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ABSTRACT 

We study the decays of toponium V, with particular attention to Higgs- 

boson production. Decay modes such as V + 7*, Z” + H-y, V + -y*, Z” + 

H3Sl (T, Xl?) and V + 2’ --) Hl?+l?- are also considered. These rates are found to 

be very small in the minimal (one-Higgs - doublet) model. We discuss shortly the 

consequences of a composite model for the Higgs boson and of enhanced coupling 

constants of a light Higgs boson to fermions in a two-Higgs - doublet scheme. 

The implications of a possible mixing between V and 2’ on the production of V 

in e+e- - collisions as well as in f7p - collisions are considered. 
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1. INTRODUCTION 

One of the most important questions in particle physics today, after the 

discovery of the W and 2 bosons at the CERN pp collider and possibly the 
s 

top quark,lm3 is whether the Higgs boson, an importantfeature of the standard 

model, does exist or not. It has been known since Wilczek’s work4 in 1977 that 

a heavy quarkonium can provide a possible laboratory for studying neutral light 

Higgs - boson production. The search for a Higgs boson in the decay products 

of quarkonia has attracted much renewed interest recently in connection with 

the so-called c( 8.3) 5 whose existence, though, is now doubtful. In this paper, 

we will study the decays of toponium V(ti), paying particular attention to the 

light Higgs-boson production. Such study exists in the literature.6 Many earlier 

calculations, however, have been restricted to the lower mass region of the top- 

quark mt. We will study the toponium decays in the range 30 5 mt 2 60 GeV, 

(according to UA1,3 30 5 mt 5 50 GeV), taking into account the Z”-boson 

effect in the main decay modes of the V : V + 7*, 2’ + Cf jr, Cc t!+fY- 

(j = quark and fZ = lepton) and a possible V - Z” mixing. The A”-boson 

contribution gives strong effects on the branching ratios of decay modes in the 

vicinity of mt - Mz/2. 

We organize the paper as follows: In Sec. 2 we review shortly the known 

formulas for various decay modes of V taking into account the contribution of 

Z”. We will devote special attention to decay modes of the V : V + 7*, Z” + 

H7, V ---) 7*, Z” + H 3S1(T,q) and V -+ 2’ -+ He+f!- for which we derive 

the formulas in Sec. 3. The formula for the decay width of the particular process 
- 
V ---) 7*, Z” + H7 is also derived in a composite model for the Higgs scalar. 

Section 4 is devoted to the numerical results for the processes presented in Sets. 2 

2 



and 3. The decay rates for these processes are found to be extremely small in the 

minimal Higgs model. We will discuss shortly the consequences of a composite 

model for the Higgs boson and of enhanced coupling constants to fermions which 

arise if the H appears to be a light .scalar one in a twc+&gg~~. doublet scheme. 

-In Set; 5 we discuss the implications of the possible V - Z” mixing on the 

production of V in e+e--collisions as well as in fipcollisions. Section 6 is devoted 

to conclusions. 

2. REVIEW OF BASIC FORMULAS 

In the following we present the formulas for each decay mode of the toponium, 

together with the corresponding diagrams illustrating the decay mechanisms. 

~Restricted formulas for the cases (1) - (9) below can be found in Ref. 6. 

(1) V + 7*, 2’ + ff (f = quark) (Fig. 1). 

qv+7*, Z”+ff)=;Vf 
( 

1+ 4w 2 
r > ef 

(1 - v~Mt2ql~zl”M: 1 
(1) 

eiei sin4 8~ cos4 0~ 
rof , 

where 

rot = qv --, 7* + l+l-) , 

AtAfi$?Dz 
2 

Kf= l- 
etef sin2 ew (308~ 9~ 

+ 

- Dz = (I$ -Al;; + iiwzrz ’ 

V/y/~, 

3 

AtBfM;Dz 
2 

etef sin2 8~ co82 ew ’ 



for 

f = u,c,t; ef = $, Af=$-gsin2Bw, Bf = f, 
f =d,s,b; e/z-$, Af=-f+ish28w, Bf=-f* 

(2) V + 7*, 2’ + tT+t!- (f2 = i, p, T) ‘(Fig. 2). F - -. 

where 

2 
KL= l- 

I 
Atad$Dz 

2 

et sin2 ew cos2 ew I I 
+ 

At b&f; Dz 
et sin2 ew ~062 ew 

9 

1 al=-- 4+sin2ew, bt=-;a 

(3) v -+ Z” -+ ULP~ (Fig. 3). 

r(v -+ z" -+ v~P~) = rod: (a: + $1 IDz 12M; 
et2 sin4 ew (3084 ew 

where 

a, = -, ’ b,,=;. 
4 

(4) V -+ 3g (Fig. 4). 

10 7r2 -9 ~2.; rot 
r(v-+3g)=81~.~.-. 

e: 

F) V -+ 2gy (Fig. 5). 

r(v 3 2gy)= 7 ef $ qv --+ 3g). 

- ~.. 4 

(4 

(3) 

(4 
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(6) V -+ tf -+ W-6 (Fig. 6). 

-(7) V 3 bii (weak decay) (Fig. 7). 

rw2 = 3tlgrIW’ M; roL 
32 ef sin4 8w COST 8w Mi ’ 

(74 

where 

Uta = the Kobayashi - Maskawa quark mixing 

matrix element for the t + b transition. 

The interference terms between V -+ 7*, Z” + b& and V + bg (weak decay) me 

given by 

rw3 = rresw (v ---) b6) + rz-w (V + b6) , (7b) 

where 

rr.-w (V --) b&) = - se&? I&l2 M’ot 
4et sin2 ew COST t?w Mg ’ 

rzmw (V --$ b6) = - 3At(& + Bb) M$ReDz - I&l2 vw 
4e: sin4 8w COST ew Mi ’ 

(8) V + H7 (Wilczek’s mechanism) (Fig. 8). 

- 
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3. THE DECAYS OF V INTO A HIGG8 BOSON 

Now we consider several decays of V into a scalar H. 

(9) V + 7*, Z” + H7 (loop diagrams, Fig. 9). 
T - s 

In addition to the Wilczek’s mechanism, the fermion and W-boson loop di- 

agrams of Fig. 9 can contribute to the decay channel V + H7 (the crossed 

diagrams are not shown). The decay width can be expressed as: 

rhdV-+7*, Z”-+H7)=I’ol.4~~~M? (1 ;?i~)~ lJ12 , (94 

where 

J=x If l- &=QM;Dz At cot ew M; Dz 

f etef sin2 ew c0s2 ew et sin ew cos ew ’ 

1 1-Z 

If = my -3’f - e2f 
/ / 

dx 
1 - 4xy 

0 0 
rn; - M;y(l - x - y) - m&xy - ic’ 

1 1-z 

Iw = M& 
/ I 

dx 2p - PXY] 

0 0 
M$ - M;y(l - x - y) - m&xy - ir’ 

X=2-M;/2M$, 

- cf (color factor) = 
1 for quarks 

0 for leptons 

The integration in If and Iw can be carried out analytically.7 

6 

.- 



The contribution from the interference between the Wilczek type mechanism 

and the loop diagrams reads as: 

I’i,t(Wilczek type @  loops) = -Tot 4n2 

(10) V + 7*, 2’ + H3S - 1 (3Sr = T, \k) (Fig. 10). 

Neglecting for simplicity the 7* contribution in the loop diagram of Fig. lOa, 

the decay width can be given as: 

r(v + 2-O ---) H 3Sr) = rof l A:lDz12M; 
ef sin4 ew ~0~3~ ew 

RH(~&). (104 

We take RH(~S~) from Ref. 8, which has been calculated adopting a non- 

relativistic bound-state picture for describing the quarkonia. In out notation 

it reads as: 

CHA;LJ 
Rd3S1) = (1 + pk _ p2)2 

2p2-& 2 
1-P2+& lsp2 

I 

+ 2p2 
[ 
1 - I2 + & 

3-p2 2 
- l-/k2 II ) . 

where 
f = b(c), for 3Sr = T(Q), 

P$ = m$&f$, ~1~ = M2/M; (M : the mass of 3Sr), 

W= { (l- p2)2- &(2+2p2 - &pa . 

Using the empirical regularity:* - 

I’(‘& -+ e+e-)/e; N 10s5 GeV, 
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which is known to be satisfied quite well, we have 

CH= 1.8 x 10-7M. 

T - s 

-The decay widths of the V into other quarkonium states such as lSc, 3Pl, etc. 

can also be calculated similarly. 

(11) V -+ 2’ -+ Ht?t- (Fig. 11). 

A straightforward calculation leads us to the following decay width: 

r(v + 2-O + Hl+t-) = 
aM;MiAf(ai + bi) . 
48~ sin6 Bw co@ Bw rof Pz12 

(l-mIf/Mv)’ 

I dx IX2 - q1 + p&)x + (1 - pg2p2 (11) . 
b - 0 

I&)” + r;&/M; 

- Ix2 + (10 - P&)X + (1 - p&)2], 

where 

One can derive the decay widths for the processes V + 2’ --) HOD and V + 

2’ + H f f (j = quarks) in a similar way. 

(12) V + 7*, Z” + H7 (composite Higgs, Fig. 12). 

Finally, we consider the process V --) 7*, 2’ + H7 in a model for composite 

Higgs? In composite models where vector bosons (W*, Z”) and scalar boson H 

are made of the same subconstituents, the couplings like HZ7, H77 and Hgg 

could be completely different from the standard (minimal) Higgs case.g (The 

other couplings like Hff, HWW and HZ2 are similar to the standard Higgs 
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couplings). If one assumes additionally the W-dominance modello for photon- 

hadron interaction, the couplings of H to two vector states fmvt reads as: 

f&7 = sin2 Bw/Mw , 

T - s (124 
kz7 = sin ew /Mw , 

where we use the gauge invariant form 

fwvv~ ((em e’)(k . k’) - (ek’)(e’k)) 

with ep, , e’p kp and k’p being polarizations and momenta of the vector states, 

respectively. Then the decay width is given by: 

composite(V + 7*, 2’ + H7) = rof . ?% r 
32?ra 

’ fHyy - 
M; fHz7DzAt 2 
sinew cOsew ’ 

PW 

The contribution from the interference between the diagrams of Fig. 8 and Fig. 

12 reads as: 

ii,t.(Wilczek type CIJ composite) = -rof . M; (JZ&7)l12 
87rrcu 

(124 
fHZ& M;Dz 
sinew cOsew 

Although we restrict ourselves to a discussion for V --) 7*, Z” + H7 in this 

paper we note that in composite models for Higgs-boson, the processes like V + 

7, Z0+H3SrandV+7*, Z” --) H@l- (Fig. 13) etc. can give nonnegligible 

contributions. 

9 
- 



4. NUMERICAL RESULTS 

Numerical calculations for the decay widths and the branching ratios are 

performed by employing the following values: 
r - 

- 
as(W) = 

0.193 

1+ & ‘0.193h (3)” ’ 
Sh2ew = 0.226, 

mH = 8.3 GeV (we assume this value as a representative one), Mz = 92.4 GeV, 

I'z = 2.87 GeV, m, = 4. 10v3 GeV, rnd = 7.5 - 10q3 GeV, m, = 0.15 GeV, m, = 

1.5 GeV, ?nb = 4.5 GeV, rot = I’(V -+ 7* -+ k?+l-) = 5 keV, MW = 81 GeV, 

Utb = 1, I’(T -+ 7* -+ fZ+t-) = 1.6 keV, MT = 9.46 GeV, and MQ = 3.1 GeV. 

We show the curves for the decay widths and the corresponding branching ratios 

as a function of mt in Figs. 14 - 18. In Figs. 16 and 17 we compare the decay 

width I’(V + H7) by different mechanisms and the interference contributions 

I’int(V --+ H7). In Fig. 19 we plot the branching ratios for the decays of V into 

H as a function of mH. 

A few remarks are in order. 

i) The rates for the decay processes (9) and (10) are unfortunately extremely 

small in the minimal one-Higgs - doublet model: 

boop(v j 7*, 2’ j H7) 
rwilczck (V + H7) 

2 10-2, 

r(v -+ 7*, 2’ j HT) 
rwizczek(V + H7) 

6 10-4, (13) 

- 

r(v +7*, P+ H!P) 
rWilczck(V -+ Hr) ’ loB5* 

ii) The branching ratio B(V ---) Hy) due to Wilczek’s mechanism is strongly 

dependent on mt and takes a minimum value of - 5~10~~ when mt + Mz/2, 

- 
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which is comparable with B(T --) H7) - 8 . 10V4. Outside the vicinity of 

mt - Mt/2, it takes the value B(V + H7) - 10s2. 

iii) In a two- or multi-Higgs - doublet scheme a light Higgs scalar can have 

enhanced coupling constant to fermions. Sucha possibility has attracted 

a-renewed interest’r recently in an attempt to interpret the ((2.2) and the 

so-called ~(8.3).~ Here we have considered a twm or multi-Higgs doublet 

model in which the couplings of H to fermions are all enhanced by a factor of 

l/P - 12 compared with the ones in the minimal model while the couplings 

of H to bosons (W*, 2’) are suppressed by the same factor. The branching 

ratios are plotted in Fig. 20, assuming the enhancement factor” l/p = 12. 

Outside the vicinity of mt - Mz/2, the decay V + H7 via the Wilczek 

mechanism becomes even a dominating one. In Fig. 16 some of the widths 

are shown also with this enhancement factor. 

iv) In a composite model for Higgs considered above the dependence of branch- 

ing ratios are depicted in Fig. 21 as a function of mt. As seen from Figs 

21 and 18, the branching ratios of many channels are quite similar in the 

composite and in the minimal model. In Fig. 16 the width of .one channel 

is given in the composite scheme. For completeness the contribution of the 

interference term to the width of V + H7 channel is shown as a function 

of mt in Fig. 22. 

- 
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5. EFFECTS OF V - 2’ MIXING ON PRODUCTION OF V 

Now let us consider the production of the V. For mt very close to Mz/2, 

mixing would cause the enhanced production of V: _ _ _ 

-iti e+e: -- collisions 

We have at the peak of the resonance: 

Jr,, a(e+e- + V)ds A42 l?(V + e+e-) 
rc+e- = Jr,, o(e+e- + Z”)ds = i&Y l?(ZO -t e+e-)’ 

With the “bare” width I’(V + 7* + et-e-) = 5 keV and the standard value 

l?(Z” + e+e-) = 86.4 MeV, we find re+e- = 0.6. 10e4. With the realistic mixing 

141 - 0.2 one has re+e- = tan2 [+I N 0.04, hence giving an enhancement factor 

- 700. If such a mixing of V and 2’ occurs, then the minimum observed in 

B(V + Hr) in the vicinity of mt - Mz/2 (cf Figs. 18, 20 and 21) would be 

compensated, thus making the production rate for e+e- + V + H7 a sizeable 

value. 

in pp - collisions 

We have13 

0.004 
4FP --) V) 

(no enhancement due to mixing) 

9P = a(fip + 20) = 
0.04 (a realistic mixing with 141 = 0.2) (15) 
1.0 (maximal mixing). 

Thus, we gain the enhancement factor of - - 10 - 250. On the other hand, we have 

a rapidly changing value of B(V + H7) in the vicinity of mt - Mz/2 dependent 

on mt, i.e. B(V + H7) - 6 . 10e4 - 2 . 10q2 (cf Fig. 18). Thus we expect the 

12 
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production rate for the Higgs boson to be roughly 

a(pp -+ V + H7)/ o@p -+ 2’ --) p’p-) N (2. 10N2 - 1) rpp, (16) 

Y - s 

with B(Z”- + p+p-) = 3%. Consequently the search for the Higgs-boson in the 

(minimal) single-Higgs - doublet model using the reaction j~p --+ V --) H7 would 

be feasible only with considerably high luminosity beams. 

The branching ratios of the Higgs boson decays in the minimal Higgs-boson 

model with ?nH = 8.3 GeV are: 

B(H + T+T-) = 0.26, 

B(H ---) EC) = 0.60, 

(17) 
B(H -+ /.i+/~-) = 1.10-3, 

B(H + gg) = 0.14. 

The total decay width is l?tot(H) = 47 keV. In the two- or multi-Higgs - doublet 

model considered above we have the same branching ratios as in Eq. (17)) but 

the total decay width is now I’tot(H) - 6 MeV. In this case we find 

+P + V + H7) 
a(pp + z” --+ /&+/A-) 

- (2 - 26)~~. (18) 

In a composite model for the Higgs bosong these values could change considerably 

if the branching ratios for H + 77 and/or H + gg become much larger than - 

the ones of the minimal Higgs model, which gives I’(H + 77) - 2 eV and 

r(H + sd - 6.5 keV. Within a nonrelativistic formulation for a composite 
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scalar H in terms of bound state wave functions at the origin9 one has: 

B(H -P T+T--) = 9. lo-‘, 

B(H ---) EC) = 2 l 10-3, 
T - 

B(H 3 77) = 99.7, 
(19) 

I’tot(H) - 14 MeV. 

If the subconstitutents are colored, then one has 

B(H -+ 77) = 3 - 10-3, 

B(H + gg) = 99.7, (20) 

rtot(H) - 5 GeV. 

In this case the Higgs boson can be produced copiously in pp collision through 

gluon - gluon fusion. The production rate for the Higgs boson via V + H7 is 

a@p + V -+ H7)/a@p + 2 + P+/.J-) 2 0.9 rpp . (21) 

Now let us make a remark concerning the detection of H through H + 

fF(f = c,r). In th e case of ECU channel, the invariant mass of the EC pair can be,, 

in principle, measured (although approximately), since the products of EC decays 

should look like a single jet with a hard photon associated with it.14 In the case 

of the ~‘-7-7 channel, however, although the r+r- decay products would again 

look like a single jet, a part of the energy - momentum, due to neutrinos, would 

be missing. Thus the observed jet energy - momentum would have a misbalance - 
against the associated hard photon. This makes the invariant mass measurement 

of r+r- decay products more uncertain. 
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The situation would become immensely more favorable, of course, when ver- 

tex detector is put into operation. In that case the EC and r+r- tracks can be 

individually identified. Thus one would have a characteristic signature of a hard 

photon recoiling against two identified zc or r+r- tracks-with-a narrow opening - 

angle, which would in turn determine the invariant mass. 

6. CONCLUSIONS 

We have studied in detail the different mechanisms for the decay of toponium 

state into various channels in particular the channels including a light Higgs 

boson. As preliminary data indicate the mass of toponium might be not too far 

from the Z” mass. Therefore, there might exist a considerable mixing between 

the two states. In this respect, we have considered the enhanced production 

rates of toponium state in hadron-hadron collisions and its subsequent decay 

into a Higgs boson. Such a mechanism for the production of Higgs boson is 

quite favorable since one has a double enhancement operating: the first one is 

the enhanced production of 2’ and its mixing with 2’; the second enhancement 

is the usual large coupling of the Higgs boson to quarks. Several interesting 

channels have been pointed out which could make the experimental detection of 

light Higgs boson feasible. The same mechanism is operative in the case of e+e- 

collisions at the mass near to the toponium as discussed in Sec. 5. 
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FIGURE CAPTIONS 

Fig. 1. Diagram for V + 7*, Z” + ff. 

Fig. 2. Diagram for V + 7*, Z” + t+i?-. 

Fig. 3. Diagram for V + &‘O --) v&. - 

Fig. 4. Diagram for V + 3g. 

Fig. 5. Diagram for V + 2g7. 

Fig. 6. Diagram for V + tf + tW’-5. 

Fig. 7. Diagram for weak decay V -+ bb. 

Fig. 8. Diagram for V + H7, the so-called Wilczek mechanism. 

Fig. 9. Diagram for V + 7*, 2’ + H7. 

Fig. 10. Diagram for V -+ 7*, 2’ + H3&. 

Fig. 11. Diagram for V + 2’ -+ H.f!+C. 

Fig. 12. Diagram for V + 7*, 2’ ---) H7 (composite H). 

Fig. 13(a). Diagram for V + 7*, 2’ + H3S1 (composite H). 

Fig. 13(b). Diagram for V + 7*, 2’ + Hl+l- (composite H). 

‘Fig. 14. Decay widths of V into various channels vs. mt in the minimal model. 

Fig. 15. Iw2 and IYw2 + Iw3 VS. mt. 

Fig. 16. Decay widths of V into channels containing H. 

Fig. 17. Contribution of the interference term between the Wilczek and loop 

diagrams to the decay width of V --) H7. 
- 
Fig. 18. Branching ratios of V decay into various channel vs. mt in the minimal 

model. 

19 



Fig. 19. Branching ratios for the decays of V into various channels containing 

H vs. mH within the minimal model. 

Fig. 20. Branching ratios for various decay channels of V vs. mt, with enhance- 

ment factor l/p = 12 for the H coupling to fermions’and suppression (with the 
- 

same factor) for the H coupling to IV*, 2’ bosons. 

Fig. 21. Branching ratios of V decay into various channels vs. mt, in the 

composite model for Higgs boson. 

Fig. 22. Contribution of the interference term between the Wilczek type and 

the composite diagrams. 
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