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Foreword

There are many caveats (results are on the 
optimistic side)  
➔ The centrally produced samples are not used (beam energy 
spread is not considered)   
➔ Not all the systematics uncertainties are included   
➔ Only main backgrounds are considered, less selection cuts so 
higher signal efficiency 

All the studies shown have been done in a contest of a 4 months M2 internship 
that I have supervised.  
The goal was to put in place a full analysis chain from the generation of the 
samples through the selection of candidates to the statistical analysis. 
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Inclusive analyses @240 GeV 
Exploited few Z decays, using the recoil techniques 

Z(μμ)H Z(ee)H Z(bb)H
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SELECTIONS - SUMMARY

Inclusive analyses

 (240 GeV)Z → bb̄

 (240/365 GeV)Z → μ+μ−

 fusion (365 GeV)VBF : WW

‣    with , μ+μ− pTμ1 > 20 GeV pTμ2 > 5 GeV

‣  80 < Mμ+μ− < 100 GeV
‣  120/110 < Mrec < 150 GeV

‣ Minimum |Mμ+μ−−MZ |

Individual decays

 (240 GeV)Z → e+e−

 (240 GeV)Z → e+e− H → bb̄

 fusion (365 GeV)VBF : ZZ

‣  2 b-jets + ≥ pTjj > 60 GeV
‣   Mjj > 45 GeV
‣ HT > 10 GeV

‣ BDT (17 variables): , , , , , , MET, ,…n j aco ljj n bj Ej ηj HT Mjj

‣  with , e+e− pTe1 > 10 GeV pTe2 > 5 GeV

‣ Minimum |Me+e−−MZ |
‣  2 b-jets≥
‣  110 < Mrec < 150 GeV

‣  2 b-jets + ≥ |Δηjj | < 3
‣ HT > 10 GeV
‣  MET > 10 GeV

‣ BDT (17 variables): , , , , ,  , , MET, ,…Mjj n j acoljj Ej pTj pTjj HT ηj

‣  with , e+e− pTe1 > 10 GeV pTe2 > 5 GeV

‣ Minimum |Me+e−−MZ |

‣  110 < Mrec < 150 GeV

‣  60 < Me+e− < 120 GeV

‣  2 b-jets +  ,  ≥ pTe1 > 15 GeV pTe2 > 5 GeV
‣  Me+e− > 80 GeV

‣ BDT (25 variables): , , , ,  , , , ,…Me+e−acole+e− acoljj n bj Mjj ηe Ej ηj

Orthogonal set/s recoil:   (240 GeV)Z → e+e−
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Figure 6: a) Fit to the inclusive recoil mass spectrum of e+e� ! Z + X for Z ! µ
+
µ
� at

a luminosity of 5 ab
�1 and

p
s = 240 GeV, b) Fit to the inclusive recoil mass spectrum of

e
+
e
�
! Z + X for Z ! µ

+
µ
� at a luminosity of 1.5 ab

�1 and
p
s = 365 GeV.

2.2.1 Inclusive ZH: Z ! l
+
l
�(µ+

µ
�), H ! X250

The leptonic Z boson decay is ideal for studying the recoil mass spectrum of the e
+
e
�
!251

Z+X events. The Z boson decay is easily identifiable and the lepton momenta can be pre-252

cisely measured. Therefore, the event selections are entirely based on the information of253

the two leptons, independently of the Higgs boson decays. Here, we examine the analysis254

for Z ! µ
+
µ
� at 240 GeV. In Section 2.2.3, we will report the results for the same analysis255

at 365 GeV, for which the cuts are the same as at 240 GeV, and for Z ! e
+
e
� at 240256

GeV. For this last case, details about the selections and the fit are provided in Appendix C.257

258

The analysis strategy adopted to reject the background events is only cut-based thanks to259

discriminant variables such as the invariant mass of the selected muon pair Mµ+µ� and the260

recoil mass Mrec. In the preselections, a pair of oppositely charged muons is required. The261

pair with the minimum |Mµ+µ� �M
pole

Z
| is selected in case of multi-combinations, where262

M
pole

Z
is the Z boson pole mass, i.e 91.188 GeV. A cut requiring a minimum transverse263

momentum for the two selected muons pTµ1 > 20 GeV and pTµ2 > 5 GeV is applied due264

to trigger and reconstruction. The WW background is abundantly rejected requiring the265

invariant mass of the µ
+
µ
� system to satisfy 80 < Mµ+µ� < 100 GeV. After applying the266

previous cuts, 5.8% of the ZZ background is still present. Requiring 120 < Mrec < 150267

GeV, the ZZ background is further reduced.

MC samples Z(µ+
µ
�)H WW ZZ

Number of events (normalized) 4.03 · 104 8.60 · 107 5.81 · 106

Nµ+ � 1,Nµ� � 1, pTµ1 > 20, pTµ2 > 5 GeV 76.9% 1.4% 6.2%
80 < Mµ+µ� < 100 GeV 72.2% 0.16% 5.8%
120 < Mrec < 150 GeV 72% 0.052% 0.03%

Table 2: Efficiencies for the inclusive analysis for Z! µ
+
µ
� at 5 ab

�1 and
p
s = 240 GeV.

268

The final recoil mass spectra are shown in Figure 6 both for the analysis at 240 GeV, and269

for the analysis at 365 GeV with a wider mass range for the fit. The broadness of the270

distribution in b) can be attributed to detector effects such as the momentum smearing271

due to the pT resolution for the IDEA detector implementation in Delphes, see Table 1.272

9

Figure 8: Fit to the inclusive recoil mass spectrum of e+e� ! Z + X for Z ! bb̄ at an
integrated luminosity of 5 ab�1 and

p
s = 240 GeV after the application of the preselections

and BDT cut.
295

The full list of variables used for the BDT with their distributions as well as the correla-296

tion matrices for the signal and backgrounds are reported in Appendix B. The Boosted297

Decision Tree has been trained with a 20000 signal events and 100000 background events,298

using a learning rate �Ada = 0.1 and choosing the following benchmark settings for the299

hyperparameters: 800 trees with a minimum node size of 1%, a maximum depth of 3.300

The Gini index [42] has been chosen as separation criterion for the node splitting in the301

Decision Tree. The cut on the BDT response has been optimized taking the cut value for302

which the signal significance S/
p
S +B is maximized, where S and B are respectively303

the number of signal and background events after having applied the preselections and304

the BDT cut, see Appendix B. The efficiencies for the signal and the backgrounds after305

applying the preselections, and then the BDT cut, are reported in Table 4.

MC samples Z(bb̄)H WW Z�
Number of events (normalized) 1.81 · 105 8.60 · 107 4.54 · 107

nbj � 2, pTjj > 60, Mjj > 45, HT > 10 GeV 63.2% 0.2% 4.8%
BDTAda response � 0.24 51.6 % 0.02 % 0.01 %

Table 4: Efficiencies for the inclusive analysis for Z ! bb̄ at 5 ab
�1 and

p
s = 240 GeV.

306

The distribution obtained for the mass recoiling against the bb̄ pair is displayed in Fig-307

ure 8. Comparing Figure 7.a and Figure 7.b with Figure 8, we can notice how much308

the MVA method used allows to reject the background, especially the large fraction of309

Z� events remaining after the preselection cuts. The final signal to background ratio is310

mainly determined by highly discriminating discrete variables such as nj and nbj, while a311

continuous variable such as acoljj plays an important role in the further suppression of Z�312

background. Finally, from Figure 8, it is possible to notice that the remaining recoil mass313

distribution has a peculiar shape. This distorted distribution can be attributed mainly to314

detector smearing effects and the jet energy resolution. Due to this fact, the measurement315

of mrec

H
in the Z ! bb̄ channel is spoiled, as in the case of the analysis at

p
s = 365 GeV316

for Z ! µ
+
µ
� previously mentioned.317

11

C Further fits879

In this appendix we report further details about the analyses which are just mentioned880

in the main text. In particular, we examine the inclusive analysis for Z ! e
+
e
� at 240881

GeV, which was used both in the combinations in Section 2.2.3 and also in Section 3.4.882

Inclusive ZH: Z ! e
+
e
�
, H ! X883

Figure 32: Fit to the inclusive recoil mass spectrum of e+e� ! Z + X for Z ! e
+
e
� at a

luminosity of 5 ab
�1 and

p
s = 240 GeV

For the study of this channel we have considered only the WW and ZZ backgrounds,884

however relevant contributions from the Bhabha scattering and single vector boson pro-885

duction are expected. Therefore, the precision on m
rec

H
and µZH reported in Table 5 in886

Section 2.2.3 for this channel can be deteriorated including these backgrounds. In the pre-887

selections, a pair of oppositely charged electrons is required. The pair with the minimum888

|Me+e� � M
pole

Z
| is selected in case of multi-combinations. A cut requiring a minimum889

transverse momentum for the two selected electrons pTe1 > 10 GeV and pTe2 > 5 GeV is890

applied due to trigger and reconstruction. The WW background is abundantly rejected891

requiring the invariant mass of the e
+
e
� system to satisfy 60 < Me+e� < 120 GeV. Re-892

quiring 110 < Mrec < 150 GeV, the ZZ background is further reduced.

MC samples Z(e+e�)H WW ZZ
Number of events (normalized) 4.03 · 104 8.60 · 107 5.81 · 106

After selections 64.62% 0.16% 0.11%

Table 16: Efficiencies for the inclusive analysis for Z! e
+
e
� at 5 ab

�1 and
p
s = 240 GeV.

893

In order to estimate the uncertainties for mrec

H
and µZH , we have performed an unbinned894

maximum-likelihood fit to the inclusive recoil mass spectrum of e
+
e
�

! Z +X for Z895

! e
+
e
�, as shown in Figure 32. We chose to model the signal with a Crystal Ball pdf,896

while we kept fixed the number of background events to the SM expectation.897

38
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Figure 6: a) Fit to the inclusive recoil mass spectrum of e+e� ! Z + X for Z ! µ
+
µ
� at

a luminosity of 5 ab
�1 and

p
s = 240 GeV, b) Fit to the inclusive recoil mass spectrum of

e
+
e
�
! Z + X for Z ! µ

+
µ
� at a luminosity of 1.5 ab

�1 and
p
s = 365 GeV.

2.2.1 Inclusive ZH: Z ! l
+
l
�(µ+

µ
�), H ! X250

The leptonic Z boson decay is ideal for studying the recoil mass spectrum of the e
+
e
�
!251

Z+X events. The Z boson decay is easily identifiable and the lepton momenta can be pre-252

cisely measured. Therefore, the event selections are entirely based on the information of253

the two leptons, independently of the Higgs boson decays. Here, we examine the analysis254

for Z ! µ
+
µ
� at 240 GeV. In Section 2.2.3, we will report the results for the same analysis255

at 365 GeV, for which the cuts are the same as at 240 GeV, and for Z ! e
+
e
� at 240256

GeV. For this last case, details about the selections and the fit are provided in Appendix C.257

258

The analysis strategy adopted to reject the background events is only cut-based thanks to259

discriminant variables such as the invariant mass of the selected muon pair Mµ+µ� and the260

recoil mass Mrec. In the preselections, a pair of oppositely charged muons is required. The261

pair with the minimum |Mµ+µ� �M
pole

Z
| is selected in case of multi-combinations, where262

M
pole

Z
is the Z boson pole mass, i.e 91.188 GeV. A cut requiring a minimum transverse263

momentum for the two selected muons pTµ1 > 20 GeV and pTµ2 > 5 GeV is applied due264

to trigger and reconstruction. The WW background is abundantly rejected requiring the265

invariant mass of the µ
+
µ
� system to satisfy 80 < Mµ+µ� < 100 GeV. After applying the266

previous cuts, 5.8% of the ZZ background is still present. Requiring 120 < Mrec < 150267

GeV, the ZZ background is further reduced.

MC samples Z(µ+
µ
�)H WW ZZ

Number of events (normalized) 4.03 · 104 8.60 · 107 5.81 · 106

Nµ+ � 1,Nµ� � 1, pTµ1 > 20, pTµ2 > 5 GeV 76.9% 1.4% 6.2%
80 < Mµ+µ� < 100 GeV 72.2% 0.16% 5.8%
120 < Mrec < 150 GeV 72% 0.052% 0.03%

Table 2: Efficiencies for the inclusive analysis for Z! µ
+
µ
� at 5 ab

�1 and
p
s = 240 GeV.

268

The final recoil mass spectra are shown in Figure 6 both for the analysis at 240 GeV, and269

for the analysis at 365 GeV with a wider mass range for the fit. The broadness of the270

distribution in b) can be attributed to detector effects such as the momentum smearing271

due to the pT resolution for the IDEA detector implementation in Delphes, see Table 1.272
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Figure 8: Fit to the inclusive recoil mass spectrum of e+e� ! Z + X for Z ! bb̄ at an
integrated luminosity of 5 ab�1 and

p
s = 240 GeV after the application of the preselections

and BDT cut.
295

The full list of variables used for the BDT with their distributions as well as the correla-296

tion matrices for the signal and backgrounds are reported in Appendix B. The Boosted297

Decision Tree has been trained with a 20000 signal events and 100000 background events,298

using a learning rate �Ada = 0.1 and choosing the following benchmark settings for the299

hyperparameters: 800 trees with a minimum node size of 1%, a maximum depth of 3.300

The Gini index [42] has been chosen as separation criterion for the node splitting in the301

Decision Tree. The cut on the BDT response has been optimized taking the cut value for302

which the signal significance S/
p
S +B is maximized, where S and B are respectively303

the number of signal and background events after having applied the preselections and304

the BDT cut, see Appendix B. The efficiencies for the signal and the backgrounds after305

applying the preselections, and then the BDT cut, are reported in Table 4.

MC samples Z(bb̄)H WW Z�
Number of events (normalized) 1.81 · 105 8.60 · 107 4.54 · 107

nbj � 2, pTjj > 60, Mjj > 45, HT > 10 GeV 63.2% 0.2% 4.8%
BDTAda response � 0.24 51.6 % 0.02 % 0.01 %

Table 4: Efficiencies for the inclusive analysis for Z ! bb̄ at 5 ab
�1 and

p
s = 240 GeV.

306

The distribution obtained for the mass recoiling against the bb̄ pair is displayed in Fig-307

ure 8. Comparing Figure 7.a and Figure 7.b with Figure 8, we can notice how much308

the MVA method used allows to reject the background, especially the large fraction of309

Z� events remaining after the preselection cuts. The final signal to background ratio is310

mainly determined by highly discriminating discrete variables such as nj and nbj, while a311

continuous variable such as acoljj plays an important role in the further suppression of Z�312

background. Finally, from Figure 8, it is possible to notice that the remaining recoil mass313

distribution has a peculiar shape. This distorted distribution can be attributed mainly to314

detector smearing effects and the jet energy resolution. Due to this fact, the measurement315

of mrec

H
in the Z ! bb̄ channel is spoiled, as in the case of the analysis at

p
s = 365 GeV316

for Z ! µ
+
µ
� previously mentioned.317
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C Further fits879

In this appendix we report further details about the analyses which are just mentioned880

in the main text. In particular, we examine the inclusive analysis for Z ! e
+
e
� at 240881

GeV, which was used both in the combinations in Section 2.2.3 and also in Section 3.4.882

Inclusive ZH: Z ! e
+
e
�
, H ! X883

Figure 32: Fit to the inclusive recoil mass spectrum of e+e� ! Z + X for Z ! e
+
e
� at a

luminosity of 5 ab
�1 and

p
s = 240 GeV

For the study of this channel we have considered only the WW and ZZ backgrounds,884

however relevant contributions from the Bhabha scattering and single vector boson pro-885

duction are expected. Therefore, the precision on m
rec

H
and µZH reported in Table 5 in886

Section 2.2.3 for this channel can be deteriorated including these backgrounds. In the pre-887

selections, a pair of oppositely charged electrons is required. The pair with the minimum888

|Me+e� � M
pole

Z
| is selected in case of multi-combinations. A cut requiring a minimum889

transverse momentum for the two selected electrons pTe1 > 10 GeV and pTe2 > 5 GeV is890

applied due to trigger and reconstruction. The WW background is abundantly rejected891

requiring the invariant mass of the e
+
e
� system to satisfy 60 < Me+e� < 120 GeV. Re-892

quiring 110 < Mrec < 150 GeV, the ZZ background is further reduced.

MC samples Z(e+e�)H WW ZZ
Number of events (normalized) 4.03 · 104 8.60 · 107 5.81 · 106

After selections 64.62% 0.16% 0.11%

Table 16: Efficiencies for the inclusive analysis for Z! e
+
e
� at 5 ab

�1 and
p
s = 240 GeV.

893

In order to estimate the uncertainties for mrec

H
and µZH , we have performed an unbinned894

maximum-likelihood fit to the inclusive recoil mass spectrum of e
+
e
�

! Z +X for Z895

! e
+
e
�, as shown in Figure 32. We chose to model the signal with a Crystal Ball pdf,896

while we kept fixed the number of background events to the SM expectation.897

38

Figure 9: Scan of the profile likelihood as a function of µZH showing the contributions to
the combined measurement (in black) from each recoil mass analysis.

2.2.3 Measurement of µZH and m
rec

H
318

The inclusive e
+
e
�
! Z H signal strength µZH and the Higgs boson recoil mass mrec

H
can319

be extracted from fits to the recoil mass distributions of e+e� ! Z + X ! l
+
l
�
/bb̄+ X.320

321

For the leptonic decays Z ! l
+
l
� at

p
s = 240 GeV, we modeled the recoil mass dis-322

tribution of the signal with a Crystal Ball pdf [43], as shown for example in Figure 6.a.323

The Higgs boson recoil mass m
rec

H
can be determined with a precision of 3 MeV and 4.2324

MeV from the Z ! µ
+
µ
� and Z ! e

+
e
� decay modes, respectively. These estimates, as325

well as all the others presented later on, are obtained keeping the number of background326

events fixed to the SM expectations. At
p
s = 365 GeV, as shown in Figure 6.b, the327

detector momentum resolution spoils the measurement of the Higgs boson recoil mass,328

indeed, we modeled the signal with a Crystal Ball convoluted with a Gaussian. Even329

if this measurement seems to be less relevant, also due to the smaller statistics for ZH330

production at
p
s = 365 GeV, it will be particularly useful afterwards, see Section 3.331

332

The decay Z ! bb̄ does not contribute the precision of m
rec

H
measurement due to the333

poor mass resolution, but dominates the sensitivity of the signal strength µZH measure-334

ment because of the large statistics. In this case, as shown in 8, we modeled the signal335

with a convolution of four Gaussian shapes describing the distorted final shape. The336

extracted precision on the signal strength µZH for Z ! bb̄ decays is 0.36%, while for337

Z ! µ
+
µ
� and Z ! e

+
e
� at 240 GeV are 0.86% and 1.1% respectively. The results, and338

their combination, are summarized in Table 5 and Figure 9.

Z decay mode
p
s (GeV) (�mrec

H
)stat (MeV) (�µZH)stat %

µ
+
µ
� 240 3 0.86

µ
+
µ
� 365 - 1.84

e
+
e
� 240 4.2 1.1

bb̄ 240 - 0.36
combination 2.4 0.31

Table 5: Estimated statistical precision for mrec

H
and µZH from the inclusive recoil analyses.

12
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Study the VBF production @365 GeV

Production dominated by the W fusion because  
of larger charged currents  

Chinese Physics C Vol. 40, No. 3 (2016) 033001

which is produced by two virtual neutral vector bosons,
named the “ZZ” process.

A further restriction can be applied to these two
types. If there is e± together with its neutrino and an on-
shell W boson in the final state, this type is named the
“Single W” process; Meanwhile, if there is an electron-
positron pair and an on-shell Z boson in the final state,
this case is named the “Single Z”. Some final states con-
sist of two mutually charge-conjugated fermion pairs,
which could be from both virtual WW or ZZ; this type
is called the “mixed type”.

The typical structure of Feynman diagrams for the
WW type is listed in Fig. 8; the final states could be
produced through an intermediate W pair or W boson
radiation. Further, the actual number of the Feynman
diagrams is listed in Table. 3. The numbers in bold

font are the general WW processes, which means there
are two pairs of fermions in the final state without iden-
tical particles. The ordinary font and italic font describe
the single W and mixed processes, respectively. The ZZ
type has a similar structure to the WW type, and Ref.
[25] is a good reference for details.

Fig. 9. (color online) The cross sections of major
SM processes with ISR effect taken into account.

6 Summary

In summary, the cross sections of major Standard
Model processes, including Higgs production as well as
the major backgrounds, are plotted in Fig. 9, where the
ISR effect has been taken into account.

In addition, the numerical results of these processes
are listed in Table 4, as well as the expected number
of events for a total luminosity of 5 ab−1 for a 10-year
run. Based on the cross sections, the Monte-Carlo sam-
ples for Higgs analysis at CEPC have been generated by
Whizard.

Table 4. Cross sections and numbers of events ex-
pected at 250 GeV for CEPC.

process cross section No. of events in 5 ab−1

higgs production cross section in fb

e+e− →ZH 212 1.06×106

e+e− →νν̄H 6.27 3.36×104

e+e− → e+e−H 0.63 3.15×103

total 219 1.10×106

background cross sections in pb

e+e− → e+e− 25.1 1.3×108

e+e− → qq 50.2 2.5×108

e+e− → µµ (or ττ) 4.40 2.2×107

e+e− →WW 15.4 7.7×107

e+e− →ZZ 1.03 5.2×106

e+e− → eeZ 4.73 2.4×107

e+e− → eνW 5.14 2.6×107

In this paper, the cross sections of Higgs production
and the background processes at the CEPC have been
evaluated and the classification of the MC samples dis-
cussed. Most of the processes have been well calculated
by Whizard. Bhabha processes should be studied more
carefully in the future.

It is worth noting that there are several differences
compared with previous studies for the ILC. First, CEPC
and ILC have completely different environments. The
beamstrahlung effect is much weaker (typically 2 orders
of magnitude) at the CEPC, which leads to a negligible
correction to the CEPC energy spread. Second, although
250 GeV has been investigated for our physics interests
in this paper, the methods and tools could also be used
at various other energy points, for example 240 GeV, at
which the physics interests and project concerns could
both be satisfied. Additionally, the SM backgrounds
have been investigated more carefully than for the ILC
project. All these prospects have been investigated for
the CEPC in this paper.
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Figure 14: a) VBF at the LHC, b) W boson fusion and Z boson fusion at the FCC-ee.

2.3.4 Measurement of µ
bb
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and µ

bb

V BF,ZZ
434

Looking at the exclusive decay modes of the Higgs boson, the total signal strengths, see435

equation 2.1, can be extracted from fits to the spectra presented in the previous sections.436

Here, we must point out an other relevant difference between hadron and e
+
e
� colliders.437

Indeed, in the former, in the vector boson fusion channel, it is not possible to separate438

signal strengths for the Z boson fusion and W boson fusion productions since the hadronic439

final states of the two processes are indistinguishable. Therefore, in the standard conven-440

tions used at the LHC [34], a common signal strength µV BF is defined. On the contrary,441

at the FCC-ee, the two signatures for the VBF production are very different: the W boson442

fusion is characterized by neutrinos in the final states, while the Z boson fusion is char-443

acterized by electrons in the final states. This situation, illustrated in Figure 14, allows444

to define separate signal strengths for W boson fusion and Z boson fusion productions,445

which we can call respectively µV BF,WW and µV BF,ZZ . Here, we measure the products446

µV BF,WW ⇥ µ
bb and µV BF,ZZ ⇥ µ

bb.447

448

For the analysis Z ! e
+
e
� and H ! bb̄ in the ZH production mode at 240 GeV, we449

modeled the recoil mass distribution of the signal with a Crystal Ball pdf, as shown in450

Figure 10. The estimated precision on the signal strength µ
bb

ZH
is 0.97%.451

452

For both vector boson fusion channels, the signal is modeled with a convolution of two453

Gaussian shapes, as shown in Figures 12 and 13. From the W boson fusion channel is454

possible to extract the signal strength µ
bb

V BF,WW
with a precision of 0.94% . While from455

the Z boson fusion channel, the estimated precision on µ
bb

V BF,ZZ
is 2.8%. In this case, a456

worse precision compared to the other channels is obtained due to the lower statistics.457

Channel
p
s (GeV) (�µbb

i
)stat%

Z(e+e�)H(bb̄) 240 0.97
⌫e⌫̄e H(bb̄) 365 0.94
e
+
e
�H(bb̄) 365 2.81

Table 9: Precision on µ
bb

i
for the production mode i = ZH, VBF(WW), VBF(ZZ)

17

Production starts to become relevant due the 
logarithmic raise ~ln2(s/MV2) of the t-channel exchange 
of vector bosons 
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W boson fusion: ee➞𝞶e𝞶eH(bb)  

Preselection cuts 
➔ 2 b-jets, |ηjj|<3 
➔ HT > 10 GeV  
➔ MET > 10 GeV 

||École polytechnique - IP Paris Cesare Cazzaniga (École Polytechnique/ETH) 27.07.2021 12

THE MISSING MASS METHOD
EX

CLU
SIVE H

 D
ECA

YS A
N

A
LYSIS

FCC-ee SIMULATION 
DELPHES |  view 

Event: 17,      |     

R − ϕ
s = 240 GeV e+ e− → ν ν̄H (bb̄)

Missing momentum from neutrinos

pmiss

Mass recoiling against   Missing mass 

 

bb̄ →

M2
miss = p2

miss = s + M2
jj − 2Ejj ⋅ s

Basic selections
Two b-jets with ,   

Minimum Missing Energy :  

pTj,min = 20 GeV |Δηjj | < 3
MET > 10 GeV

→Need for MVA     exploiting full event topology

Irreducible background 
from Z H(bb) (ν ν)

(*)

(*) In backup 

Deploy an adaptive BDT to further reduce the backgrounds 
➔ 17 input variables  
➔ trained with a 20k signal events and 100k background events  
➔ 800 trees with a minimum node size of 1%, a maximum depth of 3  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BDT variables and correlations

||École polytechnique - IP Paris Cesare Cazzaniga (École Polytechnique/ETH) 27.07.2021 26

W BOSON FUSION BDT INPUT VARIABLES 

50 100 150 200 250 300 350
massjj_T

0

0.005

0.01

0.015

0.02

0.025

9.
4 

 /  
(1

/N
) d

N

Signal
Background

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

Input variable: massjj_T

3< 2< 1< 0 1 2 3
deltaetajj_T

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.
15

4 
 /  

(1
/N

) d
N

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

Input variable: deltaetajj_T

6< 4< 2< 0 2 4 6
deltaphijj_T

0

0.05

0.1

0.15

0.2

0.25

0.
32

 
 /  

(1
/N

) d
N

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

Input variable: deltaphijj_T

50 100 150 200 250 300 350
ptjj_T

0

0.002

0.004

0.006

0.008

0.01

0.012

0.0148.
4 

 /  
(1

/N
) d

N

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

Input variable: ptjj_T

20 40 60 80 100 120 140 160
MET_T

0
0.002
0.004
0.006
0.008

0.01
0.012
0.014
0.016
0.018

4.
18

 
 /  

(1
/N

) d
N

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

Input variable: MET_T

50 100 150 200 250 300 350 400
HT_T

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

9.
6 

 /  
(1

/N
) d

N

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

Input variable: HT_T

0.5 1 1.5 2 2.5 3
acol_T

0

0.2

0.4

0.6

0.8

1

0.
07

61
 

 /  
(1

/N
) d

N

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

Input variable: acol_T

40 60 80 100 120 140 160 180
ptj1_T

0
0.002
0.004
0.006
0.008

0.01
0.012
0.014
0.016
0.018
0.02

4.
4 

 /  
(1

/N
) d

N

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

Input variable: ptj1_T

40 60 80 100 120 140 160 180
ptj2_T

0

0.005

0.01

0.015

0.02

0.025

0.034.
16

 
 /  

(1
/N

) d
N

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

Input variable: ptj2_T

2< 1< 0 1 2
etaj1_T

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.
13

 
 /  

(1
/N

) d
N

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

Input variable: etaj1_T

2< 1< 0 1 2
etaj2_T

0

0.1

0.2

0.3

0.4

0.5

0.
13

3 
 /  

(1
/N

) d
N

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

Input variable: etaj2_T

40 60 80 100 120 140 160 180 200
Ej1_T

0

0.002
0.004
0.006
0.008

0.01
0.012
0.014
0.016

0.018

4.
46

 
 /  

(1
/N

) d
N

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

Input variable: Ej1_T

40 60 80 100 120 140 160 180
Ej2_T

0

0.005

0.01

0.015

0.02

0.025

4.
38

 
 /  

(1
/N

) d
N

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

Input variable: Ej2_T

0 10 20 30 40 50
massj1_T

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.161.
32

 
 /  

(1
/N

) d
N

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

Input variable: massj1_T

0 5 10 15 20 25 30 35 40
massj2_T

0

0.05

0.1

0.15

0.2

0.25

1.
05

 
 /  

(1
/N

) d
N

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

Input variable: massj2_T

2 2.5 3 3.5 4 4.5 5
nbtag_T

0

2

4

6

8

10

12

0.
07

88
 

 /  
(1

/N
) d

N

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

Input variable: nbtag_T

2 3 4 5 6 7
njets_T

0

1

2

3

4

5

6

7

0.
12

8 
 /  

(1
/N

) d
N

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

Input variable: njets_T

⟨S2⟩ = 1
2 ∫ dy

( ̂yS(y) − ̂yB(y))2

( ̂yS(y) + ̂yB(y))Separation integral:

1

2

3

4

5

6

7

89

10

||École polytechnique - IP Paris Cesare Cazzaniga (École Polytechnique/ETH) 27.07.2021 27

W BOSON FUSION BDT CORRELATIONS 

||École polytechnique - IP Paris Cesare Cazzaniga (École Polytechnique/ETH) 27.07.2021 27

W BOSON FUSION BDT CORRELATIONS 



15Physics Performance meeting - 19/07/21Roberto Salerno 8

After the BDT selection

Figure 12: Fit to the missing mass of e+e� ! ⌫e⌫̄eH for H ! bb̄ at a luminosity of 1.5 ab�1

and
p
s = 365 GeV after the application of the preselections and BDT cut.

390

The BDT has been optimized in order to keep as many ⌫e⌫̄eH(bb̄) events as possible re-391

jecting the events coming from Z(⌫⌫̄)H(bb̄). The settings for the hyperparameters are the392

same as the ones chosen for the recoil mass analysis in the case of Z ! bb̄, see Section393

2.2.2 and Appendix B. The Gini index has been chosen as separation criterion for the394

node splitting in the Decision Tree. Once again, the cut on the BDT response has been395

optimized with respect to the signal significance, see Appendix B.

MC samples ⌫e⌫̄eH(bb̄) Z(⌫⌫̄)H(bb̄) WW ZZ
Number of events (normalized) 3.05 · 104 2.06 · 104 1.61 · 107 9.49 · 105

nbj � 2, |�⌘| < 3, HT > 20, MET > 10 GeV 47% 48% 0.09% 5.5%
BDTAda response � 0.12 42 % 3.4 % 0.002 % 0.06 %

Table 7: Efficiencies for the W boson fusion analysis with the exclusive decay H! bb̄ at
1.5 ab

�1 and
p
s = 365 GeV.

396

After applying the preselections and the cut on the BDT response, listed in Table 7, the397

distribution obtained for the missing mass is shown in Figure 12. Comparing Figure 11.a398

and Figure 11.b with Figure 12, we can notice how much the MVA method used allows399

to reject the large fraction of ZZ events remaining after the preselections as well as the400

irreducible Z(⌫⌫̄)H(bb̄) background. In specific, the variables Mjj and nj are crucial to401

separate the signal from ZZ and WW backgrounds. However, especially Mjj is not pow-402

erful in the discrimination between ⌫e⌫̄eH(bb̄) and Z(⌫⌫̄)H(bb̄) events. Looking at Table 6,403

an other variable which shows very high separation is the acollinearity between the two404

b-jets. This variable plays an important role in the rejection of Z(⌫⌫̄)H(bb̄) background as405

well as the WW background. Also the missing transverse energy, despite a worse global406

separation, is expected to be powerful in order to discriminate between W boson fusion407

and ZH events. Indeed, due to the high branching ratio for Z ! ⌫⌫̄, almost 20%, a408

considerable portion of ZH events is expected to cluster at large MET values differently409

from W boson fusion events.410
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Fit to the missing mass after the application of the preselections and BDT cut. 
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Z boson fusion: ee➞eeH(bb)  

Figure 13: a) Recoil mass spectrum M
ee

rec
for e+e� ! e

+
e
�H(bb̄) at 1.5 ab

�1 and
p
s = 365

GeV after jets and electrons preselections, b) Fit to the recoil mass spectrum in a) after
the application of the preselections and BDT response cut.

2.3.3 Exclusive Z boson fusion: e
+
e
�
! e

+
e
�
H(bb̄)411

The cross section for the Z boson fusion mode is more then 10 times smaller compared to412

the W boson fusion at 365 GeV, therefore the former production channel is characterized413

by low statistics. Furthermore, the measurement is affected by an irreducible background414

due to the ZH production for Z ! e
+
e
� and H ! bb̄, which has the same final states of415

the Z fusion with H ! bb̄. The two Higgs boson productions can be separated using the416

mass M
ee

rec
recoiling against the bb̄ system, as shown in Figure 13.a.417

418

First of all, the e
+
e
�H(bb̄) events are selected requiring at least 2 jets and 2 electrons419
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Preselection cuts 
➔ 2 jets + 2 electrons  
➔ mee > 80 GeV  
➔ MET > 10 GeV 

Fit to the recoil mass spectrum in 
after the BDT 

BDT to further reduce the backgrounds
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Combination of few orthogonal analyses 

Combining  
➔ inclusive analyses  : measure of μZH  
➔ an exclusive analysis Z(ll)H(bb) : measure of μbb  
➔ two VBF analysis for H(bb) : measure of μVBF,WW and μVBF,ZZ 

For each analysis the signal strength is parametrised as 

μif = σi . BRf 

(σi . BRf)SM 
 = μi x μf

Figure 15: Precision on the signal strength modifiers at the FCC-ee combining 6 different
channels. The signal strengths values are fixed to the SM expectation.

The same procedure as before leads us to the determination of the uncertainties on the485

signal strengths from the known precision on µ
bb

V BF,WW
, µbb

V BF,ZZ
, µZH and µ

bb

ZH
:486

�µV BF,WW = �µ
bb

V BF,WW
��µ

bb

ZH
��µZH �µV BF,ZZ = �µ

bb

V BF,ZZ
��µ

bb

ZH
��µZH (2.7)

An equivalent way would be to fit simultaneously the six datasets in Table 10 building a487

combined model where µi and µ
f are left as free parameters. In this context, the simul-488

taneous fit method is not necessary due to the straightforward approach based on ratios.489

The estimated uncertainties on the Higgs boson properties at the FCC-ee obtained from490

our analysis are displayed in Figure 15, numerical values for these errors are shown in491

Table 11. In the results, it is also quoted the sensitivity on a common scale factor µ492

assuming µi = µ
f , which is the standard parametrization providing the highest precision493

and simplest way to look for deviations from the SM Higgs sector predictions [34].

Property Estimated statistical precision
m

rec

H
2.4 MeV

µZH 0.33%
µV BF,WW 1.4%
µV BF,ZZ 3%

µ
bb 1%

µ 0.23%

Table 11: Estimated precision on the Higgs boson properties at FCC-ee.
494

These results are obtained fixing the nuisance parameters relative to possible systematic495

uncertainties to their nominal values. Indeed, even if the statistical samples are highly496

populated at the FCC-ee, systematics related to the beam energy spread, ISR, detector497

acceptances, efficiency of the objects reconstruction/identification and luminosity mea-498

surement are expected to be well-constrained [10]. Moreover, the method based on ratios499

of the signal strengths we proposed here to disentangle the production and the decay500

modes of the Higgs boson would allow to cancel most of the systematics.501

502
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μZH μbbμVBF,WW μVBF,ZZ 
Production Decay

This analysis can be easily extended with more decay channels 
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𝞴HHH @ FCC-ee
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Figure 1: One-loop diagrams involving the trilinear Higgs coupling contributing to the main
single Higgs production processes: e

+
e

≠
æ hZ (top row) and e

+
e

≠
æ ‹‹̄h (middle row).

The Higgs self-energy diagram (bottom) gives a universal modification to all Higgs production
processes via wave function renormalization.

Following Ref. [26], we can parametrize the NLO corrections to an observable � in a
process involving a single external Higgs field as

�NLO = ZH�LO(1 + Ÿ⁄C1) , (2.2)

where �LO denotes the LO value, C1 is a process-dependent coe�cient that encodes
the interference between the NLO amplitudes involving Ÿ⁄ and the LO ones, while ZH

corresponds to the universal resummed wave-function renormalization and is explicitly
given by

ZH = 1
1 ≠ Ÿ

2
⁄
”ZH

, with ”ZH = ≠
9
16

Gµm
2
H

Ô
2fi2

A
2fi

3
Ô

3
≠ 1

B

ƒ ≠0.00154 . (2.3)

The impact of a deviation ”Ÿ⁄ © Ÿ⁄ ≠ 1 from the SM value of the trilinear Higgs self-
coupling is therefore

”� ©
�NLO

�NLO(Ÿ⁄ = 1) ≠ 1 ƒ (C1 + 2”ZH)”Ÿ⁄ + ”ZH”Ÿ
2
⁄

, (2.4)

up to subleading corrections of higher orders in ”ZH and C1.4 The linear approximation
in ”Ÿ⁄ is usually accurate enough to describe the deviations in single Higgs processes
inside the typical constraint range |”Ÿ⁄| . 5. We will nevertheless use the unexpanded
”� expressions throughout this paper to derive numerical results.

4We checked explicitly that the one-loop squared term of order ”Ÿ
2
⁄

is subdominant compared to the
”ZH”Ÿ

2
⁄

one.

6

𝞴HHH does not enter single-Higgs processes at LO but it 
affects both Higgs production and decay at NLO.

Linear correction to the vertex Quadratic corrections  
(wave function renormalisation)

VBF processes  
Both CC/NC diagrams

Higher-order corrections to single-Higgs processes
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ZH Higgsstrahlung
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𝞴HHH effect 

Higgs self-coupling at low energies
· NLO sensitivity (finite and gauge-invariant NLO EW subset)

· dominated by e+e≠ æ hZ at threshold [McCullough ’13]
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Figure 1: One-loop diagrams involving the trilinear Higgs coupling contributing to the main
single Higgs production processes: e

+
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≠
æ hZ (top row) and e

+
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≠
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The Higgs self-energy diagram (bottom) gives a universal modification to all Higgs production
processes via wave function renormalization.
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The NLO corrections to an observable Σ

Process dependent coefficient 
Universal  coefficient 
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Caveats :  
  1D fit with only δκλ floating 
   σ(HZ) without BES 

Figure 20: Scan of the profile likelihood as a function of ��. The inclusive analysis
contribution for Z ! µ

+
µ
� at

p
s = 240 GeV is shown by the red dashed line, while the

results combining before the inclusive analysis for Z ! µ
+
µ
� at

p
s = 365 GeV, and then

the VBF analyses, are shown respectively in green and orange. The combined result for
the FCC-ee (in solid blue) includes also the inclusive measurements at

p
s = 240 GeV for

Z ! e
+
e
�
/bb̄. The dashed-dotted black line is referred to our projection for the FCC-ee

combined with the one from the HH analysis for the HL-LHC [8].
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2nd energy point  
lift the degeneracy 

Add VBF
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Conclusions

Preliminary results based on the work done during a M2 internship have been 
shown. 

The analysis chain has been put in place to measure few Higgs boson couplings  
(HZZ, HWW, HHH) profiting of two energy points. 

The analyses will repeated using the centrally produced samples, add all the 
needed systematics, ….  


