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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 A, and transverse spin asymmetries A, 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 A, depends only on the Weinberg parameter x;, = sin? 8y,
while the transverse spin asymmetry A, is a function of the emission angles and particle
energies. The possibility of experimental measurement of the three-boson interaction con-
stants Appn, Agnrn and Apay 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 SU.-(3) X SU.(2) X 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
@1 and @, are introduced, the potential energy of which is expressed as follows
[17] (CP-conserving theory):

V(@1 92) = mi1 (907 91) + M52(0F 92) — [mi, (07 @2) + hoc. ]+

1 1
+54 (pfp1)* + 742 (03 92)* + 13(0F 91) (03 02) + A4(0F 02) (95 91) +

1
+ 52501027 + Dot 0) + 1, (03 9] (01 92) + hec. | (1)

Inthe MSSM, the parameters A; — A, are expressed through the interaction con-
stants g and g’ of the electroweak symmetry SU; (2) X Uy (1):

1 1
M= = 1(92 +9'%), Az = Z(g2 -9,
. (2)
A4=—§g2, /15=A6=/17=0.

The mass parameters m2,, m3, and m?, are given by the equalities:

) 1
m2, = (M3 + M2)sin?p — EM%'
2 2 2 2 1 2
mzz = (MA +Mz)COS B _EMz, (3)

1
m2, = EMjsinzp’.

Here M, and M, are the masses of the A- and Z-bosons, (8 is the mixing angle of
the scalar fields of the MSSM
We decompose the scalar fields ¢, and ¢, into real and imaginary parts around
the vacuum states:
_ 1y +H)+iP)
P11 = ( - ).

=" @)

N
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1 HF
P2 = —F= 0 .n0 |*
V2 \v, + H7 +iP;
Here v, and v, are the vacuum values of the scalar fields HY and H2.
Physical CP-even Higgs bosons H and h are obtained by mixing the fields HY and

HY (mixing angle a):
H\ _ (cosa sina\(HY
(h) B (—sina cosa) (Hé’)' )

Similarly, mixing the fields P and P (charged H and Hy), we obtain the CP-
odd A-boson (charged H*-bosons)

(@)= (ot o) ()

(655t (i)

where S is the field mixing angle, G® 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 4, and the charged Higgs bosons H. These bosons are characterized
by six parameters: My, My, My, Mﬁ, a and [. Of these parameters, only two, M,
and tanf, are free. The masses of the CP-even Higgs bosons H and h are deter-
mined by the masses of M, and M, as well as the parameter tanf:

(6)

1
Mg, = 5 [Mj + Mz + J(Mj + M2)2 — 4M2MZ%cos?2B|. (7)

The mass of charged Higgs bosons M% is expressed by the masses M, and My, :
M = M} + M. (8)

The parameter tanf is chosen as tanf = v, / v, and its value varies within the
range [15]

1 < tanf < 60.
The mixing angle of fields « is determined by the mixing angle 5 by the formula
M2+MzZ2 , =m
tan2a = tan2f—— (—=<a <0). 9
an2a anﬁMﬁ—Mf( SS@ ) (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].

20250203-4



Sarhaddin K. Abdullaev, Majid Sh. Gojaev, Mohsun R. Alizada
/ Journal of Physics & Space Sciences, 2025, v2 (3)

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"et - ZHgyHgy,e"et - Zhh (ZHH,ZHh, ZAA),
and the production of three Higgs bosons
e"et > Ahh (AHH,AHh, AAA).

Here Hg,, 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 et — ZHgy Hgy, e et —» ZAA, e"et — 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 +et—-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 A;; and trans-
verse A, 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 A, depends only on the Weinberg parameter x;, = sin? 8, (8,
is the Weinberg angle), while the transverse spin asymmetry A, is a function of the
emission angles and energies of the particles. The possibility of experimentally
measuring the three-boson interaction constants Ayup, Aynn, and Ay 44 is discussed.

1. The amplitude and the square of the amplitude modulus of the reaction
e et > 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 Z®A is allowed, where @ = 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 @-bosons, and then the @-boson decays into two h-bosons. The following
amplitude corresponds to this diagram:

M, = gZeeng)qu)hh{)uDuv(p)Ddb(p — k), (10)
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where £, is the weak current of the electron-positron pair

ty =02, 52)Vulg (1 +vs) + gr(1 — ¥s)]u(py, s1), (11)
e'(p2) A(k)
7p)
N f/’(’ﬁ)
D*(p-k) N
i} o
e (p) N
) (k)
_Alk) _Alk)
€(p2) N e'(ps) D
% *\:/ ‘ \\\\\\ *\Qi/// \\\\\
A AN “hike) AN “hik)
€(pr) hka) &(pr) hik2)
b) c)
e'(p2) A(k)

Z*(p)

€ (p1) Shik) ko) (o) “hiky) k)
d) e)

Fig. 1. Feynman diagrams of the reaction e"e* — Ahh.

p = p; + p, — total 4-impulse e~ e*-pair, s; and s, — 4-polarization vectors of an
electron and a positron;
1

gL = _§+ Xwr9r = Xw (12)

— left and right coupling constants of the electron with the vector Z-boson; D, (p)
and D, (p) are the propagators of the vector Z- and skalyar ®-bosons:

. Ty + pupv/Mg

Duv(p) =1 PZ — Mg ) (13)
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i

Dyp(p — k) = m;

9zee = (\/EGF)l/Z - M5 — is the constant of interaction of an electron with a vector
Z-boson; gz¢,4 is the constant of interaction of a Z-boson with @- and A-bosons;
Jonn is the constant of interaction of three Higgs bosons @hh; G is the Fermi con-
stant of weak interactions

At high energies of the electron-positron pair s > m2 (where s = (p; + p,)? is
the square of the total energy of the e ”e™-pair in the center-of-mass system, m,, is
the electron mass) a weak neutral current £, is maintained:

gupu = gu(pl + Pz)y =0,

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

MZ [Appn cos(B — ) _ Aunn sin(B —a)|  tyky

M, =—i — , (14
¢ Gzeedz, Ya+7Ta—Th Yatta—1n | s*(1—1) .
where g, = g/cos 8y, and the following notations are introduced
M2 M7 My  Mj

ST S TS T =
(15)
2E, 2E; ,

Ya=1—Xg,%=—F=,%12 = Y12 =1 =X,
Vs Vs

E,4, E; and E, are the energies of the A-boson and Higgs bosons with 4-impulse k;

-1/2 . .
and k,, (\/EGF) =246 GeV is the vacuum value of the standard Higgs boson
field.
In formula (14) Appp and Ay, are the interaction constants of the three Higgs
bosons hhh and Hhh, which depend on the mixing angles of the fields @ and 8 [15]:

Annn = 3 cos2asin(f + a),
(16)
Agnn = 2 sin2asin(f + a) — cos 2a cos(f + a).

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

My = gzee9znadnaatuDu(@)Da(p — k1), (17)
where
M
Ihaa = _lT *Anaa
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Anaa is the interaction constant of three Higgs bosons hAA, which is defined as
follows [15]:

Anaa = cos 2 - sin(f + a).
The product of the electron-positron weak current £, and the propagators
Dy (p), D4(p — ky) is equal to
ty 1
S2(A=1) Y1 +Th—Ta

quuv(p)DA(p — ki) =

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 Z,, = hA. According to the MSSM, this transition has the following form
[15]:

Z,hA: +%cos(ﬂ —a) (py — 2kqy)- (18)

Here p, and ky, are the 4-momenta of the Z,- and h(k,)-bosons. Based on these
considerations, we obtain the expression for the amplitude My:

M3 dpancos(B—a)  £yky,

My, =i — : 19
R A A ) 1
Similarly, we obtain the amplitude corresponding to diagram 1c):
MZ Apgacos(B—a) £,k
M, = igZeegZTZ' ha b ' 2 (20)

Vot —1a  sE(1-—1,)

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

My = gZeegZZthhAquuv(p)Dpa(p —kq). (21)
The vertex of Z;hA-bosons is written as follows:
ZshA: +%cos(,8 —a) (k—ky)g (22)

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

ZyZyhiig, M, sin(B — @) - gyp- (23)
As a result, the amplitude M, (21) will take the form:

i 5 Cos(f —a)sin(f — a) _ t,

M, = —— M X
d ZgZeegZ z —— s2(1—17)
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Ty — T
X |ky = kpy + kyy - 2—2 (24)
Similarly, for diagram 1e) we obtain the following amplitude:
M = i cos(B — a) sin(B — a) 4,
e — 2 gZeegZ z Vo + 1 —1, 2(1 _ rz)
Ty — T
X [kv - klv + k2v 2 < : (25)

VA

The total amplitude of the reaction e“e* — Ahh is equal to the sum of the am-
plitudes

M(e~e* » Ahh) =My, + My + M. + My + M, =

MZ [Apnn cos(B — a) _ Aunn sin(f — a)

lQZeeng Ya+T1a—1y Ya+Ta—Ty
x ‘Evkv +i MZ /1hAA COS(.B - (Z) t)vklv
s2(1 —1y) 9zee9z7 yi+rm—14 s2(1—-1,)
i M /1hAA COS(.B - a) kaZV _
Gzeeds Ty A —a s2(A—1y)
i 5 cos(B — a)sin(B — a) 4, [ rh]
—— . . k, —k k —
ngeegZ Z Y+ 1, — 17 52(1 _ Tz) vt K1y Ty
i 5 cos(B — a)sin(B — a) 2, [ Ty — rh]
R M . . — .
> 9zee97Mz IR—— Z(1—1p ky = kyy + kay r

(26)

Let us square the absolute values of the reduced amplitudes:

M Ly
Mg |? = gZceg? Wkukv X

. 2
% [Ahhh cos(f — a) _ Agnp sin(f — a)
Vat+T4—Th YatTa—Tyg

M% ? Apaacos(f — a) 2 Ly
o ' kluklv'

M. |12 = g2 2
| bl gZeegZ< U Vi + T —Ta 54(1 _ TZ)Z
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M Apaacos(f — a) 2 L
2 _ Z hAA . wv 27
|M | gZeegZ < > < ¥, + T, — 14 > 54(1 _ rZ)Z kZukZW ( )

X

cos(B — a) sin(B — a)) Lyy

My|? = M2
| dl 4gZeegZ ( y, + 1 — 1y 54(1 _ rZ)Z

[k“kv + kopkoy — (k#kZV + kvkzﬂ) + (kukiy + kykqy —

T4 — Th)?
—kyukoy — kaklv) Lty kyyukqy (—> )
Tz Tz

cos(f — a) sin(B — “)>2 Ly [k ky — kyukiy

M,|? = FM?
|M| 4gZeegZ z ( E— s (1 — 17)?2

—(kukyy + kykyy) + (kukoy + kykoy — kyykoy — koyksy) X

2
TA—Th Ta—Th
X + k,, k (— ,
r 2ut2v T,

Z

where L, is the electron-positron weak tensor:
Ly = 2(g + g7) ¥
X [PszV + DauP1v — 01 P2) Gy — ME (51u52v + S2uS1v — (51° Sz)g;w)] +
+2(9f — gR)me [P1uS2v + S2uP1v — (P1° S2)Guv — P2uS1v — S1uP2v +
+(P251) 9] + 4ngR[_(p1 : Pz)(51y52v + 52451y — (51 'Sz)g;w) -
—(sy- 52)(P1uP2v + pZuplv) + (p2 '51)(2?1#521/ + S2uP1v — (P1 'Sz)guv) +

+(p1 52)(192#511/ + SluPZv)] (28)

In this tensor we left only symmetric terms, since it is multiplied by the Higgs boson
symmetric tensors k, k., kq,K1v, ko Koy, etc.
Now let us determine the interference terms of different amplitudes:

( ) [Ahhh cos(B —a)  Ayppsin(B — 05)
gZeegZ

Yatrg—my YatT1yg—TH

MM, + MM, =
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Apaacos(f — a) Ly
X . (k, k kq,k
Vi+r—ra st —1y7)?2 ( wiaw ¥ g v)’

Annn cOS(B — ) Aypp sin(B — a)
Yat+Ta—Th Yat+Ta—Ty

M;MC +M:Ma = gZeeQZ( ) [

Apaacos(f — a) Ly
X . (k k ko, k
Yo+1n—14 sl —1y)? ( uiay 2y V)’

+ + 1, 3M§
MgMyz +Mg M, =59zee927 %

N [Ahhh cos(B — a) 3 Agnn sin(B — a) _ cos(B — a)sin(f — a) _ Ly
Yat+Ta—Th Ya+T71y—Ty YitTh =17 s*(1—1z)?

Ty —Th
X [Zk“kv - kﬂkZV - kszv + (k,uklv + kvklﬂ)T]’

Mz
MEM, +MIMy =2 3ugd

cos(B — a)sin(B — a) Ly
Yot —17 s*(1 —1y)?

o [Ahhh cos(B —a)  Ayppsin(B — a)
YatTra—Th Va+T1y—Ty

TA—Th
X [Zkﬂkv —kykqy — kiuky, + (k”kZV + kvkzﬂ) T],

M2\*
M;MC + M:Mb = g%eeg% (TZ> X
Aiaa c0s*(B — @) Ly
1+ =T+ 1 —Ta) 54(1 —17)?

2 — —
MEM, + MIM, = — 192 5 Mz /lhAA cos“(B — a) sin(B a) Lyy
29795 v (A1 = 1)1+ 1 —12) st - 17)?

“(kyukay + kapkay), (29)

Ta—Th
x [y + ey — Rz, — Ky + 2y, = ]

MM, + MM, =

lg2 2 MZ AhAA cos?(f — a) sin(B — a) Lyy
277692y (it — 1)z + 1 —17) 54(1 —17)?
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Tg—Th
X [kﬂklv + kuky — 2kiykey + (kyykay + kopkey) - ]

1 M Apaq c0s?(B — a) sin(f — a) Ly
M}Mg + MIM, = — Z.Zhes 2 x
Mat MM = =5 95090 Gy )0 + 1y ) S 12

—Th
X [kﬂkw + kykoy — 2kau ko + (kyykay, + kzﬂklv) - ]

1 MZ AhAA cos?(f — a) sin(B — a) L
MEM, + MM, = == g%ec 93— X
2 v Ottt — TA) s*(1—1y)

Ta—Th
x [k“kZV ko (ko + Kayksy) + 2,z = ]

1 cos?(f — a) sin?(f — a) Ly,
M+M M+M —_ 2 4M2_ . W
aMe + MeMa 4gZeegZ L 1)+ —17) sH(1 —1y)? %
—Th
X [2kaky = (Rulery + Rk + Kyl + ek, - (1= 22 ) -
Z
T4 — T\ 2
—2(kyykqy + kzuk2v) + (kyukay + kapkiy) (1 + ( - T, ) )]

Now we calculate the product of the electron-positron weak tensor L, Higgs
boson tensors k, k., k1,k1y, Kapkay, kiykay + Kopkay, kykay + kykqy, kykoy +
kaZﬂ:

Lyvkyky, = 2(gf + g&) X
X [2(py - )Pz - k) — (py - pIME —mE(2(k - 51)(k - 52) — (51 - s2)MP)] +
+2(g7 = gRIme[2(py - k) (k - 53) — (py - $2)ME — 2(py - k) (k- 51) + (P2 - s1)MZ] +
+49,.9r[— (51 52) 21 - k) (P2 - k) — (p1 - PIME) — 2(py ) (k- s (k- 55) +
+(py - 5@y - Kk - 52) = (py - 52)ME) — 2(py - ) (k- s (k- 55) +
+(p2 - 5@y k) (k- 52) = (p1 - 52IM) + 2(py - s2) (ke s) (k- p)]. (30)
Lyvkaykyy = {Lkuk, (k > ky, M7 > MP)},

(31)
L;wkzl,thv = {Luvkukv(k - ks, Mj - M}ZL)};
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Lyy(k1ukay + kopkyy) =
= 4(gf + 9@ (1 k)2 - k2) + (p1 - k) (02 - k1) — (p1 - p2) (kg - ko) —
—mg[(ky - 51)(ky = 55) + (ky - 52) (kg = 51) — (51 52) (ky - k)] +
+4(g7 — gidme[(p1 - k) (ky * 55) + (py - ko) (kg * 52) — (py - 52) (e k) —
—(p2 k) (kz * 51) = (P k) (ky * 51) + (P2 - s1)(ky * k)] +

+8919r[—(s1°52)((P1 " k1) (P2 “ k2) + (P2 " k1) (p1 - k2) — (P11 p2) (ky - k2)) —

~ (01 p2)(Uey s (kz * 52) + (ky - 52)(ky *51)) +

+(p2 5D (1 k) (ka52) + (p1 - ko) (ky - 51) = (p1 - 52) (g~ K2)) +
+(p1 - 52)((p2 * k) (ky * 51) + (p1 * k2) (kg - s1))]], (32)
Ly (kykyy + kyukey) = {Ly (kapkay + kopksy ) (ky = KD},

(33)
Ly (kykoy + kapky) = {Luy (kaukay + kapksy ) (ky = KD}

3. Differential cross section of the reaction e et — Ahh and spin asymmetries

We decompose the unit spin vectors 51 and 52 of the electron-positron pair in
their rest frames into longitudinal and transverse components:

=1
where 71 is a unit vector directed along the electron momentum, A, and 4, are the
helicities of the electron and positron, 1j; and 7j, are the transverse components of
their spin vectors.
First, let us assume that the electron-positron pair is polarized longitudinally:

A+ 1, ‘?2 = —1id; + 1, (34)

$ = ﬁ/h. $ = —ﬁlz-
In this case, the differential effective cross section of the reaction e "e* — Ahh
is expressed by the formula

do(Ay,42) GEMZ Tz %
dx,dx,d0,  642m%s (1 —15)2
X[gf(1—2)A+ ) + g1+ 1)1 — A)] - Fy, (35)
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where dfl, is the solid angle of the A-boson emission, and the function F; is equal
to:

F, = [/’lhhh cos(f — a) _ Aunn sin(f — a) 2 é N </1hAA cos(B — a)>2 f+

Ya+T1p—T1h Ya+Ta—1y 2 Y1itTh =1y

.\ <c05(ﬁ — @) sin(f - a>>2 e [Ahhh cos(B — @) _ AumnsinB — )]

Yi+1m—17 YatTa—T1p YatTa—Ty
Anaacos(B — a) cos(B — a)sin(B — a)
X [ =2 fu+ fs|+
YitTh—Ta YitTrh—T1z

Ahaa cos? (B — a) _ Anaa cos®(B — a)sin(B — a) 4
201+ =12+ —1a) 0 AT —1)
Anaa c0s?(B — a) sin(B — a) cos?(f — a) sin?(f — a) oy
A=t +1m—12) "% 20n+ -1+ —1y) P

+{01 © 03, %1 © x5, 1 © ¥} (36)

Here
= x5(1 —v“cos”0,) —4v-°rysin“ by,
1 i 2 2 A 2 A 2 A
= x7(1 —v*cos®0;) — 4v°r,sin“f ,
2 12 2 2 1 2 h in® 1

fz = f1 + x2(1 — v%cos?0,) — 4v2rysin?6, +

-2 [xzxA —2v3(y; — 1) — UZJ(xj —4ry)(x2 — 4rh)cos¢9A00592] +

+2 [xAxl —20%3(y, — 1Y) — UZJ(xj — 41,)(x2 — 41)c050,4c080, — x1%5 +

Ty —T
+20%(yq + 14— 21) + UZJ(xf — 41 (%% — 4rh)00591c0592] A n

+
Tz

Ty — Th>2
)

+[x2(1 — v? cos? 0;) — 4v%ry, sin? 6] - ( -
Z

fo=-2 [xAxl —202%(y, — 1Y) — vz\/(xj —4ry))(x2 - 4rh)cosHAcost91],
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fo=2 {fl — [xsz — vz\/(xj — 471,) (x3 — 41,)cos6,c0s0, — 202 (y, — TA)] +

Ty —T
+ [xAxl — vz\/(xj — 471,) (x? — 41,)cos6,c0s0, — 202 (y, — rA)] = " h},
7

fo=2 [xlxz - vz\/(xl2 — 413,) (x% — 413)cos01c0s0, — 202 (y, + 14 — 2rh)],

(37)

fr =2 {—xAxl + 2023 (y, — 1) + UZ\/(xj — 41,)(x? — 41)cos6,cos0, —

Tg—Th

—[x2(1 — v? cos? 6,) — 4v?ry, sin? 6] - -
Z

+

+ [xlxz — 202y, + 14 — 213) — vz\/(xl2 — 41, (x% — 4rh)00591c0502]},

fo=2 {—xAxl + 20%(y, — 1) + vz\/(xj — 41,)(x? — 41,)cos8,cos0, +

+[x?(1 — v? cos? 0;) — 4v?sin? 6] +

Ty — T
+ [x1x2 - 21)2(}’,4 + 1, — Zrh) - UZ\/(xlz _ 4rh)(x22 _ 4Th)C059160592] A . h}’
Z

fo = 2{xZ(1 —v?cos?8,) — 4v?r,sin?0, —

Xaxy — 202(y, —1y) — vz\/(xj — 41,) (x? — 41)cos0,cos6, —

Ty — Th]

—20%(y; —14) + xx4 — vz\/(xj — 41y (x5 — 4rh)0056A00562] : [1 -
z

—[x2(1 — v? cos? 8;) — 4v%ry, sin?0; +x2(1 — v? cos? 0,) — 4v?ry, sin? 6,] X

Ty —T
4y [x1x2 —20%(y, + 14— 2m) — uz\/(xl2 — 413,)(x2 — 413,)cosB; cosb,

)
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v = /1 — 4m?2/s is the velocity of the electron in the center-of-mass system, 8,
and 6, (08,) are the angles between the directions of the electron and the A-boson,
the electron and the h(k;)(h(k,))-boson, respectively.

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

Dy = k + El + Ez = 0, the Higgs bosons Ahh lie in the same plane with an azi-
muthal angle @. In this system, the laws of conservation of energy and momentum
in the variables x4, x1, x, and angles 8,4, 81, 8, are written as follows:

xA+x1+x2=2,

/xj — 41,050, + /xf — 41,0050, + |x% — 4ryc050, = 0.

From the differential effective cross section formula (35) it follows that the elec-
tron and positron must have opposite helicities: e[ ef or egej. This is due to the
conservation of the total angular momentum in the transition e"e™ — Z*. There-
fore, the process e et — Ahh corresponds to the helical cross sections given be-
low:

GEMgrs I
64+/2m4s (1 —17)?
G Mg, gk
64+/2mts (1 —17)?

Therefore, the process under consideration e”et — Ahh must have left-right
spin asymmetry, determined by the formula:

_do(e; eg —» Ahh) — do(ege - Ahh)
~ do(ejef > Ahh) + do(ege; —» Ahh)

do(e[ef - Ahh) = Fydx,dx,dQy,
(38)

do(egef —» Ahh) =

Fidx,dx,dQy,.

ALR

_gi—gk _ 1-4x,

= = . 39
g2 +g2 1-—4x, +8x} (39)

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

Now let us assume that the electron-positron pair is polarized transversely: é’l =

1, 52 = 1j,. We choose a coordinate system so that the electron momentum is
directed along the Z-axis, and its transverse spin vector 7j; is directed along the X-
axis, then the positron spin vector 77, will lie in the XOY plane (Fig. 2). The angle
between the spin vectors 17, and 7}, is denoted by @,. Then the differential effective
cross section of the reaction e"e™ — Ahh can be represented as follows:
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doGrimg) _ GIM§ mp
= : +gr)F +2 F,], (40)
dx,dx,dQy  642n%s (1 —15)2 [(9L + 9r)F1 + 291.9rM1N2F>]

where the function F, is equal to:

Fig. 2. Selecting a coordinate system

Yi+Th =7y

R = Apnn cos(f — a) _ Aunn sin(f — a) 2 91 4 Apaa cos(f — @) 2 .
2 Yatra—Th Ya+T1a—Ty 2 2

N (COS(ﬁ —a)sin(f — 04)>2 g+ [Ahhh cos(B—a)  Auppsin(B —a) o

Vit+1—717

Yat+1y—Th Yat+t1a—Ty
o [AhAA cos(B — a) gut cos(B — a)sin(B — a) '95] N
YitTh =14 Yi+t1h—17
A aa c0s* (B — @) Anaa c0s*(B — a) sin(f — a)
271+ 1 =) 2 + 1 — Ta) 96 1+ =11+ 1 —17) 97T
Anaa c0s?(B — a) sin(B — a) _ cos?(f — a)sin?(f — a)

+
01+ 10— 1) V2 + 10— 12) g

82t A=)+ —1) 7

O, © 02,x1 © X3, 1 © Yol (41)
Here

g1 = — (x5 — 41y)v*sin?0, cos(2¢ — ¢,),
g2 = —(x? — 41)v?sin?0, cos(2g — @),

gs = —Vv[(x3 — 4ry) sin? 0, + (xZ — 41y) sin? 0,] cos(2p — @) —

—2c0s¢, (xsz - vz\/(xj — 41,) (x% — 41y,) cos(84 — 0,) — 2v%(y, — TA)) +
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+v2\/(xj — 471,) (x2 — 4ry)sinf,sind, cos(2p — @,) +

Ta—Th

+2- [cosqo0 (xAx1 —20%(y, — 1) — vz\/(xj — 41 (x% — 4m,) cos(6, — 6,) —

Tz

—x1%, + 2V2(y, + 14 — 213) + vz\/(xl2 — 41,)(x% — 41,) cos(6, — 92)> -

—v? (\/(xﬁ — 41,)(x% — 41,)sinf,sind, — \/(xlz — 4r,)(x2 — 4rh)sin91sin02> X

Ta — rh)z
)

x cos(2¢p — (po)] —v2(x? — 41,)sin%0; cos(2p — @) - ( "
A

ga = —2c05¢, [xAxl - UZ\/(xj — 41,) (x{ — 41,) cos(0, — 6,) — 2v*(y, — TA)] +

+2v2\/(xj — 41,)(xZ — 4713,)sinf,sind; cos(2¢ — @,),

gs =2 [91 — COS@q (xsz - UZ\/(xj — 41,) (xF — 41,) cos(0, — 6,) — 202 (y; — TA)) +

+v2\[(xj — 471,) (x2 — 41,)sinf,sind, cos(2p — @,) +

Ta—Th

- [cos% (xAxl = 207 = 1) =07 [k — 4) 5?4y cos(0 — ea) -
z

—vz\/(xj — 41,)(xZ — 41) - sinf,sind; cos(2¢p — goo)],

g = 2

cos@, <x1x2 - UZ\/(xl2 — 41,)(x2 — 413,) cos(0, — 0,) — 202 (Y, + 14 — Zrh)> -

—vz\/(xl2 — 41,)(x% — 413,) - sinf;sinf, cos(2¢p — <p0)], (42)

g7 =2 {—COS% [xAxl - sz(Xf — 4ry) (xf — 4my) cos(8, — 1) — 2v*(y, — 1) —

—x.%, + vz\/(xl2 —41,)(x2 — 41,) cos(; — 0y) + 202 (Y, + 14 — Zrh)] +

+v2\/(xj — 41,) (x% — 471,)sinf,sind, cos(2¢ — ¢,) —

—vz\/(xl2 — 413,) (x2 — 41y,)sinB,sinb, cos(2p — @,) +
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Ta—Th

" v2(x? — 47,)sin?0; cos(2p — (po)},
VA

s =2 {—cos% (xAx1 —v? J (2 — 4r,) (x2 — 47) o5 (0, — 0;) — 203(y, — m)) +

vz\/(xj — 471,) (x2 — 471y,)sinf,sinb; cos(2p — @,) —

=T
—v2(x2 — 47;,)sin8, cos(2¢ — @) — ——=

X
Tz

X [cosq)(, (x1x2 - vz\[(xl2 — 41) (x2 — 41y,) cos(0; — 0,) — 202 (v, + 14 — Zrh)> -

—vz\[(xl2 — 413,)(x2 — 473,)sinf,sind, cos(2¢ — wo)]},

T —T
go=2 {—vz(xj — 471,) sin%8, cos(2¢ — @,) — (1 -4 - h) X
VA

X [COS‘PO (xA(xl +x,) = 20%(yy + ¥, — 21y)

- uz\[(xj — 41,) (x2 — 41y,) cos(6, — 6,) —

—v? J (x} — 47) (3 — 4,) cos (6 - 92)) -

—v? ’xf — 41, - sinf, ( ’xf — 41,sinf; + /xzz - 4rhsin92) -cos(2¢ — @) +
Ty —T
S

X [COS(pO <x1x2 — vz\[(xl2 — 41,) (x2 — 413,) cos(0, — 0,) — 202 (v, + 14 — Zrh)> -

+v?((x? — 41,)sin%0; + (xF —

—v2/(xZ — 47, (x2 — 473,)sinf;sinb, cos(2p — <po)}.
From the formula for the differential effective cross section (40) it follows that the
process e et — Ahh must have transverse spin asymmetry
_ do(mn, =1) —do(mn, = —1) _ 2091.9r Fz
® “do(mm, =D +do(mn,=-1) gi+g3 F
To estimate this transverse spin asymmetry, we assume that the angle ¢, = 7,

the energy of the e “e*-pair v/s =500 GeV, the mass of the A-boson M, =150 GeV,

the parameters tanfs =3, x;, =0.2315.
Figure 3 shows the angular dependence of the transverse spin asymmetry 4, for

(43)
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x4 =0.6, x; = x, =0.7, and various values of the azimuthal angle ¢. As follows
from the figure, with an increase in the Higgs boson emission angle 8,, the magni-
tude of the transverse spin asymmetry A, increases, reaching a maximum at
0, =90°, after which it begins to decrease. Moreover, the figure demonstrates the
sensitivity of 4, to the value of the azimuthal angle ¢: an increase in ¢ from /4
to /2 leads to an increase in the transverse spin asymmetry, whereas a further
increase in the angle from /2 to m is accompanied by a decrease.

165
04, degree

Fig. 3. Dependence of the transverse spin asymmetry A4, on the angle 84 for the values of
the azimuthal angle ¢ =45° (1); 90° (2) and 180° (3).

Figure 4 shows the dependence of the transverse spin asymmetry A, on the en-
ergy x; for x4, =0.6, 8; =90° and various azimuthal angles ¢. As follows from the
figure, with an increase in the variable x;, the value of A, decreases, reaching a
minimum at x; =0.7, and begins to increase.

Fig. 5 illustrates the dependence of the transverse spin asymmetry on the energy
x4 forx, =0.6, @ =90° and various angles: 8; =45° (1); 8; =90° (2). As can be seen
from the figure, with an increase in the energy x,, the asymmetry A, decreases
and reaches a minimum at x; =0.7. A further increase in the energy x, leads to an
increase in the spin asymmetry A,.

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"et — Ahh we obtain the formula

do _ GEMg
dx;dx,dQy  64/2m4s (1
20250203-20
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0,75 |

Fig. 4. Energy dependence of 4, at x4 =0.6, 8; =90° and different values of the azimuthal
angle: ¢ =45° (1); ¢ =90° (2) and ¢ =180° (3).

1 -

0,75

¢ 0,5

0,25

-0,25
05 |

-0,75

a1 F

1,25 L
Fig. 5. Energy dependence of A, at ¢ =90° and 8, =45° (1); 8, =90° (2).

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

do GEMS 1 5
= . + g2)Hy, (45)
dxlde 96\/21'[35 (1 _ rz)z (gL gR) 1
where
_ [PunncosB =) AwmnsinB — ) by (naacos@ -\
! Yat+Ta—Th Ya+Ta—Ty 2 Y1i+tTh—T1y 2
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. <cos(ﬁ —@)sin(8 - a))z - [Am cos(B — @) _ AunnSinB — a)] y

YVi+1h =17 VatT1a—Th YatTa—Ty

y [AhAA cos(B — a) ho 4 cos(B — a)sin(f — a) _ hs] N

YitTh—1y * Y1i+1h =77
AizlAA cosz(ﬁ —a) ) E n Ahaa COSZ(ﬁ —a)sin(f —a) ﬁ
Dt —1)2tmm—14) 2 1t —1)Qtr—17) 2
Anaa c0s*(B — a)sin®(B — a) Apaa c0s?*(B — a) sin(B — a)
" 8 " hg +
1t =11+ —T12) 2t —1)1 1 — 1)
Hyr o ¥2h (46)

hy = 17[(y1 + ¥2)? — 414l
hy =17y (y1 — 2) — 4, + 1],
hy = 1z[y1 (1 +2) + 4y, (v + ¥y, — 1D + 1 — 4@y + 2r)] + (1, — 12)? X

1
X [8+[(1—y1)? — 4] —
Tz

+ (1, — )[4y (1 + y1) + 20yf — 1],
hy = 217[y1(y1 = 1) + y2(y1 + 1) — 274],
hs = 2r;(yf +y1 +2y% — 2 + 3y1y, — 614)
+2(1, =) f —y1 + ¥z + y1y2 — 214),
he = 21z[ys + y2 + y1 - ¥z + 41 — 21y — 1],
hy = 2{rs(y1 + y2 + 20 + ¥3) + 5y1y2 — 1+ 4r, + 107) +
+4(ry — 1) —2r — 1y — Y1 —y2) +

+[2Gm —72) (01 + 2 +y1y2 + y2 +¥E = Drg + 207 + 407 =1 +7a) +
1
61 (17 = 1) + (o — 1> (L4 ) (1 + )] =} (47)
VA

hg = 217[y1(y1 + 2y;) + 2y, + 40, —14) — 1]
+2(ry — 1) (Yf — 2y, — 41y + 1),

hog = 2[r;(2y7 = 3y1 + Y1y, + y2 — 4 —2ma + 1) +
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+(rn = 1)1+ )1y2 + Y2 + 4, — 21, — 1))
Figure 6 shows the dependence of the differential effective cross section of the

process e et — Ahh on the energy x; for v/s =500 GeV, M4=150 GeV, tanf =3,
Xy =0.2315 and x, =0.4. As follows from the figure, with an increase in the varia-
ble x;, the differential cross section increases and reaches a maximum near
x1 =0.63, and with a further increase in x4, the differential cross section decreases
and remains almost unchanged at the end of the spectrum.

1,10
1,00
0,90

0,80

do/dxidx,,fb

0,70

0,60

0,50

0,55 0,6 0,65 0,7 0,75 0,8 0,85
X1

Fig. 6. Dependence of the differential cross section of the reaction e"et — Ahh on the
energy xq

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 Anpn, Agnn, Anaa-

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 A and transverse A, 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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