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Foreword

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

These studies have been done in a contest of a 4 months M2 internship.  
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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Does the Higgs boson interact with itself?
A self-interacting Higgs (as SM predicts) would be unlike anything yet seen 
in nature. All other interactions change particle identity. 
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Figure 8. Modification of the self-coupling �H3/�H3,0 as a function of the coe�cients �j from the di↵erent
UV potentials given in Eq.(11). Blue lines represent first-order phase transitions and red dotted lines
second-order phase transitions. The cuto↵ is ⇤ = 2 TeV.

constant �H3 . Alternatively, we can fix �c/Tc for di↵erent UV potentials and find that a decrease
in �H3 corresponds to a decrease also in �H4 or an increase in Tc.

Finally, Fig. 8 explicitly shows the connection between the strength of the observable e↵ect
at LHC scales, measured by �H3/�H3,0 and the size of the new physics contribution �V at the
microscopic scale ⇤, measured by the value of the dimensionless coe�cients �j . The nature of the
electroweak phase transition is encoded in the coloring of the lines. The onset of the first-order
phase transition is at values that can also be read o↵ from Fig. 7: for logarithmic modifications
we find the lowest value of �H3/�H3,0 ⇡ 1.4, for the �

6 modification �H3/�H3,0 ⇡ 1.5, and for
exponential modifications �H3/�H3,0 ⇡ 1.9. This size of all modifications can be probed in the
high-luminosity run at the LHC. Importantly, the Higgs self-couplings grow continuously as a
function of �j while �c/Tc remains zero till the onset of the first-order phase transition and only
then starts to grow continuously.

IV. OUTLOOK

Higgs pair production or the measurement of the Higgs self coupling is an extraordinarily
interesting LHC analysis. We find that it is well motivated by modified Higgs potentials which
allow for a strong first-order electroweak phase transition and hence an explanation of the observed
matter vs anti-matter asymmetry. We have studied a wide range of such modifications to the
Higgs potential, especially potentials that cannot be expanded as an e↵ective field theory. We used
the functional renormalization group to describe the dependence on the field value � and on the
temperature T . For all classes of potentials considered here, there exists an appropriate choice of
model parameters, for which the phase transition is of first order and su�ciently strong, �c/Tc & 1.

Our numerical analysis indicates that the requirement �c/Tc = 1 corresponds to a critical scale
of the order of 10 TeV for all our potentials, where the potentials become strongly coupled. Below
this scale we can rely on our assumed potentials to describe LHC signals. We then found that a
strong first-order phase transition universally predicts an enhancement of the Higgs self-couplings
�H3 & 1.5�H3,0 and �H4 & 4�H4,0. Extending earlier studies, we systematically established this
connection between a first-order transition and a measurable deviation of the Higgs self couplings,
employing a method that can describe systems with multiple physical scales in a controlled manner.
While it might be possible that a new physics model features a strong first-order transition with all
e↵ects on �

H3/4 canceling accidentally [9], none of our examples falls into this class. We conclude
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hep-ph/1711.00019Deviations from SM Higgs boson self-coupling cause a 
modified potential that allows first-order electroweak 
phase transition and hence an explanation of the 
observed matter vs anti-matter asymmetry!

1st  order 

2nd  order 

We need to probe size of modification down to 1.4,  
the expected uncertainty of the measurement should be 𝒪(10%)
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Theoretically clean  
Very rare process (σ~40fb @ 14TeV) 
Experimentally challenging 
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2 Phenomenology53

In the Standard Model (SM), after the EWSB, the Higgs potential can be written with the fol-
lowing formula:

V(h) =
1
2

m2
hh2 + lhhhvh3 +

1
4

lhhhhh4 (1)

which is a two parameter model. One of them is the Higgs boson vacuum expectation value
(v), determined by the Fermi constant (GF), v = (

p
2GF)�1/2 ' 246 GeV. The other is the Higgs

boson mass mh that is measured to be 125.09 ± 0.24 GeV in the most precise and recent results
combining the ATLAS and CMS Run-I 4` and gg final states [4]. In the SM, the trilinear Higgs
self-coupling, lhhh is not an independent parameter, but it is a function of v and mh:

lhhh ⌘ lSM
hhh =

m2
h

2v2 ' 0.129. (2)

At LHC lhhh is only accessible and can be measured in Higgs boson pair production, pp ! hh.54

The gluon fusion process is the dominant h pair production process and its cross section is55

about one order of magnitude larger than the second largest process which is vector boson fu-56

sion. Two diagrams are involved in the gg ! hh production (see Figure 1). In both diagrams
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Figure 1: The Higgs boson pair production diagrams contributing to the gluon fusion process
at LO are shown.

57

(box and triangle) the h pair production is mediated by loops of heavy quarks which in the SM58

are mainly top quarks. Bottom quark loops contribute to the total cross section with less than59

1% at LO. The triangle and box diagrams interfere and the interference of the two amplitudes60

depend by the value of lhhh, providing a way to measure it. The gluon fusion process cross sec-61

tion is known at NNLO in QCD using the infinite top quark mass approximation and perform-62

ing the NNLL threshold resummation [5, 6]. The numerical value of the cross section for the63

LHC centre of mass energies of 13 TeV at mh = 125.09 GeV is sSM
hh (13TeV) = 37.9 fb +4.3

�6.0%(scale64

unc.) ±2.1%(PDF unc.) ±3.1%(PDF+aS unc.). It is calculated using the new PDF4LHC rec-65

ommendations for LHC Run-II [7] and the renormalisation and factorisation scales is equal to66

mhh/2.67

Due to the small cross sections decay channels in which one Higgs boson goes to bb should68

be chosen (BR(h !bb) = 0.577). The Table 1 shows some interested decay channels for the h69

pair production, their relative branching ratio, and the inclusive expected number of events at70

13 TeV for two benchmark integrate luminosity (L) scenari, 5 fb�1 and 300 fb�1. The symbol `71

refers to an electron or a muon.72

Phenomenological studies showed that the bbtt channel is one of the most promising, having73

a quite high BR (7.3%) and a relatively small contamination.74

Finally to be underline that many model of physics Beyond the Standard Model (BSM) predict a75

value of production cross section of Higgs boson pair production, shh, that significantly differs76

from SM prediction. In particular, shh can be enhanced for two reasons.77
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Fig. 66: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a conditional
signal+background fit to the background and SM signal. The coloured dashed lines correspond to the
combined ATLAS and CMS results by channel, and the black line to their combination. The likelihoods
for the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) channels are scaled to 6000 fb�1.(b) Expected mea-
sured values of � for the different channels for the ATLAS in blue and the CMS experiment in red, as
well as the combined measurement. The lines with error bars show the total uncertainty on each mea-
surement while the boxes correspond to the statistical uncertainties. In the cases where the extrapolation
is performed only by one experiment, same performances are assumed for the other experiment and this
is indicated by a hatched bar.

subject to the missing transverse momentum constraint, /~pT = ~p⌫T + ~p⌫̄T . Since there is a twofold
ambiguity in the paring of a b-quark and a lepton, we define Topness as the smaller of the two �2s,

T ⌘ min

⇣
�2

12 , �2
21

⌘
. (42)

In double Higgs production, the two b-quarks arise from a Higgs decay (h ! bb̄), and therefore
their invariant mass mbb can be used as a first cut to enhance the signal sensitivity. For the decay of the
other Higgs boson, h ! WW ⇤

! `+`�⌫⌫̄, we define Higgsness [297] as follows:
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75 ,

where mW
⇤ is the invariant mass of the lepton-neutrino pair which resulted from the off-shell W . It

satisfies 0  mW
⇤  mh � mW and mpeak

W
⇤ =

1p
3

r
2

⇣
m2

h + m2
W

⌘
�

q
m4

h + 14m2
hm2

W + m4
W is the

peak in the mW
⇤ distribution. mpeak

⌫⌫̄ = mpeak
`` ⇡ 30 GeV is the location of the peak in the d�

dm⌫⌫̄
or d�

dm``

distribution [297, 304].
The � values in Eqs. (41) and (43) result from the experimental uncertainties and intrinsic particle

widths. In principle, they can be treated as free parameters and tuned using a neutral network (NN), a
boosted decision tree (BDT), etc. In our numerical study, we use �t = 5 GeV, �W = 5 GeV, �W

⇤ = 5

GeV, �h`
= 2 GeV, and �⌫ = 10 GeV. The main contribution in Eq. (43) comes from the on-shell
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13 TeV for two benchmark integrate luminosity (L) scenari, 5 fb�1 and 300 fb�1. The symbol `71

refers to an electron or a muon.72

Phenomenological studies showed that the bbtt channel is one of the most promising, having73

a quite high BR (7.3%) and a relatively small contamination.74

Finally to be underline that many model of physics Beyond the Standard Model (BSM) predict a75

value of production cross section of Higgs boson pair production, shh, that significantly differs76
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Fig. 66: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a conditional
signal+background fit to the background and SM signal. The coloured dashed lines correspond to the
combined ATLAS and CMS results by channel, and the black line to their combination. The likelihoods
for the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) channels are scaled to 6000 fb�1.(b) Expected mea-
sured values of � for the different channels for the ATLAS in blue and the CMS experiment in red, as
well as the combined measurement. The lines with error bars show the total uncertainty on each mea-
surement while the boxes correspond to the statistical uncertainties. In the cases where the extrapolation
is performed only by one experiment, same performances are assumed for the other experiment and this
is indicated by a hatched bar.

subject to the missing transverse momentum constraint, /~pT = ~p⌫T + ~p⌫̄T . Since there is a twofold
ambiguity in the paring of a b-quark and a lepton, we define Topness as the smaller of the two �2s,

T ⌘ min

⇣
�2

12 , �2
21

⌘
. (42)

In double Higgs production, the two b-quarks arise from a Higgs decay (h ! bb̄), and therefore
their invariant mass mbb can be used as a first cut to enhance the signal sensitivity. For the decay of the
other Higgs boson, h ! WW ⇤

! `+`�⌫⌫̄, we define Higgsness [297] as follows:

H ⌘ min

2

64

⇣
m2

`
+

`
�

⌫⌫̄
� m2

h

⌘2

�4
h`

+

⇣
m2

⌫⌫̄ � m2
⌫⌫̄,peak

⌘2

�4
⌫

(43)

+min

0

B@

⇣
m2

`
+

⌫
� m2

W

⌘2

�4
W

+

⇣
m2

`
�

⌫̄
� m2

W
⇤
,peak

⌘2

�4
W

⇤
,

⇣
m2

`
�

⌫̄
� m2

W

⌘2

�4
W

+

⇣
m2

`
+

⌫
� m2

W
⇤
,peak

⌘2

�4
W

⇤

1

CA

3

75 ,

where mW
⇤ is the invariant mass of the lepton-neutrino pair which resulted from the off-shell W . It
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⇤ distribution. mpeak
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distribution [297, 304].
The � values in Eqs. (41) and (43) result from the experimental uncertainties and intrinsic particle

widths. In principle, they can be treated as free parameters and tuned using a neutral network (NN), a
boosted decision tree (BDT), etc. In our numerical study, we use �t = 5 GeV, �W = 5 GeV, �W

⇤ = 5

GeV, �h`
= 2 GeV, and �⌫ = 10 GeV. The main contribution in Eq. (43) comes from the on-shell

113

Theoretically clean  
Very rare process (σ~40fb @ 14TeV) 
Experimentally challenging 

3

2 Phenomenology53

In the Standard Model (SM), after the EWSB, the Higgs potential can be written with the fol-
lowing formula:

V(h) =
1
2

m2
hh2 + lhhhvh3 +

1
4

lhhhhh4 (1)

which is a two parameter model. One of them is the Higgs boson vacuum expectation value
(v), determined by the Fermi constant (GF), v = (

p
2GF)�1/2 ' 246 GeV. The other is the Higgs

boson mass mh that is measured to be 125.09 ± 0.24 GeV in the most precise and recent results
combining the ATLAS and CMS Run-I 4` and gg final states [4]. In the SM, the trilinear Higgs
self-coupling, lhhh is not an independent parameter, but it is a function of v and mh:

lhhh ⌘ lSM
hhh =

m2
h

2v2 ' 0.129. (2)

At LHC lhhh is only accessible and can be measured in Higgs boson pair production, pp ! hh.54

The gluon fusion process is the dominant h pair production process and its cross section is55

about one order of magnitude larger than the second largest process which is vector boson fu-56

sion. Two diagrams are involved in the gg ! hh production (see Figure 1). In both diagrams

Ytg

g h

h

t
h

g

g h

h

t

λHHH SM LO diagrams

Yt

hhh

Figure 1: The Higgs boson pair production diagrams contributing to the gluon fusion process
at LO are shown.

57

(box and triangle) the h pair production is mediated by loops of heavy quarks which in the SM58

are mainly top quarks. Bottom quark loops contribute to the total cross section with less than59

1% at LO. The triangle and box diagrams interfere and the interference of the two amplitudes60

depend by the value of lhhh, providing a way to measure it. The gluon fusion process cross sec-61

tion is known at NNLO in QCD using the infinite top quark mass approximation and perform-62

ing the NNLL threshold resummation [5, 6]. The numerical value of the cross section for the63

LHC centre of mass energies of 13 TeV at mh = 125.09 GeV is sSM
hh (13TeV) = 37.9 fb +4.3

�6.0%(scale64

unc.) ±2.1%(PDF unc.) ±3.1%(PDF+aS unc.). It is calculated using the new PDF4LHC rec-65

ommendations for LHC Run-II [7] and the renormalisation and factorisation scales is equal to66

mhh/2.67

Due to the small cross sections decay channels in which one Higgs boson goes to bb should68

be chosen (BR(h !bb) = 0.577). The Table 1 shows some interested decay channels for the h69

pair production, their relative branching ratio, and the inclusive expected number of events at70

13 TeV for two benchmark integrate luminosity (L) scenari, 5 fb�1 and 300 fb�1. The symbol `71

refers to an electron or a muon.72

Phenomenological studies showed that the bbtt channel is one of the most promising, having73

a quite high BR (7.3%) and a relatively small contamination.74

Finally to be underline that many model of physics Beyond the Standard Model (BSM) predict a75

value of production cross section of Higgs boson pair production, shh, that significantly differs76

from SM prediction. In particular, shh can be enhanced for two reasons.77
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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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≠
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+
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≠
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
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1 ≠ Ÿ

2
⁄
”ZH

, with ”ZH = ≠
9
16

Gµm
2
H

Ô
2fi2
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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.
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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.

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
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The impact of a deviation ”Ÿ⁄ © Ÿ⁄ ≠ 1 from the SM value of the trilinear Higgs self-
coupling is therefore
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�NLO(Ÿ⁄ = 1) ≠ 1 ƒ (C1 + 2”ZH)”Ÿ⁄ + ”ZH”Ÿ
2
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, (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
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⁄

one.
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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
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The impact of a deviation ”Ÿ⁄ © Ÿ⁄ ≠ 1 from the SM value of the trilinear Higgs self-
coupling is therefore
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�NLO(Ÿ⁄ = 1) ≠ 1 ƒ (C1 + 2”ZH)”Ÿ⁄ + ”ZH”Ÿ
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, (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
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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
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coupling is therefore

”� ©
�NLO

�NLO(Ÿ⁄ = 1) ≠ 1 ƒ (C1 + 2”ZH)”Ÿ⁄ + ”ZH”Ÿ
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, (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
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one.
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Negligible impact of a modified  on the angular asymmetries.  
At 1-loop C1 for HZ, WW-boson fusion and ZZ-boson fusion are 
independent of the beam polarization.

λHHH

C
�
1
[%] �� ZZ WW ff̄ gg

on-shell H 0.49 0.83 0.73 0 0.66

Table 1. Values of the C1 factor in units 10�2 for the most relevant decay modes of the Higgs
boson.

perfect agreement with the result of Ref.[51].
Once we verified that in the SM the calculation in the unitary gauge is equivalent

to the one in a R⇠ gauge, the coefficient C1 is obtained evaluating the diagrams in the
unitary gauge that contain one trilinear Higgs interaction. The latter amounts to add
to the contribution of the diagrams in Fig. 4, with the gluons replaced by photons, the
contribution of the diagrams in Fig. 5. The result is presented in Appendix B. We would
like to remark that the sum of the diagrams in Fig. 5 is finite in the unitary gauge but it
is not finite in a generic R⇠ gauge.

4 Results

In this section we discuss the numerical impact of the �3-dependent contributions on the
most important observables in single Higgs production and decay at the LHC. We begin by
listing and commenting the size of the C1 and C2 factors in Eq. (2.7), which parametrise
the �3-dependent contributions.

The input parameters of our calculation are [53]

Gµ = 1.1663787 · 10�5 GeV�2
, mW = 80.385 GeV , mZ = 91.1876 GeV , (4.1)

with the Higgs boson and the top-quark masses set to

mH = 125 GeV , mt = 172.5 GeV . (4.2)

All the other fermions are treated as massless. In the production cross sections, the renor-
malisation and factorisation scales are both set equal to

µ ⌘
1

2

X

i

mi , (4.3)

where mi are the masses of the particle in the final state. As PDF set, we use the
PDF4LHC2015 set [54–57].

The process-independent factor C2 defined in Eq. (2.8) depends upon �ZH , as defined
in Eq. (2.3), and also �. With the parameter inputs used, �ZH = �1.536 · 10�3, thus C2

can range from C2 = �1.536 · 10�3 for � = 1 up to C2 = �9.514 · 10�4 for � = ±20.
In Tab. 1 we report the values of the C

�
1

term for the most relevant Higgs decay modes
at the LHC, namely, WW , ZZ, ��, ff̄ and also gg, which yields a non-negligible fraction
of the total decay width. In the analyses of section 5, C�

1
(ff̄) = 0 is used for the bb̄ and

⌧⌧ decays. The C
�

1
factors for the different single Higgs production modes are presented

in Tab. 2 for different centre-of-mass energies of Run-I and Run-II at the LHC. For all the
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degenerate with � ⇠ 6. The fact that the degeneracy appears at different values � for
different processes is important in order to be able to lift it.

The results for the decay widths and branching ratios are shown Fig. 7. We plot (left)
�⌃�3 as a function of � for the decay widths of the relevant modes at the LHC, which
we denote as ���3 , and we show (right) the analogous quantity (�BR�3) for the Branching
Ratios (BRs). The quantity �BR�3(i) for the Higgs decay into the final-state i can be
conveniently written as

�BR�3(i) =
(� � 1)(C�

1
(i)� C

�tot
1

)

1 + (� � 1)C�tot
1

, (4.4)

where we have defined C
�tot
1

⌘
P

j
BRSM(j)C�

1
(j) and with our input parameters C

�tot
1

=

2.3 · 10�3. The quantity C
�tot
1

, which actually is the C1 term for the total decay width, is
very small since C

�
1
(bb̄) = 0 and bb̄ is the dominant decay channel. Note that, although the

H ! gg decay is not phenomenologically relevant, the total decay width does depend on
���3(gg), since �gg yields a non-negligible fraction (8.5 %) of �tot.
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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

+
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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
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, with ”ZH = ≠
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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
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one.
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Negligible impact of a modified  on the angular asymmetries.  
At 1-loop C1 for HZ, WW-boson fusion and ZZ-boson fusion are 
independent of the beam polarization.

λHHH

C
�
1
[%] �� ZZ WW ff̄ gg

on-shell H 0.49 0.83 0.73 0 0.66

Table 1. Values of the C1 factor in units 10�2 for the most relevant decay modes of the Higgs
boson.

perfect agreement with the result of Ref.[51].
Once we verified that in the SM the calculation in the unitary gauge is equivalent

to the one in a R⇠ gauge, the coefficient C1 is obtained evaluating the diagrams in the
unitary gauge that contain one trilinear Higgs interaction. The latter amounts to add
to the contribution of the diagrams in Fig. 4, with the gluons replaced by photons, the
contribution of the diagrams in Fig. 5. The result is presented in Appendix B. We would
like to remark that the sum of the diagrams in Fig. 5 is finite in the unitary gauge but it
is not finite in a generic R⇠ gauge.

4 Results

In this section we discuss the numerical impact of the �3-dependent contributions on the
most important observables in single Higgs production and decay at the LHC. We begin by
listing and commenting the size of the C1 and C2 factors in Eq. (2.7), which parametrise
the �3-dependent contributions.

The input parameters of our calculation are [53]

Gµ = 1.1663787 · 10�5 GeV�2
, mW = 80.385 GeV , mZ = 91.1876 GeV , (4.1)

with the Higgs boson and the top-quark masses set to

mH = 125 GeV , mt = 172.5 GeV . (4.2)

All the other fermions are treated as massless. In the production cross sections, the renor-
malisation and factorisation scales are both set equal to

µ ⌘
1

2

X

i

mi , (4.3)

where mi are the masses of the particle in the final state. As PDF set, we use the
PDF4LHC2015 set [54–57].

The process-independent factor C2 defined in Eq. (2.8) depends upon �ZH , as defined
in Eq. (2.3), and also �. With the parameter inputs used, �ZH = �1.536 · 10�3, thus C2

can range from C2 = �1.536 · 10�3 for � = 1 up to C2 = �9.514 · 10�4 for � = ±20.
In Tab. 1 we report the values of the C

�
1

term for the most relevant Higgs decay modes
at the LHC, namely, WW , ZZ, ��, ff̄ and also gg, which yields a non-negligible fraction
of the total decay width. In the analyses of section 5, C�

1
(ff̄) = 0 is used for the bb̄ and

⌧⌧ decays. The C
�

1
factors for the different single Higgs production modes are presented

in Tab. 2 for different centre-of-mass energies of Run-I and Run-II at the LHC. For all the
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degenerate with � ⇠ 6. The fact that the degeneracy appears at different values � for
different processes is important in order to be able to lift it.

The results for the decay widths and branching ratios are shown Fig. 7. We plot (left)
�⌃�3 as a function of � for the decay widths of the relevant modes at the LHC, which
we denote as ���3 , and we show (right) the analogous quantity (�BR�3) for the Branching
Ratios (BRs). The quantity �BR�3(i) for the Higgs decay into the final-state i can be
conveniently written as

�BR�3(i) =
(� � 1)(C�

1
(i)� C

�tot
1

)

1 + (� � 1)C�tot
1

, (4.4)

where we have defined C
�tot
1

⌘
P

j
BRSM(j)C�

1
(j) and with our input parameters C

�tot
1

=

2.3 · 10�3. The quantity C
�tot
1

, which actually is the C1 term for the total decay width, is
very small since C

�
1
(bb̄) = 0 and bb̄ is the dominant decay channel. Note that, although the

H ! gg decay is not phenomenologically relevant, the total decay width does depend on
���3(gg), since �gg yields a non-negligible fraction (8.5 %) of �tot.
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Great opportunity from the combination of inclusive or exclusive analyses and various 
production modes at two collision energies 
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Inclusive analyses @240 GeV 
Exploited various 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
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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

Golden channel            Broader resonant peak Larger background
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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

Golden channel            Broader resonant peak Larger background

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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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.

033001-5

The production channel starts to become relevant due 
the logarithmic raise ~ln2(s/MV2) of the t-channel 
exchange of vector bosons 

~50k H prod. @ 365 GeV (1.5 ab−1)  ~4k H prod. @ 365 GeV (1.5 ab−1)  

365 GeV

W

W

H

e- νe

e+ νe

W fusion

Z

Z

H

e- e-

e+ e+

Z fusion
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WW-boson fusion : ee➞𝞶𝞶H(bb)
Two production mechanisms contribute  

1. The analysis of the mechanism which breaks the electroweak gauge symmetry SU(2)L×

U(1)Y down to U(1)EM, is one of the key problems in particle physics. If the gauge fields

involved remain weakly interacting up to high energies – a prerequisite for the (perturbative)

renormalization of sin2 θW from the symmetry value 3/8 of grand-unified theories down to a

value near 0.2 at low energies – fundamental scalar Higgs bosons [1] must exist which damp the

rise of the scattering amplitudes of massive gauge particles at high energies. In the Standard

Model (SM) an isoscalar doublet field is introduced to accomodate the electroweak data, leading

to the prediction of a single Higgs boson. Supersymmetric extensions of the Standard Model

expand the scalar sector to a spectrum of Higgs particles [2]. The Higgs particles have been

searched for, unsuccessfully so far, at LEP1, setting a lower limit on the SM Higgs mass of

mH > 65.2 GeV [3]. The search for these particles and, if found, the exploration of their

profile, will continue at LEP2 [4], the LHC [5], and future e+e− linear colliders [6].

Z

e−

e+

Z

H

W

e−

e+

νe

H

ν̄e

W

Figure 1: Higgs-strahlung and WW fusion of (CP–even) Higgs bosons in e+e− collisions.

In this note we will focus on the production of scalar Higgs bosons in e+e− collisions. The

main production mechanisms for these particles are Higgs-strahlung [7] and WW fusion [8,

9,10] [supplemented in supersymmetric theories by associated scalar/pseudoscalar Higgs pair

production]. In particular, we will present a comprehensive analysis of the interplay between

the production mechanisms1 (Fig.1)

Higgs-strahlung: e+e− → ZH → ν̄νH

WW fusion : e+e− → ν̄eνeH
(1)

if the Z bosons decay into neutrinos. For ν̄eνe decays of the Z bosons, the two production

amplitudes interfere. It turns out that the interference term is positive and of the same size

as the individual cross sections in the cross-over region between the two mechanisms. Thus,

the interference term adds to the rate at LEP2 where the fusion mechanism will be exploited
1 We will concentrate first on the Standard Model (SM); the extension to the Minimal Supersymmetric

Standard Model (MSSM) is trivial as will be demonstrated in the last section of this note.

1

For  decays of the Z boson, the two production amplitudes interfere  
Positive interference term of the same size as their individual cross sections 

νeνē

Need to exploit angular distribution  
to separate the processes

e+e− → H + ν̄ν
σ−1dσ/dEH [GeV−1]
√
s = 192 GeV

mH = 90 GeV
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Figure 3: Energy distribution of the Higgs bosons for the three components of the cross sec-
tion [Hs = Higgs-strahlung; WW = fusion; intf = interference term]. The individual curves
are normalized to the total cross sections. The Hs peak extends up to maximal values of
0.52 (0.22) GeV−1 for

√
s = 192 and 500 GeV, respectively. The total cross sections are

110.0 (69.4) fb.

e+e− → H + ν̄ν
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Figure 4: Angular distribution of the Higgs bosons [legend as Fig.3].
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WW-boson fusion : ee➞𝞶𝞶H(bb)

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

2. Adaptive BDT to reduce the backgrounds 
     ➔ 17 input variables  
     ➔ trained with a 20k sig. and 100k back. events  
     ➔ 800 trees, min. node size of 1%, a max. depth of 3  
 

W

W

H
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BDT variables and correlations
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Final discrimination variable

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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Figure 27: a) BDT response distributions for signal (blue) and background (red), b)
Overtraining check for the Adaptive BDT classifier.

Figure 28: a) ROC curve for the BDT cut (signal efficiency ✏s versus background rejection
Rb, b) Significance as a function of the BDT cut with fixed preselections. The dashed
vertical black line represents the best cut value at 0.12 obtained scanning a grid of 50
points between [�1, 1].
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ZZ-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

with opposite charge and pTe1 > 15 GeV, pTe2 > 5 GeV. After these requirements, a420

large fraction of ZZ and Z(e+e�)H(bb̄) events is left, while the WW background is almost421

suppressed. A further selection on the invariant mass Me+e� � 80 GeV, leads finally to422

reject completely the WW background. After these selections, we are left with almost423

1380 e
+
e
�H(bb̄) events, 2030 Z(e+e�)H(bb̄) events, and 22000 ZZ events. Also in this424

case, in order to reject the background events, we decided to apply an Adaptive BDT.425

The full list of variables with their distributions, the correlation matrices for the signal426

and backgrounds, and the cut on the BDT response are shown in Appendix B.

Rank Variable Separation

1 Me+e� 9.1 · 10�1

2 acole+e� 7.1 · 10�1

3 acoljj 7 · 10�1

4 nbj 4.6 · 10�1

Rank Variable Separation

5 Mjj 3.8 · 10�1

6 ⌘e2 2.4 · 10�1

7 Ej1 2.1 · 10�1

8 ⌘j1 1.4 · 10�1

Table 8: Input 8 most discriminant variables used to train the Adaptive BDT.
427

As shown in Figure 13.b, few background events, about 20 in the full mass range, are left428

after the application of the BDT cut. This excellent background rejection is explained by429

the fact that both variables related to jets and electrons are used to train the BDT, there-430

fore exploiting the full information of the topology and kinematics of the event. Among431

these variables, Me+e� is the one which gives best separation between the e
+
e
�H(bb̄) and432

the background Z(e+e�)H(bb̄), reflecting the different origins of the e
+
e
� pair.433
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1. Preselection cuts 
    ➔ 2 jets + 2 electrons    
    ➔ mee > 80 GeV  
    ➔ MET > 10 GeV 

Fit to the recoil mass spectrum in 
after the BDT 

2. BDT to further reduce the backgrounds

Z

Z

H
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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].
642

3.4 One-dimensional EFT fit to ��643

Using our previous analyses, see Section 2, it is possible to re-parametrize the signal644

strengths in terms of the  factors, as shown in Section 3.1. In order to estimate the645

uncertainty on �, this parameter can be introduced in the fits taking into account the646

NLO corrections to the single Higgs production cross sections by means of equation 3.4.647

The best sensitivity on this parameter can be achieved assuming that all other  factors648

are fixed to the unity, thus to the SM predictions, such that possible modifications in649

the production cross sections for the single Higgs boson are only due to a deviation of650

�. Therefore, since from our analysis we want to capture only possible deviations in the651

trilinear self-coupling, we perform a one-dimensional fit to ��, which is defined as follows652

from equation 3.3:653

� =
�
SM

3 + ��3

�
SM

3

) �� = � � 1 (3.6)

As shown in Figure 20, if we consider only the inclusive analysis for Z ! µ
+
µ
� at654

p
s = 240 GeV, the profile likelihood as a function of �� shows a minimum around the655

expected SM value �� = 0 and develops a second minimum at �� ⇠ 9. This sec-656

ond minimum at large values of �� is due to the NLO quadratic correction on the single657

Higgs boson production cross section generated by the wave-function renormalization ZH .658

659

The degeneracy of the minima can be solved combining measurements with different en-660

ergies and production modes. This is due to the fact that in the combined model different661
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2nd energy point  
lift the degeneracy 

Add VBF

Putting all together H

H

H

The secondary minimum easily excluded adding a 2nd energy point

1D fit with only  floatingδκλ
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Thoughts on “detector requirements”

Statistics is the essence of the Higgs boson self-coupling  studies  
Access to various production mechanisms and two energies points are great opportunities  

We need to include  

  -> hadronic Z decays in inclusive analyses  
  -> highest H BR channel ( ) in WW-fusion and ZZ-fusion channels 
  -> exploit angular distribution(s) to better separate HZ and VBF channels  
it means  

  -> Efficient flavour tagging  
  -> Optimal jet angular and energy resolutions  
  

H → bb
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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 the Higgs boson 
self-coupling from higher-order corrections to single-Higgs processes 

The analyses are going to be redone (improved selection, adding 
systematics, …) using the centrally produced samples within the 
FCCAnalyses framework.


