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Abstract

We review the possibility of formation for a bound state made out of a stop quark and its
antiparticle. The detection of a signal from its decay has been investigated for the case of
aete collider.
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1 Introduction

In the Standard Model it has been verified that there is creation of bound states for every
quark but the top [1,2]. The latter possibility is ruled out due to the high value of the top
quark mass, which is responsible for its short lifetime. The natural step forward would
be to consider the possibility of bound states creation outside the Standard Model. In this
case we focus our attention to the supersymmetric extensions of the Standard Model [3],
in particular to the detection of a bound state (supermeson) created from a stop and an
anti—stop (“stoponium”) at*e~ colliders.

2 Bound States

In this Section we will review the bound states creation. For the SUSY case, our as-
sumption will be that the bound state creation does not differ from the SM case, as the
relevant interaction is again driven by QCD, and is regulated by the mass of the constituent
(s)quarks.

A formation criterion states that [2] the formation of a hadron can occur only if
the level splitting between the lying levels of the bound states, which depend upon the
strength of the strong force between the (s)quarks and their relative distance [1], is larger
than the natural width of the state. It means that, if

AEss 15> T (1)

whereAFEys 15 = Fys — Eis , T' is the width of the would—be bound state, then the
bound state exists.

For the case of a scalar bound st&te without referencing to a particular super-
symmetric model, we should consider the Coulombic two—body interaction
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with the two—loop expression faer, [4]
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with 3y = 11 — 2n; , 1 = 51 — 2 n, . Due to the present limits on the stop mass
[5,6] and due to the fact that in our assumptions the stop is lighter than the top quark, we
should setz; = 5 . Thea, expression (3) has to be evaluated at a fixed Qale- 1/r%

, Whererp is the Bohr radius
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and is the reduced mass of the system. It has been shown in [2,1] that in the case of
high quark mass values, the predictions of the Coulombic potential evaluated at this scale
do not differ from the other potential model predictions.

In figures 1 and 2 we show a plot of the energy splitting for the first two levels
for the stoponium bound state with respect to the stop mass, for the LHC and the NLC
case respectively. As from (1), those figures have to be compared to the width of the
stoponium. The width of the stoponiuiin; , is twice the width of the single stop squark,
as each should decay in a manner independent from the other.

There are several ways a stop should decay [7], depending on the assumptions made
for the other superpartners. In the most interesting cases, the highest width value for a
range of the stop squark mass of 60 to T80/, relevant to LEP, and up to 5@@eV" for
NLC, will not exceed the value of a feWel’. Those are to be compared to thé,s_; 5
values, which from figures 1 and 2 are of the order ofia&” , thus larger than the width
of the bound state for three orders of magnitude, fulfilling eventually the requirement of
(1).

A different formation criterion states that the bound state exists if the revolution
time,tr = 27r /v, is larger than the lifetime of the rotating quarks= 1/I" [8], that is

tp < T. (5)

This criterion has been proven to be stronger than (1) by about a factor of two on the
upper mass limit [1]. In any case the choice of either formation criterion does not change
the results obtained so far, and we shall conclude that the stoponium could be formed.

3 Cross Section and Decay Width

The next natural step would be to see whether the stoponium could be detected en an
collider with LEP or future NLC characteristics. For this purpose we shall calculate its
cross section and decay modes; basing our predictions on [9], and updating their results.
We should look for the production and decay of tRewave state, since we are
interested in the search of the bound state at@ collider, conserving thus quantum
numbers.
We use the Breit—Wigner formula to evaluate the total cross section [5]:

3m FeFtot
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whereM is the mass of the resonandeg,is the centre—of—-mass energy,; is the total
width, andl’, is the decay width to electrons.



The first decay we will investigate is the leptonic one, which is given by the Van
Royen—Weisskopf formula [10]

[R'(0)]"
M4

F(2P — efe) = 240°Q? (7)

R'(0) is the derivative of the radial wavefunction calculated at the oriirthe mass of
the bound statey the QED constant) the (s)quark charge.

For this and following cases, we shall make use of the radial wavefunctions of the
Coulombic model, as presented in Section (1). Those are, fdrtlstate

2 3/2
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rp IS the Bohr radius defined in (4) .
For the hadronic width decay we have the following expression

64 ,|R(0)P
9 % M*
where the Bohr radius acts as an infrared cutoff [9].

The 2P state could also decay intol& state and emit a photon. The width decay
in this case is given by

['(2P — 3g) = log(m;rg) (20)

4
2P — 1S +7) = 9 aQ*(AEys 15)* Dy (11)

whereAEys_; ¢ is the energy of the emitted photon, abd; = (2P|r|LS) is the dipole
moment [11]. In figures 3 and 4 we present the decays o? thstate into hadrons and

into alS state plus a photon as a function of the stop mass, as predicted by the Coulombic
model. One observes that there is not a strong variation of the decay widths with respect
to the stop mass, and that both have similar values of the order of Kefvie We could

notice also a small threshold effect due to the inclusion of the top flavour.

For a light stop — i.e. lighter than its Standard Model partner — the analysed modes
so far are the dominant widths [7].

Figures 5 and 6 shows the peak cross section obtained from (6) as function of the
stop mass. While the peak cross section is inrtheange, the resonance is practically
undetectable at the present colliders because its width is much smaller than the typical
beam energy spread (of the order of 20@V" at LEP2 [5]). The effect of a growth of the
total width — due to e.g. other squarks or R—parity violating terms [12] — does not change
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the result, as the net effect will be a decrease of the peak cross section. This is clearly
illustrated in figure 7 where the Breit—Wigner formula (6) is folded with the typical energy
spread of the beam of 2QWeV/, and in figure 8, where the beam energy spread of the
NLC is taken to be of the order @f8% [13].

4 Conclusions

We have shown that because of the high energy binding and of the narrow decay width
the formation of & bound state is possible. Our result shows that this supersymmetric
bound state cannot be detected at the present and evendttureollider, and this result
holds true even for bound states made out of sgarks different from tFiee latter fact
proves also that it gives a negligible contribution to §ggroduction cross section.
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Figure 1:AFy5 15 as afunction of the stop mass up to 100 GeV for the Coulombic model.
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Figure 2:AFy5 15 as afunction of the stop mass up to 500 GeV for the Coulombic model.
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Figure 3:Decay widths for the 2P state with respect to the stop mass for the Coulombic
model. The dashed line represents the decay into hadrons, the continuos line the decay
into thelS state and an emitted photon.
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Figure 4:Like Fig. 3, for a mass range of up to 500 GeV, for NLC.
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Figure 5:Peak cross section as a function of the stop mass, for the LEP case.
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Figure 6:Peak cross section as a function of the stop mass, for the NLC case.
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Figure 7:Total cross section folded with a beam energy spread of 200 MeV as a function
of the total width of the stop. The plot has been obtained for a stop mass of 100 GeV.
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Figure 8: Like Fig. 7, for a beam energy spread of 6 GeV (NLC). The plot has been
obtained for a stop mass of 200 GeV.
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