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PORIEHME CKAJAPHHX M IICEBIOCKAJHIPHHX
XATTCOBCKMX BO3CHOB B PACIIANAX
THREINX KBAPKOB ¥ THEE/HX KBAPKCHUEB

MsyueH MexaHM3M ONHOKBADKOBOI'O DOXEEHMA H°- & P°-Co-
SOHOB B pacHafaX CBEPXTAREJIHX KBRDKOMMEB. [IOKA3aHO, TTO 3TOT
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THI B pacm KBADKOHHEB C M>2M,, WA mEDOXoft odnacTH Macc
TAKENIOT0 KBAPKOHWA. DpPEHUMHT H3YYEHHOr'0O paclaja ZOCTHTaeT

~ 10"R ma m=I50TsB ® M,= I0 I'sB, Kpome Toro, msy+

9eHO DOXIeHHue H°- z P°-CoSOHOB B CJACHX DRCHAJAX CBEpX-
Teamemix xBapkoB B PP ( PP )-cTomEoBemmax. IlomasaHo, 4To
9TOT MEXaHWNSM CTAHOBATCH 38METHHM LA DOXNEHHS CBEDXTAXEJHX °
XATT'COBCEMX G030HOB ( M, 2200 I'sB) 0T CBepXTHAREJIHX KBADKOS
( m 2 300 TeB) ¥ CpaBHMM C MEXAHH3MOM GO30H-GO3OHHOTO CJMAA-
HAA, KOTOpHE cuYETAeTCA OCHOBHHM MOXAHMSMOM DOXNEHESA CBEDXTH-
ReJHX XETTCOBCREX YACTHEN B ANPOH-ANPOHHHX CTOJKHOBEHEAX.
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1. Introduction

As i8 known, the physics of (@@) heavy quarkonium (a me-
son representing a weakly coupled system of heavy quark and
antiquark [1,2] ) is of exceptional interest for the study of
weak, electromagnetic and strong interactions. With increasing
quarkonium mass (beginning with bottomonium mess and higher)
the system becomes more and more nonrelativistic, this making
it especially applicable to check some models as well as to
search for new particles (the Higgs scalar bosons, axions, )
supersymmetric particles). Besides, for superheavy quarkonium
(with mass M 2 100 GeV) the role of weak, electromagnetic
and strong interactiona becomes opposite to what we usually
heve (see, e.g. reviews [3-5] ).

In Fig.1 we present some decay modes of heavy quarkonium
(in whet follows we'll bear in mind the ground 13§, state
of the Q& system). With increesing quarkoniun mass the rela~

tive contribution of electroweak decays [3-11] (Fig.1 a-e)



grows, aince the widths of these decays grow with increasing
heavy quark mess m (in nonrelativistic limit M = em ).
Thus, for example, the width of quarkonium radiative decay
with Higgs boson production [10] (see Fig.1c) grows as ~ ma .
But especielly sﬁrongly grow the contributions of the so-~
called single querk decays of querkonium shown in Fig.1d,e
{6,7] which grow as m® and m® , respectively. The decay in
Fig.le already for M = 80 GeV exceeds several times the
quarkonium decay hadronic mode shown in Fig.l1ge Such enhance-
ment of contributions of PFPig.id,e diagrams is connected, of
course, not only with strong growth of their widths with
heavy quark masaes but with the fact that in these decays
there occurs collapse of guarkonlium into free heavy quarks
{i.e. it is more advantageous for the system to decay into
free heavy quarks with a subsequent weak decay of one of
them; the other quark passes without interaction, being a
spectator) contrary to all other electroweak and hadronic de-
cays which cdrrespond to Q and @ annihilation at small
distances end are proportional to small gquantity - squared
radial wave function :f the Qa system at origin, Note, that
the decay shown In Fig.1d is feasible only at m > My {since
it produces a rea® W -boson), and it is dominant in this
mass region of heavy quark. In the region 40 eV £ m < My
alreedy the decéy shown in Fige.le is dominante.

Begides the considered decays of superhigh quarkonium one
should note alsc channels of decays ( Qad ) into boson pairs
w'w', ZE, Z¥, ZH, HH studied in detail in Ref, 12

(see also references therein. The deocays (Qé)'—" HH  were
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studied originally in Ref. (13] ). These channels of super-
heavy quarkonium decay become noticeable only for M » 300 GeV,
However attention should be called to the fact that there
exists a problem of quarkonium formation from superheavy quarks,
since the lifetime of superheavy quarks becomes much less
(namely becausé of enhancement of weak decays of quarks with
increase of their mass) than the time of construction of
quarkonium by these quarks owing to strong interactions (14]
( tjam ~ Naco ~ 10722 8). In Ref. [14] it was shown that the
bound system (QQ) ocannot be formed if m 3 125 GeV (v%"’/’
where V¢$ is the mixing parameter. If @ 1s the upper quark
of the doublet (e.g. t —quark or the upper quark of the
fourth generation of fermions whose existence is not excluded
by experiments now available), then Va$ ={ , and we can see
that the toponium aystem cannot be constructed if m 3125 GeV.
In case if (A is the down quark of the fourth gemeration (or
isosinglet, -1/3 charged quark, predicted in the Eg model),
then the (Qé) qua.x“konium can be formed for esgentially large
quark masses, since in this case the mixing parametef th, ds
small ( Vq-v 6., 6F or even smaller [14] , where 6. 1is the
Cabibbo angle). Therefore (QQ) —~W'W", ZZ, 2%, ZH, HH
decays giving a noticeable contribution to total width of
quarkonium decay come only from quarkonia built of superheavy
down quarks of isodoublets, since weak decays of these quarks
will be suppressed by the mixing parameter Vac’, , and the (QQ)

system therefore may be constructed.



2. H°(P®) - Boson Production in the Mechanism of
Single Quark Decay of Superheavy Quarkonium

In the present work we shall study the production of sca=~
lar (H°) and pseudoscalar (P®) Higgs bosons in decays of both
heavy quarks and heavy‘ quarkonia.

As we know, in the radiative decays of heavy quarkonia
the H®°- and P°-bosons can be produced via the Wilczek me-
chaenism [10] , shown in Fig.lc (seé also [15,16] ; in
Refs. [17-21] the radiative and relativistic corrections to
this mechanism are studied). As already emphasized, with in-
creasing quark mass this channel of quarkonium decay becomes
noticeable, this giving a possibility in case of exiatence of
superheavy quarks ( m 2 50 GeV) to search for H°- and P°-
bosons with masses from several unities to a few tens GeV.
Note, that the decay branching for the Wilczek mechanism is
rather significant (achieves a few per cent) for quarkonium
mass M ~80 GeV and My £ 60 GeV, However, as soon as
quarkonium decays with single quark decay enter into the game
(see Fig.ld,e) at M 2 80 - 100 GeV, the decey branching
(Qa,)-.. Ho+ X sharply decreases. However for quarkonie with
such large masses ‘there exists also a possibility of H% and
P°- bosoh production. Namely, via the mechanism of single
quark decay of quarkonium (see Fig.1d), which, as saild above,
is dominent in quarkonium mass region M > 2My, . In this me-
chenism the Higgs bosons may be produced both by heavy quark
(see Fig.2a) and gauge boson (see Fig.2b), since the coupling

constants of H°-and P°-bosons are proportional to masses of
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particles they interact with. We neglect the contribution of
the third diasgrem when H°- and P°-bosons are emitted by
light quark q o _Reca.ll, that in the minimal model of electro-
weak interaction with one doudblet of Higgs bosons there
arises only one neutral H®- boson. P°- boson arises only in
models containing no less than two doublets of Higgs bosons.
Besides, pseudoscalar bosons necessarily are produced in
supergymetric models, since for the construction of super-
aymmetric Lagrangian one should introduce two doublets of
Higgs bosons ( P®- bosons also erise in technicolor models).
It should be noted that the three-boson vertex PWW is absent;
therefore only the Fig.2e diagram contributes to the P° -
boson production in the mechanism under study (see Fig.2).
Amplitudes of scalar and pseudoscalar Higgs boson pro-

duction have the form:

Ry ® 'z?!"(ﬁ Gp)'k.vaq GQ(P.)[U’, (1-¥s) ~

( A 9 (Ke*Ka)u (K *Ka)y (1)
m(2m-K,) _ 2 - gy — M3, '
"Peryi-mt ~ 2Mwl (%) =T JuyPoguixa),

flp= '%!'(Eﬁp)k vqmgﬁ‘(p,)%;%m)e,(«.), @
where notations for momenta are given in Pig.2; m and My
are masses of heavy quark and W- boson, respectively; E’,(K,)
is the w- boson polarization vector; g is the ratio of
vacuum expectation values of two Higgs doublets (in the
following we take Y =1; note, however, that now available
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experimantal reastriction U £ 4C {251 %t21lls us that the ob~
tained widths of the decay with P% voson pxeduction, sppa-
rently, are essentislly enhaenced by the factor ya )3 Va¢z"‘
is the mixing paremeter {obviously, further, we shsall study
decaya of either toponium, i.e. & ie the t-quark, or
guarkonium built of up~type heavy quark cf the fourth famlly
fermions. In both cases V&% e i y» whereas for the down~
type quark the mixing parameter will be small and the corres-
ponding decay widths will be suppressed as ~ | \/g%i

Kinemstically cur studied decay will go if m> Mw + Mucp)
{ My 18 the mass of H"(P"}-boaon), i.es the ¢-aquark mess
wust be at least larger than My = 82 GeV, The data avail-
able at present on B° B° transitions of groups ARGUS in
e*e” ~anmnihiletion {26] and UAY in pp-collisions {27] point
out that in the framework of the standard model with three
generations of fermions the mass of t-quark must be large
( m, # 90 - 100 GeV (28-32] ). Therefore, the studied mecha-
nism of H° and P° boson production in superheavy quarkonium
decays (see Fig.2) and its comparison with the Wilczek mecha-
nism (see Fig.1c) is of particular interest. In case when
there exists the fourth upper quark t' , the t- quark mass
may not necessarily be such large [28,29] , and the etudied
decay will go from the new T '~ quarkonium.

Without presentin_g detailed calculations, write down the
final result for decay widths shown in Fig.2, with H°- and

P°- boson production:




2
dfu  _ GEm®Mw {(g-2cr*[4-Dar2y w80
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(33
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dx, day 32%3
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=5 E= T (i-250%- 5,
- i
L*%ﬁ ) F="-,-_T(1'$g'ff"§l

Here X=2E,p3/m, 2= 2Eg/m , x3=2Ey /m , where Eyep »
Ew ~ are energies of H®(P°)- and W - bosons, reaspectively;
E%- is energy of final relatively light quark whose mass is

neglected | m% = 0). 5=(Mw/m )2)7 §=(M“(p)/m)2 » Wwhere Mypy

is the H®(P°} boson meas. From the energy conservation law it
toliowas thot

Xy Jy v Xy = 2, - (6)



and the region of integration over x, and X, is

- +
xa < xa < x3 ’
(7)

2§v3‘ .'E1€1"'y‘3 )

‘aaere
: R-TYU+E+I-zYr (I E-Y-a) (21 -45P

Ly 2(4+§-x¢)

The dependence of obtained widths (see formulae (3) and (4))

on m and My, 1s convenient to present in its ratio to the

width of quarkonium radiative decay with H°(P°)- boson pro-
:vtion [10,15,16] :

(8)

e
(@)~ He) = 2T — (- I

where o is the fine-structure constent, and (o is the width
of (Qé) quarkonium decay into muon pair via photon exchange.
For [, in what follows we shall take the value [, =~ 5 keV,
following from the assumption that o/ eé (where [,- is the
heavy quark charg_e) is mass-independent, which holds success-
fully for charmonium and bottomonium; however this asgumption
will be fulfilled worse for toponium and possible heavier
quarkonia. Indeed, with increasing querkonium mass the system
becomes more and more Coulomb-like, while for the Coulomb po~
tentiel lo increases with quarkonium mass. However, both for
the Coulomb poteptial and the most ﬁaliatic potentials
[33,34] this dependence changes [, only by a factor o.£
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1e5 = 2 with inoriase of quarkonium mass M from 20 to
300 GaV (mee Fig.2e from Ref. [12] ).

Figs. 3 and 4 show the dependence of the ratio R® [y, /I"w
on the heavy quark mass m for different values of H°(P®) -
boson .maaaos. ‘So, one can see from Fig.3 that at production
of Higgs boson with M, = 20 GeV, already for m = 120 GeV
our studied mechanism is by an order of magnitude stronger
than the radiative mechenism of H°- boson production in super-
heavy quarkonium decays. For lighter Higgs boasons this regime
comes gooner by the heavy quark mass M . So, for Myu= 5 GeV,

R =~ 10 already at m = 95 GeV. As is seen from Piga., 3 and
4, the width of the studied decay for P°- boson is substan-
tially less then that for HK°-Dboson; in some cases it is less
by 2-3 orders of magnitude (recall, that the decay widths of
H®- and P°- bosons in the Wilceek mechanism are the same
{15,16] ). With increasing H°(P°}- boson mass this difference
somewhat decreases (see Fig.4). Clearly, for P° boson pro-
duction R will be > 1 at essentially larger masses of
heavy .quark m rather than for H°-boson. Diagrams in Pigs. 3
and 4 are given for heavy quark mass up to 250 GeV (the upper
limit for the t-quark mass is teken from the accounting of
radiative corrections to sin® 6w [35] , where 6,-is the
Weinberg angle). o '

Pigs. 5~7 show the dependence T:m 3;’
(part of enargy carried away by H®(P®)- boson from quarkonium)

on X4

at a fixed value of Myp = 10 GeV and different values of m .
The diagram show clearly pronounced pesks in differential
distributions (especially for H°-boson, see Fig.5). iith

11



increasing mess m the peak for H°- boson production is alight~
1y shifted to the left (towards emaller X, ), whereas for

P°- boson it is shifted to the right (towards larger Iy ). In
Figs. 8-~10 the same dependence is shown only for Muwpy =

= 50 GeV. Already at large Myp) the peak for P° boson is
practically nonshifted. Figs. 7,10 and 11 give the dependence
of ——(dfue) /dx,) on X, for m = 240 GeV at different

Fuce)
values of Mycp) » One can see that with increasing Myp)

differential cross sections for H°- and P°- boson production
are comparable and their peaks coincide.

Thus, we see that the studied mechanism of H°- boson pro-
duction in superheavy quarkonium decays - via the mechanism of
gingle quark decay of quarkonium - essentiaelly prevalls over
the mechanism of H® ~boson production in quarkonium radiative
decay (the Wilcz'ek mechanism, see Fig.1c). Practically for any
messes of Higgs boson (from several unlities to some tens GeV),
beginning with some value of heavy quark masg i the ratio R

btecomes P 1. The studied mechemism of H*-boscn preduction
(eee Pig.?) has good detection propertiea, since H°~ boson is
produced in association with W - boson, heavy gquarks G
(spectator-quark) and q (e.ge with ﬁ*qua,rk i? we study to-
ponlum decay). W-boson is a zood irigger gnd we'll have fast

muong in final state from heavy quark decays.
3. H°(P®)-Boson Production in pp(pp)-Collisicns from
Weak Decays of Superheavy Quarks

We have already emphasized the fact that when {he heavy

quark mess m > My , there eppears o new chennel of guark

12
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ieczy with vreal W boack production. The widih of tils decaey
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which 12 dordnen? for guch mamsse o L9 19,

fud

HY(9?)- boson productinu In superbsavy quark dsecays @11 2wo-
read similariy to what we nave i1a superheary quariondum

&%

(ges Fig.o}. Espraessious for the deczy widtha of guerks with
Hi-gnd %= beson producticn will eooiuncide with th
ing widings for guavrkonlum {gze formulne {3} and {4)} with an
accurscy up to /2 iactor {(in aquarkonium decays the resuls ds
twice sz large because in guarvonlum this process Tay procesd
on both quaris).
Fig.12 gives the ravio R, 2 Puesl A -»q,WH(rz‘:‘:’{f‘* - G

a5 a Tunciiaen of M . One can sass that with lacressing qu&rk
mags the ratlc Eﬁ grows {the figurs pregente curves for
different valuss of Mym . Similar reaulis wewe cbtalanad in
Ref, {363 « Howevey in this work they uhtain@d incorrect phase
space, since the reglon of integretion over X was strong,

. = -
162 ™ &a

end this had brought ¢ ar cxcess in the valuss of the ratic
1, epproximetely by a facior st

An in westing place for Higga boson production via super-
heavy gusrk decays are pp{pf)-collisionz. Indeed, viam the
mechanism of two-gluon precduction of heavy quark pair (see,
0.6. 371 ) in pp and PP collisions we heve an intense
source of produoction of superheavy quarks which subsequently,
weakly decaying, will produce H°- and f°- bosons. Tha orvss

section of such production of H™and P°-bosons 1s
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Cuey = 6aa'2R1/(1*R1) , where a5 is the cross section
of production of heavy quark pair in pp(Pﬁ) ¢vilisions. With
account of & yearly integral luminosity ( L ~ 1040 cm=?)
plenned at SSC and the fact that 6,5 for the superheavy quaerk
production = 10 pb [37] (for m = 1 TeV), we obtain, say,
the production of ~ 1000 H°-bosons per year with a mass
| M, = 250 GeV from querks with m =~ 700 GeV (see Fig.12).
The obtained cross section of H°-~ boson production is compar-
gble with the cross section of Higgs particle production. from
the boson-boson fusion mechanism {38] which is considered the
basic one for production of H°~ bosons with M, 2 300 GeV.
Note, that with increasing quark mass m the number of pro-
duced Higgs bosons grows, since R, grows more rapidly then

Ga5 decreases with increasing m . Emphasize, that the con-
sidered mechanism is significant only for the production of
heavy H°(P°)-bosons ( Mypy? 200 GeV) from superheavy quarks
( M > 300 GeV). These quarks mey be upper-type quarks of the
possible fourth doublet of quark family.

It is interesting that diagrams in Figs. 12-14 are a% the
same time branchings of heavy quarkonium decay with production
of HKHO(P°)-bosons studied in Sect.2 of this work. We see, that
in the region of hegvy quark masses m for which this mecha-
nism was étudied ( m < 250 GeV) the branching of the studied

decay is ~ 1078

- 10~% (for m = 150 -~ 250 GeV and M, =
= 100 GeV). Obviously, it is substantislly l;zigher for the
production of lighter Higgs bosons. So, in the production of
‘H% boson with My = 10 GeV the deca} branching achieves

~3 10704 - 3.10"2 for m = 100 - 250 GeV.

14



Conclusion

In this work we have studied the mechanism of single quark
production of H°% and P bosons in superheavy querkonia decays
‘(see Fig.2), and this mechanism is shown to become dominant in
Higgs pa;rticle production in quarkonia decays with M > 2Mw
for a wide mass region of heavy quarkonium. The branching of
the studied decay achieves ~10"2 for light Higgs particle
production ( My = 10 - 30 GeV) with m varying from 150 to
250 GeV.,

Also the H°- and P™boson production in weak decays of
superheavy quarks in pp(pp) collisions is studied. This mecha-
nism 12 shown to become significant for the superheavy Higgs
boson production ( M, 2200 GeV) from superheavy quarks
{ ™ 2 300 GeV) and is comparable with the boson~boson fusion
wechaniam {38] which is corsidered to be the besic mechanism
c¢? msuperheavy Higgs particle production in hadron-~hadron
coilisions. _

In conclusion note that we did not take into account
effects connected with the presence of neutral flavor-changing
currents (occcurring, say, in technicolor models or within the
£tandard mcdel with a number of Higgs doublets more than three).

These will bs considered elsewhere.

The authors express their sincere gratitude to I.G.Aznau~
ryai, S,G.Matinyan and G.M.Agsatryan for the useful diascuseions
and irterest to the work, and also to E.A.Hairyan and L.S.Du-

lyan for the assistance in computing.
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Fig.1.,

Pig.2.

Fig.3.

Fig.4.

Fig.5.

Fig.6.

Fig.7e.

Fig.B.

Fig.9.

ig.10.

Figure Captions

Diasgrams corresponding to the main decays of heavy
vector quarkenium (G4 ).
Diagrems corresponding to the mechanism of single

querk decay (GG ) with the H°- and P°-boson

production,
The ratio R = rﬂ(p) / rw((aé.) - HO(PD) !)
as a function of heavy quark mess for different

values of H°(P°)-boson masses., Solid curves refer to
H°~ boson, dashed to P°-boson.

R as a function of m for different values of Mup;

Differential width (1/Muw) (d e /dxy)

as e function of Xy (part of energy carried eway
by H®(P°)-boson from quarkonium) at Mycp) = 10 GeV,
and M = 100 GeV. Solid curves refer to H°-boson,
dashed to P™-boson. ‘

The width (1/Tue) (dfum/d®1)  as a function of
Xyat Myp= 10 GeV¥ and ™M = 180 GeV,

The width (1/Myp) (dlum/dx4) a8 a function of
2y 8t Myp= 10 GeV and m = 240 GeV.

The width (1/Tue) (dfye /dxs) aa & function of
L1 at Myp)= 50 GeV and m = 140 GeV.

The width (1/(uw)): (dfue /dxy) as a function of
Xy at  Mypm=50 GeV and m = 180 GeV.

the width (1/Fup)) (dlue /da) as a function of
Ty at  Myp) =.50 GeV and m = 240 GeV.

*L



Pig.11.

Pig.12.

Fig.13.

Fiso 14,

The width (1/fye)(dfe/dz,) ‘as a function of
Xy at Myp = 100 GeV and M = 240 GeV.

The dependence of the ratio R,=i’(0."qWH(P))/|' (a~Wg)
on the heavy quark mass m for different values

of H°(P°)-boson masses.

Ry, as a function of M for the values

Mue = 10 and 30 GeV.

R, as a function of M Zfor the values

Mmﬂ- 20’ 50 and 80 GQV.
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