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Ø Goal: precise measurements of  ZH cross section and Higgs mass

• Current best result LHC: 𝑚! = 125.38 ± 0.14 ±0.12 GeV

• At FCC-ee, 𝑚! and 𝜎"! accuracy will reach a few MeV and 0.5%, respectively
à Measure 𝑔!"", Higgs width ( Γ! ) and other Higgs couplings

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

Ø Model-independent study

Ø𝑀#$%&'( from the Z production without measuring the Higgs production final state 

𝑚)*+,-.
/ = 𝑠 − 𝐸( ̅( / − 𝑝( ̅(

/ = 𝑠 − 2𝐸( ̅( 𝑠 + 𝑚( ̅(
/

Ø Sensitive to the precise knowledge of the centre-of-mass energy ( 𝑠) 

and Initial State Radiation (ISR)

Ø WW, ZZ and dilepton backgrounds @ 240 GeV

Ø So far, focus on the 𝑍 → 𝜇!𝜇" channel
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Motivation
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Higgsstrahlung

Vector Boson Fusion

1. ZH optimal event rate is at 𝑠 ~ 240 GeV :    𝜎 ~ 200 *b ~ 10! events (@ 𝐿 = 5 𝑎𝑏"#)
2. Data at 𝑠 ~ 365 GeV,1.8×10$ ZH and 0.45×10$ WW-fusions (~30% ) (@ 𝐿 = 1.5 𝑎𝑏"#)

𝐌𝐫𝐞𝐜𝐨𝐢𝐥

𝑆 𝑚(!("

𝑚)*+,-.
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Ø Signals:
1. 𝑍(𝜇#𝜇$)𝐻, (Whizard)
2. 𝑍(𝜏#𝜏$)𝐻, (Whizard)
3. 𝑍(𝑞.𝑞)𝐻, (Whizard)
4. 𝜈% 0𝜈𝒆𝐻, (Whizard)
5. 𝑒#𝑒$𝐻 (Whizard)

Ø Monte-Carlo simulation:
• 𝑠 = 240 GeV
• Luminosity: 𝐿 = 5 𝑎𝑏"7
• Initial State Radiation (ISR) and Final State Radiation (FSR) on
• Beam Energy Spread (BES) set to 0.165%= ± 198MeV (from CDR)
• IDEA detector; detector response modelled with Delphes

07/02/2021

Signal, Background Monte-Carlo simulation, Event Selection

Ø Backgrounds:
1. ZZ(inclusive), (Pythia) 
2. 𝑊# 𝜈𝜇# 𝑊$(�̅�𝜇$), (Pythia) 
3. 𝑍 → 𝑙#𝑙$, (Pythia) 
4. 𝑍 → 𝑞.𝑞, (Pythia)
5. 𝑒𝑒𝑍, (Whizard)
6. 𝛾𝛾 → ⁄𝜇#𝜇$ 𝜏#𝜏$ (Whizard)

Ang LI--APC-Paris

Ø Event-Selection:
1. At least one Z boson from a 𝜇!𝜇" pair
2. 𝑚8!8" ∈ 86, 96 GeV à focus on Z resonance space
3. 𝑀)*+,-. ∈ 120, 140 GeV à Signal exhibits sharp peak around ~ 125 GeV,
4. 𝑝9

8!8" ∈ 20, 70 GeV à Signal mainly within this region, Low 𝑝9
8!8" cuts back-to-back events ( ⁄𝑍 𝛾∗ → 𝑙𝑙)

5. cos 𝜃;'<<'=> < 0.98 à Polar angle of missing momentum, reduce 𝛾𝛾 processes. ISR emitted approximately 
collinear with the incoming beams escapes detection in the beam pipe

After Pre-Selection:
1. At least one Z boson from a 𝜇!𝜇" pair
2. 𝑚#%#& ∈ 80, 100 GeV
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Customized p.d.f. 2CBG:
• Two crystal-ball functions (left and right), sharing mean and width
• Added Gaussian to cope with the high tails
• Gaussian suppressed in norm (𝑠𝑖𝑔𝑓𝑟𝑎𝑐1 + 𝑠𝑖𝑔𝑓𝑟𝑎𝑐2 > 0.8)
• In total 9 “free” parameters which are fitted to the data
• 𝑝𝑑𝑓 𝑀89:;<= = 𝑠𝑖𝑔𝑓𝑟𝑎𝑐1 ⋅ 𝐶𝐵 𝑀89:;<=; 𝜇, 𝜎, 𝛼>, 𝑛>

+𝑠𝑖𝑔𝑓𝑟𝑎𝑐2 ⋅ 𝐶𝐵 𝑀89:;<=; 𝜇, 𝜎, 𝛼?, 𝑛?
+ 1 − 𝑠𝑖𝑔𝑓𝑟𝑎𝑐1 − 𝑠𝑖𝑔𝑓𝑟𝑎𝑐2 ⋅ 𝐺𝑎𝑢𝑠𝑠(𝑀89:;<=; 𝜇@,𝜎@)
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Double-sided crystal-ball fit v.s. customized p.d.f.
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Crystal-Ball function:

Gaussian Core
Power law tail on right or left

Double-sided crystal-ball fit vs. customized p.d.f.

Double-Sided Crystal 
Ball function

Gaussian Core
Power law tail on right and left

Customized p.d.f.
2CBG function
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Background modelling
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Statistical treatment of backgrounds:
Ø All backgrounds are merged
Ø Smoothly falling background modelled as third-order polynomial fit
Ø Polynomial coefficients constant are fitted to the data (keep total 

normalization floating)
Ø Sufficient statistics for all backgrounds

Backgrounds:
1. ZZ(inclusive), (Pythia) 
2. 𝑊! 𝜈𝜇! 𝑊"(�̅�𝜇"), (Pythia) 
3. 𝑍 → 𝑙!𝑙", (Pythia) 
4. 𝑍 → 𝑞+𝑞, (Pythia)
5. 𝑒𝑒𝑍, (Whizard)
6. 𝛾𝛾 → ⁄𝜇!𝜇" 𝜏!𝜏" (Whizard)
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Statistical Analysis
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Statistical analysis performed using Combine (CMS statistical framework)
q Signal and background analytical shapes are fitted to pseudo-data Asimov dataset

Ø Injected 125.0 GeV signal with cross-section of ~ 0.00677 pb
Ø Free parameters: signal, background normalizations and 𝑚#

q Likelihood scans to extract cross-section and Higgs mass with robust uncertainties

q First, without accounting for experimental uncertainties à statistical-only result

Stat-only uncertainties:
ØCross-section: ~ 1.07%
ØHiggs mass: 6.7 MeV

𝑍(𝜇!𝜇")𝐻 only,
will combine with other final states 



120 122 124 126 128 130 132 134 136 138 140
 [GeV]recoilM

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

3−10×

Ev
en

ts
/b

in
 w

id
th

mumuH weighted
mumuH unweighted

120 122 124 126 128 130 132 134 136 138 140
 [GeV]recoilM

0.5−

0

0.5

1

1.5

2

2.5

ra
tio

 w
ei

gh
te

d/
un

w
ei

gh
te

d

807/02/2021

Systematic uncertainties 
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Study of systematic uncertainties to assess the impact on the Higgs mass and cross-section measurement
Ø Uncertainties directly affect the recoil distribution shape and normalization
Ø Can be constrained with data, depending on source of uncertainty
Ø Considered uncertainties: BES, ISR, FSR, centre-of-mass, 

muon momentum scale

1) Beam energy spread uncertainty:
(nominal BES @ 120 GeV per beam: ± 0.165% = ± 0.198 MeV [Table S.1 of the CDR])
1. Determination of BES by bunch length measurement up to 0.3 mm accuracy à 6% BES 

uncertainty
2. Data-driven BES constraining possible 𝑒𝑒 → 𝑓𝑓(𝛾)à 1% BES uncertainty

q Generated additional signal samples @ 125.0 GeV with:
i. 6% BES variation: 2-3% shape effect observed at mass peak
ii. 1% BES variation: negligible variation ~ within statistical uncertainty

2) Initial State Radiation: ISR has impact on shape and normalization
q Recently revisited
q ISR treatment in Whizard using structure function approach + ad-hoc photon 𝑝B spectrum
q Benchmark Whizard and KKMC using 𝑒%𝑒& → 𝜇%𝜇& ISR samples
q KKMC being the state-of-the-art for ISR treatment, reweight the Whizard samples to KKMC 

with the 𝑝B spectrum and take the difference as the systematic uncertainty
M)*+,-.

https://github.com/HEP-FCC/FCCeePhysicsPerformance/blob/master/General/parameters_CDR_table.pdf
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Systematic uncertainties 
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3) Centre-of-mass uncertainty: ± 2 MeV
q 𝑆 parameter in the recoil mass definition à uncertainty induces ~ linear shift in the recoil 

mass distribution
q Precision estimated to be 2 MeV at 240 GeV using radiative return events 𝑍 → 𝑙 ̅𝑙 or 𝑍 → 𝑞Q𝑞

4) Muon momentum scale: relative scale uncertainty variation of 𝟏𝟎"𝟓
q Directly affects 𝑚C7C8, hence shift in recoil mass
q Statistical potential to measure muon scale ~ 10&D, but conservatively use 10&E (the 

expected level of the magnetic field monitoring)

5) Final State Radiation: FSR has impact on shape and normalization
q Generated additional sample without FSR

Too drastic à unrealistic estimation of FSR uncertainty!
q To do: Benchmarking against Sherpa to obtain more realistic uncertainties for FSR treatment

M)*+,-.
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Systematic uncertainties 
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Systematic variations included in likelihood as Gaussian constraint terms
q Inclusion of all systematics (besides FSR): Δ𝑚? ~ 7.2 MeV and Δ𝜎 ~ 1.10 %
q Breakdown of uncertainties: vary systematics one by one, extract 𝜎<@<A./ = 𝜎A&A./ − 𝜎<ACA./

q muon scale / 𝑠 accounts for ~ 2 MeV on Δ𝑚?
q Impact on cross-section limited
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Detector configurations 
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Different detector configuration studied:
1. Magnetic field increased from 2T to 3T à expected better momentum resolution
2. FullSilicon tracker instead of drift chamber ( a la CLD) à degraded resolution due to enhanced multiple scattering,       

especially at low 𝑝9 and in the range relevant for this analysis

IDEA 𝚫𝐦𝑯 (MeV) 𝚫𝝈 (%)

Nominal 6.7 1.07

FullSilicon 9.0 1.12

3T 5.8 1.06

Stat-only results

2Tà3T
v significant effect on 𝑚W
v small effect on x-section
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𝐌𝐫𝐞𝐜𝐨𝐢𝐥 in Delphes and in Full Simulation
q Delphes: simplified detector card
q Full Simulation: performed by GEANT, more precise, Pandora 

reconstruction
q Analysis code developed over Delphes could be reused over 

the FullSim samples
q MFGHIJK in full simulation has slightly lower resolution
q The Difference between Delphes and Full Simulation is 

acceptable considering the simplified description

Fake Muon and muon isolation
q Fake muons are at low 𝑝B, and are suppressed with an 

isolation criteria 
q Delphes does not produce fake muons but it is not a problem 

for this analysis

Crossing Angle
q Head-on: not accounting for beams crossing angle
q Generated 15 mrad (ref.) crossing angle and 1% up and down 

sample, and boosted them back to head-on reference
q This analysis does not require the crossing angle to be known 

very precisely

0 20 40 60 80 100
 [GeV]µ

T
p

0

500

1000

1500

2000

2500

ZZ AllMuons FullSili. Delphes

ZZ AllMuons FullSili. FullSim.

0 20 40 60 80 100
 [GeV]µ

T
p

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

D
el

ph
es

/F
ul

lS
im

.

M56789: in Delphes and in Full Simulation
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Before Isolation

After Isolation

Delphes v.s. Full Simulation  

Head-on v.s. Crossing angle
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After Isolation
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Crossing angle:
Nomianl v.s. 1% up
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https://github.com/HEP-FCC/FCCeePhysicsPerformance/blob/master/General/README.md
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vSummary:
qOptimized event selection to reject main backgrounds 
qSignal modelling with customized PDF 
qStatistical analysis yields Higgs mass uncertainty 6.7 MeV, cross-section 1.07 % (stat-only) 
qInclusion of systematic uncertainties results into 7.2 MeV / 1.10% respectively
qDifference between Delphes and Full Simulation is acceptable considering the simplified description
qThis analysis does not require the crossing angle to be known very precisely
qIncreasing detector magnetic field from 2T to 3T has significant effect on 𝑚# but small effect on cross-section

vOutlook: 
qDocumentation of all studies + paper 
qFSR uncertainty
qInclusion of electron channel 
qSystematics due to the background shape
qCategorisation of the events
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Backup
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Detectors under study
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Evaluation of 𝑀;<=>?@ distribution

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

𝜇%𝜇& pair
2. 𝑚C7C8 ∈ 86, 96 GeV
3. 𝑀FGHIJK ∈ 120, 140 GeV
4. 𝑝B

C7C8 ∈ 20, 70 GeV
5. cos 𝜃L<MM<NO < 0.98

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

a 𝜇%𝜇& pair
2. 𝑚C7C8 ∈ 86, 96 GeV
3. 𝑀FGHIJK ∈ 120, 140 GeV

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

a 𝜇%𝜇& pair 
2. 𝑚C7C8 ∈ 86, 96 GeV
3. 𝑀FGHIJK ∈ 120, 140 GeV
4. 𝑝B

C7C8 ∈ 20, 70 GeV

07/02/2021
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Fitting model and parameter settings
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Signal fits with 2CBG 
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Decomposition of 2CBG 
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𝑝A
B!B" with and without gen_mass> 220 selection
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Gen_mass>220
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After Reweigthing

Gen_mass_mumu> 220
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𝑝ACD mumuH reweighting

Gen_mass_ZH> 220

Reweighting applied to data Gen_mass_ZH>220
and corresponding Gen_pt_ZH values

Gen_pt_ZH
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Event-Selection:
1. At least one Z boson from a 𝜇!𝜇" pair
2. 𝑚8!8" ∈ 86, 96 GeV
3. 𝑀)*+,-. ∈ 120, 140 GeV
4. 𝑝9

8!8" ∈ 20, 70 GeV
5. cos 𝜃;'<<'=> < 0.98

• Reweighting is well applied (Gen_pt_ZH plot)
• M_recoil Reweighted/unweigthed ratio ~1 
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After Reweigthing



𝑝ACD mumuH reweighting, mH Combine fit

07/02/2022 
12:01

Ang LI--APC-Paris 22

0

200

400

600

800

1000

1200

1400

Ev
en

ts
 / 

0.
2 

G
eV  0.0067±mean_125p00_ISR =  125.0863 

 0.037±mean_gt_125p00_ISR =  125.423 
 0.23±n_1_125p00_ISR =  4.00 
 0.21±n_2_125p00_ISR =  0.57 

 132±sig_125p00_ISR_norm =  17422 
 0.0050±sigma_125p00_ISR =  0.4098 

1− = 240 GeV, 5 absZH, Internal FCCee

120 122 124 126 128 130 132 134 136 138 140
Recoil mass (GeV)

5−

0

5

Pu
ll

0

200

400

600

800

1000

1200

1400

Ev
en

ts
 / 

0.
2 

G
eV  0.0054±alpha_1_125p00 = -0.14327 

 0.012±cb_1_125p00 =  0.458 
 0.0082±cb_2_125p00 =  0.4114 

 0.0066±mean_125p00 =  125.0864 
 0.046±mean_gt_125p00 =  125.426 

 132±sig_125p00_norm =  17405 

1− = 240 GeV, 5 absZH, Internal FCCee

120 122 124 126 128 130 132 134 136 138 140
Recoil mass (GeV)

5−

0

5

Pu
ll

Stat. Only
Stat.+FSR (noFSR)

0

200

400

600

800

1000

1200

1400

Ev
en

ts
 / 

0.
2 

G
eV  0.033±alpha_1_125p00_FSR = -0.5345 

 0.0055±mean_125p00_FSR =  125.0505 
 0.032±mean_gt_125p00_FSR =  125.219 

 0.056±n_1_125p00_FSR =  1.319 
 0.28±n_2_125p00_FSR =  0.76 

 140±sig_125p00_FSR_norm =  19565 
 0.0045±sigma_125p00_FSR =  0.3937 

1− = 240 GeV, 5 absZH, Internal FCCee

120 122 124 126 128 130 132 134 136 138 140
Recoil mass (GeV)

5−

0

5

Pu
ll

Stat.+ISR (rewei.)


