National Natural Science Foun-
dation of China, under Grants No. 11475190 and No.
11575005, by the CAS Center for Excellence in Particle
Physics (CCEPP), and by CAS Hundred Talent Program
(Y3515540U1)
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• While the measurement is not perfect enough
• The simulation didn’t consider the Z boson width
• The significance estimation is a counting result in a peak region

• Try to improve
• Develop new selection criterial by keeping most signals and suppressing background
• Use statistical (NLL) method to estimate significance
• Further make event categories by applying MVA method

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1088%2F1674-1137%2F42%2F5%2F053001&v=820cfef6


Detector and samples
• CEPC detector: v4, 𝑠 = 240 GeV, 3 T
• Sample (5 ab-1)

• DST data: slimmed reconstruction samples without hits
• Signal: qqh_e2e2, 100M

• XS: 136.81 fb, BR: 2.176E-04
• Background

• 2 fermions, ~28 M
• 4 fermions

• Single W, ~18M
• Single Z, ~8 M
• WW, ~46 M
• ZZ, ~6 M
• Z or W: ~20 M

• To suppress background and keep most signals, event selections are 
developed/applied
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Event selections
• After several studies, considering both signal/background efficiencies, event 

selections are finalized
• Performances of each cut can be found in the backup
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Cut Reason
N_mum > 0, N_mup > 0 H to mumu requires 2 opposite charged muons

105 < M_mumu < 130 GeV M_mumu should be close to M_H (125 GeV)
25 < N_particle < 115 di-jet system requires more objects than all leptons final stats
55 < M_qq < 125 GeV M_qq should be close to M_Z (91.2 GeV)
P_qqmumu < 32 GeV, 

195 < E_qqmumu < 265 GeV
qqmumu system should has 4 momentum close to (0, 0, 0, En), 

En=240 GeV
35 < E_mum < 100 GeV, 
35 < E_mup < 100 GeV To suppress WW background

16 < p_mumu < 72 GeV To suppress hadronic background components with muons in jet 
clusters

N_em < 6, N_ep < 6, 
N_e < 9 To suppress semi-leptonic backgrounds; And hadronic 

backgrounds with electrons in jet clustersE_em < 10 GeV, E_ep < 10 GeV, 
E_ee < 19 GeV



Event selection efficiencies
• After event selections, summarize remaining signals and background components
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Component qqh_e2e2 ww_sl0muq ww_sl0tauq
Yield Eff. Rel. Yield Eff Rel Yield Eff Rel

Initial 148.85 100 100 12117200 100 100 12117800 100 100
N_mum > 0, N_mup > 0 148 99.43 99.43 623044 5.14 5.14 120233 0.99 0.99

105 < M_mumu < 130 GeV 123.75 83.14 83.62 4284.15 0.04 0.69 110.9 0 0.09
25 < N_particle < 115 123.02 82.64 99.41 4229.7 0.03 98.73 109.91 0 99.11
55 < M_qq < 125 GeV 122.02 81.97 99.19 2879.2 0.02 68.07 48.52 0 44.14

P_qqmumu < 32 GeV, 195 < E_qqmumu < 265 GeV 121.32 81.51 99.43 1947.52 0.02 67.64 20.79 0 42.86
35 < E_mum < 100 GeV, 35 < E_mup < 100 GeV 120.89 81.22 99.65 823.76 0.01 42.3 18.81 0 90.48

16 < p_mumu < 72 GeV 120.31 80.82 99.51 804.95 0.01 97.72 18.81 0 100
N_em < 6, N_ep < 6, N_e < 9 119.33 80.17 99.19 441.58 0 54.86 7.92 0 42.11

E_em < 10 GeV, E_ep < 10 GeV, E_ee < 19 GeV 116 77.93 97.21 246.53 0 55.83 1.98 0 25

Component zz_l0taumu zz_sl0mu_down zz_sl0mu_up zz_sl0tau_down
Yield Eff Rel Yield Eff Rel Yield Eff Rel Yield Eff Rel

Initial 93250 100 100 680700 100 100 436950 100 100 336550 100 100
N_mum > 0, N_mup > 0 44626.5 47.86 47.86 328021 48.19 48.19 201081 46.02 46.02 9475.89 2.82 2.82

105 < M_mumu < 130 GeV 1749.25 1.88 3.92 7093.73 1.04 2.16 4290.11 0.98 2.13 3.96 0 0.04
25 < N_particle < 115 33.6 0.04 1.92 7018.41 1.03 98.94 4216.77 0.97 98.29 2.97 0 75
55 < M_qq < 125 GeV 12.13 0.01 36.11 6754.8 0.99 96.24 3601.35 0.82 85.41 2.97 0 100

P_qqmumu < 32 GeV, 195 < E_qqmumu < 265 GeV 10.27 0.01 84.62 6661.65 0.98 98.62 3548.83 0.81 98.54 2.97 0 100
35 < E_mum < 100 GeV, 35 < E_mup < 100 GeV 8.4 0.01 81.82 6177.04 0.91 92.73 3308.01 0.76 93.21 2.97 0 100

16 < p_mumu < 72 GeV 8.4 0.01 100 6079.92 0.89 98.43 3216.84 0.74 97.24 1.98 0 66.67
N_em < 6, N_ep < 6, N_e < 9 8.4 0.01 100 1797.71 0.26 29.57 895.88 0.21 27.85 0.99 0 50

E_em < 10 GeV, E_ep < 10 GeV, E_ee < 19 GeV 1.87 0 22.22 917.69 0.13 51.05 433.07 0.1 48.34 0.99 0 100

• The signal efficiency: 78%
• The background

• ZZ (muons/jets, taus/muons, taus/jets): 79%; WW (muon/jets, tau/jets): 21%



Check 𝑀22
345678 discrimination

• Essentially thinking 𝑀22
345678 would have a good separation power between the 

signal/ZZ background: 𝑀22
345678 = 𝑀 𝑝 0,0,0, 𝑠 − 𝑝22
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• 𝑀22
345678 is expected to be close to 𝑀< in the signal, while close to 𝑀= in the ZZ 

background, but not the case in the background distribution after all cuts
• Guess only the middle process dominates in the remaining ZZ events  
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𝑁& cuts
• Go over selections step by step to check the 𝑀22

345678 changes 
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• After 𝑁& cuts, the remaining ZZ events would include 
all 𝑍 𝑞𝑞 𝑍 𝜇𝜇 processess

April 8, 2015 – 16 : 33 DRAFT 14
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• The first and third processes would have a mass peak 
close to 𝑀= in the 𝑀22

345678 distribution



The 𝑀&& cut
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• After 𝑀&& cut ([105, 130] GeV), the 91.2 GeV 𝑀22
345678 peak disappear 
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• Since di-muon mass window (𝑀<) is required, the first and third processes is largely 
suppressed, thus the Z boson resonant mass disappear

• Intend not to apply 𝑀22
345678 cut in the selection criterial



The mass spectrum
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• Estimate cut-based signal sensitivity in [124,125] GeV (~63% of selected signal)

• 2 𝑠 + 𝑏 ⋅ ln 1 + E
F
− 𝑠 = 8.74𝜎

• After selection criterial, the signal shows high significance in the 𝜇𝜇 mass spectrum



Signal modelling
• Fitting function: DSCB

• 𝑓 𝑡 = 𝑁 ⋅

𝑒LM.NOP, 𝑖𝑓 − 𝛼86S ≤ 𝑡 ≤ 𝛼U7VU

𝑒LM.NWXYZ
P WXYZ

[XYZ

[XYZ
WXYZ

− 𝛼86S − 𝑡
L[XYZ

, 𝑖𝑓 𝑡 < −𝛼86S

𝑒LM.NW]^_]
P W]^_]

[]^_]

[]^_]
W]^_]

− 𝛼U7VU + 𝑡
L[]^_]

, 𝑖𝑓 𝑡 > 𝛼U7VU

• 𝑡 = ⁄(𝑚&& − 𝜇cd) 𝜎cd
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𝑀&& = 124.83 ± 0.00 GeV
𝜎cd = 0.23 ± 0.00 GeV
⁄𝜒h 𝑛𝑑𝑜𝑓 = 2.43

• DSCB shows great agreement with the signal MC



Background modelling
• Fitting function: second order Chebyshev polynomial
• 𝑓 𝑚&& = 𝑁 ⋅ 1 + 𝑎M𝑚&& + 𝑎m 2𝑚&&

h − 1
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• The statistics of background is a bit low: 1617, may introduce bias in choosing 
background model

• Could investigate further more about background models in the future
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⁄𝜒h 𝑛𝑑𝑜𝑓 = 1.06



Statistical procedure
• Use statistical methods to get significance 
• Use signal/background models to fit MC events and also 

generate Asimov dataset to smooth the background
• ML method is applied

• Likelihood model
• 𝐿 = exp − 𝑁s + 𝑁d ∏7

[[𝑁E𝑓E 𝑥7 + 𝑁d𝑓d(𝑥7)]
• 𝑁s = 𝜇 ⋅ ℒ ⋅ 𝜎= 22 <

sy ⋅ 𝐵&&sy ⋅ 𝐴𝑐𝑐

• POI: 𝜇 (signal strength of 𝑒𝑒 → 𝑍(𝑞𝑞)𝐻(𝜇𝜇))
• Observable: 𝑚&&
• ℒ = 5000 fb-1, 𝜎= 22 <

sy = 136.81 fb, 𝐵&&sy = 2.176𝐸 − 04
• 𝑓E, 𝑓d are from the signal/background modellings, all parameters 

are fixed since the fitted dataset is the MC; It’s already used for 
choosing signal/background functions

• 𝐴𝑐𝑐 is from the event selections (77.93%) 
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Fitting results
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• 𝜇 = 0.95LM.mh�M.m� 1.00 ± 0.13
• Significance: 10.59𝜎 (10.78𝜎)



MVA optimizations
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• Next to apply discriminant variables into MVA (BDTG) to optimize significances
• Search for discriminant variables

60 70 80 90 100 110 120
 [GeV]qqM

50

100

150

200

250

Ev
en

ts

 scale to bkg.µµqqH
ZZ
WW
2 fermion
Single W
Single Z
Z or W

CEPC
-1 = 240 GeV, 5 abs

20 40 60 80 100 120 140 160 180
 [GeV]recoil

qqM

0

100

200

300

400

500

Ev
en

ts

 scale to bkg.µµqqH
ZZ
WW
2 fermion
Single W
Single Z
Z or W

CEPC
-1 = 240 GeV, 5 abs

200 210 220 230 240 250 260
 [GeV]µµqqE

0

50

100

150

200

250

Ev
en

ts

 scale to bkg.µµqqH
ZZ
WW
2 fermion
Single W
Single Z
Z or W

CEPC
-1 = 240 GeV, 5 abs



Select training variables
• Training variables selection criterial

• Not highly correlated with 𝑀&&
• Not strongly anti-correlated with each-other  
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• Drop one of the strongly correlated variables referring to the ranking (bottom to top)
• Eventually keep 𝑐𝑜𝑠𝜃44, 𝑐𝑜𝑠𝜃&&, Δ&,&, 𝑀22, 𝐸44, 𝐸22&&



BDTG training results
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TMVA overtraining check for classifier: BDTG
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Sig yield Bkg yield Sensitivity Mass range (GeV)
BDTG > 0.45 86.20 +/- 0.51 198.20 +/- 19.82 7.46 +/- 0.27 [120.78 - 125.33]
BDTG < 0.45 29.77 +/- 0.30 1402.95 +/- 52.73 1.08 +/- 0.03 [114.08 - 125.28]

Total 115.97 +/- 0.59 1601.15 +/- 56.33 7.54 +/- 0.38

• After training with 6 variables: 𝑐𝑜𝑠𝜃44, 𝑐𝑜𝑠𝜃&&, Δ&,&, 𝑀22, 𝐸44, 𝐸22&&, get the BDTG response 

• There is a overtraining in the background due to poor statistics: ~1600
• Scan the total sensitivity ( ⁄𝑆 𝑆 + 𝐵) vs BDTG to find the optimal BDTG point
• The sensitivity is estimated in the 90% signal coverage region 
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• Get the maximum sensitivity cutting BDTG at 0.45, split events into tight/loose categories



Categories signal/background fractions
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• Perform 𝑀&& distributions after BDTG cuts
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Fraction BDTG > 0.45 BDTG < 0.45 Total yield
Sig 0.74 0.26 115.97
ZZ 0.1 0.9 1353.62

WW 0.01 0.99 248.52

• In the BDTG tight category, nearly all WW backgrounds are rejected



Signal/background modellings in categories
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𝑀&& = 124.83 ± 0.00 GeV
𝜎cd = 0.24 ± 0.00 GeV
⁄𝜒h 𝑛𝑑𝑜𝑓 = 2.17
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⁄𝜒h 𝑛𝑑𝑜𝑓 = 1.48

• Making signal/background models in each category
• Signal: DSCB
• Background: second order Chebyshev polynomial
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⁄𝜒h 𝑛𝑑𝑜𝑓 = 1.40
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• DSCB still works 
well for the signal 
modelling

• Since the statistic 
fluctuation is large 
in the background, 
hard to tell 
whether the 
model is perfect, 
could make 
further study in 
the future



The total significance
• Make a simultaneous fit on 2 categories to get the total signal strength
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• 𝜇 = 0.96LM.mm�M.mh 1.00LM.mm�M.mh

• Significance: 14.41𝜎 (14.57𝜎)

• Compare to the results with 1 inclusive category: 
10.59𝜎 (10.78𝜎), the significance increases ~35%
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Summary
• Study 𝑒𝑒 → 𝑍(𝑞𝑞)𝐻(𝜇𝜇) on the CEPC experiment

• Develop selection criterial to try to keep most signals and reject 
backgrounds

• After event selections, the signal efficiency is 78%; the dominant 
background is ZZ to muons/jets

• Use DSCB as the signal model, second order Chebyshev 
polynomial as the background model

• To fit the mass spectrum of dimuon to estimate the 𝑒𝑒 →
𝑍(𝑞𝑞)𝐻(𝜇𝜇) significance: 10.59𝜎 (10.78𝜎)

• Further choose appropriate variables for the MVA optimization: 
𝑐𝑜𝑠𝜃44, 𝑐𝑜𝑠𝜃&&, Δ&,&, 𝑀22, 𝐸44, 𝐸22&&

• Apply the optimal BDTG cut to split events into 2 categories
• Still use the same signal/background models as inclusive case, 

make a simultaneous fit on 2 categories
• Get the significance: 14.41𝜎 (14.57𝜎), which has 35% 

improvement w.r.t the inclusive case
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Backup
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Selection criterial
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𝑁&� > 0
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• 𝑁& cuts: 𝐻 → 𝜇𝜇 requires 2 opposite charged 
muons

• 𝑀&& cut: 𝑀&& should close to 𝑀< (125 GeV)
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Selection criterial
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• All reconstructed visible objects are grouped 
as “particle”

• 𝑁��3O7584 cut: di-jet system requires more 
objects

• Suppress background components with 
lepton final stats
• Single Z to muons/electrons
• ZZ/WW to muons/taus
• 2 fermions (muons/taus)20 40 60 80 100 120
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• 4 momentum of all visible particles: 𝑝��3O7584; 
4 momentum of di-muon: 𝑝&&

• Didn’t apply jet-cluster algorithm, while 
define di-jet system: 𝑝22 = 𝑝��3O7584 − 𝑝&&

• Since the dominant background would be 
𝑍(𝜇𝜇)𝑍(𝑞𝑞) (see later), the rough definition of 
di-jet system makes sense for the specific 
channel

• 𝑀22 cut: 𝑀22 should be close to 𝑀= (91.2 
GeV)



Selection criterial
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• 𝑝22&& cut: 𝑒𝑒 → 𝑍(𝑞𝑞)𝐻(𝜇𝜇) system should has 4 momentum close to (0, 0, 0, 𝑠), 
𝑠 = 240 GeV



Selection criterial
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• 𝐸& cuts: To suppress WW background
• WW to muon/jets

• 𝑝&& cut: To suppress hadronic background 
components with muons in jet clusters
• Di-jet background
• ZZ to taus/jets
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Selection criterial
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• 𝑁4 cuts: To suppress semi-leptonic 
backgrounds; And hadronic backgrounds 
with electrons in jet clusters
• WW/ZZ to jets
• WW/ZZ to muons/jets
• Di-jet background 



Selection criterial
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𝐸4� < 10 GeV
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• Electrons energy cuts: Also to suppress 
semi-leptonic backgrounds; And hadronic 
backgrounds with electrons in jet clusters
• WW/ZZ to muons/jets
• ZZ to muons/taus



Asimov fit results
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