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In  the  framework  of  the  Minimal  Supersymmetric  Standard  Model  we  investigated  the  two  and  three- particle 

decay channels of Higgs bosons: 
 WWH , 

00
ZZH  , 

0
hZA , , WhH ,hhH 

,,, 0
AhZHbhbHhhH  ,0

hhZA    WbtAHhhWH )(, . Analytical expressions for the 

amplitudes and probabilities of the corresponding decays are obtained and the dependence of the widths of the decays on the 

mass of the Higgs bosons are studied. The calculation results are illustrated by graphs, which the widths of the decays to the 

Higgs boson mass are very sensitive. In some processes, the width of the decay increases with the increasing mass of the 

Higgs boson, while in others, on the contrary, it decreases. 
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INTRODUCTION 
 

The Standard Model (SM) based on local gauge 

symmetry )1()2()3( YLC USUSU   and well 

describes the strong and electroweak interactions of 

the physics of quarks, leptons and gauge bosons [1-4]. 

In this case, quarks are triplets and leptons are singlets 

of the color group )3(CSU , the left components of 

quarks and leptons are doublets of the group )2(LSU , 

and the right components are singlets, and they all 

have a hypercharge according to the group )1(YU . The 

discovery of the Higgs boson in 2012 by the ATLAS 

and CMS collaborations [5, 6] (see also reviews [7–
10]) has begun a new stage in the study of the 

properties of fundamental interactions.The mechanism 

of fundamental particles of mass generation – the 

mechanism of spontaneous breaking of the local 

gauge symmetry of Brout - Englert - Higgs [11, 12] 

was experimentally confirmed. Thus, the SM received 

a logical conclusion and acquired the status of a 

standard theory. 

A doublet of scalar complex fields 













0
  is 

introduced in the SM, the neutral component has a 

nonzero vacuum value. As a result, the electroweak 

group )1()2( YL USU   is spontaneously broken up to 

the electromagnetic group ).1(QU  In this case, three 

of the four components of the scalar field   are 

absorbed by the 


W - and 
0

Z -vector bosons, and the 

remaining fourth neutral component of the scalar field 

is the Higgs boson SМH . In the first experiments 

conducted at the Large Hadron Collider (LHC), the 

main properties of this particle were established. The 

Higgs boson is a scalar particle with spin zero, 

possessing positive parity, mass about 125 GeV, 

interacting with 
W - and 0

Z -bosons, and also 

quarks and leptons with a constant proportional to 

their masses. With the discovery of the Higgs boson, 

interest in various channels of production and decay 

has greatly increased. The various properties of the 

Higgs boson have been studied in a number of papers 

[4,13-19]. 

Note that along with the SM, other alternative 

models are widely discussed in the literature. One of 

the extensions of the SM is the two-doublet Higgs 

model 2 HDM [20, 21]. Another alternative model is 

the Minimal Supersymmetric Standard Model 

(MSSM) [22-26]. In this model, two doublets of the 

scalar field are introduced with opposite hypercharges 

–1 and +1: 
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To obtain the Higgs boson physical fields, 1 and 

2 are written as  
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Here
0
2

0
1

0
1 ,, НРН and

0
2Р are the fields describing 

the system excitations with respect to the vacuum 

states 11
2

1   and 22
2

1   . The CP-even 

Higgs bosons of the H - and h - bosons are obtained 

by mixing the fields 
0
1Н  and 

0
2Н (mixing angle  ): 
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Similarly, the fields 
0
1Р  and 

0
2Р are mixed, and 

also 

1Н and 


2Н , get a CP-odd Higgs boson A and 

charged Higgs bosons 
H and 

H (mixing angle  ): 
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where 0
G and 

G are neutral and charged massless 

bosons. Therefore, after spontaneous symmetry 

breaking, five Higgs particles appear in the MSSM: 

CP-even h - and H -bosons, CP-odd А -boson, and 

charged Н -bosons. 

In the MSSM, the Higgs sector is characterized 

by six parameters ,,,, 
HAHh MMMМ and  . Of 

these, only two parameters are free, and tg and АМ
are  usually chosen as such parameters. The parameter 

tg   is   equal   to   the   ratio 
1

2




  and  varies  within               

5,35tan1 
b

t

m

m , 

where 2,173tm GeV and 88,4bm  GeV are the 

masses of t - and b -quarks. 

The masses of neutral h - and H -(charged
Н -) 

bosons are expressed in masses АМ and ZМ ( АМ and 

WМ ): 
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It follows that between the masses of 

supersymmetric Higgs bosons there is a relationship  
 

 


HHAh MMMM

 
 

The mixing angles of fields  and  are related 

by:  

22

22

2βtan tan2α
ZA

ZA

MM

MM




 ,  






  0

2


.  

The Higgs bosons of the MSSM can decay 

through various channels (see [25,27-29] and there are 

references to primary sources). In previous works [30–
32], we considered the Higgs boson decay channels of 

the MSSM into an arbitrarily polarized fermion pair 

,),( ffAhH  ffH 
and also three-

particle 
 WbtAH )( , 

  WbbH , 

ffZH  0
, ffWH  

decays. 

In this paper, we study some two and three-

particle decay channels for supersymmetric Higgs 

bosons: 
00, ZZHWWН  

             (1) 

hWHhZA  ,0
                 (2) 

    bbhHhhH  ,                      (3) 

hhWHhhZA  ,0
      (4) 









WbtWWH

WbtWHAH

*

* ,)(
        (5) 

 

Analytical expressions are obtained for the 

amplitudes and probabilities of the corresponding 

decays, and the dependence of the decay width on the 

Higgs boson mass is studied. 

 

2. The decays of  WWН and 
00

ZZH   

 

First, consider the decay of the heavy Higgs H

boson into gauge bosons 


WW ( 00
ZZ ). This 

process is described by the Feynman diagram shown 

in fig. 1 a (4-particle momenta are written in brackets). 

To this diagram corresponds the amplitude: 

 

)()()()( 2
*

1
*

pUpUpHigVVHМ НVV     (6)  

                          

where HVVg is the Higgs boson coupling constant H

with gauge VV bosons (expressions of various 

coupling constants are given in [25]), )( pH  is the H -

boson wave function normalized to unity, )( 1
*

pU   

and )( 2
*

pU  are 4 polarization vectors of gauge 


WW ( 00

ZZ ) -bosons.  

For the decay width VVH  , summed over 

the polarization states of the vector bosons, the 

expression is obtained: 
 

.41)21241)((2cos
28

3

)( VVrVrVr
HMFG

VVH 


                             (7) 
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V
V
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M
r designation is entered here 

and it is taken into account  
 

),(cos24 242   VFHVV MGg  

 

FG is the Fermi constant of weak interactions a 

1W  in the case of the production of charged


WW bosons,

2

1
Z at the production of neutral 

0
Z -bosons. 

Figure 2 shows the dependence of the decay 

widths  WWН and
00

ZZH  on the Higgs 

mass of the HM boson at 3tg and 425,80WM
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GeV, and 1875,91ZM GeV. As can be seen, with 

increasing Higgs boson mass, the decay width 

monotonously increases, the decay width 

)(  WWH prevails over the decay width 

)( 00
ZZH  . 

As is known, a massive vector particle is 

characterized by three independent polarization 

vectors: two transverse (with respect to the k 3-

momentum of the particle) and one longitudinal: 

,,0,0,,)0,1,0,0(,)0,0,1,0( )()2()1(
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where E and k


are the energy and the 3-momentum of 

the vector boson, the Z axis is chosen along the 

momentum k


. It can be seen from (8) that the 

components of the 4 -vector of longitudinal 

polarization 
)(L

U  turn out to grow with an increase in 

the energy of the vector boson. Therefore, the decay 

width of the formation of longitudinally polarized 


WW ( 00
ZZ ) -bosons will increase with increasing 

mass НM . 

The width of the Higgs boson decay into a pair 

of longitudinally polarized vector bosons is given by 

the formula: 

 

 

VVrVrVr
HMFG

LVLVH 


41)2441)((2cos
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3

)(                   (9) 

 

This means that for large Higgs masses of the

НM  boson, vector bosons are predominantly 

polarized longitudinally. Consider the decay width 

ratio  

.
1241
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)(

)(

2

2
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Figure 3 illustrates the dependence of the 

)(/)( VVHVVH LL  ratio on the mass of 

НM . As can be seen, with increasing НM mass, this 

ratio increases and at large НM  approaches 1. 
 

3. The decays of hZA
0 and hWH

   
 

The  Feynman  diagram  of   the decay   of  the 

pseudoscalar A -boson into the vector 0
Z -boson and 

the scalar h -boson is shown in fig. 1 b) and to this 

diagram corresponds the amplitude 

 

 RpUphpAighZAM AZh )()()()( 2
*

1
*0         (11) 

  

where AZhg  is the coupling constant, )( pA and )( 1
*

ph

are the wave functions of A and h -bosons normalized 

to unity, )( 2
*

pU  is the 4-polarization vector of the 0
Z

boson,  )( 1ppR   is the sum of 4-impulses of A

and h -bosons. Based on the matrix element (11), the 

expression for the decay width hZA
0 is obtained:

 

2/3]2242)222)[((2cos
328

)0( hMZMhMZMAM

AM

FG
hZA  


                    (12) 

 

The Feynman decay diagram of the hWH
   is similar to the diagram in fig. 1 (c) and we write the 

corresponding matrix element as follows: 

 

 RpUphpH
hWH

ighWHM )2(*)1(*)()( 
                                        (13) 

 

Having performed the calculations according to the usual MSSM rules, for the decay width hWH
   

we have the following expression  

2/3]2242)222)[((2cos
328

)( hMWMWMhM
H

M

H
M

FG
hWH 


 


 .                 (14) 

 

Figure 4 shows the dependence of the decay width hZA
0 and hWH

   on the mass AM and 
H

M  

at 3tg , 1875,91ZM GeV and 425,80WM GeV. As the mass of the Higgs boson )( 
HA MM  increases, 

the  width of the decay ))()(( 0
hWHhZA

   increases. 
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Fig. 1. Feynman diagrams for various Higgs boson decay channels 
 

 

Fig. 2.  Dependence of the decay width )(
 WWH  

           and )( 00
ZZH   on the mass НM  at 3tg  

  

Fig.3. Dependence of )(/)(
 WWHLWLWH  

          and )
00

(/)
00

( ZZHLZLZH  ratios on НM  
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4. The decays of hhH   and bhbH   

 

One of the possible channels for the decay of a 

heavy Higgs boson is its decay into two light h -

bosons: hhH  . The diagram of this decay is 

shown in fig. 1 (c). The amplitude of this decay can be 

written as: 

)2(*)1(*)()( phphpHHhhighhHM          (15)                                              

 

The decay width of this process is: 
 

241

4

216
)( Hhhghr

HM

ZMFG
hhH 


          (16)                                        

 

where 

2





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


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H

h
h

M

M
r . Figure 5 shows the dependence 

of the decay width hhH  on the mass hM for two 

values of the parameter tg . In both cases, the decay 

width monotonically decreases with increasing mass 

of the Higgs boson HM .  

When hHh MMM 2 , the Higgs boson H

decays through the bbhhhH  * channel, 

the Feynman diagram of which is shown in fig. 1 d)    

( *
h -virtual Higgs boson). The amplitude of this decay 

is 

 
 

)2,2()1,1(
22)21(

)(*)(
)(  ppu

hhiMhMpp

khpH
hbbgHhhigbhbHM 



                        (17) 

 

here Hhhg  and hbbg  are the corresponding coupling 

constants, 1 and 2 are the helicities of the b -quark 

and b -antiquark, hM and h are the mass and width 

of the decay of the h -boson. 

We introduce the scaling energies of the b -quark

HM

E
x 1

1

2
 , b - antiquark 
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E
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E
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m
r  . Then 

for the decay width bbhH  we have the 

expression: 

 

hhrhx

brhrhx

Hhh
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bmZMFGCN

dxdx

bhbHd








 
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364
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Here it is taken into account  




2cos

2sin222,)cos(2cos)sin(2sin2,24242  bmFGhbbgHhhHhhZMFGHhhg  

From the decay width (18) it follows that b -quark and b -antiquark must have the same helicity:

121   , or  they  are  polarized right ( RRbb ), or left ( LLbb ). This is due to the law of conservation of the 

total moment in the transition bbh * .The decay width bbhH  , summed over the spin states of 

quarks, has the form (Dalitz distribution): 
 

hhrxx

brhrxx

Hhh
HM

bmZMFGCN

dxdx
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





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The quark scaling energies vary within ,10,
1

11 2
2

12 h
h

h rx
x

r
xrx 


   then the 

integration of the Dalitz distribution density (19) over these variables can be performed analytically. As a result, 

the expression for the decay width bbhhhH  * is obtained (with )0 bbr  : 
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                             (20) 
 

Figure 6 illustrates the dependence of the width of the decay )( bhbH  on the mass of the Higgs boson 

HM  at 3tg . As can be seen, with an increase in the Higgs boson mass, the width of the decay 

bbhH   first increases and reaches a maximum at 62,144HM GeV, and then the width of this decay 

slowly decreases. 
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5. The decays of hhZA
0  and hhWH

   
 

We note that not only with the two-particle Higgs boson decays hZA  0  and hWH   , but also 

three-particle hhZA  0  and hhWH   decays are possible. In this case, the additional h -boson is 

emitted by the vector )(0 
WZ -boson (see fig. 1 (e) and f)), where the Feynman diagrams of these decays are 

presented.). 

According to the MSSM rules, the decay of hhZA  0  corresponds to the amplitude 
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                                       (21) 

where AZhg and ZZhg are the corresponding coupling constants, )(*
kU  is the 4-vector of the 0

Z -boson 

polarization.  

On the basis of (21) for the square of the matrix element of the decay hhZA  0  we get the 

expression: 
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Here is the function  













 2

121
22

1 )1(
4

1
)1(

1
2)1(4)1(4 Z

Z

h

Z

hhZZ rx
r

rx
r

rrxrf

                          

))()(()( ZZZh

Z

ZZ rxrxxr
r

rxx 


 



                         

(23)

АM

E
x 1

1

2
 ,

АM

E
x 2

2

2
 and 212

2
xx

M

E
x

А

Z
Z   are the scaling energies of the h -bosons and the 0
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The width of the decay hhZA  0
 is directly proportional to the square of the amplitude (22)
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Consider the width of the decay hhZA  0 , normalized to the width of the usual decay hZA  0 : 
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Figure 7 shows the dependence of the 

normalized decay width (25) on the scaling energy 1x

at a fixed 220,5,02  АMx GeV, 

1875,91,3  ZMtg  GeV. As can be seen, with an 

increase in the scaling energy 1x , the normalized 

decay width 

21

)0(

)0(

1
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
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decreases.  

The decay of hhWH  
corresponds to 

the diagram shown in fig. 1 (f) and the amplitude of 

 

this decay can be written as: 
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where
hWH

g   and WWhg  are the corresponding 

coupling constants, )(*
kU  is the 4-polarization vector 

of the W -bоson. 
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Fig.4. The dependence of the width of the decay 

)(0
hWHhZA

 →→  on the mass )( HА MM  

 

Fig. 5. Dependence of the decay width hhH →  on the 

mass НM   

 

Fig. 6. Dependence of the decay width bhbH → on the 

mass НM  

Fig .7. Dependence of the ratio  
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Fig.8. Dependence of the ratio 
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The distribution density of Dalits in the decay of 

 hhWH ++→   is expressed by the formula 
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where the function Wf  is obtained from the function

Zf  by replacing WZ rr  . 

The width of the decay hhWH ++→   is 

normalized to the width of the usual decay

hWH +→  : 
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Figure 8 illustrates the dependence of the normalized  

decay  width  (28)  on  the  scaling  energy 1x at a 

fixed 200,5,02 == H
Mx GeV, ,3=tg

425,80=WM GeV. Here, a monotonous decrease of 

the normalized decay width is observed with 

increasing scaling energy 1x . 
 

6. The decays of −→ WbtAH )(   
 

One of the interesting channels for the Higgs 

boson decay is −++→ WbtAH )( . This decay can 

occur through various virtual states. The decay 

channel according to the scheme
−++→+→ WbtttAH

*)( was investigated by us in 

[32]. These decays can also occur through the virtual 

charged Higgs boson 
−−+ ++→+→ WbtWHAH

*)( . In addition, the 

scalar Higgs boson H can also decay according to the 

scheme −−+ ++→+→ WbtWWAH
*)( . We note 

that the decay of the pseudoscalar A -boson according 

to the scheme −+ +→ WWA
*  is forbidden by the law 

of conservation of CP parity.   

Now let us consider the decay of the )(AH -

boson via the −++→−++→ WbtWHAH
*

)(

channel, the Feynman diagram which is shown in fig. 

1 (g). The amplitude of this decay is written as 

follows: 
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where tbU is an element of the Kobayashi-Maskawa matrix,
WHH

g + and
tbH

g + are the corresponding coupling 

constants, ts is the 4-polarization vector of the t -quark. For the square of the amplitude (29) the expression is 

obtained 
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The width of the Higgs boson decay in the −++→ WbtH channel is expressed by the formula  
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We define the spectrum of quarks in the case of a longitudinally polarized t -quark (the helicity of the t -

quark is denoted by t ). For this, we need to take the integral over the phase volume of the 
−

W -boson. Then the 

expression for the decay width will be:  
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where the bar above the square of the matrix element means that, by the polarizations of the antiquark b  is 

summed. Now, by integrating the angles of departure of the t and b quarks, for the decay width 
−++→ WbtH we obtain the expression  
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If we neglect the antiquark mass bm , then the decay width −++→ WbtH is greatly simplified ( 0=+H
 ): 
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is the decay width of −++→ WbtH at the production of non-polarized quarks, and tP  is the degree of 

longitudinal polarization of the t -quark 
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For the decay width of the pseudoscalar boson in the −−+ ++→+→ WbtWHА * channel, a similar 

expression is obtained 
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and the degree of longitudinal polarization of tP  is expressed by the same formula (36) as in the decay of 

−++→ WbtH . 

Figure 9 shows the dependence of the degree of longitudinal polarization of the t -quark on the scaling 

energy tx  at 300)( =AH MM  GeV, 3,0=bx , 2,173=tт GeV, 425,80=WM GeV. As follows from the 

figure, with an increase in the scaling energy of t -quark, the degree of its longitudinal polarization first 

decreases sharply and then slightly increases. 

One of the possible Higgs boson decays is the −−+ ++→+→ WbtWWH
* decay, Feynman diagram, 

which is shown in fig. 1 (h). The matrix element of this decay is written as 
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The square of the matrix element (39) is expressed by the formula (with 0=br ) 
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Here, it is taken into account that )(cos8 2422  −= WFWWH MGg  and functions are introduced 
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The decay width of the −−+ ++→+→ WbtWWH
* can be written as 
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in here 
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is the width of this decay with unpolarized particles, and  

  

1

2

F

F
Pt =                                                                                                        (44) 

 

is the degree of longitudinal polarization of the t -quark. 

 

 
Fig.9. Dependence of the degree of longitudinal polarization 

of the t -quark on the scaling energy tx . 

 

CONCLUSION 

 

In the framework of the MSSM, we discussed 

the decay channels of the supersymmetric Higgs 

bosons 
+− +→ WWH , 00

ZZH +→ , 0
ZhA +→ ,

,hhH +→ bbhH ++→ , hAZH ++→ 0 ,

+ +→ WhH , hhZA ++→ 0 , hhWH ++→  ,

−++→ WbtAH )( . Analytical expressions for the 

amplitudes and decay widths are obtained, the 

dependence of the decay widths on the Higgs boson 

mass is studied. It was established that the width of all 

decays is highly sensitive to the Higgs boson mass. 

With an increase in the Higgs boson mass, the decay 

width in some processes increases, while in others it 

decreases. 
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