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Abstract

In the framework of the minimal U(1)B−L extension of the Standard Model, we investigate the

Higgs boson production processes e+e− → ZH, e+e− → νeν̄eH, e+e− → tt̄H, e+e− → ZHH

and e+e− → νeν̄eHH at the International Linear Collider (ILC). We present the production

cross sections, the relative corrections and compare our results with the expected experimental

accuracies for Higgs decay channel H → bb̄. In the allowed parameter space, we find that

the effects of the three single Higgs boson production processes might approach the observable

threshold of the ILC, and that the Higgs signal strengths µbb̄ of the two double Higgs boson

production processes are all out of the observable threshold of the ILC so that the effects will

be difficult to be observed at the ILC.
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I. INTRODUCTION

In the summer of 2012, a bosonic resonance with a mass around 125 GeV was found

at the Large Hadron Collider (LHC) by the ATLAS and CMS Collaborations [1, 2]. So

far, its properties are compatible with the predictions of the Standard Model (SM) Higgs

boson. While we know that the precision measurements of the properties of the Higgs

boson at the LHC are severely challenged due to the complicated background. In addition,

the current LHC data is limited, there are still large uncertainties about the couplings

between the Higgs boson and the other SM particles [3] . However, another Higgs factory

beside the LHC, such as the International Linear Collider (ILC) [4, 5], can measure the

properties of the Higgs boson with high accuracy due to its clean environment. In many

cases, the ILC can significantly improve the LHC measurements.

The ILC technical design report has pointed that it is planed to measure Higgs boson

at three center-of-mass (c.m.) energy: 250 GeV, 500 GeV and 1000 GeV. In the first stage

for
√
s = 250 GeV, the precision Higgs program will start at the Higgs-strahlung process

e+e− → ZH , the cross section for this process is dominant at the low energy and has

the maximum cross section at around
√
s = 250 GeV. In the second stage for

√
s = 500

GeV, the two very important processes e+e− → tt̄H and e+e− → ZHH are become

accessible. For the process e+e− → tt̄H , in which the top Yukawa coupling appears in

the tree level for the first time at the ILC, it will play an important role for the precision

measurements of the top quark Yukawa coupling. For the process e+e− → ZHH , to

which the triple Higgs boson coupling contributes in the tree level. This process will be

crucial to understand the Higgs self-coupling and the electroweak symmetry breaking.

In the third stage for
√
s = 1000 GeV, the processes e+e− → tt̄H , e+e− → νeν̄eH and

e+e− → νeν̄eHH are involved. The channels tt̄H and νeν̄eH have large cross section in

such energy stages. The channel νeν̄eHH can be used together with the ZHH process

to improve the measurement of the Higgs self-coupling. So far, many relevant works

mentioned above have been extensively studied in the context of the SM [6] and some

new physics models [7–9].

The minimal B−L extension of the SM is based on the structure SU(3)C ×SU(2)L×
U(1)Y × U(1)B−L gauge symmetry, in which the SM gauge has a further U(1)B−L group

related to the Baryon minus Lepton (B−L) gauged number [10]. It was known that this
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model is in agreement with the current experimental results of the light neutrino masses

and their large mixing. The B − L model predicted some new particles beyond the SM,

such as the new heavy gauge bosons, the heavy neutrino and the heavy neutral Higgs

boson. In addition, some couplings of the Higgs boson in the B − L model are modified

with respect to the SM. These new effects will alter the property of the SM Higgs boson

and influence various SM Higgs boson processes, making the model phenomenologically

rich and testable at the LHC and the ILC [11–21]. In this paper, we mainly study the Higgs

boson production processes e+e− → ZH , e+e− → νeν̄eH , e+e− → e+e−H , e+e− → tt̄H ,

e+e− → ZHH and e+e− → νeν̄eHH in the B − L model at the ILC.

The paper is organized as follows. In Sec.II we briefly review the basic content of the

B − L model related to our work. In Sec.III and Sec.IV we respectively investigate the

Higgs boson production processes and the Higgs signal strengths in the B − L model at

the ILC. Finally, we give a summary in Sec.V.

II. A BRIEF REVIEW OF THE B-L MODEL

Here we will briefly review the ingredients relevant to our calculations, the detailed

description of the B−L model can be found in Refs. [11, 14]. For the B −L model, it is

one of the minimal extensions of the SM [22–26]. The Lagrangian for the fermionic and

kinetic sectors are given by

LB−L = i l̄Dµγ
µl + i ēRDµγ

µeR + i ν̄RDµγ
µνR

−1

4
WµνW

µν − 1

4
BµνB

µν − 1

4
CµνC

µν . (1)

The covariant derivative Dµ is different from the SM one by the term ig′YB−LCµ, where g
′

is the U(1)B−L gauge coupling constant, YB−L is the B−L charge, and Cµν = ∂µCν−∂νCµ

is the field strength of the U(1)B−L.

The Lagrangian for the Higgs and Yukawa sectors are given by

LB−L = (Dµφ)(Dµφ) + (Dµχ)(Dµχ)− V (φ, χ)

−
(

λel̄φeR + λν l̄φ̃νR +
1

2
λνR ν̄

c
RχνR + h.c.

)

. (2)

The U(1)B−L and SU(2)L×U(1)Y gauge symmetries can be spontaneously broken by a SM

singlet complex scalar field χ and a complex SU(2) doublet of scalar fields φ, respectively.
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The scalar potential V (φ, χ) is given by

V (φ, χ) = m2

1φ
†φ+m2

2χ
†χ+ λ1(φ

†φ)2 + λ2(χ
†χ)2

+λ3(χ
†χ)(φ†φ). (3)

For the potential to be bounded from below, the couplings λ1, λ2 and λ3 should be related

with 4λ1λ2−λ3 > 0, λ1 ≥ 0, λ2 ≥ 0. The vev’s, |〈φ〉| = v/
√
2 and |〈χ〉| = v′/

√
2, are then

given by

v2 =
4λ2m

2
1 − 2λ3m

2
2

λ2
3 − 4λ1λ2

, v′2 =
−2(m2

1 + λ1v
2)

λ3

. (4)

v and v′ are the electroweak symmetry breaking scale and the B −L symmetry breaking

scale.

In addition, after the electroweak symmetry breaking, one obtains the mass of the

gauge bosons

mγ = 0,

mW± =
1

2
vg,

mZ =
v

2

√

g2 + g21,

mZ′ = 2v′g′. (5)

where g and g1 are the SU(2)L and U(1)Y gauge coupling constant. However, the ratio

of Z ′ mass to that of its couplings is constrained from the most recent limit at LEP [27]

mZ′/g′ > 7 TeV. (6)

The mixing between the SM complex SU(2)L doublet and complex scalar singlet is

controlled by the coupling λ3 as shown in Eq. 3. This mixing can be expressed by the

mass matrix φ and χ

1

2
m2(φ, χ) =





λ1v
2 λ3

2
vv′

λ3

2
vv′ λ2v

′2



 . (7)

Therefore, the mass eigenstates fields H and H ′ are given by




H

H ′



 =





cosα − sinα

sinα cosα









φ

χ



 , (8)
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where the mixing angle α is defined by

tan 2α =
|λ3|vv′

λ1v2 − λ2v′2
. (9)

The masses of H and H ′ are given by

m2

H,H′ = λ1v
2 + λ2v

′2 ∓
√

(λ1v2 − λ2v′2)2 + λ2
3v

2v′2. (10)

Here, H and H ′ are light and heavy Higgs bosons, respectively.

Because of the mixing between the two Higgs bosons H and H ′, the usual couplings

among the SM-like Higgs H boson and the SM fermions and gauge bosons are modified.

Additionally, there are new couplings among the extra Higgs H ′ and the SM particles,

which will lead to a different Higgs phenomenology from the SM. The relevant Feynman

rules involved in our calculations are given in [15, 18].

III. HIGGS PRODUCTIONS IN THE B-L MODEL AT ILC

In our numerical calculations, we take the SM parameters as: mt =172.4 GeV,

sin2θW =0.23126, mZ =91.187 GeV, mW =80.389 GeV, mH =125.9 GeV, α(mZ)=1/128

[28]. For the parameters in the B − L model, the mixing angle α, the masses mZ′, mH′

and mνH are involved. The Ref. [29] has discussed the constraints on these parameters

from two respects of experiment and theory, and points out that sinα ≤ 0.36, mZ′ ≥ 1830

GeV, mνH ∼ 500 GeV, mH′ ≥ 125 GeV. In the following calculation, we vary sinα and

mZ′ in the range of 0.1 ≤ sinα ≤ 0.4, 1000 GeV ≤ mZ′ ≤ 3000 GeV, and we pick two

typical values of mνH = 500 GeV, mH′ = 500 GeV. All the numerical results are done by

using CalcHEP package [30].

A. Single Higgs boson productions

In the B − L model, the lowest-order Feynman diagrams of the single Higgs boson

production processes e+e− → ZH , e+e− → νeν̄eH and e+e− → tt̄H are shown in Fig.1

and Fig.2. In comparison with the SM, we can see that these three processes receive the

additional contributions arising from the heavy gauge boson Z ′ and the modified couplings

of HXX at the tree-level in the B − L model.
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FIG. 1: Lowest-order Feynman diagrams for e+e− → ZH(a) and e+e− → νeν̄eH(b,c) in the

B − L model.
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FIG. 2: Lowest-order Feynman diagrams for e+e− → tt̄H in the B − L model.

In Fig.3, we show the production cross section σ of these three processes as functions of

the c.m. energy
√
s in the SM and B−L model. We can see that the process e+e− → ZH

reaches its maximum at about 250 GeV. The νeν̄eH production cross sections increase

with the c.m. energy and can take over that of the ZH process at
√
s ≥ 500 GeV. Similar

to that of the e+e− → ZH , the tt̄H production cross sections increase firstly and then

decrease and reaches its maximum at about 800 GeV. The cross sections of these three
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FIG. 3: The production cross section σ for the process e+e− → ZH, e+e− → νeν̄eH (a) and

e+e− → tt̄H (b) versus the c.m. energy
√
s in the SM and B − L model.
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production processes in the B − L model are all lower than the cross sections in the SM.

Considering the polarization of the initial electron and positron beams, the cross section

of a process can be expressed as [31]

σ(Pe−, Pe+) =
1

4
[(1 + Pe−)(1 + Pe+)σRR + (1− Pe−)(1− Pe+)σLL

+(1 + Pe−)(1− Pe+)σRL + (1− Pe−)(1 + Pe+)σLR], (11)

where Pe− and Pe+ are the polarization degree of the electron and positron beam, re-

spectively. As in Ref. [5], we assume P (e−, e+) = (−0.8, 0.3) at
√
s=250, 500 GeV and

P (e−, e+) = (−0.8, 0.2) at
√
s=1000 GeV in our calculations.

In Fig. 4 and Fig. 5 we show the relative correction ∆σ/σ=(σB−L − σSM)/σSM for

the three production channels as a function of mZ′ for
√
s = 250, 500, 1000 GeV at the

ILC with polarized beams. For these three processes, we can see that the values of

the relative corrections decrease with the mZ′ increasing, the relative corrections are all

negative and the magnitude of deviation is insensitive to the mZ′ . On the contrary, the

relative corrections are sensitive to the sinα and become larger in size for larger sinα.
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FIG. 4: The relative correction ∆σ/σ for the process e+e− → ZH at
√
s = 250 GeV (a) and

e+e− → νeν̄eH at
√
s = 1000 GeV (b) versus the mass mZ′ in the B − L model.

At the ILC with
√
s = 250 GeV , the total SM electroweak correction for the ZH

production process is about 5% [32]. The expected accuracies for ZH and νeν̄eH cross

section are about 2.0 − 2.6% and 2.2 − 11% for mH = 125 GeV [5]. In addition, the

expected accuracies for tt̄H process, an even more remarkable precision of 6.3% may

be achieved at the ILC for
√
s = 1000 GeV [5]. Thus, for the larger sinα, the B − L
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FIG. 5: The relative correction ∆σ/σ for the process e+e− → tt̄H versus the mass mZ′ for

√
s = 500 GeV (a) and

√
s = 1000 GeV (b) in the B − L model.

model effects on these three processes might be observed in the future high precision ILC

experiments.

B. Double Higgs boson productions

At the ILC, the main triple Higgs boson coupling can be studied through the double

Higgs-strahlung off Z bosons process e+e− → ZHH and double Higgs fusions process

e+e− → νeν̄eHH . The relevant Feynman diagrams are shown in Fig. 6 and Fig. 7. The

cross sections for the two processes in the SM and the B − L model are plotted as a

function of c.m. energy
√
s for g′ = 0.3, sinα = 0.3, mZ′ = 2500 GeV in Fig. 8. The

cross section for the process e+e− → ZHH reaches its maximum at around 500 GeV.

It is noteworthy that the process e+e− → νeν̄eHH will become sizable at
√
s = 1000

GeV. This reaction can be used together with the e+e− → ZHH process to improve the

measurement of the Higgs self-coupling. We can also find that they have a similar trend

in the SM and the B − L model.
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FIG. 6: Lowest-order Feynman diagrams for e+e− → ZHH in the B − L model.
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FIG. 7: Lowest-order Feynman diagrams for e+e− → νeν̄eHH in the B − L model.
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FIG. 8: The production cross section σ for the processes e+e− → ZHH and e+e− → νeν̄eHH

versus the c.m. energy
√
s in the B − L model.

In Fig. 9, we show the relative corrections of these two double Higgs production

processes as a function of mZ′ for
√
s = 500, 1000 GeV with polarized beams at the ILC.

One can see that with the increasing of the mass parameter mZ′ , the values of the relative

corrections are all negative and become smaller, the behavior is similar to that of the single

Higgs produce processes mentioned above. The Refs [33, 34] suggest that the expected
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FIG. 9: The relative correction ∆σ/σ for the processes e+e− → ZHH at
√
s = 500 GeV (a)

and e+e− → νeν̄eHH at
√
s = 1000 GeV (b) versus the mass mZ′ in the B − L model.

accuracy for the HHH coupling could be reached to 50% through pp → HH → bbγγ at

the HL-LHC with L=3000 fb−1, and this accuracy may be further improved to be around

13% at the ILC with
√
s=1000 GeV [33]. So, the effects of the B−L model on these two

processes might be observed at the ILC.

IV. THE HIGGS SIGNAL STRENGTHS IN THE B-L MODEL

In order to provide more information for probing the B − L model, we also give the

Higgs signal strengths in the B−L model. Considering the Higgs boson decay mode, the

Higgs signal strengths can be defined as

µi =
σB−L × BR(H → i)B−L

σSM × BR(H → i)SM
, (12)

where i denotes a possible final state of the SM fermion and boson pairs. The expected

accuracies for cross section times branching ratio measurements for the 125 GeV Higgs

boson at the ILC are shown in Table I. It is easy to see that the bb̄ channel is more easily

accessible than other channels. So, we only consider the decay mode H → bb̄ in the

following section.

In Fig. 10, we show the dependence of the Higgs signal strengths µbb̄ on the parameters

mZ′ and sinα for the process e+e− → ZH with polarized beams. From Table I we can

see that the 1.1(1.8)% accuracy for this mode are expected at
√
s = 250(500) GeV. When
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TABLE I: Expected accuracies for cross section times branching ratio measurements for the

125 GeV Higgs boson [5].

∆(σ ·BR)/(σ ·BR)

L and
√
s 250 fb−1 at 250 GeV 500 fb−1 at 500 GeV 1000 fb−1 at 1000 GeV

(Pe− , Pe+) (-0.8, +0.3) (-0.8, +0.3) (-0.8, +0.2)

mode ZH νeν̄eH ZH νeν̄eH tt̄H ZHH νeν̄eH tt̄H νeν̄eHH

h → bb̄ 1.1% 10.5% 1.8% 0.66% 35% 64% 0.47% 8.7% 38%

h → cc̄ 7.4% - 12% 6.2% - - 7.6% - -

h → gg 9.1% - 14% 4.1% - - 3.1% - -

h → WW ∗ 9.1% - 9.2% 2.6% - - 3.3% - -

h → τ+τ− 4.2% - 5.4% 14% - - 3.5% - -

h → ZZ∗ 19% - 25% 8.2% - - 4.4% - -

h → γγ 29-38% - 29-38% 20-26% - - 7-10% - -

sinα > 0.1, mZ′ ≥ 2000 GeV, the contributions of the B−L model might be detected by

the measurement of the bb̄ signal rate in the future ILC experiments.
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FIG. 10: Higgs signal strengths µbb̄ for the process e+e− → ZH versus the mass mZ′ for

√
s = 250 GeV (a) and

√
s = 500 GeV (b) in the B − L model.

In Fig. 11 and Fig. 12, we show the dependence of the Higgs signal strengths µbb̄

on the parameter mZ′ and sinα for the processes e+e− → νeν̄eH and e+e− → tt̄H with

polarized beams, respectively. From Table I we know that the 0.66(0.47)% accuracy is
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FIG. 11: Higgs signal strengths µbb̄ for the process e+e− → νeν̄eH versus the mass mZ′ for

√
s = 500 GeV (a) and

√
s = 1000 GeV (b) in the B − L model.
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FIG. 12: Higgs signal strengths µbb̄ for the process e+e− → tt̄H versus the mass mZ′ for

√
s = 500 GeV (a) and

√
s = 1000 GeV (b) in the B − L model.

expected at
√
s = 500(1000) GeV. For mZ′ ≥ 2000 GeV, sinα >0.1, the contributions of

the B − L model can be detected by the measurement of the bb̄ signal rate at the ILC.

From Table I one can see that at
√
s = 500 GeV, the accuracy for top Yukawa couplings

is about 35%, which can be improved to the level of 8.7% at
√
s = 1000 GeV. Thus it is

difficult to observe the B − L effect on the process e+e− → tt̄H at
√
s = 500 GeV via

the bb̄ channel. However, at
√
s = 1000 GeV, sinα ≥ 0.1, the absolute value of bb̄ can

deviate from the SM prediction by over 10%, which might be detected in the future ILC

experiments.

In Fig. 13, we show the dependence of the Higgs signal strengths µbb on the parameter
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FIG. 13: Higgs signal strengths µbb̄ for the process e+e− → ZHH at
√
s = 500 GeV (a) and

e+e− → νeν̄eHH at
√
s = 1000 GeV (b) versus the mass mZ′ in the B − L model.

mZ′ and sinα for the double Higgs production processes e+e− → ZHH and e+e− →
νeν̄eHH with polarized beams. We can see that in the allowed parameter space of the

B − L model, the Higgs signal strengths µbb̄ of the process e+e− → ZHH are below the

expected precision of the ILC for
√
s=500 GeV. For the process e+e− → νeν̄eHH , we can

see that this production channel will be hard to be observed at the ILC.

V. SUMMARY

Under current constraints, we investigated the single and double Higgs boson pro-

duction processes e+e− → ZH , e+e− → νeν̄eH , e+e− → tt̄H , e+e− → ZHH and

e+e− → νeν̄eHH in the B − L model at the ILC. We calculated the production cross

sections and the relative corrections with the polarized beams for
√
s=250 GeV, 500

GeV, 1000 GeV. We also studied the signal rates with the SM-like Higgs boson decaying

to bb̄, and performed a simulation by using the projected sensitivities given by ILC. For

the three single Higgs boson production processes, in the reasonable parameter space, we

found that the processes e+e− → ZH and e+e− → νeν̄eH might approach the observable

threshold of the ILC. For the two double Higgs boson production processes, we found that

in most regions of parameter space, the Higgs signal strengths µbb̄ of them are all out of

the observed threshold of the ILC so that the effects will be difficult to be observed at

the ILC.
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