
Baku State University: Journal of Physics & Space Sciences, 2025, v2 (3), pp. 2-25 
 

journal homepage: http://bsuj.bsu.edu.az/en  

 

20250203-2 

Production of three Higgs bosons 𝐴ℎℎ  

in polarized electron-positron annihilation 

Sarhaddin K. Abdullaev1, Majid Sh. Gojaev*1, Mohsun R. Alizada1 

1Department of Theoretical Physics, Faculty of Physics, Baku State University, Baku, Azerbaijan 

Received 17-Jun-2025; Accepted 30-Jul-2025 

DOI: https://doi.org/10.30546/209501.101.2025.2.03.010 

Abstract 

The process of production of three Higgs bosons 𝐴ℎℎ in arbitrarily polarized electron-posi-
tron annihilation 𝑒−𝑒+ → 𝐴ℎℎ is studied within the framework of the Minimal Supersym-
metric Standard Model. An analytical expression for the differential effective cross section 
of the process is obtained, and the left-right 𝐴𝐿𝑅 and transverse spin asymmetries 𝐴𝜑 due 

to the longitudinal and transverse polarizations of the electron-positron pair are deter-
mined. The behavior of the spin asymmetries and the differential effective cross section as 
functions of the emission angles and particle energies is studied in detail. It is revealed that 
the left-right spin asymmetry 𝐴𝐿𝑅 depends only on the Weinberg parameter 𝑥𝑊 = sin2 𝜃𝑊, 
while the transverse spin asymmetry 𝐴𝜑 is a function of the emission angles and particle 

energies. The possibility of experimental measurement of the three-boson interaction con-
stants 𝜆ℎℎℎ, 𝜆𝐻ℎℎ and 𝜆ℎ𝐴𝐴 is discussed. 

Keywords: Minimal Supersymmetric Standard Model, electron-positron pair, Higgs boson, left-right spin asym-
metry, transverse spin asymmetry 
PACS Numbers: 12.15.-Mm, 12.60.-Jv, 14.80.-Da 

1. Introduction 

The Standard Model (SM) of strong and electroweak interactions, based on the 
local gauge symmetry 𝑆𝑈𝐶(3) × 𝑆𝑈𝐿(2) × 𝑈𝑌(1), predicted the existence of a new 
scalar particle, the so-called Higgs boson [1-5]. This particle was searched for at the 
LEP, Tevatron, and Large Hadron Collider (LHC) accelerators. In 2012, the LHC an-
nounced the discovery of this scalar Higgs boson [6, 7] (see also reviews [8-10]). 
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This discovery not only marked the end of a long history of searching for a long-
predicted particle, but also marked the beginning of a new era of research in high-
energy particle physics. Due to the diversity of its physical properties, the Higgs 
boson immediately became a powerful tool for studying the microworld. It was 
later established that all measured characteristics of the Higgs boson, within the 
experimental errors, agree with the SM predictions. The results of the ATLAS and 
CMS experiments on the SM Higgs boson are presented in [11-13]. 

In the literature, along with the SM, the Minimal Supersymmetric Standard 
Model (MSSM) is widely discussed [14-17]. In this model, two scalar field doublets 
𝜑1 and 𝜑2 are introduced, the potential energy of which is expressed as follows 
[17] (CP-conserving theory): 

𝑉(𝜑1, 𝜑2) = 𝑚11
2 (𝜑1

+𝜑1) + 𝑚22
2 (𝜑2

+𝜑2) − [𝑚12
2 (𝜑1

+𝜑2) + ℎ. 𝑐. ] + 

+
1

2
𝜆1(𝜑1

+𝜑1)2 +
1

2
𝜆2(𝜑2

+𝜑2)2 + 𝜆3(𝜑1
+𝜑1)(𝜑2

+𝜑2) + 𝜆4(𝜑1
+𝜑2)(𝜑2

+𝜑1) + 

+ {
1

2
𝜆5(𝜑1

+𝜑2)2 + [𝜆6(𝜑1
+𝜑1) + 𝜆7(𝜑2

+𝜑2)](𝜑1
+𝜑2) + ℎ. 𝑐. }. (1) 

In the MSSM, the parameters 𝜆1 − 𝜆7 are expressed through the interaction con-
stants 𝑔 and 𝑔′ of the electroweak symmetry 𝑆𝑈𝐿(2) × 𝑈𝑌(1): 

𝜆1 = 𝜆2 =
1

4
(𝑔2 + 𝑔′2),  𝜆3 =

1

4
(𝑔2 − 𝑔′2), 

(2) 

𝜆4 = −
1

2
𝑔2, 𝜆5 = 𝜆6 = 𝜆7 = 0. 

The mass parameters 𝑚11
2 , 𝑚22

2  and 𝑚12
2  are given by the equalities: 

𝑚11
2 = (𝑀𝐴

2 + 𝑀𝑍
2)𝑠𝑖𝑛2𝛽 −

1

2
𝑀𝑍

2,  

𝑚22
2 = (𝑀𝐴

2 + 𝑀𝑍
2)𝑐𝑜𝑠2𝛽 −

1

2
𝑀𝑍

2, (3) 

𝑚12
2 =

1

2
𝑀𝐴

2𝑠𝑖𝑛2𝛽.  

Here 𝑀𝐴 and 𝑀𝑍 are the masses of the 𝐴- and 𝑍-bosons, 𝛽 is the mixing angle of 
the scalar fields of the MSSM 

We decompose the scalar fields 𝜑1 and 𝜑2 into real and imaginary parts around 
the vacuum states: 

𝜑1 =
1

√2
(

𝜐1 + 𝐻1
0 + 𝑖𝑃1

0

𝐻1
− ), (4) 
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𝜑2 =
1

√2
(

𝐻2
+

𝜐2 + 𝐻2
0 + 𝑖𝑃2

0). 

Here 𝜐1 and 𝜐2 are the vacuum values of the scalar fields 𝐻1
0 and 𝐻2

0. 

Physical CP-even Higgs bosons 𝐻 and ℎ are obtained by mixing the fields 𝐻1
0 and 

𝐻2
0 (mixing angle 𝛼): 

(
𝐻
ℎ

) = (
𝑐𝑜𝑠𝛼 𝑠𝑖𝑛𝛼

−𝑠𝑖𝑛𝛼 𝑐𝑜𝑠𝛼
) (

𝐻1
0

𝐻2
0). (5) 

Similarly, mixing the fields 𝑃1
0 and 𝑃2

0 (charged 𝐻1
± and 𝐻2

±), we obtain the CP-

odd 𝐴-boson (charged 𝐻±-bosons) 

(𝐺0

𝐴
) = (

𝑐𝑜𝑠𝛽 𝑠𝑖𝑛𝛽
−𝑠𝑖𝑛𝛽 𝑐𝑜𝑠𝛽

) (
𝑃1

0

𝑃2
0), 

(6) 

(𝐺±

𝐻±) = (
𝑐𝑜𝑠𝛽 𝑠𝑖𝑛𝛽

−𝑠𝑖𝑛𝛽 𝑐𝑜𝑠𝛽
) (

𝐻1
±

𝐻2
±), 

where 𝛽 is the field mixing angle, 𝐺0 and 𝐺± are neutral and charged Goldstone 
bosons. 

Thus, in the MSSM we obtain the CP-even Higgs bosons 𝐻 and ℎ, the CP-odd 

Higgs boson 𝐴, and the charged Higgs bosons 𝐻±. These bosons are characterized 

by six parameters: 𝑀𝐻, 𝑀ℎ, 𝑀𝐴, 𝑀𝐻
±, 𝛼 and 𝛽. Of these parameters, only two, 𝑀𝐴 

and 𝑡𝑎𝑛𝛽, are free. The masses of the CP-even Higgs bosons 𝐻 and ℎ are deter-
mined by the masses of 𝑀𝐴 and 𝑀𝑍, as well as the parameter 𝑡𝑎𝑛𝛽: 

𝑀𝐻,ℎ
2 =

1

2
[𝑀𝐴

2 + 𝑀𝑍
2 ± √(𝑀𝐴

2 + 𝑀𝑍
2)2 − 4𝑀𝐴

2𝑀𝑍
2𝑐𝑜𝑠22𝛽]. (7) 

The mass of charged Higgs bosons 𝑀𝐻
± is expressed by the masses 𝑀𝐴 and 𝑀𝑊: 

𝑀𝐻±
2 = 𝑀𝐴

2 + 𝑀𝑊
2 . (8) 

The parameter 𝑡𝑎𝑛𝛽 is chosen as 𝑡𝑎𝑛𝛽 = 𝜐2 ⁄ 𝜐1 and its value varies within the 
range [15]  

1 ≤ 𝑡𝑎𝑛𝛽 ≤ 60.  

The mixing angle of fields 𝛼 is determined by the mixing angle 𝛽 by the formula 

𝑡𝑎𝑛2𝛼 = 𝑡𝑎𝑛2𝛽
𝑀𝐴

2 + 𝑀𝑍
2

𝑀𝐴
2 − 𝑀𝑍

2  (−
𝜋

2
≤ 𝛼 ≤ 0). (9) 

The detection of Higgs bosons 𝐻, ℎ, 𝐴, 𝐻± and the determination of their physical 
parameters is one of the urgent tasks of the LHC and future electron-positron 
(muon) colliders ILC, CLIC, FCC-ee, CEPS (MC) [17-23]. 
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It should be noted that the main processes involving two or three Higgs bosons 
𝐻, ℎ, 𝐴, which can occur during electron-positron annihilation, are the production 
of a vector 𝑍-boson and two Higgs bosons 

𝑒−𝑒+ → 𝑍𝐻𝑆𝑀𝐻𝑆𝑀, 𝑒−𝑒+ → 𝑍ℎℎ (𝑍𝐻𝐻, 𝑍𝐻ℎ, 𝑍𝐴𝐴),  

and the production of three Higgs bosons 

𝑒−𝑒+ → 𝐴ℎℎ (𝐴𝐻𝐻, 𝐴𝐻ℎ, 𝐴𝐴𝐴).  

Here 𝐻𝑆𝑀 is the Higgs boson of the SM. 
These processes without taking into account the polarization states of the elec-

tron-positron pair were studied in [3, 15, 17]. However, the angular and energy dis-
tributions of the final particles were not investigated in these works. We, however, 
investigated the processes 𝑒−𝑒+ → 𝑍𝐻𝑆𝑀𝐻𝑆𝑀, 𝑒−𝑒+ → 𝑍𝐴𝐴, 𝑒−𝑒+ → 𝐴𝐴𝐴 taking 
into account arbitrary polarization states of the electron-positron pair [24-27] 

In this paper, we investigate the process of production of three Higgs bosons 
during the annihilation of an arbitrarily polarized electron-positron pair. 

𝑒− + 𝑒+ → 𝐴 + ℎ + ℎ.  

Within the MSSM framework, expressions for the amplitude and differential ef-
fective cross section of this reaction were obtained. The left-right 𝐴𝐿𝑅 and trans-
verse 𝐴𝜑 spin asymmetries caused by the longitudinal and transverse polarizations 

of the electron-positron pair were determined. It was established that the left-right 
spin asymmetry 𝐴𝐿𝑅 depends only on the Weinberg parameter 𝑥𝑊 = sin2 𝜃𝑊 (𝜃𝑊 
is the Weinberg angle), while the transverse spin asymmetry 𝐴𝜑 is a function of the 

emission angles and energies of the particles. The possibility of experimentally 
measuring the three-boson interaction constants 𝜆ℎℎℎ, 𝜆𝐻ℎℎ, and 𝜆ℎ𝐴𝐴 is discussed. 

1. The amplitude and the square of the amplitude modulus of the reaction 
𝒆−𝒆+ → 𝑨𝒉𝒉 

It is known that in the MSSM, the conservation of CP parity requires vertices of 
the Z boson with two CP-even or CP-odd Higgs bosons 𝑍ℎℎ, 𝑍ℎ𝐻, 𝑍𝐻𝐻, 𝑍𝐴𝐴. Only 
the vertex 𝑍𝛷𝐴 is allowed, where 𝛷 = ℎ or 𝐻 is a CP-even Higgs boson. Therefore, 
the process under consideration 𝑒−𝑒+ → 𝐴ℎℎ corresponds to the Feynman dia-
grams shown in Fig. 1 a)-e) (the 4-impulse of the particles are written in brackets). 

Let us first consider diagram 1a), according to which the electron-positron pair 
annihilates into a vector 𝑍-boson, and this boson turns into a CP-odd 𝐴- and CP-
even 𝛷-bosons, and then the 𝛷-boson decays into two ℎ-bosons. The following 
amplitude corresponds to this diagram: 

𝑀𝑎 = 𝑔𝑍𝑒𝑒𝑔𝑍𝛷𝐴𝑔𝛷ℎℎℓ𝜇𝐷𝜇𝜈(𝑝)𝐷𝛷(𝑝 − 𝑘), (10) 
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where ℓ𝜇 is the weak current of the electron-positron pair 

ℓ𝜇 = 𝜐̅(𝑝2, 𝑠2)𝛾𝜇[𝑔𝐿(1 + 𝛾5) + 𝑔𝑅(1 − 𝛾5)]𝑢(𝑝1, 𝑠1), (11) 

 

Fig. 1. Feynman diagrams of the reaction 𝒆−𝒆+ → 𝑨𝒉𝒉. 

𝑝 = 𝑝1 + 𝑝2 − total 4-impulse 𝑒−𝑒+-pair, 𝑠1 and 𝑠2 − 4-polarization vectors of an 
electron and a positron; 

𝑔𝐿 = −
1

2
+ 𝑥𝑊, 𝑔𝑅 = 𝑥𝑊 (12) 

– left and right coupling constants of the electron with the vector 𝑍-boson; 𝐷𝜇𝜈(𝑝) 

and 𝐷𝜇𝜈(𝑝) are the propagators of the vector 𝑍- and skalyar 𝛷-bosons: 

𝐷𝜇𝜈(𝑝) = 𝑖
−𝑔𝜇𝜈 + 𝑝𝜇𝑝𝜈/𝑀𝑍

2

𝑝2 − 𝑀𝑍
2 , (13) 
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𝐷𝛷(𝑝 − 𝑘) =
𝑖

(𝑝 − 𝑘)2 − 𝑀𝛷
2 ; 

𝑔𝑍𝑒𝑒 = (√2𝐺𝐹)
1/2

∙ 𝑀𝑍 − is the constant of interaction of an electron with a vector 

𝑍-boson; 𝑔𝑍𝛷𝐴 is the constant of interaction of a 𝑍-boson with 𝛷- and 𝐴-bosons; 
𝑔𝛷ℎℎ is the constant of interaction of three Higgs bosons 𝛷ℎℎ; 𝐺𝐹 is the Fermi con-
stant of weak interactions 

At high energies of the electron-positron pair 𝑠 ≫ 𝑚𝑒
2 (where 𝑠 = (𝑝1 + 𝑝2)2 is 

the square of the total energy of the 𝑒−𝑒+-pair in the center-of-mass system, 𝑚𝑒 is 
the electron mass) a weak neutral current ℓ𝜇 is maintained: 

ℓ𝜇𝑝𝜇 = ℓ𝜇(𝑝1 + 𝑝2)𝜇 = 0,  

as a result, the amplitude (10) is simplified: 

𝑀𝑎 = −𝑖𝑔𝑍𝑒𝑒𝑔𝑍

𝑀𝑍
2

𝜐
[
𝜆ℎℎℎ cos(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟ℎ
−

𝜆𝐻ℎℎ sin(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟𝐻
] ∙

ℓ𝜈𝑘𝜈

𝑠2(1 − 𝑟𝑧)
, (14) 

where 𝑔𝑧 = 𝑔 cos 𝜃𝑊⁄  and the following notations are introduced 

𝑟𝐴 =
𝑀𝐴

2

𝑠
, 𝑟𝑍 =

𝑀𝑍
2

𝑠
, 𝑟ℎ =

𝑀ℎ
2

𝑠
, 𝑟𝐻 =

𝑀𝐻
2

𝑠
, 

(15) 

𝑦𝐴 = 1 − 𝑥𝐴, 𝑥𝐴 =
2𝐸𝐴

√𝑠
, 𝑥1,2 =

2𝐸1,2

√𝑠
, 𝑦1,2 = 1 − 𝑥1,2, 

𝐸𝐴, 𝐸1 and 𝐸2 are the energies of the 𝐴-boson and Higgs bosons with 4-impulse 𝑘1 

and 𝑘2, (√2𝐺𝐹)
−1 2⁄

=246 GeV is the vacuum value of the standard Higgs boson 

field. 
In formula (14) 𝜆ℎℎℎ and 𝜆𝐻ℎℎ are the interaction constants of the three Higgs 

bosons ℎℎℎ and 𝐻ℎℎ, which depend on the mixing angles of the fields 𝛼 and 𝛽 [15]: 

𝜆ℎℎℎ = 3 cos 2𝛼 sin(𝛽 + 𝛼), 
(16) 

𝜆𝐻ℎℎ = 2 sin 2𝛼 sin(𝛽 + 𝛼) − cos 2𝛼 cos(𝛽 + 𝛼). 

Now let us consider diagram 1b), the amplitude of which can be written as fol-
lows: 

𝑀𝑏 = 𝑔𝑍𝑒𝑒𝑔𝑍ℎ𝐴𝑔ℎ𝐴𝐴ℓ𝜇𝐷𝜇𝜈(𝑝)𝐷𝐴(𝑝 − 𝑘1), (17) 

where  

𝑔ℎ𝐴𝐴 = −𝑖
𝑀𝑍

2

𝜐
∙ 𝜆ℎ𝐴𝐴,  
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𝜆ℎ𝐴𝐴 is the interaction constant of three Higgs bosons ℎ𝐴𝐴, which is defined as 
follows [15]: 

𝜆ℎ𝐴𝐴 = cos 2𝛽 ∙ sin(𝛽 + 𝑎).  

The product of the electron-positron weak current ℓ𝜇 and the propagators 

𝐷𝜇𝜈(𝑝), 𝐷𝐴(𝑝 − 𝑘1) is equal to 

ℓ𝜇𝐷𝜇𝜈(𝑝)𝐷𝐴(𝑝 − 𝑘1) =
ℓ𝜈

𝑠2(1 − 𝑟𝑧)
∙

1

𝑦1 + 𝑟ℎ − 𝑟𝐴
.  

On what and how does the interaction constant of 𝑍ℎ𝐴 bosons depend? We will 
answer this question by considering the transition of the 𝑍-boson to the ℎ- and 𝐴-
bosons 𝑍𝜈 → ℎ𝐴. According to the MSSM, this transition has the following form 
[15]: 

𝑍𝜈ℎ𝐴: +
𝑔𝑧

2
cos(𝛽 − 𝛼) (𝑝𝜈 − 2𝑘1𝜈). (18) 

Here 𝑝𝜈  and 𝑘1𝜈 are the 4-momenta of the 𝑍𝜈- and ℎ(𝑘1)-bosons. Based on these 
considerations, we obtain the expression for the amplitude 𝑀𝑏: 

𝑀𝑏 = 𝑖𝑔𝑍𝑒𝑒𝑔𝑍

𝑀𝑍
2

𝜐

𝜆ℎ𝐴𝐴 cos(𝛽 − 𝛼)

𝑦1 + 𝑟ℎ − 𝑟𝐴
∙

ℓ𝜈𝑘1𝜈

𝑠2(1 − 𝑟𝑧)
. (19) 

Similarly, we obtain the amplitude corresponding to diagram 1c):  

𝑀𝑐 = 𝑖𝑔𝑍𝑒𝑒𝑔𝑍

𝑀𝑍
2

𝜐
∙

𝜆ℎ𝐴𝐴 cos(𝛽 − 𝛼)

𝑦2 + 𝑟ℎ − 𝑟𝐴
∙

ℓ𝜈𝑘2𝜈

𝑠2(1 − 𝑟𝑧)
. (20) 

Now we move on to writing the amplitude corresponding to diagram 1d). We 
write this amplitude as follows: 

𝑀𝑑 = 𝑔𝑍𝑒𝑒𝑔𝑍𝑍ℎ𝑔𝑍ℎ𝐴ℓ𝜇𝐷𝜇𝜈(𝑝)𝐷𝜌𝜎(𝑝 − 𝑘1). (21) 

The vertex of 𝑍𝜎ℎ𝐴-bosons is written as follows: 

𝑍𝜎ℎ𝐴: +
𝑔𝑍

2
cos(𝛽 − 𝛼) (𝑘 − 𝑘2)𝜎, (22) 

where 𝑘 and 𝑘2-4 are the momenta of the 𝐴- and ℎ-bosons. 
It is necessary to write down the vertex of 𝑍𝜈𝑍𝜌ℎ-bosons [15]: 

𝑍𝜈𝑍𝜌ℎ: 𝑖𝑔𝑧𝑀𝑧 sin(𝛽 − 𝛼) ∙ 𝑔𝜈𝜌. (23) 

As a result, the amplitude 𝑀𝑑 (21) will take the form: 

𝑀𝑑 = −
𝑖

2
𝑔𝑍𝑒𝑒𝑔𝑍

2𝑀𝑍

cos(𝛽 − 𝛼) sin(𝛽 − 𝛼)

𝑦1 + 𝑟ℎ − 𝑟𝑧
∙

ℓ𝜈

𝑠2(1 − 𝑟𝑍)
×  
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× [𝑘𝜈 − 𝑘2𝜈 + 𝑘1𝜈 ∙
𝑟𝐴 − 𝑟ℎ

𝑟𝑧
]. (24) 

Similarly, for diagram 1e) we obtain the following amplitude: 

𝑀𝑒 = −
𝑖

2
𝑔𝑍𝑒𝑒𝑔𝑍

2𝑀𝑍

cos(𝛽 − 𝛼) sin(𝛽 − 𝛼)

𝑦2 + 𝑟ℎ − 𝑟𝑧
∙

ℓ𝜈

𝑠2(1 − 𝑟𝑧)
×  

× [𝑘𝜈 − 𝑘1𝜈 + 𝑘2𝜈

𝑟𝐴 − 𝑟ℎ

𝑟𝑧
]. (25) 

The total amplitude of the reaction 𝑒−𝑒+ → 𝐴ℎℎ is equal to the sum of the am-
plitudes 

𝑀(𝑒−𝑒+ → 𝐴ℎℎ) = 𝑀𝑎 + 𝑀𝑏 + 𝑀𝑐 + 𝑀𝑑 + 𝑀𝑒 = 

= −𝑖𝑔𝑍𝑒𝑒𝑔𝑍

𝑀𝑍
2

𝜐
[
𝜆ℎℎℎ cos(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟ℎ
−

𝜆𝐻ℎℎ sin(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟𝐻
] × 

×
ℓ𝜈𝑘𝜈

𝑠2(1 − 𝑟𝑍)
+ 𝑖𝑔𝑍𝑒𝑒𝑔𝑍

𝑀𝑍
2

𝜐
∙

𝜆ℎ𝐴𝐴 cos(𝛽 − 𝛼)

𝑦1 + 𝑟ℎ − 𝑟𝐴
∙

ℓ𝜈𝑘1𝜈

𝑠2(1 − 𝑟𝑍)
+ 

𝑖𝑔𝑍𝑒𝑒𝑔𝑍

𝑀𝑧
2

𝜐
∙

𝜆ℎ𝐴𝐴 cos(𝛽 − 𝛼)

𝑦2 + 𝑟ℎ − 𝑟𝐴
∙

ℓ𝜈𝑘2𝜈

𝑠2(1 − 𝑟𝑍)
− 

−
𝑖

2
𝑔𝑍𝑒𝑒𝑔𝑍

2𝑀𝑍 ∙
cos(𝛽 − 𝛼) sin(𝛽 − 𝛼)

𝑦1 + 𝑟ℎ − 𝑟𝑍
∙

ℓ𝜈

𝑠2(1 − 𝑟𝑍)
[𝑘𝜈 − 𝑘2𝜈 + 𝑘1𝜈

𝑟𝐴 − 𝑟ℎ

𝑟𝑍
] − 

−
𝑖

2
𝑔𝑍𝑒𝑒𝑔𝑍

2𝑀𝑍 ∙
cos(𝛽 − 𝛼) sin(𝛽 − 𝛼)

𝑦2 + 𝑟ℎ − 𝑟𝑍
∙

ℓ𝜈

𝑠2(1 − 𝑟𝑍)
[𝑘𝜈 − 𝑘1𝜈 + 𝑘2𝜈

𝑟𝐴 − 𝑟ℎ

𝑟𝑍
]. 

 (26) 

Let us square the absolute values of the reduced amplitudes: 

|𝑀𝑎|2 = 𝑔𝑍𝑒𝑒
2 𝑔𝑍

2 (
𝑀𝑍

2

𝜐
)

2

∙
𝐿𝜇𝜈

𝑠4(1 − 𝑟𝑍)2
𝑘𝜇𝑘𝜈 × 

× [
𝜆ℎℎℎ cos(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟ℎ
−

𝜆𝐻ℎℎ sin(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟𝐻
]

2

, 

|𝑀𝑏|2 = 𝑔𝑍𝑒𝑒
2 𝑔𝑍

2 (
𝑀𝑍

2

𝜐
)

2

(
𝜆ℎ𝐴𝐴 cos(𝛽 − 𝛼)

𝑦1 + 𝑟ℎ − 𝑟𝐴
)

2

∙
𝐿𝜇𝜈

𝑠4(1 − 𝑟𝑍)2
𝑘1𝜇𝑘1𝜈,  
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|𝑀𝑐|2 = 𝑔𝑍𝑒𝑒
2 𝑔𝑍

2 (
𝑀𝑍

2

𝜐
)

2

(
𝜆ℎ𝐴𝐴 cos(𝛽 − 𝛼)

𝑦2 + 𝑟ℎ − 𝑟𝐴
)

2

∙
𝐿𝜇𝜈

𝑠4(1 − 𝑟𝑍)2
𝑘2𝜇𝑘2𝜈, (27) 

|𝑀𝑑|2 =
1

4
𝑔𝑍𝑒𝑒

2 𝑔𝑍
4𝑀𝑍

2 (
cos(𝛽 − 𝛼) sin(𝛽 − 𝛼)

𝑦1 + 𝑟ℎ − 𝑟𝑍
)

2
𝐿𝜇𝜈

𝑠4(1 − 𝑟𝑍)2
×  

[𝑘𝜇𝑘𝜈 + 𝑘2𝜇𝑘2𝜈 (𝑘𝜇𝑘2𝜈 + 𝑘𝜈𝑘2𝜇) + (𝑘𝜇𝑘1𝜈 + 𝑘𝜈𝑘1𝜇 −  

−𝑘1𝜇𝑘2𝜈 − 𝑘2𝜇𝑘1𝜈) ∙
𝑟𝐴 − 𝑟ℎ

𝑟𝑍
+ 𝑘1𝜇𝑘1𝜈 (

𝑟𝐴 − 𝑟ℎ

𝑟𝑍
)

2

], 

|𝑀𝑒|2 =
1

4
𝑔𝑍𝑒𝑒

2 𝑔𝑍
4𝑀𝑍

2 (
cos(𝛽 − 𝛼) sin(𝛽 − 𝛼)

𝑦2 + 𝑟ℎ − 𝑟𝑍
)

2
𝐿𝜇𝜈

𝑠4(1 − 𝑟𝑍)2
[𝑘𝜇𝑘𝜈 − 𝑘1𝜇𝑘1𝜈  

−(𝑘𝜇𝑘1𝜈 + 𝑘𝜈𝑘1𝜇) + (𝑘𝜇𝑘2𝜈 + 𝑘𝜈𝑘2𝜇 − 𝑘1𝜇𝑘2𝜈 − 𝑘2𝜇𝑘1𝜈) × 

×
𝑟𝐴 − 𝑟ℎ

𝑟𝑍
+ 𝑘2𝜇𝑘2𝜈 (

𝑟𝐴 − 𝑟ℎ

𝑟𝑍
)

2

], 

where 𝐿𝜇𝜈 is the electron-positron weak tensor: 

𝐿𝜇𝜈 = 2(𝑔𝐿
2 + 𝑔𝑅

2) × 

× [𝑝1𝜇𝑝2𝜈 + 𝑝2𝜇𝑝1𝜈 − (𝑝1 ∙ 𝑝2)𝑔𝜇𝜈 − 𝑚𝑒
2(𝑠1𝜇𝑠2𝜈 + 𝑠2𝜇𝑠1𝜈 − (𝑠1 ∙ 𝑠2)𝑔𝜇𝜈)] + 

+2(𝑔𝐿
2 − 𝑔𝑅

2)𝑚𝑒[𝑝1𝜇𝑠2𝜈 + 𝑠2𝜇𝑝1𝜈 − (𝑝1 ∙ 𝑠2)𝑔𝜇𝜈 − 𝑝2𝜇𝑠1𝜈 − 𝑠1𝜇𝑝2𝜈 + 

+(𝑝2𝑠1)𝑔𝜇𝜈] + 4𝑔𝐿𝑔𝑅[−(𝑝1 ∙ 𝑝2)(𝑠1𝜇𝑠2𝜈 + 𝑠2𝜇𝑠1𝜈 − (𝑠1 ∙ 𝑠2)𝑔𝜇𝜈) − 

−(𝑠1 ∙ 𝑠2)(𝑝1𝜇𝑝2𝜈 + 𝑝2𝜇𝑝1𝜈) + (𝑝2 ∙ 𝑠1)(𝑝1𝜇𝑠2𝜈 + 𝑠2𝜇𝑝1𝜈 − (𝑝1 ∙ 𝑠2)𝑔𝜇𝜈) + 

+(𝑝1 ∙ 𝑠2)(𝑝2𝜇𝑠1𝜈 + 𝑠1𝜇𝑝2𝜈)] (28) 

In this tensor we left only symmetric terms, since it is multiplied by the Higgs boson 
symmetric tensors 𝑘𝜇𝑘𝜈, 𝑘1𝜇𝑘1𝜈, 𝑘2𝜇𝑘2𝜈, etc. 

Now let us determine the interference terms of different amplitudes: 

𝑀𝑎
+𝑀𝑏 + 𝑀𝑏

+𝑀𝑎 = −𝑔𝑍𝑒𝑒
2 𝑔𝑍

2 (
𝑀𝑍

2

𝜐
)

2

[
𝜆ℎℎℎ cos(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟ℎ
−

𝜆𝐻ℎℎ sin(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟𝐻
] × 
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×
𝜆ℎ𝐴𝐴 cos(𝛽 − 𝛼)

𝑦1 + 𝑟ℎ − 𝑟𝐴
∙

𝐿𝜇𝜈

𝑠4(1 − 𝑟𝑍)2
∙ (𝑘𝜇𝑘1𝜈 + 𝑘1𝜇𝑘𝜈),  

𝑀𝑎
+𝑀𝑐 + 𝑀𝑐

+𝑀𝑎 = −𝑔𝑍𝑒𝑒
2 𝑔𝑍

2 (
𝑀𝑍

2

𝜐
)

2

[
𝜆ℎℎℎ cos(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟ℎ
−

𝜆𝐻ℎℎ sin(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟𝐻
] × 

×
𝜆ℎ𝐴𝐴 cos(𝛽 − 𝛼)

𝑦2 + 𝑟ℎ − 𝑟𝐴
∙

𝐿𝜇𝜈

𝑠4(1 − 𝑟𝑍)2
∙ (𝑘𝜇𝑘2𝜈 + 𝑘2𝜇𝑘𝜈),  

𝑀𝑎
+𝑀𝑑 +𝑀𝑑

+𝑀𝑎 =
1

2
𝑔𝑍𝑒𝑒

2 𝑔𝑍
3

𝑀𝑍
3

𝜐
×  

× [
𝜆ℎℎℎ cos(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟ℎ
−

𝜆𝐻ℎℎ sin(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟𝐻
] ∙

cos(𝛽 − 𝛼) sin(𝛽 − 𝛼)

𝑦1 + 𝑟ℎ − 𝑟𝑍
∙

𝐿𝜇𝜈

𝑠4(1 − 𝑟𝑍)2
× 

× [2𝑘𝜇𝑘𝜈 − 𝑘𝜇𝑘2𝜈 − 𝑘2𝜇𝑘𝜈 + (𝑘𝜇𝑘1𝜈 + 𝑘𝜈𝑘1𝜇)
𝑟𝐴 − 𝑟ℎ

𝑟𝑍
],  

𝑀𝑎
+𝑀𝑒 + 𝑀𝑒

+𝑀𝑎 =
1

2
𝑔𝑍𝑒𝑒

2 𝑔𝑍
3

𝑀𝑍
3

𝜐
×  

× [
𝜆ℎℎℎ cos(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟ℎ
−

𝜆𝐻ℎℎ sin(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟𝐻
]

cos(𝛽 − 𝛼) sin(𝛽 − 𝛼)

𝑦2 + 𝑟ℎ − 𝑟𝑍
∙

𝐿𝜇𝜈

𝑠4(1 − 𝑟𝑍)2
× 

× [2𝑘𝜇𝑘𝜈 − 𝑘𝜇𝑘1𝜈 − 𝑘1𝜇𝑘𝜈 + (𝑘𝜇𝑘2𝜈 + 𝑘𝜈𝑘2𝜇)
𝑟𝐴 − 𝑟ℎ

𝑟𝑍
],  

𝑀𝑏
+𝑀𝑐 + 𝑀𝑐

+𝑀𝑏 = 𝑔𝑍𝑒𝑒
2 𝑔𝑍

2 (
𝑀𝑍

2

𝜐
)

2

×  

×
𝜆ℎ𝐴𝐴

2 cos2(𝛽 − 𝛼)

(𝑦1 + 𝑟ℎ − 𝑟𝐴)(𝑦2 + 𝑟ℎ − 𝑟𝐴)
∙

𝐿𝜇𝜈

𝑠4(1 − 𝑟𝑍)2
∙ (𝑘1𝜇𝑘2𝜈 + 𝑘2𝜇𝑘1𝜈), (29) 

𝑀𝑏
+𝑀𝑑 + 𝑀𝑑

+𝑀𝑏 = −
1

2
𝑔𝑍𝑒𝑒

2 𝑔𝑍
3

𝑀𝑍
2

𝜐
∙

𝜆ℎ𝐴𝐴 cos2(𝛽 − 𝛼) sin(𝛽 − 𝛼)

(𝑦1 + 𝑟ℎ − 𝑟𝐴)(𝑦1 + 𝑟ℎ − 𝑟𝑍)
∙

𝐿𝜇𝜈

𝑠4(1 − 𝑟𝑍)2
× 

× [𝑘𝜇𝑘1𝜈 + 𝑘1𝜇𝑘𝜈 − 𝑘1𝜇𝑘2𝜈 − 𝑘2𝜇𝑘1𝜈 + 2𝑘1𝜇𝑘1𝜈

𝑟𝐴 − 𝑟ℎ

𝑟𝑍
],  

𝑀𝑏
+𝑀𝑒 + 𝑀𝑒

+𝑀𝑏 = 

= −
1

2
𝑔𝑍𝑒𝑒

2 𝑔𝑍
3

𝑀𝑍
2

𝜐
∙

𝜆ℎ𝐴𝐴 cos2(𝛽 − 𝛼) sin(𝛽 − 𝛼)

(𝑦1 + 𝑟ℎ − 𝑟𝐴)(𝑦2 + 𝑟ℎ − 𝑟𝑍)
∙

𝐿𝜇𝜈

𝑠4(1 − 𝑟𝑍)2
× 
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× [𝑘𝜇𝑘1𝜈 + 𝑘1𝜇𝑘𝜈 − 2𝑘1𝜇𝑘1𝜈 + (𝑘1𝜇𝑘2𝜈 + 𝑘2𝜇𝑘1𝜈)
𝑟𝐴 − 𝑟ℎ

𝑟𝑍
],  

𝑀𝑐
+𝑀𝑑 + 𝑀𝑑

+𝑀𝑐 = −
1

2
𝑔𝑍𝑒𝑒

2 𝑔𝑍
3

𝑀𝑍
2

𝜐
∙

𝜆ℎ𝐴𝐴 cos2(𝛽 − 𝛼) sin(𝛽 − 𝛼)

(𝑦1 + 𝑟ℎ − 𝑟𝑍)(𝑦2 + 𝑟ℎ − 𝑟𝐴)
∙

𝐿𝜇𝜈

𝑠4(1 − 𝑟𝑍)2
× 

× [𝑘𝜇𝑘2𝜈 + 𝑘𝜈𝑘2𝜇 − 2𝑘2𝜇𝑘2𝜈 + (𝑘1𝜇𝑘2𝜈 + 𝑘2𝜇𝑘1𝜈)
𝑟𝐴 − 𝑟ℎ

𝑟𝑍
],  

𝑀𝑐
+𝑀𝑒 + 𝑀𝑒

+𝑀𝑐 = −
1

2
𝑔𝑍𝑒𝑒

2 𝑔𝑍
3

𝑀𝑍
2

𝜐
∙

𝜆ℎ𝐴𝐴 cos2(𝛽 − 𝛼) sin(𝛽 − 𝛼)

(𝑦2 + 𝑟ℎ − 𝑟𝑍)(𝑦2 + 𝑟ℎ − 𝑟𝐴)
∙

𝐿𝜇𝜈

𝑠4(1 − 𝑟𝑍)2
× 

× [𝑘𝜇𝑘2𝜈 + 𝑘𝜈𝑘2𝜇 − (𝑘1𝜇𝑘2𝜈 + 𝑘2𝜇𝑘1𝜈) + 2𝑘2𝜇𝑘2𝜈

𝑟𝐴 − 𝑟ℎ

𝑟𝑍
],  

𝑀𝑑
+𝑀𝑒 + 𝑀𝑒

+𝑀𝑑 =
1

4
𝑔𝑍𝑒𝑒

2 𝑔𝑍
4𝑀𝑍

2 ∙
cos2(𝛽 − 𝛼) sin2(𝛽 − 𝛼)

(𝑦1 + 𝑟ℎ − 𝑟𝑍)(𝑦2 + 𝑟ℎ − 𝑟𝑍)
∙

𝐿𝜇𝜈

𝑠4(1 − 𝑟𝑍)2
× 

× [2𝑘𝜇𝑘𝜈 − (𝑘𝜇𝑘1𝜈 + 𝑘𝜈𝑘1𝜇 + 𝑘𝜇𝑘2𝜈 + 𝑘𝜈𝑘2𝜇) ∙ (1 −
𝑟𝐴 − 𝑟ℎ

𝑟𝑧
) −  

− 2(𝑘1𝜇𝑘1𝜈 + 𝑘2𝜇𝑘2𝜈)
𝑟𝐴 − 𝑟ℎ

𝑟𝑍
+ (𝑘1𝜇𝑘2𝜈 + 𝑘2𝜇𝑘1𝜈) (1 + (

𝑟𝐴 − 𝑟ℎ

𝑟𝑍
)

2

)].  

Now we calculate the product of the electron-positron weak tensor 𝐿𝜇𝜈 Higgs 

boson tensors 𝑘𝜇𝑘𝜈, 𝑘1𝜇𝑘1𝜈, 𝑘2𝜇𝑘2𝜈, 𝑘1𝜇𝑘2𝜈 + 𝑘2𝜇𝑘1𝜈, 𝑘𝜇𝑘1𝜈 + 𝑘𝜈𝑘1𝜇, 𝑘𝜇𝑘2𝜈 +

𝑘𝜈𝑘2𝜇: 

𝐿𝜇𝜈𝑘𝜇𝑘𝜈 = 2(𝑔𝐿
2 + 𝑔𝑅

2) ×  

× [2(𝑝1 ∙ 𝑘)(𝑝2 ∙ 𝑘) − (𝑝1 ∙ 𝑝2)𝑀𝐴
2 − 𝑚𝑒

2(2(𝑘 ∙ 𝑠1)(𝑘 ∙ 𝑠2) − (𝑠1 ∙ 𝑠2)𝑀𝐴
2)] + 

+2(𝑔𝐿
2 − 𝑔𝑅

2)𝑚𝑒[2(𝑝1 ∙ 𝑘)(𝑘 ∙ 𝑠2) − (𝑝1 ∙ 𝑠2)𝑀𝐴
2 − 2(𝑝2 ∙ 𝑘)(𝑘 ∙ 𝑠1) + (𝑝2 ∙ 𝑠1)𝑀𝐴

2] + 

+4𝑔𝐿𝑔𝑅[−(𝑠1 ∙ 𝑠2)(2(𝑝1 ∙ 𝑘)(𝑝2 ∙ 𝑘) − (𝑝1 ∙ 𝑝2)𝑀𝐴
2) − 2(𝑝1 ∙ 𝑝2)(𝑘 ∙ 𝑠1)(𝑘 ∙ 𝑠2) + 

+(𝑝2 ∙ 𝑠1)(2(𝑝1 ∙ 𝑘)(𝑘 ∙ 𝑠2) − (𝑝1 ∙ 𝑠2)𝑀𝐴
2) − 2(𝑝1 ∙ 𝑝2)(𝑘 ∙ 𝑠1)(𝑘 ∙ 𝑠2) +  

+(𝑝2 ∙ 𝑠1)(2(𝑝1 ∙ 𝑘)(𝑘 ∙ 𝑠2) − (𝑝1 ∙ 𝑠2)𝑀𝐴
2) + 2(𝑝1 ∙ 𝑠2)(𝑘 ∙ 𝑠1)(𝑘 ∙ 𝑝2)]. (30) 

𝐿𝜇𝜈𝑘1𝜇𝑘1𝜈 = {𝐿𝜇𝜈𝑘𝜇𝑘𝜈(𝑘 → 𝑘1, 𝑀𝐴
2 → 𝑀ℎ

2)}, 
(31) 

𝐿𝜇𝜈𝑘2𝜇𝑘2𝜈 = {𝐿𝜇𝜈𝑘𝜇𝑘𝜈(𝑘 → 𝑘2, 𝑀𝐴
2 → 𝑀ℎ

2)}; 
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𝐿𝜇𝜈(𝑘1𝜇𝑘2𝜈 + 𝑘2𝜇𝑘1𝜈) =  

= 4(𝑔𝐿
2 + 𝑔𝑅

2)[(𝑝1 ∙ 𝑘1)(𝑝2 ∙ 𝑘2) + (𝑝1 ∙ 𝑘2)(𝑝2 ∙ 𝑘1) − (𝑝1 ∙ 𝑝2)(𝑘1 ∙ 𝑘2) −  

−𝑚𝑒
2[(𝑘1 ∙ 𝑠1)(𝑘2 ∙ 𝑠2) + (𝑘1 ∙ 𝑠2)(𝑘2 ∙ 𝑠1) − (𝑠1 ∙ 𝑠2)(𝑘1 ∙ 𝑘2)] +  

+4(𝑔𝐿
2 − 𝑔𝑅

2)𝑚𝑒[(𝑝1 ∙ 𝑘1)(𝑘2 ∙ 𝑠2) + (𝑝1 ∙ 𝑘2)(𝑘1 ∙ 𝑠2) − (𝑝1 ∙ 𝑠2)(𝑘1 ∙ 𝑘2) −  

−(𝑝2 ∙ 𝑘1)(𝑘2 ∙ 𝑠1) − (𝑝1 ∙ 𝑘2)(𝑘1 ∙ 𝑠1) + (𝑝2 ∙ 𝑠1)(𝑘1 ∙ 𝑘2)] +  

+8𝑔𝐿𝑔𝑅[−(𝑠1 ∙ 𝑠2)((𝑝1 ∙ 𝑘1)(𝑝2 ∙ 𝑘2) + (𝑝2 ∙ 𝑘1)(𝑝1 ∙ 𝑘2) − (𝑝1 ∙ 𝑝2)(𝑘1 ∙ 𝑘2)) − 

−(𝑝1 ∙ 𝑝2)((𝑘1 ∙ 𝑠1)(𝑘2 ∙ 𝑠2) + (𝑘1 ∙ 𝑠2)(𝑘2 ∙ 𝑠1)) +  

+(𝑝2 ∙ 𝑠1)((𝑝1 ∙ 𝑘1)(𝑘2𝑠2) + (𝑝1 ∙ 𝑘2)(𝑘1 ∙ 𝑠1) − (𝑝1 ∙ 𝑠2)(𝑘1 ∙ 𝑘2)) +  

+(𝑝1 ∙ 𝑠2)((𝑝2 ∙ 𝑘1)(𝑘2 ∙ 𝑠1) + (𝑝1 ∙ 𝑘2)(𝑘1 ∙ 𝑠1))]], (32) 

𝐿𝜇𝜈(𝑘𝜇𝑘1𝜈 + 𝑘1𝜇𝑘𝜈) = {𝐿𝜇𝜈(𝑘1𝜇𝑘2𝜈 + 𝑘2𝜇𝑘1𝜈)(𝑘2 → 𝑘)}, 
(33) 

𝐿𝜇𝜈(𝑘𝜇𝑘2𝜈 + 𝑘2𝜇𝑘𝜈) = {𝐿𝜇𝜈(𝑘1𝜇𝑘2𝜈 + 𝑘2𝜇𝑘1𝜈)(𝑘1 → 𝑘)}. 

3. Differential cross section of the reaction 𝒆−𝒆+ → 𝑨𝒉𝒉 and spin asymmetries 

We decompose the unit spin vectors 𝜉1 and 𝜉2 of the electron-positron pair in 
their rest frames into longitudinal and transverse components: 

𝜉1 = 𝑛⃗⃗𝜆1 + 𝜂1,  𝜉2 = −𝑛⃗⃗𝜆2 + 𝜂2, (34) 

where 𝑛⃗⃗ is a unit vector directed along the electron momentum, 𝜆1 and 𝜆2 are the 
helicities of the electron and positron, 𝜂1 and 𝜂2 are the transverse components of 
their spin vectors. 

First, let us assume that the electron-positron pair is polarized longitudinally: 

𝜉1 = 𝑛⃗⃗𝜆1,  𝜉2 = −𝑛⃗⃗𝜆2.  

In this case, the differential effective cross section of the reaction 𝑒−𝑒+ → 𝐴ℎℎ 
is expressed by the formula 

𝑑𝜎(𝜆1, 𝜆2)

𝑑𝑥1𝑑𝑥2𝑑𝛺𝐴
=

𝐺𝐹
3𝑀𝑍

6

64√2𝜋4𝑠
⋅

𝑟𝑍

(1 − 𝑟𝑍)2
× 

 

× [𝑔𝐿
2(1 − 𝜆1)(1 + 𝜆2) + 𝑔𝑅

2(1 + 𝜆1)(1 − 𝜆2)] ∙ 𝐹1, (35) 
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where 𝑑𝛺𝐴 is the solid angle of the 𝐴-boson emission, and the function 𝐹1 is equal 
to: 

𝐹1 = [
𝜆ℎℎℎ cos(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟ℎ
−

𝜆𝐻ℎℎ sin(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟𝐻
]

2

∙
𝑓1

2
+ (

𝜆ℎ𝐴𝐴 cos(𝛽 − 𝛼)

𝑦1 + 𝑟ℎ − 𝑟𝐴
)

2

∙ 𝑓2 + 

+ (
cos(𝛽 − 𝛼) sin(𝛽 − 𝛼)

𝑦1 + 𝑟ℎ − 𝑟𝑍
)

2

∙ 𝑓3 + [
𝜆ℎℎℎ cos(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟ℎ
−

𝜆𝐻ℎℎ sin(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟𝐻
] × 

× [
𝜆ℎ𝐴𝐴 cos(𝛽 − 𝛼)

𝑦1 + 𝑟ℎ − 𝑟𝐴
∙ 𝑓4 +

cos(𝛽 − 𝛼) sin(𝛽 − 𝛼)

𝑦1 + 𝑟ℎ − 𝑟𝑍
∙ 𝑓5] + 

+
𝜆ℎ𝐴𝐴

2 cos2(𝛽 − 𝛼)

2(𝑦1 + 𝑟ℎ − 𝑟𝐴)(𝑦2 + 𝑟ℎ − 𝑟𝐴)
∙ 𝑓6 +

𝜆ℎ𝐴𝐴 cos2(𝛽 − 𝛼) sin(𝛽 − 𝛼)

(𝑦1 + 𝑟ℎ − 𝑟𝐴)(𝑦1 + 𝑟ℎ − 𝑟𝑍)
∙ 𝑓7 + 

+
𝜆ℎ𝐴𝐴 cos2(𝛽 − 𝛼) sin(𝛽 − 𝛼)

(𝑦1 + 𝑟ℎ − 𝑟𝐴)(𝑦2 + 𝑟ℎ − 𝑟𝑍)
∙ 𝑓8 +

cos2(𝛽 − 𝛼) sin2(𝛽 − 𝛼)

2(𝑦1 + 𝑟ℎ − 𝑟𝑍)(𝑦2 + 𝑟ℎ − 𝑟𝑧)
∙ 𝑓9 + 

+{𝜃1 ↔ 𝜃2, 𝑥1 ↔ 𝑥2, 𝑦1 ↔ 𝑦2}; (36) 

Here 

𝑓1 = 𝑥𝐴
2(1 − 𝜐2 cos2 𝜃𝐴) − 4𝜐2𝑟𝐴 sin2 𝜃𝐴,  

𝑓2 = 𝑥1
2(1 − 𝜐2 cos2 𝜃1) − 4𝜐2𝑟ℎsin2𝜃1,  

𝑓3 = 𝑓1 + 𝑥2
2(1 − 𝜐2cos2𝜃2) − 4𝜐2𝑟ℎsin2𝜃2 +  

−2 [𝑥2𝑥𝐴 − 2𝜐2(𝑦1 − 𝑟𝐴) − 𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥2

2 − 4𝑟ℎ)𝑐𝑜𝑠𝜃𝐴𝑐𝑜𝑠𝜃2] +  

+2 [𝑥𝐴𝑥1 − 2𝜐2(𝑦2 − 𝑟𝐴) − 𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥1

2 − 4𝑟ℎ)𝑐𝑜𝑠𝜃𝐴𝑐𝑜𝑠𝜃1 − 𝑥1𝑥2 + 

+ 2𝜐2(𝑦𝐴 + 𝑟𝐴 − 2𝑟ℎ) + 𝜐2√(𝑥1
2 − 4𝑟ℎ)(𝑥2

2 − 4𝑟ℎ)𝑐𝑜𝑠𝜃1𝑐𝑜𝑠𝜃2] ∙
𝑟𝐴 − 𝑟ℎ

𝑟𝑍
+ 

+[𝑥1
2(1 − 𝜐2 cos2 𝜃1) − 4𝜐2𝑟ℎ sin2 𝜃1] ∙ (

𝑟𝐴 − 𝑟ℎ

𝑟𝑍
)

2

, 

𝑓4 = −2 [𝑥𝐴𝑥1 − 2𝜐2(𝑦2 − 𝑟𝐴) − 𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥1

2 − 4𝑟ℎ)𝑐𝑜𝑠𝜃𝐴𝑐𝑜𝑠𝜃1], 
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𝑓5 = 2 {𝑓1 − [𝑥𝐴𝑥2 − 𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥2

2 − 4𝑟ℎ)𝑐𝑜𝑠𝜃𝐴𝑐𝑜𝑠𝜃2 − 2𝜐2(𝑦1 − 𝑟𝐴)] + 

+ [𝑥𝐴𝑥1 − 𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥1

2 − 4𝑟ℎ)𝑐𝑜𝑠𝜃𝐴𝑐𝑜𝑠𝜃1 − 2𝜐2(𝑦2 − 𝑟𝐴)] ∙
𝑟𝐴 − 𝑟ℎ

𝑟𝑍
}, 

𝑓6 = 2 [𝑥1𝑥2 − 𝜐2√(𝑥1
2 − 4𝑟ℎ)(𝑥2

2 − 4𝑟ℎ)𝑐𝑜𝑠𝜃1𝑐𝑜𝑠𝜃2 − 2𝜐2(𝑦𝐴 + 𝑟𝐴 − 2𝑟ℎ)], 

 (37) 

𝑓7 = 2 {−𝑥𝐴𝑥1 + 2𝜐2(𝑦2 − 𝑟𝐴) + 𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥1

2 − 4𝑟ℎ)𝑐𝑜𝑠𝜃𝐴𝑐𝑜𝑠𝜃1 − 

−[𝑥1
2(1 − 𝜐2 cos2 𝜃1) − 4𝜐2𝑟ℎ sin2 𝜃1] ∙

𝑟𝐴 − 𝑟ℎ

𝑟𝑍
+  

+ [𝑥1𝑥2 − 2𝜐2(𝑦𝐴 + 𝑟𝐴 − 2𝑟ℎ) − 𝜐2√(𝑥1
2 − 4𝑟ℎ)(𝑥2

2 − 4𝑟ℎ)𝑐𝑜𝑠𝜃1𝑐𝑜𝑠𝜃2]}, 

𝑓8 = 2 {−𝑥𝐴𝑥1 + 2𝜐2(𝑦2 − 𝑟𝐴) + 𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥1

2 − 4𝑟ℎ)𝑐𝑜𝑠𝜃𝐴𝑐𝑜𝑠𝜃1 + 

+[𝑥1
2(1 − 𝜐2 cos2 𝜃1) − 4𝜐2 sin2 𝜃1] +  

+ [𝑥1𝑥2 − 2𝜐2(𝑦𝐴 + 𝑟𝐴 − 2𝑟ℎ) − 𝜐2√(𝑥1
2 − 4𝑟ℎ)(𝑥2

2 − 4𝑟ℎ)𝑐𝑜𝑠𝜃1𝑐𝑜𝑠𝜃2]
𝑟𝐴 − 𝑟ℎ

𝑟𝑍
}, 

𝑓9 = 2{𝑥𝐴
2(1 − 𝜐2 cos2 𝜃𝐴) − 4𝜐2𝑟𝐴sin2𝜃𝐴 −  

− [𝑥𝐴𝑥1 − 2𝜐2(𝑦2 − 𝑟𝐴) − 𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥1

2 − 4𝑟ℎ)𝑐𝑜𝑠𝜃𝐴𝑐𝑜𝑠𝜃1 −  

−2𝜐2(𝑦1 − 𝑟𝐴) + 𝑥2𝑥𝐴 − 𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥2

2 − 4𝑟ℎ)𝑐𝑜𝑠𝜃𝐴𝑐𝑜𝑠𝜃2] ∙ [1 −
𝑟𝐴 − 𝑟ℎ

𝑟𝑍
] 

−[𝑥1
2(1 − 𝜐2 cos2 𝜃1) − 4𝜐2𝑟ℎ sin2𝜃1 +𝑥2

2(1 − 𝜐2 cos2 𝜃2) − 4𝜐2𝑟ℎ sin2 𝜃2] × 

×
𝑟𝐴 − 𝑟ℎ

𝑟𝑍
+ [𝑥1𝑥2 − 2𝜐2(𝑦𝐴 + 𝑟𝐴 − 2𝑟ℎ) − 𝜐2√(𝑥1

2 − 4𝑟ℎ)(𝑥2
2 − 4𝑟ℎ)𝑐𝑜𝑠𝜃1𝑐𝑜𝑠𝜃2] × 

× [1 + (
𝑟𝐴 − 𝑟ℎ

𝑟𝑍
)

2

]}. 
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𝜐 = √1 − 4𝑚𝑒
2 𝑠⁄  is the velocity of the electron in the center-of-mass system, 𝜃𝐴 

and 𝜃1 (𝜃2) are the angles between the directions of the electron and the 𝐴-boson, 

the electron and the ℎ(𝑘1)(ℎ(𝑘2))-boson, respectively. 

Note that in the center-of-mass system of the electron-positron pair, due to 𝑝1 +

𝑝2 = 𝑘⃗⃗ + 𝑘⃗⃗1 + 𝑘⃗⃗2 = 0, the Higgs bosons 𝐴ℎℎ lie in the same plane with an azi-
muthal angle 𝜑. In this system, the laws of conservation of energy and momentum 
in the variables 𝑥𝐴, 𝑥1, 𝑥2 and angles 𝜃𝐴, 𝜃1, 𝜃2 are written as follows: 

𝑥𝐴 + 𝑥1 + 𝑥2 = 2,  

√𝑥𝐴
2 − 4𝑟𝐴𝑐𝑜𝑠𝜃𝐴 + √𝑥1

2 − 4𝑟ℎ𝑐𝑜𝑠𝜃1 + √𝑥2
2 − 4𝑟ℎ𝑐𝑜𝑠𝜃2 = 0.  

From the differential effective cross section formula (35) it follows that the elec-
tron and positron must have opposite helicities: 𝑒𝐿

−𝑒𝑅
+ or 𝑒𝑅

−𝑒𝐿
+. This is due to the 

conservation of the total angular momentum in the transition 𝑒−𝑒+ → 𝑍∗. There-
fore, the process 𝑒−𝑒+ → 𝐴ℎℎ corresponds to the helical cross sections given be-
low: 

𝑑𝜎(𝑒𝐿
−𝑒𝑅

+ → 𝐴ℎℎ) =
𝐺𝐹

3𝑀𝑍
6𝑟𝑍

64√2𝜋4𝑠

𝑔𝐿
2

(1 − 𝑟𝑍)2
𝐹1𝑑𝑥1𝑑𝑥2𝑑Ω𝐴, 

(38) 

𝑑𝜎(𝑒𝑅
−𝑒𝐿

+ → 𝐴ℎℎ) =
𝐺𝐹

3𝑀𝑍
6𝑟𝑍

64√2𝜋4𝑠

𝑔𝑅
2

(1 − 𝑟𝑍)2
𝐹1𝑑𝑥1𝑑𝑥2𝑑Ω𝐴. 

Therefore, the process under consideration 𝑒−𝑒+ → 𝐴ℎℎ must have left-right 
spin asymmetry, determined by the formula: 

𝐴𝐿𝑅 =
𝑑𝜎(𝑒𝐿

−𝑒𝑅
+ → 𝐴ℎℎ) − 𝑑𝜎(𝑒𝑅

−𝑒𝐿
+ → 𝐴ℎℎ)

𝑑𝜎(𝑒𝐿
−𝑒𝑅

+ → 𝐴ℎℎ) + 𝑑𝜎(𝑒𝑅
−𝑒𝐿

+ → 𝐴ℎℎ)
=  

=
𝑔𝐿

2 − 𝑔𝑅
2

𝑔𝐿
2 + 𝑔𝑅

2 =
1 − 4𝑥𝑤

1 − 4𝑥𝑤 + 8𝑥𝑤
2

. (39) 

As can be seen, the left-right spin asymmetry 𝐴𝐿𝑅 depends only on the Weinberg 
parameter 𝑥𝑊 and with the value of this parameter 𝑥𝑊 =0.2315 it is equal to 
𝐴𝐿𝑅=14%. 

Now let us assume that the electron-positron pair is polarized transversely: 𝜉1 =

𝜂1,  𝜉2 = 𝜂2. We choose a coordinate system so that the electron momentum is 
directed along the 𝑍-axis, and its transverse spin vector 𝜂1 is directed along the 𝑋-
axis, then the positron spin vector 𝜂2 will lie in the 𝑋𝑂𝑌 plane (Fig. 2). The angle 
between the spin vectors 𝜂1 and 𝜂2 is denoted by 𝜑0. Then the differential effective 
cross section of the reaction 𝑒−𝑒+ → 𝐴ℎℎ can be represented as follows: 
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𝑑𝜎(𝜂1 ∙ 𝜂2)

𝑑𝑥1𝑑𝑥2𝑑Ω𝐴 
=

𝐺𝐹
3𝑀𝑍

6

64√2𝜋4𝑠
⋅

𝑟𝑍

(1 − 𝑟𝑍)2
[(𝑔𝐿

2 + 𝑔𝑅
2)𝐹1 + 2𝑔𝐿𝑔𝑅𝜂1𝜂2𝐹2], (40) 

where the function 𝐹2 is equal to: 

 

Fig. 2. Selecting a coordinate system 

𝐹2 = [
𝜆ℎℎℎ cos(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟ℎ
−

𝜆𝐻ℎℎ sin(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟𝐻
]

2

∙
𝑔1

2
+ (

𝜆ℎ𝐴𝐴 cos(𝛽 − 𝛼)

𝑦1 + 𝑟ℎ − 𝑟𝐴
)

2

∙ 𝑔2 + 

+ (
cos(𝛽 − 𝛼) sin(𝛽 − 𝛼)

𝑦1 + 𝑟ℎ − 𝑟𝑍
)

2

∙ 𝑔3 + [
𝜆ℎℎℎ cos(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟ℎ
−

𝜆𝐻ℎℎ sin(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟𝐻
] × 

× [
𝜆ℎ𝐴𝐴 cos(𝛽 − 𝛼)

𝑦1 + 𝑟ℎ − 𝑟𝐴
∙ 𝑔4 +

cos(𝛽 − 𝛼) sin(𝛽 − 𝛼)

𝑦1 + 𝑟ℎ − 𝑟𝑍
∙ 𝑔5] + 

+
𝜆ℎ𝐴𝐴

2 cos2(𝛽 − 𝛼)

2(𝑦1 + 𝑟ℎ − 𝑟𝐴)(𝑦2 + 𝑟ℎ − 𝑟𝐴)
∙ 𝑔6 +

𝜆ℎ𝐴𝐴 cos2(𝛽 − 𝛼) sin(𝛽 − 𝛼)

(𝑦1 + 𝑟ℎ − 𝑟𝐴)(𝑦1 + 𝑟ℎ − 𝑟𝑍)
∙ 𝑔7 + 

+
𝜆ℎ𝐴𝐴 cos2(𝛽 − 𝛼) sin(𝛽 − 𝛼)

(𝑦1 + 𝑟ℎ − 𝑟𝐴)(𝑦2 + 𝑟ℎ − 𝑟𝑍)
∙ 𝑔8 +

cos2(𝛽 − 𝛼) sin2(𝛽 − 𝛼)

2(𝑦2 + 𝑟ℎ − 𝑟𝑍)(𝑦2 + 𝑟ℎ − 𝑟𝑧)
∙ 𝑔9 + 

+{𝜃1 ↔ 𝜃2, 𝑥1 ↔ 𝑥2, 𝑦1 ↔ 𝑦2}. (41) 

Here 

𝑔1 = −(𝑥𝐴
2 − 4𝑟𝐴)𝜐2sin2𝜃𝐴 cos(2𝜑 − 𝜑0),  

𝑔2 = −(𝑥1
2 − 4𝑟ℎ)𝜐2sin2𝜃1 cos(2𝜑 − 𝜑0),  

𝑔3 = −𝜐2[(𝑥𝐴
2 − 4𝑟𝐴) sin2 𝜃𝐴 + (𝑥2

2 − 4𝑟ℎ) sin2 𝜃2] cos(2𝜑 − 𝜑0) −  

−2cos𝜑0 (𝑥𝐴𝑥2 − 𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥2

2 − 4𝑟ℎ) cos(𝜃𝐴 − 𝜃2) − 2𝜐2(𝑦1 − 𝑟𝐴)) + 
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+𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥2

2 − 4𝑟ℎ)sin𝜃𝐴sin𝜃2 cos(2𝜑 − 𝜑0) +  

+2 ∙
𝑟𝐴 − 𝑟ℎ

𝑟𝑍

[𝑐𝑜𝑠𝜑0 (𝑥𝐴𝑥1 − 2𝜐2(𝑦2 − 𝑟𝐴) − 𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥1

2 − 4𝑟ℎ) cos(𝜃𝐴 − 𝜃1) − 

−𝑥1𝑥2 + 2𝜐2(𝑦𝐴 + 𝑟𝐴 − 2𝑟ℎ) + 𝜐2√(𝑥1
2 − 4𝑟ℎ)(𝑥2

2 − 4𝑟ℎ) cos(𝜃1 − 𝜃2)) − 

−𝜐2 (√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥1

2 − 4𝑟ℎ)sin𝜃𝐴sin𝜃1 − √(𝑥1
2 − 4𝑟ℎ)(𝑥2

2 − 4𝑟ℎ)sin𝜃1sin𝜃2) × 

× cos(2𝜑 − 𝜑0)] − 𝜐2(𝑥1
2 − 4𝑟ℎ)sin2𝜃1 cos(2𝜑 − 𝜑0) ∙ (

𝑟𝐴 − 𝑟ℎ

𝑟𝑍

)
2

, 

𝑔4 = −2cos𝜑0 [𝑥𝐴𝑥1 − 𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥1

2 − 4𝑟ℎ) cos(𝜃𝐴 − 𝜃1) − 2𝜐2(𝑦2 − 𝑟𝐴)] + 

+2𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥1

2 − 4𝑟ℎ)sin𝜃𝐴sin𝜃1 cos(2𝜑 − 𝜑0), 

𝑔5 = 2 [𝑔1 − cos𝜑0 (𝑥𝐴𝑥2 − 𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥2

2 − 4𝑟ℎ) cos(𝜃𝐴 − 𝜃2) − 2𝜐2(𝑦1 − 𝑟𝐴)) + 

+𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥2

2 − 4𝑟ℎ)sin𝜃𝐴sin𝜃2 cos(2𝜑 − 𝜑0) + 

+
𝑟𝐴 − 𝑟ℎ

𝑟𝑍

[cos𝜑0 (𝑥𝐴𝑥1 − 2𝜐2(𝑦2 − 𝑟𝐴) − 𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥1

2 − 4𝑟ℎ) cos(𝜃𝐴 − 𝜃1)) − 

−𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥1

2 − 4𝑟ℎ) ∙ sin𝜃𝐴sin𝜃1 cos(2𝜑 − 𝜑0)], 

𝑔6 = 2 [cos𝜑0 (𝑥1𝑥2 − 𝜐2√(𝑥1
2 − 4𝑟ℎ)(𝑥2

2 − 4𝑟ℎ) cos(𝜃1 − 𝜃2) − 2𝜐2(𝑦𝐴 + 𝑟𝐴 − 2𝑟ℎ)) − 

−𝜐2√(𝑥1
2 − 4𝑟ℎ)(𝑥2

2 − 4𝑟ℎ) ∙ sin𝜃1sin𝜃2 cos(2𝜑 − 𝜑0)], (42) 

𝑔7 = 2 {−cos𝜑0 [𝑥𝐴𝑥1 − 𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥1

2 − 4𝑟ℎ) cos(𝜃𝐴 − 𝜃1) − 2𝜐2(𝑦2 − 𝑟𝐴) − 

− 𝑥1𝑥2 + 𝜐2√(𝑥1
2 − 4𝑟ℎ)(𝑥2

2 − 4𝑟ℎ) cos(𝜃1 − 𝜃2) + 2𝜐2(𝑦𝐴 + 𝑟𝐴 − 2𝑟ℎ)] + 

+𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥1

2 − 4𝑟ℎ)sin𝜃𝐴sin𝜃1 cos(2𝜑 − 𝜑0) − 

−𝜐2√(𝑥1
2 − 4𝑟ℎ)(𝑥2

2 − 4𝑟ℎ)sin𝜃1sin𝜃2 cos(2𝜑 − 𝜑0) + 
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+
𝑟𝐴 − 𝑟ℎ

𝑟𝑍

∙ 𝜐2(𝑥1
2 − 4𝑟ℎ)sin2𝜃1 cos(2𝜑 − 𝜑0)},  

𝑔8 = 2 {−cos𝜑0 (𝑥𝐴𝑥1 − 𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥1

2 − 4𝑟ℎ) cos(𝜃𝐴 − 𝜃1) − 2𝜐2(𝑦2 − 𝑟𝐴)) + 

+𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥1

2 − 4𝑟ℎ)sin𝜃𝐴sin𝜃1 cos(2𝜑 − 𝜑0) − 

−𝜐2(𝑥1
2 − 4𝑟ℎ)sin2𝜃1 cos(2𝜑 − 𝜑0) −

𝑟𝐴 − 𝑟ℎ

𝑟𝑍

× 

× [cos𝜑0 (𝑥1𝑥2 − 𝜐2√(𝑥1
2 − 4𝑟ℎ)(𝑥2

2 − 4𝑟ℎ) cos(𝜃1 − 𝜃2) − 2𝜐2(𝑦𝐴 + 𝑟𝐴 − 2𝑟ℎ)) − 

− 𝜐2√(𝑥1
2 − 4𝑟ℎ)(𝑥2

2 − 4𝑟ℎ)sin𝜃1sin𝜃2 cos(2𝜑 − 𝜑0)]},  

𝑔9 = 2 {−𝜐2(𝑥𝐴
2 − 4𝑟𝑎) sin2𝜃𝐴 cos(2𝜑 − 𝜑0) − (1 −

𝑟𝐴 − 𝑟ℎ

𝑟𝑍

) ×  

× [cos𝜑0 (𝑥𝐴(𝑥1 + 𝑥2) − 2𝜐2(𝑦1 + 𝑦2 − 2𝑟𝐴)

− 𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥1

2 − 4𝑟ℎ) cos(𝜃𝐴 − 𝜃1) − 

−𝜐2√(𝑥𝐴
2 − 4𝑟𝐴)(𝑥2

2 − 4𝑟ℎ) cos(𝜃𝐴 − 𝜃2)) − 

−𝜐2√𝑥𝐴
2 − 4𝑟𝐴 ∙ sin𝜃𝐴 (√𝑥1

2 − 4𝑟ℎsin𝜃1 + √𝑥2
2 − 4𝑟ℎsin𝜃2) ∙ cos(2𝜑 − 𝜑0) + 

+𝜐2((𝑥1
2 − 4𝑟ℎ)sin2𝜃1 + (𝑥2

2 − 4𝑟ℎ)sin2𝜃2) cos(2𝜑 − 𝜑0) ∙
𝑟𝐴 − 𝑟ℎ

𝑟𝑍

− [1 + (
𝑟𝐴 − 𝑟ℎ

𝑟𝑍

)
2

] × 

× [cos𝜑0 (𝑥1𝑥2 − 𝜐2√(𝑥1
2 − 4𝑟ℎ)(𝑥2

2 − 4𝑟ℎ) cos(𝜃1 − 𝜃2) − 2𝜐2(𝑦𝐴 + 𝑟𝐴 − 2𝑟ℎ)) − 

−𝜐2√(𝑥1
2 − 4𝑟ℎ)(𝑥2

2 − 4𝑟ℎ)sin𝜃1sin𝜃2 cos(2𝜑 − 𝜑0)}.  

From the formula for the differential effective cross section (40) it follows that the 
process 𝑒−𝑒+ → 𝐴ℎℎ must have transverse spin asymmetry 

𝐴𝜑 =
𝑑𝜎(𝜂1𝜂2 = 1) − 𝑑𝜎(𝜂1𝜂2 = −1)

𝑑𝜎(𝜂1𝜂2 = 1) + 𝑑𝜎(𝜂1𝜂2 = −1)
=

2𝑔𝐿𝑔𝑅

𝑔𝐿
2 + 𝑔𝑅

2 ∙
𝐹2

𝐹1
. (43) 

To estimate this transverse spin asymmetry, we assume that the angle 𝜑0 = 𝜋, 

the energy of the 𝑒−𝑒+-pair √𝑠 =500 GeV, the mass of the 𝐴-boson 𝑀𝐴 =150 GeV, 
the parameters 𝑡𝑎𝑛𝛽 =3, 𝑥𝑊 =0.2315. 

Figure 3 shows the angular dependence of the transverse spin asymmetry 𝐴𝜑 for 
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𝑥𝐴 =0.6, 𝑥1 = 𝑥2 =0.7, and various values of the azimuthal angle 𝜑. As follows 
from the figure, with an increase in the Higgs boson emission angle 𝜃1, the magni-
tude of the transverse spin asymmetry 𝐴𝜑 increases, reaching a maximum at 

𝜃1 =90°, after which it begins to decrease. Moreover, the figure demonstrates the 
sensitivity of 𝐴𝜑 to the value of the azimuthal angle 𝜑: an increase in 𝜑 from 𝜋 4⁄  

to 𝜋 2⁄  leads to an increase in the transverse spin asymmetry, whereas a further 
increase in the angle from 𝜋 2⁄  to 𝜋 is accompanied by a decrease. 

 

Fig. 3. Dependence of the transverse spin asymmetry 𝑨𝝋 on the angle 𝜽𝟏 for the values of 

the azimuthal angle 𝝋 =45° (1); 90° (2) and 180° (3). 

Figure 4 shows the dependence of the transverse spin asymmetry 𝐴𝜑 on the en-

ergy 𝑥1 for 𝑥𝐴 =0.6, 𝜃1 =90° and various azimuthal angles 𝜑. As follows from the 
figure, with an increase in the variable 𝑥1, the value of 𝐴𝜑 decreases, reaching a 

minimum at 𝑥1 =0.7, and begins to increase. 
Fig. 5 illustrates the dependence of the transverse spin asymmetry on the energy 

𝑥1 for 𝑥𝐴 =0.6, 𝜑 =90° and various angles: 𝜃1 =45° (1); 𝜃1 =90° (2). As can be seen 
from the figure, with an increase in the energy 𝑥1, the asymmetry 𝐴𝜑 decreases 

and reaches a minimum at 𝑥1 =0.7. A further increase in the energy 𝑥1 leads to an 
increase in the spin asymmetry 𝐴𝜑. 

4. Energy distribution of Higgs bosons 

Averaging over the spin states of the electron-positron pair, for the differential ef-
fective cross section of the process 𝑒−𝑒+ → 𝐴ℎℎ we obtain the formula 

𝑑𝜎

𝑑𝑥1𝑑𝑥2𝑑ΩA 
=

𝐺𝐹
3𝑀𝑍

6

64√2𝜋4𝑠
⋅

𝑟𝑍

(1 − 𝑟𝑍)2
(𝑔𝐿

2 + 𝑔𝑅
2)𝐹1. (44) 

-1
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Fig. 4. Energy dependence of 𝑨𝝋 at 𝒙𝑨 =0.6, 𝜽𝟏 =90° and different values of the azimuthal 

angle: 𝝋 =45° (1); 𝝋 =90° (2) and 𝝋 =180° (3). 

 

Fig. 5. Energy dependence of 𝑨𝝋 at 𝝋 =90° and 𝜽𝟏 =45° (1); 𝜽𝟏 =90° (2). 

Integrating this cross section over the particle emission angles, we obtain the ex-
pression for the energy distribution of Higgs bosons: 

𝑑𝜎

𝑑𝑥1𝑑𝑥2
=

𝐺𝐹
3𝑀𝑍

6

96√2𝜋3𝑠
⋅

1

(1 − 𝑟𝑍)2
(𝑔𝐿

2 + 𝑔𝑅
2)𝐻1, (45) 

where 

𝐻1 = [
𝜆ℎℎℎ cos(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟ℎ
−

𝜆𝐻ℎℎ sin(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟𝐻
]

2

∙
ℎ1

2
+ (

𝜆ℎ𝐴𝐴 cos(𝛽 − 𝛼)

𝑦1 + 𝑟ℎ − 𝑟𝐴
)

2

∙ ℎ2 + 

-1

-0,75
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+ (
cos(𝛽 − 𝛼) sin(𝛽 − 𝛼)

𝑦1 + 𝑟ℎ − 𝑟𝑍
)

2

∙ ℎ3 + [
𝜆ℎℎℎ cos(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟ℎ
−

𝜆𝐻ℎℎ sin(𝛽 − 𝛼)

𝑦𝐴 + 𝑟𝐴 − 𝑟𝐻
] × 

× [
𝜆ℎ𝐴𝐴 cos(𝛽 − 𝛼)

𝑦1 + 𝑟ℎ − 𝑟𝐴
∙ ℎ4 +

cos(𝛽 − 𝛼) sin(𝛽 − 𝛼)

𝑦1 + 𝑟ℎ − 𝑟𝑍
∙ ℎ5] + 

+
𝜆ℎ𝐴𝐴

2 cos2(𝛽 − 𝛼)

(𝑦1 + 𝑟ℎ − 𝑟𝐴)(𝑦2 + 𝑟ℎ − 𝑟𝐴)
∙

ℎ6

2
+

𝜆ℎ𝐴𝐴 cos2(𝛽 − 𝛼) sin(𝛽 − 𝛼)

(𝑦1 + 𝑟ℎ − 𝑟𝐴)(𝑦2 + 𝑟ℎ − 𝑟𝑍)
∙

ℎ7

2
+ 

+
𝜆ℎ𝐴𝐴 cos2(𝛽 − 𝛼)sin2(𝛽 − 𝛼)

(𝑦1 + 𝑟ℎ − 𝑟𝐴)(𝑦1 + 𝑟ℎ − 𝑟𝑍)
∙ ℎ8 +

𝜆ℎ𝐴𝐴 cos2(𝛽 − 𝛼) sin(𝛽 − 𝛼)

(𝑦2 + 𝑟ℎ − 𝑟𝑍)(𝑦1 + 𝑟ℎ − 𝑟𝑧)
∙ ℎ9 + 

+{ 𝑦1 ↔ 𝑦2}; (46) 

ℎ1 = 𝑟𝑍[(𝑦1 + 𝑦2)2 − 4𝑟𝐴],  

ℎ2 = 𝑟𝑍[𝑦1(𝑦1 − 2) − 4𝑟ℎ + 1],  

ℎ3 = 𝑟𝑍[𝑦1(𝑦1 + 2) + 4𝑦2(𝑦1 + 𝑦2 − 1) + 1 − 4(𝑟ℎ + 2𝑟𝐴)] + (𝑟ℎ − 𝑟𝐴)2 ×  

× [8 + [(1 − 𝑦1)2 − 4𝑟ℎ]
1

𝑟𝑍
] + (𝑟ℎ − 𝑟𝐴)[4𝑦2(1 + 𝑦1) + 2(𝑦1

2 − 1)],  

ℎ4 = 2𝑟𝑍[𝑦1(𝑦1 − 1) + 𝑦2(𝑦1 + 1) − 2𝑟𝐴],  

ℎ5 = 2𝑟𝑍(𝑦1
2 + 𝑦1 + 2𝑦2

2 − 𝑦2 + 3𝑦1𝑦2 − 6𝑟𝐴) 

+2(𝑟ℎ − 𝑟𝐴)(𝑦1
2 − 𝑦1 + 𝑦2 + 𝑦1𝑦2 − 2𝑟𝐴), 

ℎ6 = 2𝑟𝑍[𝑦1 + 𝑦2 + 𝑦1 ∙ 𝑦2 + 4𝑟ℎ − 2𝑟𝐴 − 1],  

ℎ7 = 2 {𝑟𝑍(𝑦1 + 𝑦2 + 2(𝑦1
2 + 𝑦2

2) + 5𝑦1𝑦2 − 1 + 4𝑟ℎ + 10𝑟𝐴) +   

+4(𝑟ℎ − 𝑟𝐴)(1 − 2𝑟ℎ − 𝑟𝐴 − 𝑦1 − 𝑦2) +  

+ [2(𝑟ℎ − 𝑟𝐴) ((𝑦1 + 𝑦2 + 𝑦1𝑦2 + 𝑦1
2 + 𝑦2

2 − 1)𝑟𝑍 + 2𝑟ℎ
2 + 4𝑟𝐴

2 − 𝑟ℎ + 𝑟𝐴) + 

+6𝑟𝐴(𝑟𝐴
2 − 𝑟ℎ

2) + (𝑟ℎ − 𝑟𝐴)2(1 + 𝑦1)(1 + 𝑦2)]
1

𝑟𝑍
}, (47) 

ℎ8 = 2𝑟𝑍[𝑦1(𝑦1 + 2𝑦2) + 2𝑦2 + 4(𝑟ℎ − 𝑟𝐴) − 1]
+ 2(𝑟ℎ − 𝑟𝐴)(𝑦1

2 − 2𝑦1 − 4𝑟ℎ + 1), 
 

ℎ9 = 2[𝑟𝑍(2𝑦1
2 − 3𝑦1 + 𝑦1𝑦2 + 𝑦2 − 4𝑟ℎ − 2𝑟𝐴 + 1) +  
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+(𝑟ℎ − 𝑟𝐴)(𝑦1 + 𝑦1𝑦2 + 𝑦2 + 4𝑟ℎ − 2𝑟𝐴 − 1)].  

Figure 6 shows the dependence of the differential effective cross section of the 

process 𝑒−𝑒+ → 𝐴ℎℎ on the energy 𝑥1 for √𝑠 =500 GeV, 𝑀𝐴=150 GeV, 𝑡𝑎𝑛𝛽 =3, 
𝑥𝑊 =0.2315 and 𝑥2 =0.4. As follows from the figure, with an increase in the varia-
ble 𝑥1, the differential cross section increases and reaches a maximum near 
𝑥1 =0.63, and with a further increase in 𝑥1, the differential cross section decreases 
and remains almost unchanged at the end of the spectrum. 

 

Fig. 6. Dependence of the differential cross section of the reaction 𝒆−𝒆+ → 𝑨𝒉𝒉 on the 
energy 𝒙𝟏 

It should be noted that the experimental study of the process of production of 
three Higgs bosons in electron-positron annihilation 𝑒−𝑒+ → 𝐴ℎℎ is of great inter-
est, since it allows us to accurately determine the constants of the three-boson in-
teraction 𝜆ℎℎℎ, 𝜆𝐻ℎℎ, 𝜆ℎ𝐴𝐴. 

5. Conclusion 

Thus, we investigated the process of production of three Higgs bosons in the an-
nihilation of an arbitrarily polarized electron-positron pair 𝑒−𝑒+ → 𝐴ℎℎ. All Feyn-
man diagrams shown in Fig. 1 were taken into account, and analytical expressions 
were obtained for the differential cross sections of the process 𝑒−𝑒+ → 𝐴ℎℎ, when 
the electron-positron pair is polarized longitudinally and transversely. Expressions 
were found for the left-right 𝐴𝐿𝑅 and transverse 𝐴𝜑 spin asymmetries. The depend-

ence of the spin asymmetries and the differential effective cross section on the 
emission angles and energies of the particles was studied in detail. The results of 
the research are illustrated by graphs. 
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