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Plans
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• Short introduction of Higgs recoil mass 

• Signal and background samples 

• Background rejection, Final Selection

• Signal Only fit and Signal + Background fit

25/06/2021



Higgs recoil mass at Future Circular Collider (FCC)
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• Goal: Measurement of the ZH total cross section

• Signal: 𝑒!𝑒" → 𝑍𝐻 → 𝑙 ̅𝑙 + 𝑋
ZH is the dominant Higgs production process @ 240 GeV 
𝑒!𝑒"machine 

• Use events with a Z decaying leptonically, and reconstruct 𝑀#$%&'(
from the Z production without measuring the Higgs production 
final state 
𝑀#$%&'(
) = 𝑠 − 𝐸( ̅( ) − 𝑝( ̅(

) = 𝑠 − 2𝐸( ̅( 𝑠 + 𝑚( ̅(
)

• The reconstructed 𝑀#$%&'( is sensitive to the precise knowledge 
of the centre-of-mass energy 

• Physic independent study

• WW & ZZ Background @ 240 GeV

arXiv:1308.6176

𝑆
𝑚!!!"

𝑀"#$%&!

25/06/2021

https://arxiv.org/pdf/1308.6176.pdf


Signals, Backgrounds and Selections
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• Signals:
1. 𝑍(𝜇!𝜇")𝐻 (Whizard)
2. 𝑍(𝜏!𝜏")𝐻 (Whizard)
3. 𝑍(𝑞(𝑞)𝐻 (Whizard)
4. 𝑍 𝜈𝜈̅ 𝐻 (Whizard)
5. 𝑍 𝑒!𝑒" 𝐻 (Whizard)

• Backgrounds:
1. ZZ(inclusive), (Pythia) 
2. 𝑊! 𝜈𝜇! 𝑊"(𝜈̅𝜇"), (Pythia) 
3. 𝑍 → 𝑙!𝑙", (Pythia) 
4. 𝑍 → 𝑞(𝑞, (Pythia)
5. 𝑒𝑒𝑍, (Whizard)
6. 𝛾𝛾 → 𝜇!𝜇", (Whizard)
7. 𝛾𝛾 → 𝜏!𝜏" (Whizard)

• 𝒔 = 𝟐𝟒𝟎 GeV
• ISR and FSR on
• Beam Energy Spread
• Luminosity:

𝐿 = 5 𝑎𝑏'(
• IDEA detector
• Spring2021 samples

Pre-Selection:
1. At least one Z boson from a 𝜇)𝜇' pair
2. 𝑚*!*" ∈ 80, 100 GeV

Or ZH inclusive (Pythia)

25/06/2021

ZH(inclusive) mumuH WW_mumu ZZ(inclusive) Zll

𝜎 ⋅ 𝐿 1006580 33822 1289600 6794950 68893500

NEVENTS 10+ 10, 10+ 10+ 0.99 ⋅ 10+

NEVENTS/𝜎 ⋅ 𝐿 9.93 29.57 7.75 1.47 0.14



5

𝑀&'()*+ and 𝑀,!," distribution

After Pre-Selection:
1. At least one Z boson from 

a 𝜇!𝜇" pair
2. 𝑚#!#" ∈ 80, 100 GeV

q For 𝑚*!*"

Ø Large Zll evnets
Ø Two peaks for 𝑚*!*"

1. ~ 90 GeV (Z mass)
2. ~ 240 GeV ( 𝑆)

Ø Cuts for 𝛾𝛾 events
q For 𝑀"#$%&!

Ø Zll concentrate on low 𝑀"#$%&!
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Selection:
1. At least one Z boson from 

a 𝜇!𝜇" pair
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After Pre-Selection:
1. At least one Z boson from 

a 𝜇)𝜇' pair
2. 𝑚*!*" ∈ 80, 100 GeV

𝑝-
,!," and cos 𝜃.*//*01 distribution
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q Log Scale
q For 𝑝-

*!*"

Ø No signal above 𝑝-
*!*" > 70 GeV and 

large background below 𝑝-
*!*" <

70 GeV
Ø So, we require 𝑝-

*!*" ∈ 20, 70 GeV
Ø Low 𝑝-

*!*" cuts back-to-back events
q For cos 𝜃.&//&01

Ø polar angle of the missing momentum 
Ø cos 𝜃.&//&01 is calculated using the 

missing information 𝑝2 , 𝑝3 , 𝑝4 and 𝐸
Ø Reduce 𝛾𝛾 processes
Ø ISR emitted approximately collinear 

with the incoming beams escapes 
detection in the beam pipe

25/06/2021
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Evaluation of 𝑀&'()*+ distribution

APC-2-Selection:
1. At least one Z boson from a 

𝜇!𝜇" pair
2. 𝑚#!#" ∈ 86, 96 GeV
3. 𝑀$%&'() ∈ 120, 140 GeV
4. 𝑝*

#!#" ∈ 20, 70 GeV
5. cos 𝜃+,--,./ < 0.98

APC-0-Selection:
1. At least one Z boson from  

a 𝜇!𝜇" pair
2. 𝑚#!#" ∈ 86, 96 GeV
3. 𝑀$%&'() ∈ 120, 140 GeV

APC-1-Selection:
1. At least one Z boson from 

a 𝜇!𝜇" pair
2. 𝑚#!#" ∈ 86, 96 GeV
3. 𝑀$%&'() ∈ 120, 140 GeV
4. 𝑝*

#!#" ∈ 20, 70 GeV
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Evaluation of 𝑚,!," distribution
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APC-2-Selection:
1. At least one Z boson from a 

𝜇!𝜇" pair
2. 𝑚#!#" ∈ 86, 96 GeV
3. 𝑀$%&'() ∈ 120, 140 GeV
4. 𝑝*

#!#" ∈ 20, 70 GeV
5. cos 𝜃+,--,./ < 0.98

APC-0-Selection:
1. At least one Z boson from  

a 𝜇!𝜇" pair
2. 𝑚#!#" ∈ 86, 96 GeV
3. 𝑀$%&'() ∈ 120, 140 GeV

APC-1-Selection:
1. At least one Z boson from 

a 𝜇!𝜇" pair
2. 𝑚#!#" ∈ 86, 96 GeV
3. 𝑀$%&'() ∈ 120, 140 GeV
4. 𝑝*

#!#" ∈ 20, 70 GeV
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Pre-Selection APC-FCC-2-Selection

Sample #Events Error #Entries #Events Error #Entries

ZH inclusive P8 25632.6 50.9 253954 18150.6 42.8 179826

𝑍(𝜇!𝜇")𝐻 24178.8 28.6 714893 18181.1 24.8 537560

𝑍(𝜏!𝜏")𝐻 32.7 1.1 873 12.4 0.7 330

𝑍(𝑞H𝑞)𝐻 425.5 5.4 6179 171.5 3.4 2491

Total Signal 24637.0 35.1 721945 18365.0 28.9 540381

𝑊! 𝜈𝜇! 𝑊"(𝜈̅𝜇") 133530.9 131.2 1035444 16927.3 46.7 131260

ZZ(inclusive) 315780.4 463.2 464728 11219.8 87.3 16512

Z → 𝑙 ̅𝑙 7846308.6 7389.3 1127515 9471.1 256.7 1361

Total Main Bkgs. 8295619.8 7983.8 2627687 37618.2 390.8 149133

𝛾𝛾𝜇𝜇 384090.8 315.2 1484600 4.7 1.1 18

𝛾𝛾𝜏𝜏 304.3 8.0 1456 6.3 1.1 30

𝑒𝑒𝑍 793603.7 286.8 7654357 24.0 1.6 231

Z → 𝑞H𝑞 0.0 0.0 0 0.0 0.0 0

𝑍 𝜈𝜈̅ 𝐻 173.8 3.7 2257 69.3 2.3 900

𝑍 𝑒!𝑒" 𝐻 23.4 1.0 587 9.3 0.6 234

Additional Bkgs 1178195.9 614.7 9143257 113.5 6.7 1413

#Events, error and #Entries
Ø APC-2-Selection

1. At least one Z boson from a 
𝜇)𝜇' pair.  

2. 𝑚*!*" ∈ 86, 96 GeV
3. 𝑝-

*!*" ∈ 20, 70 GeV
4. cos 𝜃.&//&01 < 0.98
5. 𝑀56789: ∈ 120, 140 GeV

Compared to Pre-Selection,
APC-2-Selection keeps ~75% signals 
but rejects
Ø Main background:

• ~87% WW
• ~96% ZZ
• ~99.88% 𝑍 → 𝑙 ̅𝑙

Ø Additional background
• ~99.99%  𝛾𝛾𝜇𝜇,
• ~00.07%  𝑒𝑒𝑍

25/06/2021



Fitting model and parameter settings
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• Fitting functions

• Signal: 2CBG or Two-Sided Crystal Ball 

• Background: Second Order Polynomial

• S + B = nsig*signal + nbkg*background

ØInitial signal modelling using Two-Sided Crystal-Ball (DSCB) , further optimized to 2CBG by 
Jan:
• Two CB functions (left and right), sharing mean and width
• Added Gaussian to cope with the high tails
• In total three terms, which can float, but Gaussian suppressed in norm (𝑠𝑖𝑔𝑓𝑟𝑎𝑐1 + 𝑠𝑖𝑔𝑓𝑟𝑎𝑐2 > 0.8)
• In total 10 “free” parameters (+1 normalization)
𝑝𝑑𝑓 𝑀0123,4
= 𝑠𝑖𝑔𝑓𝑟𝑎𝑐1 ⋅ 𝐶𝐵 𝑀0123,4; 𝜇, 𝜎, 𝛼5, 𝑛5 + 𝑠𝑖𝑔𝑓𝑟𝑎𝑐2 ⋅ 𝐶𝐵 𝑀0123,4; 𝜇, 𝜎, 𝛼6, 𝑛6 + 1 − 𝑠𝑖𝑔𝑓𝑟𝑎𝑐1 − 𝑠𝑖𝑔𝑓𝑟𝑎𝑐2 ⋅ 𝐺𝑎𝑢𝑠𝑠(𝑀0123,4; 𝜇7,𝜎7)

Jan’s presentation

25/06/2021

https://indico.cern.ch/event/1050074/contributions/4411949/attachments/2268118/3851298/HRecoil_FCCeePhysicsPerformance_21062021.pdf


120 122 124 126 128 130 132 134 136 138 140
m leptonic recoil

0

200

400

600

800

1000

Ev
en

ts
 / 

(0
.1

 G
eV

)

DCB pdf with data
alpha_L =  1.991 +/- 0.059
alpha_R =  0.616 +/- 0.018
mean =  125.2771 +/- 0.0067
n_L =  2.43 +/- 0.23
n_R =  1.174 +/- 0.024
nsig =  18152 +/- 135
sigma =  0.3210 +/- 0.0056

/NDF: 5.132χ

Sgn.: ZH

-1L = 5 ab
Selection: sel23

mumu

Data

Sig. Only Fit

DCB pdf with data

120 122 124 126 128 130 132 134 136 138 140

 [GeV]recoilM

10−

8−

6−

4−

2−

0

2

4

6

8

10

Er
ro

r
D

at
a-

Fi
t 120 122 124 126 128 130 132 134 136 138 140

m leptonic recoil
0

200

400

600

800

1000

Ev
en

ts
 / 

(0
.1

 G
eV

)

2CBG pdf with data
alphaL =  1.93 +/- 0.16
alphaR = -0.1324 +/- 0.020
mean =  125.242 +/- 0.012
mean2 =  125.451 +/- 0.067
n_L =  1.64 +/- 0.32
n_R =  2.11 +/- 0.27
nsig =  18152 +/- 135
sigfrac1 =  0.674 +/- 0.023
sigfrac2 =  0.174 +/- 0.030
sigma =  0.274 +/- 0.013
sigma2 =  0.532 +/- 0.037

/NDF: 1.662χ

Sgn.: ZH

-1L = 5 ab
Selection: sel23

mumu

Data

Sig. Only Fit

2CBG pdf with data

120 122 124 126 128 130 132 134 136 138 140

 [GeV]recoilM

10−

8−

6−

4−

2−

0

2

4

6

8

10

Er
ro

r
D

at
a-

Fi
t

11

Signal Only fit with different p.d.f. in the Higgs region (120-140 GeV)

ZH Pythia 𝝈𝑪𝑩(GeV) 𝑴𝑪𝑩(GeV) ⁄𝝌𝟐 𝑵𝑫𝑭

DSCB 0.3210 125.2771 5.13

2CBG 0.3209 125.2420 1.66

⁄Δ!"#$ 𝑁"#$ = 0.74%

Integral ZH = 18152 
B𝑁"#$

%#& 𝑁"#$
#'&($)*+ = 100.0%

• Compared to Two-Sided Crystal-Ball, 2CBG function has better 
description of the signal

• ⁄𝜒> 𝑁𝐷𝐹 decreases to 1.66, but can be improved (other function?)
• Still a little wiggle between 122-130 GeV

APC-2
-Selection
Two-Sided 
Crystal Ball
IDEA
ZH Pythia

APC-2
-Selection
2CBG
IDEA

ZH Pythia

Integral ZH = 18152
B𝑁"#$

%#& 𝑁"#$
#'&($)*+ = 100.0%

⁄Δ!"#$ 𝑁"#$ = 0.74%
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Background Only fit in the Higgs region (120-140 GeV)

⁄Δ!"#$ 𝑁"#$ = 0.77%

Integral ZH = 16927 
B𝑁"#$

%#& 𝑁"#$
#'&($)*+ = 100.0%

Pol.2
IDEA

APC-2
-Selection

⁄Δ!"#$ 𝑁"#$ = 0.95%

Integral ZH = 11134 
B𝑁"#$

%#& 𝑁"#$
#'&($)*+ = 100.0%

⁄Δ!"#$ 𝑁"#$ = 1.02%
Integral ZH = 9471 

B𝑁"#$
%#& 𝑁"#$

#'&($)*+ = 100.0%

APC-2
-Selection
Pol.2
IDEA

Pol.2
IDEA

WWmumu
Pythia

ZZ
Pythia

Zll
Pythia

APC-2
-Selection

ZH(inclusive) mumuH WW_mumu ZZ(inclusive) Zll

# of Events 18151 18181 16927 11220 9471

Entries 179826 537560 131260 16512 1361

Entries/# of Events 9.91 29.47 7.75 1.47 0.14

• Low statistic on Zll process
• Need more events

25/06/2021



120 122 124 126 128 130 132 134 136 138 140
m leptonic recoil

0

200

400

600

800

1000

1200

Ev
en

ts
 / 

(0
.1

 G
eV

)

DCB_Pol2 pdf with data
alpha_L =  1.70 +/- 0.11
alpha_R =  0.788 +/- 0.029
mean =  125.3045 +/- 0.0066
n_L =  11 +/- 16
n_R =  0.871 +/- 0.051
nbkg =  36299 +/- 546
nsig =  19419 +/- 530
p0 =  0.25 +/- 0.15
p1 =  0.00128 +/- 0.00063
p2 = -0.00001822 +/- 0.0000063
sigma =  0.3385 +/- 0.0068

/NDF: 1.322χ

Sgn.: ZH
Bkg.: ZZ_WWmumu_Zll_Zqq_eeZ_yymm_yytt

-1L = 5 ab
Selection: sel23

mumu
Data
S + B Fit
Sig. Fit
Bkg. Fit

DCB_Pol2 pdf with data

120 122 124 126 128 130 132 134 136 138 140

 [GeV]recoilM

10−

8−

6−

4−

2−

0

2

4

6

8

10

Er
ro

r
D

at
a-

Fi
t 120 122 124 126 128 130 132 134 136 138 140

m leptonic recoil
0

200

400

600

800

1000

1200

Ev
en

ts
 / 

(0
.1

 G
eV

)

2CBG_Pol2 pdf with data

/NDF: 1.312χ

Sgn.: ZH
Bkg.: ZZ_WWmumu_Zll_Zqq_egamma_gagamumu_gagatautau

-1L = 5 ab
Selection: sel23

mumu
Data
S + B Fit
Sig. Fit
Bkg. Fit

2CBG_Pol2 pdf with data

120 122 124 126 128 130 132 134 136 138 140

 [GeV]recoilM

10−

8−

6−

4−

2−

0

2

4

6

8

10

Er
ro

r
D

at
a-

Fi
t

13

Signal + Background fit with different p.d.f. in the Higgs region (120-140 GeV)

⁄Δ!"#$ 𝑁"#$ = 2.73%

Integral ZH = 18152 
B𝑁"#$

%#& 𝑁"#$
#'&($)*+ = 107.0%

• 2CBG improves the V𝑁/&1
?&@ 𝑁/&1

&0@#1"A!

• Neither ⁄ΔB/&1 𝑁/&1 nor ⁄𝜒> 𝑁𝐷𝐹 is improved

APC-2
-Selection

Two-Sided 
Crystal-
Ball+Pol.2
IDEA

ZH Pythia APC-2
-Selection

2CBG
IDEA

ZH Pythia ⁄Δ!"#$ 𝑁"#$ = 3.64%

Integral ZH = 18152 
B𝑁"#$

%#& 𝑁"#$
#'&($)*+ = 98.8%

ZH Pythia 𝝈𝑪𝑩(GeV) 𝑴𝑪𝑩(GeV) ⁄ΔB/&1 𝑁/&1 V𝑁/&1
?&@ 𝑁/&1

&0@#1"A! ⁄𝝌𝟐 𝑵𝑫𝑭

DSCB 0.3385 125.3045 2.73 107.0% 1.32

2CBG 0.2771 125.2490 3.64 98.8% 1.31

v Compared to large 
⁄𝜒> 𝑁𝐷𝐹 on DSCB signal 

Only help, Pol.2 may 
absorb part of the signals.

v Worth trying DSCB+Pol.2 
for signal modelling

25/06/2021
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Parameters fixing for Signal + Background fit in the Higgs region (120-140 GeV)

⁄Δ!"#$ 𝑁"#$ = 1.43%

Integral ZH = 18152 
B𝑁"#$

%#& 𝑁"#$
#'&($)*+ = 99.7%

• After fixing the tails of Crystal-Ball functions, the ⁄ΔB/&1 𝑁/&1
decreases to ~ 1.4%

• After fixing the backgrounds, the ⁄ΔB/&1 𝑁/&1 decreases to ~ 2.2%

APC-2
-Selection

2CBG+Pol.2
IDEA

ZH Pythia APC-2
-Selection

2CBG+Pol.2
IDEA

ZH Pythia ⁄Δ!"#$ 𝑁"#$ = 2.20%

Integral ZH = 18152 
B𝑁"#$

%#& 𝑁"#$
#'&($)*+ = 99.6%

ZH Pythia All float Tails fixed Bkg Fixed

⁄ΔB/&1 𝑁/&1 3.64% 1.43% 2.20%

V𝑁/&1
?&@ 𝑁/&1

&0@#1"A! 98.8% 99.7% 99.6%25/06/2021
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Signal Only fit with different p.d.f. in the Higgs region (120-140 GeV)

⁄Δ!"#$ 𝑁"#$ = 0.74%

Integral ZH = 18188 
B𝑁"#$

%#& 𝑁"#$
#'&($)*+ = 100.0%

APC-2
-Selection
Two-Sided 
Crystal-Ball
IDEAmumuH 
Whizard

APC-2
-Selection
2CBG 
IDEA

mumuH 
Whizard

⁄Δ!"#$ 𝑁"#$ = 0.74%
Integral ZH = 18188 

B𝑁"#$
%#& 𝑁"#$

#'&($)*+ = 100.0%

ZH Pythia 𝝈𝑪𝑩(GeV) 𝑴𝑪𝑩(GeV) ⁄𝝌𝟐 𝑵𝑫𝑭

DSCB 0.4535 125.1194 12.28

2CBG 0.4130 125.0870 1.49

• Compared to Two-Sided Crystal-Ball ( ⁄𝜒> 𝑁𝐷𝐹 ~ 12.3), 2CBG function has 
better description of the signal ⁄𝜒> 𝑁𝐷𝐹 decreases to ~ 1.5

• Still a little wiggle between 122-130 GeV
• Compared to Pythia, Whizard sample has larger CB width and lower CB mean25/06/2021
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Signal + Background fit with different p.d.f. in the Higgs region (120-140 GeV)

⁄Δ!"#$ 𝑁"#$ = 2.50%

Integral ZH = 18188 
B𝑁"#$

%#& 𝑁"#$
#'&($)*+ = 107.9%

• Nothing is improved using 2CBG
• Need further investigate on Whizard samples

APC-2
-Selection

mumuH 
Whizard

APC-2
-Selection

2CBG + Pol.2
IDEA

mumuH 
Whizard

⁄Δ!"#$ 𝑁"#$ = 3.11%

Integral ZH = 18188 
B𝑁"#$

%#& 𝑁"#$
#'&($)*+ = 108.5%

ZH Pythia 𝝈𝑪𝑩(GeV) 𝑴𝑪𝑩(GeV) ⁄ΔB/&1 𝑁/&1 V𝑁/&1
?&@ 𝑁/&1

&0@#1"A! ⁄𝝌𝟐 𝑵𝑫𝑭

DSCB 0.4685 125.1328 2.50 107.9% 1.31

2CBG 0.4190 125.0880 3.11 108.5% 1.29

Two-Sided 
Crystal-
Ball+Pol.2
IDEA

25/06/2021
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⁄Δ!"#$ 𝑁"#$ = 1.30%

Integral ZH = 18188 
B𝑁"#$

%#& 𝑁"#$
#'&($)*+ = 100.0%

APC-2
-Selection

mumuH 
Whizard

APC-2
-Selection

2CBG + Pol.2
IDEA

mumuH 
Whizard

⁄Δ!"#$ 𝑁"#$ = 2.28%

Integral ZH = 18188 
B𝑁"#$

%#& 𝑁"#$
#'&($)*+ = 100.9%

2CBG+Pol.2
IDEA

25/06/2021

ZH Whizard All float Tails fixed Bkg Fixed

⁄ΔB/&1 𝑁/&1 3.11% 1.30% 2.28%

V𝑁/&1
?&@ 𝑁/&1

&0@#1"A! 108.5% 100.0% 100.9%

• After fixing the tails of Crystal-Ball functions, the ⁄ΔB/&1 𝑁/&1
decreases to ~ 1.3%

• After fixing the backgrounds, the ⁄ΔB/&1 𝑁/&1 decreases to ~ 2.3%

Parameters fixing for Signal + Background fit in the Higgs region (120-140 GeV)
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vConclusion:
ØCompared to Pre-Selection, APC-2-Selection keeps ~75% signals but rejects

• ~87% WW
• ~96% ZZ
• ~99.88% Zll

Ø2CBG function has better description of signal than Two-sided Crystal-Ball function for both Pythia and
Whizard sample

ØFor signal + background fit, compared to Two-sided Crystal-Ball function, 2CBG improves the @𝑁!"#
$"% 𝑁!"#

"&%'#()*

but neither ⁄𝛥+!"# 𝑁!"# nor ⁄𝜒, 𝑁𝐷𝐹 is improved for Pythia signal samples

ØAfter fixing the tails of Crystal-Ball functions, the ⁄Δ+!"# 𝑁!"# decreases to ~ 1.4%
ØAfter fixing the backgrounds, the ⁄Δ+!"# 𝑁!"# decreases to ~ 2.2%

vOutlook:
ØDerive uncertainty on cross section and mass determination

ØStudy the impact of improving the magnet from 2T to 3T 
25/06/2021
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Background Only fit in the Higgs region (120-140 GeV)

Pol.2
IDEA

APC-2
-Selection

25/06/2021
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ILC Selection:

APC-FCC-2-selection vs. “ILC” Selection on APC-FCC-Windows

We don’t have

We don’t have

We don’t have, 
but working on it

“ILC”-selection to compare to:
1. At least one Z boson from a 𝜇!𝜇" pair 
2. 𝑚#!#" ∈ 73, 120 GeV

3. 𝑝*
#!#" ∈ 10, 70 GeV

4. cos 𝜃+,--,./ < 0.98
5. 𝑀$%&'() ∈ 110, 155 GeV

APC-FCC-2 -Selection:
1. At least one Z boson from a 𝜇!𝜇" pair.  
2. 𝑚#!#" ∈ 86, 96 GeV

3. 𝑝*
#!#" ∈ 20, 70 GeV

4. cos 𝜃+,--,./ < 0.98
5. 𝑀$%&'() ∈ 120, 140 GeV

APC-FCC-Windows

25/06/2021
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APC-FCC-2-selection vs. “ILC” Selection on ILC-Windows

ILC-Window

APC-FCC-2
-Selection

APC-FCC-2
-Selection

“ILC”-selection to compare to:
1. At least one Z boson from a 𝜇!𝜇" pair 
2. 𝑚#!#" ∈ 73, 120 GeV

3. 𝑝*
#!#" ∈ 10, 70 GeV

4. cos 𝜃+,--,./ < 0.98
5. 𝑀$%&'() ∈ 110, 155 GeV

APC-FCC-2 -Selection:
1. At least one Z boson from a 𝜇!𝜇" pair.  
2. 𝑚#!#" ∈ 86, 96 GeV

3. 𝑝*
#!#" ∈ 20, 70 GeV

4. cos 𝜃+,--,./ < 0.98
5. 𝑀$%&'() ∈ 120, 140 GeV

25/06/2021
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APC-FCC-2-Selection “ILC” Selection

Sample #Events Error #Entries #Events Error #Entries

ZH inclusive P8 18150.6 42.8 179826 24276.9 49.5 240523

𝑍(𝜇!𝜇")𝐻 18181.1 24.8 537560 23021.3 27.9 680672

𝑍(𝜏!𝜏")𝐻 12.4 0.7 330 42.1 1.3 1123

𝑍(𝑞H𝑞)𝐻 171.5 3.4 2491 424.1 5.4 6159

Total Signal 18365.0 28.9 540381 23487.6 34.6 687954

𝑊! 𝜈𝜇! 𝑊"(𝜈̅𝜇") 16927.3 46.7 131260 128997.4 129.0 1000290

ZZ(inclusive) 11219.8 87.3 16512 37207.1 159.0 54757

Z → 𝑙 ̅𝑙 9471.1 256.7 1361 56833.7 628.9 8167

Total Main Bkgs. 37618.2 390.8 149133 223038.2 916.9 1063214

𝛾𝛾𝜇𝜇 4.7 1.1 18 73.0 4.3 282

𝛾𝛾𝜏𝜏 6.3 1.1 30 124.6 5.1 596

𝑒𝛾 24.0 1.6 231 76.8 2.8 741

Z → 𝑞H𝑞 0.0 0.0 0 0.0 0.0 0

𝑍 𝜈𝜈̅ 𝐻 69.3 2.3 900 180.2 3.7 2341

𝑍 𝑒!𝑒" 𝐻 9.3 0.6 234 21.8 0.9 549

Additional Bkgs. 113.5 6.7 1413 476.4 16.9 4509

#Events, error and #Entries
Ø APC-FCC-2-Selection

1. At least one Z boson from a 
𝜇)𝜇' pair.  

2. 𝑚*!*" ∈ 86, 96 GeV
3. 𝑝-

*!*" ∈ 20, 70 GeV
4. cos 𝜃.&//&01 < 0.98
5. 𝑀56789: ∈ 120, 140 GeV

Ø “ILC”-selection 
1. At least one Z boson from a 

𝜇)𝜇' pair 
2. 𝑚*!*" ∈ 73, 120 GeV
3. 𝑝-

*!*" ∈ 10, 70 GeV
4. cos 𝜃.&//&01 < 0.98
5. 𝑀56789: ∈ 110, 155 GeV

Compared to “ILC”-selection,
APC-FCC-2-Selection has ~80% total 
signals but only ~17% backgrounds
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Pre-Selection APC-FCC-1-Selection

Sample #Events Error #Entries #Events Error #Entries

ZH inclusive P8 22845.7 48.0 226343 19403.9 44.3 192243

𝑍(𝜇!𝜇")𝐻 24190.7 28.6 715246 19199.7 25.5 567676

𝑍(𝜏!𝜏")𝐻 34.5 1.1 919 12.5 0.7 334

𝑍(𝑞H𝑞)𝐻 425.6 5.4 6180 184.8 3.6 2684

Total Signal 24650.7 35.2 722345 19397.0 29.7 570694

𝑊! 𝜈𝜇! 𝑊"(𝜈̅𝜇") 133536.7 131.2 1035489 16951.8 46.8 131450

ZZ(inclusive) 316393.9 463.7 465631 20204.8 117.2 29735

Z → 𝑙 ̅𝑙 7846489.5 7389.4 1127541 45254.0 561.2 6503

Total Background 8296420.1 7984.3 2628661 82410.6 725.1 167688

𝛾𝛾𝜇𝜇 384090.8 315.2 1484600 90.8 4.8 351

𝛾𝛾𝜏𝜏 304.3 8.0 1456 6.3 1.1 30

𝑒𝛾 793603.7 286.8 7654357 6449.4 25.9 62205

Z → 𝑞H𝑞 0.0 0.0 0 0.0 0.0 0

𝑍 𝜈𝜈̅ 𝐻 173.9 3.7 2259 69.6 2.3 904

𝑍 𝑒!𝑒" 𝐻 23.4 1.0 587 10.3 0.6 259

Add. Background 1178196.1 614.7 9143259 6626.4 34.8 63749

#Events, error and #Entries
Ø Pre-Selection

1. At least one Z boson from a 
𝜇)𝜇' pair

2. 𝑚*!*" ∈ 80, 100 GeV

Ø APC-FCC-1-Selection
1. At least one Z boson from a 

𝜇)𝜇' pair
2. 𝑚*!*" ∈ 86, 96 GeV

3. 𝑝-
*!*" ∈ 20,+∞ GeV

4. 𝑀56789: ∈ 120, 140 GeV
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DCB pdf with data
alphaH =  0.656 +/- 0.021
alphaL =  2.005 +/- 0.059
mean =  125.2803 +/- 0.0075
nH =  1.055 +/- 0.021
nL =  2.30 +/- 0.21
nsig =  19404 +/- 139
sigma =  0.3223 +/- 0.0061

/NDF: 4.152χ

Sgn.: ZH

-1L = 5 ab
Selection: sel18

mumu

Data

Sig. Only Fit

DCB pdf with data
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DCB pdf with data
alphaH =  0.617 +/- 0.018
alphaL =  2.003 +/- 0.060
mean =  125.2771 +/- 0.0067
nH =  1.172 +/- 0.023
nL =  2.30 +/- 0.21
nsig =  18151 +/- 135
sigma =  0.3209 +/- 0.0056

/NDF: 5.172χ

Sgn.: ZH

-1L = 5 ab
Selection: sel23

mumu

Data

Sig. Only Fit

DCB pdf with data
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DCB pdf with data
alphaH =  0.664 +/- 0.020
alphaL =  1.976 +/- 0.051
mean =  125.2819 +/- 0.0074
nH =  1.048 +/- 0.020
nL =  2.21 +/- 0.17
nsig =  22892 +/- 151
sigma =  0.3243 +/- 0.0060

/NDF: 3.982χ

Sgn.: ZH

-1L = 5 ab
Selection: sel26

mumu

Data

Sig. Only Fit

DCB pdf with data
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Signal Only fit with different selections in the Higgs region (120-140 GeV)

⁄Δ!"#$ 𝑁"#$ = 0.72%

Integral ZH = 19404 
B𝑁"#$

%#& 𝑁"#$
#'&($)*+ = 100.0%

Two-Sided 
Crystal Ball
IDEA

APC-FCC-1
-Selection

ZH Only 𝝈𝑯 (GeV) 𝑴𝑯 (GeV) ⁄𝝌𝟐 𝑵𝑫𝑭

APC-FCC-1 0.3223 125.2803 4.15

APC-FCC-2 0.3209 125.2771 5.17

‘ILC’ 0.3243 125.2819 3.98

⁄Δ!"#$ 𝑁"#$ = 0.74%

Integral ZH = 18151 
B𝑁"#$

%#& 𝑁"#$
#'&($)*+ = 100.0%

⁄Δ!"#$ 𝑁"#$ = 0.66%
Integral ZH = 22891 

B𝑁"#$
%#& 𝑁"#$

#'&($)*+ = 100.0%

• “ILC”-Selection has better ⁄𝜒> 𝑁𝐷𝐹 but we still do not have a correct 
description of the signal

• 𝜎D and 𝑀D are close among these three selections
• V𝑁/&1

?&@ 𝑁/&1
&0@#1"A! ~ 100%

APC-FCC-2
-Selection

“ILC”
-Selection

Two-Sided 
Crystal Ball
IDEA

Two-Sided 
Crystal Ball
IDEA

ZH
Pythia

ZH
Pythia

ZH
Pythia
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DCB pdf with data
alphaH =  0.985 +/- 0.019
alphaL =  2.143 +/- 0.080
mean =  125.1196 +/- 0.0059
nH =  1.168 +/- 0.024
nL =  4.92 +/- 0.93
nsig =  19200 +/- 139
sigma =  0.4559 +/- 0.0051

/NDF: 8.912χ

Sgn.: mumuH

-1L = 5 ab
Selection: sel18

mumu

Data

Sig. Only Fit

DCB pdf with data
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DCB pdf with data
alphaH =  0.953 +/- 0.019
alphaL =  2.149 +/- 0.083
mean =  125.1192 +/- 0.0058
nH =  1.277 +/- 0.027
nL =  4.91 +/- 0.96
nsig =  18181 +/- 135
sigma =  0.4560 +/- 0.0051

/NDF: 12.382χ

Sgn.: mumuH

-1L = 5 ab
Selection: sel23

mumu

Data

Sig. Only Fit

DCB pdf with data
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DCB pdf with data
alphaH =  1.004 +/- 0.019
alphaL =  2.03 +/- 0.11
mean =  125.1204 +/- 0.0057
nH =  1.099 +/- 0.022
nL =  5.1 +/- 1.1
nsig =  22308 +/- 149
sigma =  0.4561 +/- 0.0060

/NDF: 8.162χ

Sgn.: mumuH

-1L = 5 ab
Selection: sel26

mumu

Data

Sig. Only Fit

DCB pdf with data
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Signal Only fit with Local and Spring 2021 in the Higgs region (120-140 GeV)

⁄Δ!"#$ 𝑁"#$ = 0.72%

Integral ZH = 19200 
B𝑁"#$

%#& 𝑁"#$
#'&($)*+ = 100.0%

⁄Δ!"#$ 𝑁"#$ = 0.74%

Integral ZH = 18181 
B𝑁"#$

%#& 𝑁"#$
#'&($)*+ = 100.0%

⁄Δ!"#$ 𝑁"#$ = 0.67%
Integral ZH = 22308 

B𝑁"#$
%#& 𝑁"#$

#'&($)*+ = 100.0%

• “ILC”-Selection has better ⁄𝜒> 𝑁𝐷𝐹 but we still do not have a correct 
description of the signal

• V𝑁/&1
?&@ 𝑁/&1

&0@#1"A! ~ 100%
• Comparing to ZH inclusive samples, mumuH has ~0.13 GeV larger 𝜎D and ~ 

0.16 GeV smaller 𝑀D

ZH Only 𝝈𝑯 (GeV) 𝑴𝑯 (GeV) ⁄𝝌𝟐 𝑵𝑫𝑭

APC-FCC-1 0.4559 125.1196 8.91

APC-FCC-2 0.4560 125.1192 12.38

‘ILC’ 0.4561 125.1204 8.16

Two-Sided 
Crystal Ball
IDEA

APC-FCC-1
-Selection

APC-FCC-2
-Selection

“ILC”
-Selection

Two-Sided 
Crystal Ball
IDEA

Two-Sided 
Crystal Ball
IDEA

mumuH 
Whizard

mumuH
Whizard

mumuH
Whizard
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DCB_Pol2 pdf with data
alphaH =  0.658 +/- 0.033
alphaL =  1.443 +/- 0.092
mean =  125.2705 +/- 0.0075
nH =  1.21 +/- 0.12
nL =  26 +/- 149
nbkg =  90768 +/- 879
nsig =  17594 +/- 835
p0 = -0.7866 +/- 0.095
p1 =  0.01665 +/- 0.00072
p2 = -0.00007385 +/- 0.0000041
sigma =  0.3136 +/- 0.0083

/NDF: 1.152χ

Sgn.: ZH
Bkg.: ZZ_WWmumu_Zll_Zqq_egamma_gagamumu_gagatautau

-1L = 5 ab
Selection: sel18

mumu
Data
S + B Fit
Sig. Fit
Bkg. Fit

DCB_Pol2 pdf with data
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DCB_Pol2 pdf with data
alphaH =  0.791 +/- 0.029
alphaL =  1.670 +/- 0.098
mean =  125.3043 +/- 0.0066
nH =  0.859 +/- 0.050
nL =  35 +/- 100
nbkg =  36254 +/- 536
nsig =  19549 +/- 520
p0 =  0.0202 +/- 0.0041
p1 =  0.000018 +/- 0.000032
p2 = -0.000001152 +/- 0.00000018
sigma =  0.3394 +/- 0.0068

/NDF: 1.352χ

Sgn.: ZH
Bkg.: ZZ_WWmumu_Zll_Zqq_egamma_gagamumu_gagatautau

-1L = 5 ab
Selection: sel23

mumu
Data
S + B Fit
Sig. Fit
Bkg. Fit

DCB_Pol2 pdf with data
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DCB_Pol2 pdf with data
alphaH =  0.768 +/- 0.030
alphaL =  1.725 +/- 0.077
mean =  125.3043 +/- 0.0064
nH =  0.807 +/- 0.074
nL =  1.9 +/- 1.1
nbkg =  105604 +/- 1799
nsig =  26350 +/- 1772
p0 = -0.008605 +/- 0.00041
p1 = -0.00000354 +/- 0.0000029
p2 =  0.000000127 +/- 0.000000017
sigma =  0.3384 +/- 0.0070

/NDF: 1.142χ

Sgn.: ZH
Bkg.: ZZ_WWmumu_Zll_Zqq_egamma_gagamumu_gagatautau

-1L = 5 ab
Selection: sel26

mumu
Data
S + B Fit
Sig. Fit
Bkg. Fit

DCB_Pol2 pdf with data
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Signal Only fit with different selections in the Higgs region (120-140 GeV)

⁄Δ!"#$ 𝑁"#$ = 4.75%

Integral ZH = 19404 
B𝑁"#$

%#& 𝑁"#$
#'&($)*+ = 90.7%

Two-Sided 
Crystal Ball
+ Pol.2

APC-FCC-1
-Selection

ZH Only 𝝈𝑯 (GeV) 𝑴𝑯 (GeV) ⁄𝝌𝟐 𝑵𝑫𝑭 ⁄ΔB/&1 𝑁/&1

APC-FCC-1 0.3136 125.2705 1.15 4.75%

APC-FCC-2 0.3394 125.3043 1.35 2.66%

‘ILC’ 0.3384 125.3043 1.14 6.72%

⁄Δ!"#$ 𝑁"#$ = 2.66%

Integral ZH = 18151 
B𝑁"#$

%#& 𝑁"#$
#'&($)*+ = 107.7%

⁄Δ!"#$ 𝑁"#$ = 6.72%

Integral ZH = 22891 
B𝑁"#$

%#& 𝑁"#$
#'&($)*+ = 115.1%

• APC-FCC-2-Selection has lowest ⁄ΔB/&1 𝑁/&1
• APC-FCC-2 and “ILC”-selection have close 𝜎D and 𝑀D
• Comparing to Signal Only fit, ⁄𝜒> 𝑁𝐷𝐹 is close to one, 

Pol.2 may absorb part of the signal shape
• Will try DSCB+Polynomial for signal only fit

APC-FCC-2
-Selection

“ILC”
-Selection

Two-Sided 
Crystal Ball
+ Pol.2

Two-Sided 
Crystal Ball
+ Pol.2

ZH Pythia ZH Pythia

IDEA IDEA

ZH Pythia

IDEA
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