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- Higgs-Strahlung Process:

- Higgs Recoil Mass:

- Cross Section and Coupling 
Strength Measurement:

g2 ∝ σ = N/Lε

m2
h0 = s + m2

Z0 − 2EZ0
√

s

e+

e−

Z0∗

h0

Z0 l+

l−

- MH = 120 GeV
- Ecm = 250 GeV
- Beam Energy Spread: 0.3% for each beam
- Beamstrahlung: N/A (a) 
- Luminosity: 250 fb-1

- Polarization: 
e-Re+L: (e-: +80%, e+: -30%)
e-Le+R: (e-: -80%, e+: +80%)

- Detector Model:  ILD_00
- Event Generation:

WIZARD v1.40  (by SLAC)
- Simulation & Reconstruction: 

ILCSoft v01-06  (by DESY & KEK)

ZH Recoil Ana. Group:
(EU) Hengne Li, Roman Poeschl, Francois Richard, Manqi Ruan, Zhiqing Zhang
(JP) Kazutoshi Ito, Yosuke Takubo, Hitoshi Yamamoto

Reviewers: 
(EU) Klaus Desch, (JP) Akiya Miyamoto 

 (a) Discussed in the conclusions
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e-Re+L e-Le+R

Reactions Cross-Section
µµX 10.97 fb

µµ 12.9 pb (215.6 fb)
ττ 12.9 pb

µµνν 45.0 fb
µµµµ 7.2 fb
µµee 1088.6 fb
µµττ 14.7 fb
µµqq 148.6 fb

Reactions Cross-Section
eeX 11.29 fb

ee 17.3 nb (658.9 fb)
ττ 12.9 pb

eeνν 27.5 fb
eeµµ 1088.6 fb
eeee 982.4 fb
eeττ 948.8 fb
eeqq 1168.9 fb

Table 2: Reactions and Cross-sections for Polarization e+L e−R . SIgnal are in Bold
letters, cross-sections after pre-cuts are shown in blankets.

• e+
L e−R : e+ : −30% and e− : +80%

In the later case, left-handed polarized positron beam with right-handed
polarized electron beam largely suppresses the WW background.

Since the cross-sections of Bhabha scattering (ee) and ee → µµ (µµ) are
huge, in order to save simulation time, pre-cuts for them are applied in the
generations.

Pre-cuts for ee:

• |cosθe+/e− | < 0.95

• Me+e− ∈ (71.18, 111.18) GeV

• PTe+e− > 10 GeV

• Mrecoil ∈ (105, 165) GeV

Pre-cuts for µµ:

• Mµ+µ− ∈ (71.18, 111.18) GeV

• PTµ+µ− > 10 GeV

• Mrecoil ∈ (105, 165) GeV

Cross-sections for these two reactions after pre-cuts are shown in the blankets
in Tab. 1 and Tab. 2.

2.3 Lepton ID

For the lepton ID, we request a near 100% efficiency with certain contamination
(mis-identification). The contamination can be removed later by requesting the
invariant mass of the lepton pair form the Z mass.

Cuts are applied as lepton ID, two variables are employed:

• EECAL/Etotal : Energy deposition in ECAL over energy deposition in
ECAL+HCAL, of a reconstructed particle candidate.

• ECAL/Ptrack : Energy deposition in ECAL+HCAL over momentum re-
constructed from tracking, of a reconstructed particle candidate.
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Pre-cuts for ee and µµ:
(cross-sections after pre-cuts 

are in blankets) 
µµX

eeX

(1)  µµνν and eeνν have major contribution from WW, but also from ZZ.
(2)  µµff refers to µµee + µµµµ + µµττ + µµqq, 
      eeff refers to eeµµ + eeee + eeττ + eeqq

In the current design of the ILC the initial beams enter with a crossing angle of 14 mrad.60

This crossing angle is not taken into account in the main part of this note but is incorporated61

in the discussion of the background of γ scattering in APPENDIX B.62

3 Event Generation, Detector Simulation and Event Recon-63

struction64

All data analysed in this note have been centrally produced by the ILD Group in au-65

tumn/winter 2008/09 based on generator files known as SLAC samples. Using the version66

1.40 of the event generator Whizard[4] the signal events are generated for an integrated lu-67

minosity L = 2ab−1 distributed equally over the four possible sets of different combinations68

of fully polarised beams. For background samples the integrated luminosity is mostly larger69

than 250 fb−1. Where it is smaller it is still provided that the samples contain considerable70

statistics. In the main course of this note only background produced by genuine e+e− scat-71

tering will be considered. A discussion of the background created by γγ scattering is given72

in the APPENDIX B.73

The energy of the incoming beams is smeared with an energy spread of 0.3%. In addition74

the energy is modulated by beamstrahlung. The impact on the precision of the physics result75

of this uncertainly will be discussed below. The generated signal and background samples76

are given in the Table 1 for the beam polarisation mode e−Re+
L : e− : +80% and e+ : −30% and77

in Table 2 for the beam polarisation mode e−Le+
R: e− : −80% and e+ : +30%. The initially78

generated samples of the signal are combined such that they yield L = 1ab−1 in each of the79

polarisation modes. Note, that in both cases the background samples have been grouped by80

the resulting final state. The tables with a breakdown of the contributing sub-processes are81

given in Tables A-1 and A-2 in APPENDIX A.82

Reactions Cross-Section
µµX 7.02 fb

µµ 10.44 pb (137.71 fb)
ττ 8117.53 fb

µµνν 56.10 fb
µµff 1194.20 fb

Final State Cross-Section
eeX 7.48 fb

ee 17.30 nb (650.894fb)
ττ 8117.53 fb

eeνν 105.49 fb
eeff 4148.93 rb

Table 1: Final states and cross sections for polarisation e−Re+
L . The signal is indicated by bold

face letters. The cross sections of ee and µµ final states are given before, in parentheses, and
after pre-cuts, see text

Due to the large cross section of the Bhabha Scattering, i.e. e+e− → e+e− and muon pair83

production, i.e. e+e− → µ+µ−, pre-cuts have been applied in order to reduce the simulation84

time. These cuts are given in Table 3 and will be later on referred as Pre-cuts.85

Here, Me+e− and Mµ+µ− , respectively, are the invariant mass of the decay products of the86

Z-Boson, i.e. the di-lepton system while PT e+e− and PTµ+µ− denote the transverse momentum87

calculated from the vectorial sum of the two leptons.88

The generated events are subject to a detailed detector simulation. The simulation is89

performed with the MOKKA [5] software package which provides the geometry interface to90

the GEANT4 [6] simulation toolkit. The event reconstruction is made with the MarlinReco91

framework. For this study the versions as contained in the Software Package ILCSoft v01-92

06 [5] are employed. The main output of this framework for the present study are the so-called93
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Final State Cross-Section
µµX 10.40 fb

µµ 8.12 pb (200.85 fb)
ττ 10454.80 fb

µµνν 498.28 fb
µµff 1282.22 fb

Final State Cross-Section
eeX 11.11 fb

ee 17.30 nb (692.53 fb)
ττ 10454.80 fb

eeνν 625.45 fb
eeff 4283.07 fb

Table 2: Final states and cross sections for polarisation e−Le+
R. The signal is indicated by bold

face letters. The cross sections of ee and µµ final states are given before, in parentheses, and
after pre-cuts, see text.

Bhabha Scattering Muon Pair Production
|cosθe+/e− | < 0.95

Me+e− µ+µ− ∈ (71.18, 111.18) GeV
PTe+e−, µ+µ− > 10 GeV
Mrecoil ∈ (105, 165) GeV

LDC Tracks which is a combination of track segments measured in the vertex detector, the94

Silicon Inner Tracker and the TPC or Forward Tracking Disks. These are compared with95

calorimeter clusters composed from signals in the electromagnetic and hadronic calorimeter.96

4 Signal Selection and Background Rejection97

The signal is selected by identifying two well measured leptons in the final state which yield98

the mass of the Z-Boson. The mass Mrecoil of the system recoiling to the di-lepton system is99

computed using the expression:100

M2
recoil = s + M2

Z − 2EZ
√

s

Here MZ denote the mass of the Z-Boson and EZ its energy. A number of background101

processes have to be suppressed. This section firstly defines the criteria of lepton identification102

and then addresses the means to suppress the background. This will be done under two103

assumptions: 1) model independent 2) model dependant, i.e. assuming a Higgs-Boson as104

predicted by the Standard Model. The latter excludes decay modes in which the Higgs-105

Boson decays invisibly.106

4.1 Lepton Identification107

The task is to identify the muons and electrons produced in the decay of the Z-Boson. In a first108

step the energy deposition in the electromagnetic calorimeter (EECAL), the total calorimetric109

energy Etotal and the measured track momentum Ptrack are compared accordingly for each110

final state particle. The lepton ID is mainly based on the assumption that an electron111

deposits all its energy in the electromagnetic calorimeter while a muon in the considered112

energy range, see Figure 2, passes both the electromagnetic and the hadronic calorimeter as113

a minimal ionising particle. The observables and cut values are summarised in Table 4.1.114

The motivation of the cut values can be inferred from Figure 3 where the spectra for the115

corresponding lepton type in the relevant momentum range P > 15GeV compared with116

those from other particles are displayed.117
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1) Cuts for lepton ID:

• Parameterize ΔP/P2 for central region

∆P/P 2 = a⊕ b/P ;
where a = 2.5× 10−5; b = 8× 10−4

• The criterion ΔP/P2 applied 

|cosθ| < 0.78 : ∆P/P 2 < 2× (2.5× 10−5 ⊕ 8× 10−4/P )
|cosθ| > 0.78 : ∆P/P 2 < 5× 10−4

Efficiency of lepton pair ID: 
(pair selection according to Z0 Mass)

     μμX (muon ID)     :  95.4%
     eeX (electron ID) :  98.8%

2) ΔP/P2 criterion on tracks in the selection of 
lepton candidates 

ΔP is propagated from tracking error matrix

Central region

Forward region

P (GeV)
0 20 40 60 80

0

100

200

300

400

P of lepton candidates

Figure 2: Momentum range of the final state leptons as produced in Z → µ+µ− decays.

µ-Identification e-Identification
EECAL/Etotal < 0.5 > 0.6
Etotal/Ptrack < 0.3 > 0.9

The criteria to estimate the quality of the lepton identification and hence the signal118

selection are the Efficiency and Purity. These are defined as follows:119

Efficiency =
Ntrue∈iden

Ntrue
120

Purity =
Ntrue∈iden

Niden

Here Ntrue defines the generated number of the corresponding lepton type and Niden defines121

the reconstructed number of the corresponding lepton type according to the selection criteria.122

For electrons and muons with P > 15GeV in the signal samples the obtained values are listed123

in Tab. 3.124

µ ID in µµX e ID in eeX
Ntrue 31833 34301
Ntrue∩iden 31063 33017
Niden 33986 34346
Efficiency (Ntrue∩iden/Ntrue) 97.6% 96.3%
Purity (Ntrue∩iden/Niden) 91.4% 96.1%

Table 3: Lepton ID Efficiency and Purity for reconstructed particles with P > 15GeV.

The efficiencies and purities are well above 95% except for the purity of the muon identi-125

fication. This is caused by final state charged π’s which pass the detector as minimal ionising126

5
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Analysis Procedures

• Background Rejection
• Rejection by Cuts

• MI Cut-Chain: Independent of Higgs Decay Modes
• SM Cut-Chain: Assume SM Higgs Decay

• Further Rejection by Likelihood with Model Independent variables
• Fitting and Results

Higgs Decay Model Model Independent (MI)   SM Higgs Decay (SM)

Background
Rejection

MI Cut-chain SM Cut-chain
Background

Rejection Likelihood Further RejectionLikelihood Further Rejection

Fitting and ResultsFitting and ResultsFitting and Results
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Nevts remained: μμX μμ ττ μμνν μμff

before any restriction: 1754 2.0M 2.0M 14k 299k

Both μ id + pre-cuts 1478(84.27%) 30k 4528 2481 10k

+ PTdl > 20 GeV 1402(79.97%) 15k 3139 2223 7390

+ Mdl∈(80, 100)GeV 1299(74.10%) 11k 1750 1633 5257

+ acop (0.2, 3.0) 1211(69.05%) 9402 0 1505 4741

+ ΔPTbal. > 10 GeV 1188(67.75%) 529 0 1464 4367

+ |Δθ2tk|>0.01 1186(67.65%) 226 0 1448 4340

+ Mrecoil∈(115, 150) GeV 1156(65.93%) 165 0 900 2729

Nevts remained: eeX ee ττ eeνν eeff

before any restriction: 1869 4.3G 2.0M 26k 1.0M

Both e id + pre-cuts 1172(62.71%) 119k 6778 3155 9430

+ PTdl > 20 GeV 1100(58.86%) 90k 4694 2808 7909

+ Mdl∈(80, 100) GeV 937(50.13%) 48k 2556 1929 5317

+ acop (0.2, 3.0) 879(47.06%) 44k 222 1807 4823

+ ΔPTbal. > 10 GeV 857(45.88%) 2962 139 1712 4389

+ |Δθ2tk|>0.01 856(45.80%) 1653 111 1692 4365

+ Mrecoil∈(115, 150)GeV 828 (44.29%) 1230 28 1043 2675

For the Higgs-Strahlung the invariant mass of the di-lepton system Mdl should be equal161

to the Z-Boson mass while the invariant mass of the recoiling system, Mrecoil is expected to162

yield the introduced mass of the Higgs-Boson of 120 GeV. It is unlikely that combinations163

of background processes fulfil both conditions at once. This argumentation is supported by164

Figures 6 and 7 which shows in its top part the invariant mass distributions for the di-lepton165

system and the recoil mass for both, the di-lepton system consisting of muons and the di-166

lepton system consisting of electrons. These distributions suggest to restrict the analysis to167

the following mass ranges:168
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Figure 6: Normalised signal and background distributions of Mrecoil, Mdl, PTdl and acop for
the µµX-channel for the polarisation mode e−Re+

L . Note, the µµX sample is pre-cut.

• 80 < Mdl < 100GeV169

• 115 < Mrecoil < 120GeV170

In a next step the selection is to be made means of the different kinematic properties. In171

the following the variables used to distinguish signal events from background events will be172

introduced. They are displayed in the bottom part of Figures 6 and 7.173

• Acoplanarity acop: As for e+e− collisions with beams of equal energy the centre-of-mass174

system is at rest it is expected that processes in which only two muons or electrons are175

produced these two leptons are back-to-back in the azimuth angle expressed by the176

acoplanarity acol If, however, the particles are produced from an intermediate particle177

which undergoes a boost, this exact back-to-back configuration is modified by the boost.178

Therefore a cut on 0.2 < acol < 3 is applied.179

• Transverse Momentum Ptdl of the di-lepton system: As the Higgs-Strahlungs Process180

can be interpreted as a two body decay both bosons gain equal transverse momentum181

which is conserved by their decay products. The total final state for muon pair pro-182

duction has in first approximation no transverse momentum. In order to suppress this183
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Background Rejection by Cuts: 
MI Cut-Chain

• muon channel with pol. 
e-Re+L for illustration

• µµ are pre-cutted

Cuts based on lepton pair properties: 

PTdl Mdl

acop

 (GeV)
recoil

M
0 50 100 150 200 250

N
o

rm
a

liz
e

d
 a

.u
.

-410

-3
10

-210

-110

Hµµ
µµ

ffµµ

!!µµ

recoil
M

 (GeV)
dl

M
0 50 100 150 200 250

N
o

rm
a

liz
e

d
 a

.u
.

-410

-3
10

-210

-110

1
Hµµ
µµ

ffµµ
!!µµ

dl
M

 (GeV)
Tdl

P
0 20 40 60 80 100 120 140

N
o
rm

a
liz

e
d
 a

.u
.

-410

-3
10

-210

-110

1

Hµµ

µµ

ffµµ

!!µµ

Tdl
P

acop (rad)
0 1 2 3

N
o
rm

a
liz

e
d
 a

.u
.

-3
10

-210

-110
Hµµ
µµ

ffµµ
!!µµ

acop

Figure 16: Normalized distributions of Mrecoil, Mdl, PTdl and acop for µµX
channel signal and backgrounds of polarization e+L e−R . Note, the µµ is pre-
cutted.
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Figure 17: Normalized distributions of Mrecoil, Mdl, PTdl and acop for eeX
channel signal and backgrounds of polarization e+Re−L . Note, the ee is pre-cutted.

The distributions of these variables are shown in Fig. 16 and Fig. 17 for
µµX and eeX channels for polarization e+

Re−L for illustration.
The cuts applied on these variables are:

• PTdl > 20 GeV

• Mdl ∈ (80, 100) GeV

• acop ∈ (0.2, 3.0)

• Mrecoil ∈ (115, 150) GeV

14

Pol. e-Re+L
for illustration

Mrecoil

MI Cut-Chain & Nevts after each cuts: 
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Background Rejection by Cuts: 
Independent of Higgs Decay Model

ISR PT balance for µµ and ee rejection
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Idea: (Thanks to Francois’ idea)
• For µµ and ee: PT of ISR photon should balance the 

PT of di-lepton system;
• For signal: Impossible to have ISR to balance Z PT, 

independent of Higgs decay model.
Requirements: 

• Mdl ∈ (80, 100) GeV: large FSR events are removed
• PTdl > 20 GeV: Large PT ISR photon can be detected

Define ΔPTbal. = PTdl - PTγ

ΔPTbal. > 10 GeV

ee->µµ

µµX

Reduces µµ and 
ee further by 1 to 
2 orders of 
magnitude
Signal lost: ~1%

ISR photon 
conversions

To reject the ISR Photon conversions:
• Cut |Δθ2tk|>0.01 : Only apply on events with 

2 additional tracks
• Reject µµ and ee Further by a factor of 2.
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Pol. (e-Re+L)
for illustration

Background Rejection by Cuts: 
SM Cut-Chain

Nevts remained: μμX μμ ττ μμνν μμff

before any restriction: 1754 2.0M 2.0M 14k 299k

Both μ id + pre-cuts 1478(84.27%) 30k 4528 2481 10k

+ Ntks>1 : 1469(83.78%) 1813 472 31 8537

+ |Δθ2tk|>0.01 1467(83.63%) 162 361 3 8423

+ |Δθmin|>0.01 1444(82.36%) 105 111 0 7487

+ acop (0.2, 3.0) 1336(76.16%) 0 0 0 6635

+ Mrecoil∈(115, 150) GeV 1263(72.00%) 0 0 0 4119

Nevts remained: eeX ee ττ eeνν eeff

before any restriction: 1869 4.3G 2.0M 26k 1.0M

Both e id + pre-cuts 1172(62.71%) 119k 6778 3155 9430

+ Ntks>1 : 1160(62.10%) 7215 1889 50 8455

+ |Δθ2tk|>0.01 1158(61.99%) 1114 1361 5 8397

+ |Δθmin|>0.01 1140(61.01%) 324 278 0 7905

+ acop (0.2, 3.0) 1058(56.61%) 275 0 0 7060

+ Mrecoil∈(115, 150)GeV 969(51.87%) 172 0 0 4367

Additional Ntks
0 10 20 30 400
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XµµZH->

Additional Ntks
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310× µµ

Additional Ntks
0 2 4 6 8 100

5000

10000
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!!

Additional Ntks
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5000

""µµ

Additional Number of Tracks besides the two lepton candidates

WW

μμX

ττ

μμ
H->ττ

photon conversions
Ntks>1

Ntks>1

Ntks>1

Ntks>1

For SM Higgs decay, multiplicity in the final states is 
the most efficient criterion to reject the 2f and WW

• In order to keep the H->ττ in the signals : 
•  At most: Ntks>1
•  How to reject evts with Ntks==2 in μμ, ττ and WW ?

SM Cut-Chain & Nevts after each cuts: 
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• Define Δθmin :  the smallest Δθ 
between the additional tracks and 
the lepton candidates

• Because mis-identification of 
photon conversions to be 
lepton candidates

Background Rejection by Cuts: 
SM Cut-Chain

• Define Δθ2tk : Δθ between these two 
additional tracks for Ntks==2.

• Apply | Δθ2tk |>0.01 to reject photon 
conversions

To reject evts with Ntks==2 in μμ, ττ and WW

 (rad)!"
-0.1 -0.05 0 0.05 0.1

10

210

310
XµµZH->

µµee->

 candidatesµ between additional tracks and !"

 (rad)!"
-0.1 -0.05 0 0.05 0.1
1

10

210

310

410

510 XµµZH->
µµee->

, Ntks==2!"

1) 2)

• Reduced the μμ/ee and WW further 
by ~ 1 order of magnitude, with a 
signal lost of only ~ 0.2%
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Figure 12: The distributions of the Likelihood Fraction fL (left), the number of remaining
events versus the cut on fL (middle), and the significance versus fL cuts (right). The dis-
tributions are shown for the µµX-channel in the Model Independent Analysis and for the
polarisation mode e−Le+

R.
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Figure 13: The distributions of the Likelihood Fraction fL (left), the number of remaining
events versus the cut on fL (middle), and the significance versus fL cuts (right). The dis-
tributions are shown for the eeX-channel in the Model Independent Analysis and for the
polarisation mode e−Le+

R.

Nevts left eeX ee ττ eeνν eeff

MI Cuts 828 (44.29%) 1230 28 1043 (4.0%) 2675 (0.26%)
+ fL > 0.16 715 (38.28%) 684 0 665 (2.5%) 1587 (0.15%)

Table 9: Number of events left after the fL cut for the eeX-channel in the Model Independent
Analysis and the polarisation mode e−Re+

L . In parentheses the fraction of remaining events is
given, where omitted this fraction is smaller than 0.01%.

Nevts left µµX µµ ττ µµνν µµff

MI Cuts 1709 (65.71%) 245 0 5284 (4.2%) 4175 (1.3%)
+ fL > 0.22 1368 (52.60%) 141 0 2654 (2.1%) 2157 (0.67%)

Table 10: Number of events left after the fL cut for the µµX-channel in the Model Inde-
pendent Analysis and the polarisation mode e−Le+

R. In parentheses the fraction of remaining
events is given, where omitted this fraction is smaller than 0.01%.

Nevts left eeX ee ττ eeνν eeff

MI Cuts 1235 (44.47%) 1313 56 5488 (3.5%) 3665 (0.37%)
+ fL > 0.19 1025 (36.90%) 655 0 3041 (1.9%) 2048 (0.20%)

Table 11: Number of events left after the fL cut for the eeX-channel in the Model Independent
Analysis and the polarisation mode e−Le+

R.
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further rejection can be achieved by a multi-variate analysis of a set of suited discriminative223

variables.224

The production of Z-Boson and W-Boson pairs happens via exchange reactions which225

lead to a strong increase of the differential cross section towards large absolute values of226

the polar angle. On the contrary the Higgs-strahlung is a pure s-channel process with a227

less strong increase towards large polar angles. Therefore the polar angle spectrum of the228

di-lepton system is expected to discriminate between signal events and background from Z229

pair production. At the same time initial state radiation migrates events from the Z-Boson230

mass towards smaller invariant masses Mdl of the di-lepton system and reduces the maximal231

transverse momentum of the produced Z-Boson and hence of the observable PTdl. As for the232

acoplanarity the acollinearity is expected to be sensitive to the boost of the di-lepton system.233

In case of Z pair production the decay products are expected to be boosted more strongly234

than in the case of Higgs-Strahlung which makes the acoplanarity suited to distinguish signal235

from background events. The four variables discussed before are shown in Figures 10 and 11.236

Indeed, differences are observed which are exploited in a likelihood analysis as discussed in237

the following238
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Figure 10: Normalised distribution of acol, cos θdl, PTdl and Mdl, for the µµX-channel and
the two main background channels with muon pairs in the final state. The polarisation mode
is e−Le+

R.

The likelihood of an event to be the signal is defined as LS =
∏

PS
i , where the PS

i is the239

probability of the event to be the signal according to the PDF of the signal of the ith selection240

variable. Similarly, the likelihood of an event to be the background is defined as LB =
∏

PB
i .241

12

11

BK Further Rejection by Likelihood

within (0, 1)
fL = LS/(LS + LB)

L =
∏

i

Pi

Probability 

i th Variable 

Likelihood: 

Likelihood Fraction: 

After Cuts Rejection, Apply Further 
Rejection using Likelihood Method

Decide the fL cut by the 
maximum significance

PDFs
Acol cosθdl

MdlPTdl

fL Distribution Nevt vs. fL Significance

fL > 0.22

Taken: 
Pol. e-Le+R
muon channel
MI Analysis

For illustration
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Background Rejection Summary Table

Ana
.

Pol. Ch. Cuts μμX/eeXμμX/eeX μμ/ee ττ μμνν/
eeνν

μμff/
eeff

B S/B S/√(S+B)

MI e-
R

e+
L

μMI e-
R

e+
L

μMI e-
R

e+
L

e

MI e-
R

e+
L

e

MI

e-L

e+R

μ

MI

e-L

e+R

μ

MI

e-L

e+R

e

MI

e-L

e+R

e

SM e-R

e+L

μSM e-R

e+L

μSM e-R

e+L

e

SM e-R

e+L

e

SM

e-L

e+R

μ

SM

e-L

e+R

μ

SM

e-L

e+R

e

SM

e-L

e+R

e

MI cut-chain: 1156 (65.93%) 165 0 900 2729
 + fL>0.26 849 (48.40%) 84 0 437 1140 1661 0.51 16.9

MI cut-chain: 828 (44.29%) 1230 28 1043 2675
 + fL>0.16 715 (38.28%) 684 0 665 1587 2936 0.24 11.8

MI cut-chain: 1709 (65.71%) 245 0 5482 4175
 + fL>0.22 1368 (52.60%) 141 0 2654 2157 4952 0.28 17.2

MI cut-chain: 1235 (44.47%) 1313 56 5488 3665
 + fL>0.19 1025 (36.90%) 655 0 3041 2048 5744 0.18 12.5

SM cut-chain: 1263 (72.00%) 49 0 0 4119
 + fL>0.33 1054 (60.09%) 10 0 0 1743 1753 0.60 19.9

SM cut-chain: 969 (51.87%) 172 0 0 4367
 + fL>0.39 769 (41.16%) 49 0 0 1799 1848 0.42 15.0

SM cut-chain: 1872 (71.96%) 68 0 0 6189
 + fL>0.32 1568 (60.28%) 13 0 0 2824 2837 0.55 23.6

SM cut-chain: 1444 (52.00%) 184 0 5 5913
 + fL>0.36 1183 (42.62%) 56 0 1 2680 2737 0.43 18.9
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Fitting Methods
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Figure 3: 2D ∆P/P2 distribution vs. cosθ (left) and ∆P/P2 distribution vs.
track momentum (right) of muon candidates
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Figure 4: ∆P/P2 parameterization and cut on tracks in central region.

two times the parameterization. The criterion ∆P/P2 applied on the tracks is
summarized below:

|cosθ| < 0.78 : ∆P/P 2 = 2 × (2.5 × 10−5 ⊕ 8 × 10−4/P )
|cosθ| > 0.78 : ∆P/P 2 < 5 × 10−4

2.5 Fitting Formula

Two fitting methods are employed in this analysis. One is the Gaussian core
for the Peak with Exponential complement for the Tail (GPET), the other is the
Convolution of Empirical with Gaussian (CEG).

The GPET formula is shown in Eq.1. It is a partial function describing the
final recoil mass spectrum, the left part is a pure Gaussian, the right part is a
sum of Gaussian and Exponential with the fractions of contribution to be β and
1 − β respectively, and a factor k is introduced in order to keep the peak (x0)
been covered by the pure Gaussian.

f(x) = N







e−
(x−x0)2

2σ2 : x−x0
σ ≤ k

βe−
(x−x0)2

2σ2 + (1 − β)e−(x−x0) k

σ e
k
2

2 : x−x0
σ > k

(1)

The CEG formula is shown in Eq. 2. It assume the recoil mass spectrum
without beam energy spread and uncertainty of detector response is an Empiri-

5

cal function (FH(x)), and assume the beam energy spread and detector response
are Gaussian. The convolution of the Empirical with Gaussian gives the CEG
formula, where e−Ax is a correction term.

F (x) = Ne−Ax
∫

√
s−x

x0−x FH(x + t)e−
t
2

2σ2 dt;

FH(x) =
(

x−x0√
s−x0

)β−1
(2)

3 Standard Model Analysis

3.1 Background Rejection

3.1.1 Multiplicity for µµ, ee, ττ , µµνν and eeνν Background Rejection

For SM analysis, multiplicity in the final states is the most efficient criterion to
reject the µµ, ee, ττ , µµνν and eeνν backgrounds. SM Higgs decays should
have more than 2 multiplicity in the final states, while µµ, ee, ττ , µµνν and
eeνν should have only 2 multiplicity in final states.

Fig. 5 show the Number of Additional Tracks (Nadd.TK) besides the two lep-
ton candidates, for µµX , µµ, ττ and µµνν. The number of events are weighted
according to the cross-sections and assuming luminosity is 500 fb−1, and events
without additional tracks are not drawn on the plots.
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Figure 5: Number of Additional Tracks (Nadd.TK) for µµX , µµ, ττ and µµνν.

According to the plots in Fig. 5, most of the signal has more than 2 Nadd.TK,
while for the backgrounds, only very few events with more than 2 Nadd.TK. For
the signal (µµX), there is a maximum at 2 additional tracks, which is mostly
the Higgs decays to ττ . It would be important to keep these H → ττ events
without being rejected. Starting from this desire, at most we could apply the
cut on Nadd.TK > 1. At the same time, for the backgrounds, there is still a large
amount of events with Nadd.TK = 2.

6

F (x) = NSfS(x) + NBfB(x)

Functions:

Signal:

Background:

Convolution of Empirical with Gaussian (CEG): (K. Ito, / Tohoku U.)

Gaussian Peak Exponential Tail (GPET):

Polynomial with 3 coefficients

Build Composite Model:

{
1) Determine fitting parameters from MC (a separate data set)

Fitting: { 2) Fix all the parameters except the Ns, (NB)* and MH

3) Fit to the “Sig+Bkg” to get the results

*Note: The results reported in ILD LOI has the NB free, I also report the the 
results with NB fixed, in order to be comparable with SiD
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Example Fitting I: (GPET)

14

Pol. e-Le+R , SM analysis for illustration

M Higgs : 
      119.905 ± 0.077 GeV
Cross-Section:
      10.11 ± 0.38 fb (3.76%)

M Higgs : 
      119.871 ± 0.135 GeV
Cross-Section:
      10.98 ± 0.53 fb (4.83%)

μμX eeX μμX
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Example Fitting II: (CEG)

15

Pol. e-Le+R , SM analysis for illustration

M Higgs : 
      120.177 ± 0.080 GeV
Cross-Section:
      10.48 ± 0.39 fb (3.72%)

M Higgs : 
      120.053 ± 0.149 GeV
Cross-Section:
      10.98 ± 0.53 fb (4.83%)

μμX eeX μμX
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Results (a)

16

Ana. Pol. Ch. δMH 
(MeV)

δσ (fb)δσ (fb)

SM

e-Re+L

μμX 93±6 0.45 (6.5%) 0.31 (4.4%)

SM

e-Re+L eeX 204±20 0.74 (10.3%) 0.45 (6.1%)

SM

e-Re+L

merged 85±8 0.38 (5.5%) 0.26 (3.6%)

SM e-Le+R

μμX 80±8 0.55 (5.4%) 0.38 (3.8%)

SM e-Le+R eeX 149±14 0.85 (8.0%) 0.53 (4.8%)SM e-Le+R

merged 70±7 0.46 (4.5%) 0.31 (3.0%)

SM

Joint
μμX 86±8

SM

Joint eeX 170±16

SM

Joint
merged 77±7

Ana. Pol. Ch. δMH 
(MeV)

δσ (fb) (d)δσ (fb) (d)

MI

e-Re+L

μμX 90±7 0.50 (7.0%) 0.36 (5.1%)

MI

e-Re+L eeX 182±24 0.87 (12.2%) 0.54 (7.3%)

MI

e-Re+L

merged (c) 81±5 0.43 (6.1%) 0.30 (4.2%)

MI e-Le+R

μμX 85±6 0.70 (6.6%) 0.49 (4.8%)

MI e-Le+R eeX 150±16 1.15 (9.8%) 0.74 (6.5%)MI e-Le+R

merged 74±4 0.60 (5.5%) 0.41 (3.9%)

MI

Joint 
(b)

μμX 87±6

MI

Joint 
(b) eeX 164±20

MI

Joint 
(b)

merged 77±5

(a) Results from GPET fitting function, see the backup slides for all the results.
(b) Joint: Taken 125fb-1 Luminosity from each Pol., with a total Luminosity of 250fb-1

(c) Merged: Results with merged statistics of µµX and eeX. 
(d) Cross-Sections, in Red:  free parameters NS and MH. 
                                in Blue: free parameters NS, NB and MH, the results in ILD LOI
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Conclusions

 (GeV)higgsM
120 130 140 150
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Generator Data

Simulation Data

- Realistic Methods and Techniques are developed 
for the Higgs Recoil Mass and Higgs-strahlung 
Cross-section measurement 
- Measurements Precision achieved: (a)

• Higgs Mass: merged result: 
                                                     ± 70 MeV

• Cross-Section: merged result: 
                                             ± 0.46 fb-1 (4.5%) (b)

                                             ± 0.31 fb-1 (3.0%) (c) Comparisons of recoil mass spectra in generator level and after full 
simulation, with 0.3% beam energy spread for each beam, (of µµX)

- The Higgs Recoil Mass measurement is very 
sensitive to several issues beside the detector 
uncertainty: 

• Beam Energy Spread: Increases the width 
of recoil mass peak, thus reduce the 
accuracy of the measurement.

• Beamstrahlung: Largely reduces the 
effective statistics on the recoil mass peak 

Comparisons of recoil mass spectra in generator level of SLAC and 
KEK versions, where, the SLAC version is used in the all the 3 LOIs, 
and the KEK version is produced by Akiya Miyamoto with Andrei 
Seryi’s beam parameters

(a) SM, e-Le+R results.
(b) Fitting with free parameters NS, NB and MH

(c) Fitting with free parameters NS and MH
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Thanks!

18
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Mass Resolution
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∆Mtot. (MeV) ∆Mmac. (MeV) ∆Mdec. (MeV)
µµX 870 730 470
eeX 970 730 640

Table 22: Mass Resolution with contributions by machine (∆Mmac.) and detector (∆Mdet.)
separated.

on the incoming beams.353

On Systematic Errors354

Naturally, the measurement of the Higgs mass is sensitive to the calibration of the detector355

as the Higgs mass is directly computed from the four momenta of the particles composing356

the di-lepton system. The detector calibration can be controlled by the measurement of357

the e+e− → ZZ cross section as the Z mass is known to a few MeV. Once the detector is358

calibrated the Higgs-Strahlung process can be used to determine, within reasonable limits,359

arbitrary Higgs masses. A given remaining deviation of the Z-Boson mass from the literature360

value can be thus also used to determine the systematic error of the measurement. The361

algorithms presented in this note are suited also for the quantification of the systematic362

error.363

7 Conclusion and Outlook364

Using the Higgs-Strahlung process with the Z-Boson decaying leptonically and a Higgs Boson365

mass of 120 GeV as input the current design of the ILD detector promises to determine the366

mass of the Higgs-Boson to a precision of the order of 80 MeV. According to [7] and refer-367

ences therein such a precision renders sensitivity to effects from super-symmetric extensions368

to the Standard Model. Assuming a heavier Higgs the precision might allow also for the de-369

termination of the Higgs-Boson mass width at centre-of-mass energies higher than 250 GeV.370

Staying with small Higgs masses, it has been demonstrated semi-analytically [7] and con-371

firmed with full simulation studies [8] that the precision can be further increased by working372

at a centre-of-mass energy close to the hZ production threshold, i.e. at
√

s=230 GeV. In the373

present study the cross section σhZ and therefore the coupling strength at the hZZ-Vertex374

is determined to a precision of the order of 5-10% which might already be sufficient to get375

sensitive to contributions to this coupling from physics beyond the Standard Model.376

The signal to background ratio can be reduced to a value of at least 20% even if the377

cross sections of the background processes are several orders of magnitudes higher. The378

background suppression exploits the considerable capabilities of track recognition as allowed379

by the current design of the ILD detector. The precision of the measurement can be improved380

by a better muon recognition by e.g. including a muon system in the analysis which has not381

been done so far. The precision obtained in the branch in which the Z-Boson decays into382

electrons might gain considerably from a revision of the amount of passive material in the383

detector. Both decay modes may gain also from an exploitation of the particle identification384

by means of a dE/dx measurement in the TPC of the ILD Detector. For this further studies385

are needed.386

The analysis has proven that the results are sensitive to details of the accelerator con-387

figuration. Using the current set of parameters approximately half of the statistical error is388
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Figure 23: Same as Figure 21 but for the e−Le+
R polarisation mode.
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Figure 24: Same as Figure 22 but for the e−Le+
R polarisation mode.
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Figure 25: Comparisons of recoil mass spectra in generator level and after full simulation,
for the µµX-channel (left) and the eeX-channel (right).

electron beam line. Another source of uncertainty is the beamstrahlung when particles of a346

beam bunch interact in the electromagnetic field of the opposite one. The Figure 25 shows347

the Higgs mass spectrum before and after full detector simulation. The detector response348

leads only to small additional widening of the mass peak of the Higgs mass. The width349

before detector simulation can be quantified to be 730 MeV while it increases to 870 MeV350

after detector simulation. For the given configuration of the incoming beams the study shows351

that that the dominant contribution to the observed width is generated by the uncertainty352
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parameters
- The SLAC version has larger beamstrahlung than expected.
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Results: MI , Free Pars: NS, MH 
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Fit. Pol. Ch. MH (GeV) σ (fb)
e−Re+

L µµX 119.984 ±( 0.090 ± 0.0066 ) 7.05 ± 0.36 ( 5.11 %)
L = 250 fb−1 eeX 120.042 ±( 0.179 ± 0.0234 ) 7.37 ± 0.54 ( 7.33 %)

merged 119.996 ±( 0.080 ± 0.0051 ) 7.15 ± 0.30 ( 4.19 %)
e−L e+

R µµX 119.854 ±( 0.086 ± 0.0060 ) 10.24 ± 0.49 ( 4.79 %)
GPET L = 250 fb−1 eeX 119.924 ±( 0.152 ± 0.0168 ) 11.32 ± 0.74 ( 6.54 %)

merged 119.871 ±( 0.075 ± 0.0044 ) 10.57 ± 0.41 ( 3.87 %)
Joint µµX 119.916 ±( 0.088 ± 0.0063 )

L = 125 fb−1(e−Re+
L ) eeX 119.973 ±( 0.164 ± 0.0196 )

+125 fb−1(e−L e+
R) merged 119.929 ±( 0.077 ± 0.0048 )

e−Re+
L µµX 120.085 ±( 0.099 ± 0.0080 ) 6.97 ± 0.36 ( 5.16 %)

L = 250 fb−1 eeX 119.953 ±( 0.240 ± 0.0420 ) 7.37 ± 0.54 ( 7.33 %)
merged 120.066 ±( 0.092 ± 0.0067 ) 7.09 ± 0.30 ( 4.22 %)

e−L e+
R µµX 120.079 ±( 0.096 ± 0.0075 ) 10.57 ± 0.50 ( 4.73 %)

CEG L = 250 fb−1 eeX 120.010 ±( 0.188 ± 0.0258 ) 11.34 ± 0.74 ( 6.53 %)
merged 120.065 ±( 0.085 ± 0.0058 ) 10.81 ± 0.41 ( 3.83 %)

Joint µµX 120.082 ±( 0.097 ± 0.0077 )
L = 125 fb−1(e−Re+

L ) eeX 119.988 ±( 0.209 ± 0.0319 )
+125 fb−1(e−L e+

R) merged 120.065 ±( 0.088 ± 0.0062 )

Table 1: Resulting Higgs mass MH and cross sections σ for the Model Indepen-
dent Analysis of the Higgs-Strahlung process for different leptonic final states
and different options for sharing the luminosity L.

1
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23

Fit. Pol. Ch. MH (GeV) σ (fb)
e−Re+

L µµX 119.951 ±( 0.084 ± 0.0057 ) 7.00 ± 0.31 ( 4.43 %)
L = 250 fb−1 eeX 119.704 ±( 0.200 ± 0.0292 ) 7.39 ± 0.45 ( 6.09 %)

merged 119.914 ±( 0.077 ± 0.0048 ) 7.13 ± 0.26 ( 3.58 %)
e−L e+

R µµX 119.906 ±( 0.078 ± 0.0049 ) 10.11 ± 0.38 ( 3.76 %)
GPET L = 250 fb−1 eeX 119.866 ±( 0.131 ± 0.0125 ) 10.98 ± 0.53 ( 4.83 %)

merged 119.896 ±( 0.067 ± 0.0035 ) 10.41 ± 0.31 ( 2.97 %)
Joint µµX 119.927 ±( 0.081 ± 0.0053 )

L = 125 fb−1(e−Re+
L ) eeX 119.817 ±( 0.155 ± 0.0175 )

+125 fb−1(e−L e+
R) merged 119.903 ±( 0.072 ± 0.0041 )

e−Re+
L µµX 120.123 ±( 0.093 ± 0.0070 ) 7.02 ± 0.31 ( 4.42 %)

L = 250 fb−1 eeX 119.684 ±( 0.201 ± 0.0295 ) 7.40 ± 0.45 ( 6.08 %)
merged 120.046 ±( 0.084 ± 0.0057 ) 7.14 ± 0.26 ( 3.57 %)

e−L e+
R µµX 120.178 ±( 0.081 ± 0.0053 ) 10.48 ± 0.39 ( 3.72 %)

CEG L = 250 fb−1 eeX 120.047 ±( 0.146 ± 0.0155 ) 10.98 ± 0.53 ( 4.83 %)
merged 120.147 ±( 0.071 ± 0.0040 ) 10.66 ± 0.31 ( 2.95 %)

Joint µµX 120.154 ±( 0.086 ± 0.0061 )
L = 125 fb−1(e−Re+

L ) eeX 119.922 ±( 0.167 ± 0.0203 )
+125 fb−1(e−L e+

R) merged 120.105 ±( 0.077 ± 0.0047 )

Table 2: Resulting Higgs mass MH and cross section σ for the Model Dependent
Analysis of the Higgs-Strahlung process for different leptonic final states and
different options for sharing the luminosity L.

2
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Results: MI , Free Pars: NS, NB and MH 
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Fit. Pol. Ch. MH (GeV) σ (fb)
e−Re+

L µµX 119.984 ±( 0.090 ± 0.0066 ) 7.11 ± 0.50 ( 7.03 %)
L = 250 fb−1 eeX 120.046 ±( 0.182 ± 0.0241 ) 7.15 ± 0.87 ( 12.17 %)

merged 119.996 ±( 0.081 ± 0.0052 ) 7.12 ± 0.43 ( 6.09 %)
e−L e+

R µµX 119.854 ±( 0.085 ± 0.0059 ) 10.54 ± 0.70 ( 6.64 %)
GPET L = 250 fb−1 eeX 119.922 ±( 0.150 ± 0.0164 ) 11.72 ± 1.15 ( 9.81 %)

merged 119.871 ±( 0.074 ± 0.0043 ) 10.86 ± 0.60 ( 5.51 %)
Joint µµX 119.915 ±( 0.087 ± 0.0062 )

L = 125 fb−1(e−Re+
L ) eeX 119.972 ±( 0.164 ± 0.0195 )

+125 fb−1(e−L e+
R) merged 119.928 ±( 0.077 ± 0.0047 )

e−Re+
L µµX 120.086 ±( 0.100 ± 0.0081 ) 6.91 ± 0.50 ( 7.24 %)

L = 250 fb−1 eeX 119.961 ±( 0.244 ± 0.0434 ) 7.15 ± 0.87 ( 12.17 %)
merged 120.068 ±( 0.093 ± 0.0068 ) 6.97 ± 0.43 ( 6.22 %)

e−L e+
R µµX 120.078 ±( 0.095 ± 0.0073 ) 10.83 ± 0.72 ( 6.65 %)

CEG L = 250 fb−1 eeX 120.007 ±( 0.185 ± 0.0249 ) 11.75 ± 1.15 ( 9.79 %)
merged 120.063 ±( 0.085 ± 0.0057 ) 11.09 ± 0.61 ( 5.50 %)

Joint µµX 120.082 ±( 0.097 ± 0.0077 )
L = 125 fb−1(e−Re+

L ) eeX 119.990 ±( 0.208 ± 0.0317 )
+125 fb−1(e−L e+

R) merged 120.065 ±( 0.088 ± 0.0062 )

Table 1: Resulting Higgs mass MH and cross sections σ for the Model Indepen-
dent Analysis of the Higgs-Strahlung process for different leptonic final states
and different options for sharing the luminosity L.

1
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Fit. Pol. Ch. MH (GeV) σ (fb)
e−Re+

L µµX 119.951 ±( 0.084 ± 0.0057 ) 6.98 ± 0.45 ( 6.45 %)
L = 250 fb−1 eeX 119.713 ±( 0.204 ± 0.0303 ) 7.18 ± 0.74 ( 10.31 %)

merged 119.916 ±( 0.078 ± 0.0048 ) 7.03 ± 0.38 ( 5.47 %)
e−L e+

R µµX 119.905 ±( 0.077 ± 0.0048 ) 10.26 ± 0.55 ( 5.36 %)
GPET L = 250 fb−1 eeX 119.871 ±( 0.135 ± 0.0133 ) 10.67 ± 0.85 ( 7.97 %)

merged 119.897 ±( 0.067 ± 0.0035 ) 10.38 ± 0.46 ( 4.45 %)
Joint µµX 119.926 ±( 0.080 ± 0.0052 )

L = 125 fb−1(e−Re+
L ) eeX 119.823 ±( 0.159 ± 0.0185 )

+125 fb−1(e−L e+
R) merged 119.905 ±( 0.072 ± 0.0041 )

e−Re+
L µµX 120.122 ±( 0.093 ± 0.0070 ) 7.03 ± 0.44 ( 6.26 %)

L = 250 fb−1 eeX 119.689 ±( 0.204 ± 0.0303 ) 7.23 ± 0.74 ( 10.24 %)
merged 120.047 ±( 0.085 ± 0.0057 ) 7.08 ± 0.38 ( 5.34 %)

e−L e+
R µµX 120.177 ±( 0.080 ± 0.0052 ) 10.64 ± 0.57 ( 5.36 %)

CEG L = 250 fb−1 eeX 120.053 ±( 0.149 ± 0.0162 ) 10.67 ± 0.85 ( 7.97 %)
merged 120.149 ±( 0.070 ± 0.0039 ) 10.65 ± 0.47 ( 4.45 %)

Joint µµX 120.154 ±( 0.086 ± 0.0060 )
L = 125 fb−1(e−Re+

L ) eeX 119.926 ±( 0.170 ± 0.0211 )
+125 fb−1(e−L e+

R) merged 120.108 ±( 0.077 ± 0.0047 )

Table 2: Resulting Higgs mass MH and cross section σ for the Model Dependent
Analysis of the Higgs-Strahlung process for different leptonic final states and
different options for sharing the luminosity L.
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MI vs. SM Rejection, LR, Muon 

Nevts left: eeX ee ττ eeνν eeff

Before any restriction 1869 4.3G 2.0M 26k 1.0M
+ Both µ identified 1834 (98.14%) 230k (11.32%) 17k (62.9%) 380 (36.6%)
+ Pre-cuts 1172 (62.71%) 119k 6778 (0.33%) 3155 (12.0%) 9430 (0.91%)
+ PTdl > 20GeV 1100 (58.86%) 90k 4694 (0.23%) 2808 (10.6%) 7909 (0.76%)
+ Mdl ∈ (80, 100) GeV 937 (50.13%) 48k 2556 (0.13%) 1929 (7.3%) 5317 (0.51%)
+ acop ∈ (0.2, 3.0) 879 (47.06%) 44k 222 (0.01%) 1807 (6.9%) 4823 (0.46%)
+ ∆PTbal. > 10GeV 857 (45.88%) 2962 139 1712 (6.5%) 4389 (0.42%)
+ |∆θ2tk| > 0.01 856 (45.80%) 1653 111 1692 (6.4%) 4365 (0.42%)
+ Mrecoil ∈ (115, 150) GeV 828 (44.29%) 1230 28 1043 (4.0%) 2675 (0.26%)

Table 5: Number of events left after each cut for the eeX-channel in the Model Independent
Analysis. In parentheses the fraction of remaining events is given, where omitted this fraction
is smaller than 0.01%. The polarisation mode is e−Re−L .

Nevts left: µµX µµ ττ µµνν µµff

Before any restriction 2601 2.6M 2.6M 125k 321k
+ Both µ identified 2488 (95.65%) 79k (3.0%) 108k (86.6%) 186k (57.9%)
+ Pre-cuts 2193 (84.33%) 44k (1.7%) 5639 (0.2%) 17k (13.6%) 15k (4.5%)
+ PTdl > 20GeV 2078 (79.91%) 22k (0.8%) 3806 (0.15%) 15k (11.8%) 11k (3.4%)
+ Mdl ∈ (80, 100) GeV 1919 (73.79%) 17k (0.6%) 2111 (0.08%) 9124 (7.3%) 8005 (2.5%)
+ acop ∈ (0.2, 3.0) 1787 (68.72%) 14k (0.5%) 28 8548 (6.8%) 7213 (2.2%)
+ ∆PTbal. > 10GeV 1752 (67.38%) 796 (0.03%) 0 7969 (6.4%) 6747 (2.1%)
+ |∆θ2tk| > 0.01 1750 (67.28%) 335 (0.01%) 0 7871 (6.3%) 6719 (2.1%)
+ Mrecoil ∈ (115, 150) GeV 1709 (65.71%) 245 0 5284 (4.2%) 4175 (1.3%)

Table 6: Number of events left after each cut for the µµX-channel in the Model Independent
Analysis. In parentheses the fraction of remaining events is given, where omitted this fraction
is smaller than 0.01%. The polarisation mode is e−Le+

R.

Nevts left: eeX ee ττ eeνν eeff

Before any restriction 2777 4.3G 2.6M 156k 1.0M
+ Both µ identified 2728 (98.24%) 294k (11.3%) 120k (77.1%) 404k (40.4%)
+ Pre-cuts 1739 (62.64%) 127k 8972 (0.34%) 19k (12.2%) 12k (1.2%)
+ PTdl > 20 GeV 1641 (59.10%) 96k 6195 (0.24%) 16k (10.6%) 10k (1.0%)
+ Mdl ∈ (80, 100) GeV 1399 (50.38%) 51k 3500 (0.13%) 9784 (6.3%) 7186 (0.72%)
+ acop ∈ (0.2, 3.0) 1314 (47.33%) 46k 278 (0.01%) 9168 (5.9%) 6564 (0.66%)
+ ∆PTbal. > 10GeV 1281 (46.15%) 3156 194 8222 (5.3%) 6066 (0.61%)
+ |∆θ2tk| > 0.01 1279 (46.07%) 1764 167 8069 (5.2%) 6041 (0.6%)
+ Mrecoil ∈ (115, 150) GeV 1235 (44.47%) 1313 56 5488 (3.5%) 3665 (0.37%)

Table 7: Number of events left after each cut for the eeX-channel of the Model Independent
Analysis. In parentheses the fraction of remaining events is given, where omitted this fraction
is smaller than 0.01%. The polarisation mode is e−Le+

R.

system is composed by τ - Leptons The larger mass of this particle reduces the phase216

space for radiative processes. Hence this lepton type is more often produced in a back-217

to-back configuration than the lighter lepton types.218

The tables demonstrate that mostly events in which the di-lepton system is produced219

at the Z-Boson vertex can be efficiently rejected by the defined cuts. The background by220

events in which two bosons are produced, i.e. e+e− → ZZ or e+e− → W+W−, is less well221

distinguishable from the signal events. As these events however have slightly different spectra222
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Figure 16: Distribution of ∆θ between muon candidates and additional tracks, for the signal
events (µµX) and background by muon pair creation (µµ).

Nevts left: eeX ee ττ eeνν eeff

Before any restriction: 1869 4.3G 2.0M 26.37k 1.0M
Both e identified 1834 (98.14%) 231k (11.3%) 17k (62.9%) 380k (36.6%)
+ Pre-cuts 1292.42 (69.16%) 120k 7333 (0.36%) 3771 (14.3%) 23k (2.2%)
+ Nadd.TK > 1 1279 (68.44%) 7574 2278 (0.11%) 79 (0.3%) 19k (1.9%)
+ ∆θ2tk > 0.01 1277 (68.33%) 1432 1750 (0.09%) 11 (0.04%) 19k (1.8%)
+ ∆θmin > 0.01 1256 (67.22%) 328 278 (0.01%) 0 16k (1.6%)
+ acop ∈ (0.2, 3.0) 1165 (62.35%) 278 0 0 15k (1.4%)
+ Mrecoil ∈ (115, 150) GeV 969 (51.87%) 172 0 0 4367 (0.42%)

Table 13: Number of events left after each cut for the eeX-channel in the Model Dependent
Analysis. In parentheses the fraction of remaining events is given, where omitted this fraction
is smaller than 0.01%. The polarisation mode is e−Re+

L

Nevts left: µµX µµ ττ µµνν µµff

Before any restriction: 2601 2.61M 2.61M 125k 321k
Both µ identified 2488 (95.66%) 79k (3.0%) 108k (86.6%) 186k (57.9%)
+ Pre-cuts 2193 (84.33%) 44k (1.7%) 5639 (0.22%) 17k (13.62%) 15k (4.5%)
+ Nadd.TK > 1 2179 (83.8%) 2643 (0.1%) 667 (0.03%) 290 (0.23%) 13k (4.0%)
+ ∆θ2tk > 0.01 2176 (83.66%) 244 500 (0.02%) 34 (0.03%) 12.5k (3.9%)
+ ∆θmin > 0.01 2140 (82.29%) 155 111 2 11k (3.5%)
+ acop ∈ (0.2, 3.0) 1977 (76.03%) 114 0 2 10k (3.1%)
+ Mrecoil ∈ (115, 150) GeV 1872 (71.96%) 68 0 0 6189 (1.9%)

Table 14: Number of events left after each cut for the µµX-channel in the Model Dependent
Analysis. In parentheses the fraction of remaining events is given, where omitted this fraction
is smaller than 0.01%. The polarisation mode is e−Le+

R

From these tables, it can be deferred that the fL cuts reject the background from Z pair292

production by a factor of two, and reduce the signal by only 10%. At the same time, the293

background µµ, ee, ττ , µµνν and eeνν is entirely suppressed.294
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MI vs. SM Rejection, LR, Electron 

Nevts left: eeX ee ττ eeνν eeff

Before any restriction 1869 4.3G 2.0M 26k 1.0M
+ Both µ identified 1834 (98.14%) 230k (11.32%) 17k (62.9%) 380 (36.6%)
+ Pre-cuts 1172 (62.71%) 119k 6778 (0.33%) 3155 (12.0%) 9430 (0.91%)
+ PTdl > 20GeV 1100 (58.86%) 90k 4694 (0.23%) 2808 (10.6%) 7909 (0.76%)
+ Mdl ∈ (80, 100) GeV 937 (50.13%) 48k 2556 (0.13%) 1929 (7.3%) 5317 (0.51%)
+ acop ∈ (0.2, 3.0) 879 (47.06%) 44k 222 (0.01%) 1807 (6.9%) 4823 (0.46%)
+ ∆PTbal. > 10GeV 857 (45.88%) 2962 139 1712 (6.5%) 4389 (0.42%)
+ |∆θ2tk| > 0.01 856 (45.80%) 1653 111 1692 (6.4%) 4365 (0.42%)
+ Mrecoil ∈ (115, 150) GeV 828 (44.29%) 1230 28 1043 (4.0%) 2675 (0.26%)

Table 5: Number of events left after each cut for the eeX-channel in the Model Independent
Analysis. In parentheses the fraction of remaining events is given, where omitted this fraction
is smaller than 0.01%. The polarisation mode is e−Re−L .

Nevts left: µµX µµ ττ µµνν µµff

Before any restriction 2601 2.6M 2.6M 125k 321k
+ Both µ identified 2488 (95.65%) 79k (3.0%) 108k (86.6%) 186k (57.9%)
+ Pre-cuts 2193 (84.33%) 44k (1.7%) 5639 (0.2%) 17k (13.6%) 15k (4.5%)
+ PTdl > 20GeV 2078 (79.91%) 22k (0.8%) 3806 (0.15%) 15k (11.8%) 11k (3.4%)
+ Mdl ∈ (80, 100) GeV 1919 (73.79%) 17k (0.6%) 2111 (0.08%) 9124 (7.3%) 8005 (2.5%)
+ acop ∈ (0.2, 3.0) 1787 (68.72%) 14k (0.5%) 28 8548 (6.8%) 7213 (2.2%)
+ ∆PTbal. > 10GeV 1752 (67.38%) 796 (0.03%) 0 7969 (6.4%) 6747 (2.1%)
+ |∆θ2tk| > 0.01 1750 (67.28%) 335 (0.01%) 0 7871 (6.3%) 6719 (2.1%)
+ Mrecoil ∈ (115, 150) GeV 1709 (65.71%) 245 0 5284 (4.2%) 4175 (1.3%)

Table 6: Number of events left after each cut for the µµX-channel in the Model Independent
Analysis. In parentheses the fraction of remaining events is given, where omitted this fraction
is smaller than 0.01%. The polarisation mode is e−Le+

R.

Nevts left: eeX ee ττ eeνν eeff

Before any restriction 2777 4.3G 2.6M 156k 1.0M
+ Both µ identified 2728 (98.24%) 294k (11.3%) 120k (77.1%) 404k (40.4%)
+ Pre-cuts 1739 (62.64%) 127k 8972 (0.34%) 19k (12.2%) 12k (1.2%)
+ PTdl > 20 GeV 1641 (59.10%) 96k 6195 (0.24%) 16k (10.6%) 10k (1.0%)
+ Mdl ∈ (80, 100) GeV 1399 (50.38%) 51k 3500 (0.13%) 9784 (6.3%) 7186 (0.72%)
+ acop ∈ (0.2, 3.0) 1314 (47.33%) 46k 278 (0.01%) 9168 (5.9%) 6564 (0.66%)
+ ∆PTbal. > 10GeV 1281 (46.15%) 3156 194 8222 (5.3%) 6066 (0.61%)
+ |∆θ2tk| > 0.01 1279 (46.07%) 1764 167 8069 (5.2%) 6041 (0.6%)
+ Mrecoil ∈ (115, 150) GeV 1235 (44.47%) 1313 56 5488 (3.5%) 3665 (0.37%)

Table 7: Number of events left after each cut for the eeX-channel of the Model Independent
Analysis. In parentheses the fraction of remaining events is given, where omitted this fraction
is smaller than 0.01%. The polarisation mode is e−Le+

R.

system is composed by τ - Leptons The larger mass of this particle reduces the phase216

space for radiative processes. Hence this lepton type is more often produced in a back-217

to-back configuration than the lighter lepton types.218

The tables demonstrate that mostly events in which the di-lepton system is produced219

at the Z-Boson vertex can be efficiently rejected by the defined cuts. The background by220

events in which two bosons are produced, i.e. e+e− → ZZ or e+e− → W+W−, is less well221

distinguishable from the signal events. As these events however have slightly different spectra222
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Nevts left: eeX ee ττ eeνν eeff

Before any restriction: 2777 4.3G 2.61M 156k 1.0M
Both e identified 2728 (98.24%) 294k (11.3%) 120k (77.1%) 404k (40.4%)
+ Pre-cuts 1739 (62.64%) 127k 8972 (0.34%) 19k (12.21%) 12k (1.23%)
+ Nadd.TK > 1 1724 (62.08%) 7660 2528 (0.10%) 463 (0.30%) 11k (1.13%)
+ ∆θ2tk > 0.01 1721 (61.98%) 1190 1806 (0.07%) 76 (0.05%) 11k (1.13%)
+ ∆θmin > 0.01 1696 (61.06%) 344 361 (0.01%) 10 10.7k (1.07%)
+ acop ∈ (0.2, 3.0) 1579 (56.86%) 293 0 10 9589 (0.96%)
+ Mrecoil ∈ (115, 150) GeV 1444 (52.00%) 184 0 5 5913 (0.59%)

Table 15: Number of events left after each cuts for the eeX-channel in the Model Dependent
Analysis. In parentheses the fraction of remaining events is given, where omitted this fraction
is smaller than 0.01%. The polarisation mode is e−Le+

R

Nevts left: µµX µµ ττ µµνν µµff

MD Cuts 1263 (72.00%) 49 0 0 4119 (1.38%)
+ fL > 0.33 1054 (60.09%) 10 0 0 1743 (0.58%)

Table 16: Number of events left after the cut on fL for the µµX-channel in the Model
Dependent Analysis and the polarisation mode e−Re+

L . In parentheses the fraction of remaining
events is given, where omitted this fraction is smaller than 0.01%.

Nevts left: eeX ee ττ eeνν eeff

MD Cuts 969 (51.87%) 172 0 0 4367 (0.42%)
+ fL > 0.39 769 (41.16%) 49 0 0 1799 (0.17%)

Table 17: Number of events remained after the cut on fL for the eeX-channel in the Model
Dependent Analysis and the polarisation mode e−Re+

L . In parentheses the fraction of remaining
events is given, where omitted this fraction is smaller than 0.01%.

Nevts left: µµX µµ ττ µµνν µµff

MD Cuts 1872 (71.96%) 68 0 0 (0%) 6189 (1.9%)
+ fL > 0.32 1568 (60.28%) 13 0 0 2824 (0.88%)

Table 18: Number of events left after the cut on fL for the µµX-channel in the Model
Dependent Analysis and the polarisation mode e−Le+

R. In parentheses the fraction of remaining
events is given, where omitted this fraction is smaller than 0.01%.

Nevts left: eeX ee ττ eeνν eeff

MD Cuts 1444 (52.00%) 184 0 5 5913 (0.59%)
+ fL > 0.36 1183 (42.62%) 56 0 1 2680 (0.27%)

Table 19: Number of events left after the cut on fL for the eeX-channel in the Model
Dependent Analysis and the polarisation mode e−Le+

R. In parentheses the fraction of remaining
events is given, where omitted this fraction is smaller than 0.01%.

6 Extraction of Higgs Mass and total Higgs Strahlung Cross295

Section296

In the previous section the criteria to select the signal events and to suppress the back-297

ground from various sources have been introduced and applied. The remaining spectra are298

a superimposition of signal and background events from which the relevant observables as299

the Higgs-Boson mass mh and the total Higgs Strahlung cross section σ can be extracted.300
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Cuts for lepton ID:

Eecal/Etotal < 0.5
Ecal/Ptrack < 0.3

Eecal/Etotal > 0.6
Ecal/Ptrack > 0.9

muon ID electron ID

Cuts (for P>15GeV): single particle μμX (muon ID) eeX (electron ID)

Efficiency (Ntrue∩iden/Ntrue) 97.6% 96.3%

Purity (Ntrue∩iden/Niden) 91.4% 96.1%

Efficiency lepton pair ID: 
(no P request, select according to Mz)

95.4% 98.8%


