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Abstract

We review thepossibilityof formationfor a boundstatemadeout of a stopquarkandits
antiparticle.Thedetectionof asignalfrom its decayhasbeeninvestigatedfor thecaseof
a =?>@=BA collider.
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1 Introduction

In theStandardModel it hasbeenverifiedthatthereis creationof boundstatesfor every

quarkbut thetop [1,2]. Thelatterpossibilityis ruledout dueto thehigh valueof thetop

quarkmass,which is responsiblefor its shortlifetime. Thenaturalstepforward would

beto considerthepossibilityof boundstatescreationoutsidetheStandardModel. In this

casewe focusour attentionto thesupersymmetricextensionsof theStandardModel [3],

in particularto the detectionof a boundstate(supermeson)createdfrom a stopandan

anti–stop(“stoponium”)at =?>C=BA colliders.

2 Bound States

In this Sectionwe will review the boundstatescreation. For the SUSY case,our as-

sumptionwill be that the boundstatecreationdoesnot differ from the SM case,asthe

relevantinteractionisagaindrivenbyQCD,andis regulatedby themassof theconstituent

(s)quarks.

A formationcriterion statesthat [2] the formationof a hadroncanoccuronly if

the level splitting betweenthe lying levels of the boundstates,which dependuponthe

strengthof thestrongforcebetweenthe(s)quarksandtheir relativedistance[1], is larger

thanthenaturalwidth of thestate.It meansthat,ifD�E 9<FGAH8;F%IKJ (1)

where
DLE 9<FGAH8;F�M E 9<FON E 8;F , J is the width of the would–beboundstate,thenthe

boundstateexists.

For the caseof a scalarboundstate PQ PQ , without referencingto a particularsuper-

symmetricmodel,weshouldconsidertheCoulombictwo–bodyinteractionRTSVUXW MYN Z[]\_^U (2)

with thetwo–loopexpressionfor
\_^

[4]\_^ SV` 9 W M ZBabHced+fGg�h ` 9jiBk 9l FXm
no prq NYs b 8b 9c dtfGguhvd+fGguh ` 9 iBk 9l F m�mdtfGg�h ` 9wiBk 9l FBm

x yz (3)

with
bHc M qGq N 9{-|@}�~ b 8LM�� q N 8V�{�|@} . Due to the presentlimits on the stopmass

[5,6] anddueto thefactthatin ourassumptionsthestopis lighter thanthetop quark,we

shouldset |C} M�� . The
\_^

expression(3) hasto beevaluatedata fixedscalè 9 M q i U 9�
, where

U � is theBohr radius U � M
[

ZG��\_^ (4)
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and
�

is the reducedmassof the system.It hasbeenshown in [2,1] that in the caseof

highquarkmassvalues,thepredictionsof theCoulombicpotentialevaluatedat thisscale

donotdiffer from theotherpotentialmodelpredictions.

In figures1 and2 we show a plot of the energy splitting for the first two levels

for the stoponiumboundstatewith respectto the stopmass,for the LHC andthe NLC

caserespectively. As from (1), thosefigureshave to be comparedto the width of the

stoponium.Thewidth of thestoponium,J��� �� , is twice thewidth of thesinglestopsquark,

aseachshoulddecayin amannerindependentfrom theother.

Thereareseveralwaysastopshoulddecay[7], dependingontheassumptionsmade

for the othersuperpartners.In the mostinterestingcases,the highestwidth valuefor a

rangeof thestopsquarkmassof 60 to 100 ��= R , relevantto LEP, andup to 500 ��= R for

NLC, will notexceedthevalueof a few ��= R . Thoseareto becomparedto the
D�E 9<FGAH8;F

values,whichfrom figures1 and2 areof theorderof the ��= R , thuslargerthanthewidth

of theboundstatefor threeordersof magnitude,fulfilling eventuallytherequirementof

(1).

A different formationcriterion statesthat the boundstateexists if the revolution

time,
Q�� M s a U iB� , is largerthanthelifetime of therotatingquarks,� M q i J [8], thatisQ���� � . (5)

This criterion hasbeenproven to be strongerthan(1) by abouta factorof two on the

uppermasslimit [1]. In any casethechoiceof eitherformationcriteriondoesnotchange

theresultsobtainedsofar, andweshallconcludethatthestoponiumcouldbeformed.

3 Cross Section and Decay Width

Thenext naturalstepwouldbeto seewhetherthestoponiumcouldbedetectedonan = > = A
collider with LEP or futureNLC characteristics.For this purposewe shall calculateits

crosssectionanddecaymodes;basingourpredictionson [9], andupdatingtheir results.

We shouldlook for the productionanddecayof the � wave state,sincewe are

interestedin the searchof the boundstateat a =?>�=BA collider, conservingthusquantum

numbers.

WeusetheBreit–Wignerformulato evaluatethetotal crosssection[5]:� M
[ a� 9T� J���J ���;�S E N ��W 9�� J 9����� i Z (6)

where
�

is themassof the resonance,
E

is thecentre–of–massenergy, J ����� is the total

width, and J�� is thedecaywidth to electrons.
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The first decaywe will investigateis the leptonicone,which is givenby the Van

Royen–Weisskopf formula[10]

J S s ��� = > = A W M s Zr\ 9 ` 9C�  ¢¡ SV£rW � 9�¥¤ (7)

  ¡ S;£rW is thederivativeof theradialwavefunctioncalculatedat theorigin,
�

themassof

theboundstate,
\

theQEDconstant,̀ the(s)quarkcharge.

For this andfollowing cases,we shallmake useof theradialwavefunctionsof the

Coulombicmodel,aspresentedin Section(1). Thoseare,for the
q§¦

state

  8;F SVUXW M�¨ sU �3© {<ª 9¬«j¯® ¨°N UU �!© (8)

andfor the s �   9²± S�UGW M q³ [ ¨ q
s U � ©

{<ª 9 UU � «w´® ¨ N U
s U � © (9)U � is theBohr radiusdefinedin (4) .

For thehadronicwidth decaywehave thefollowing expression

J S s ��� [Bµ W M·¶ Z¸ \ 9^ �¹  ¡ S;£rW � 9� ¤ d+fGg SVº �� U � W (10)

wheretheBohr radiusactsasaninfraredcutoff [9].

The s � statecouldalsodecayinto a
q§¦

stateandemit a photon.Thewidth decay

in thiscaseis givenby

J S s ��� q§¦ �¼» W M Z ¸ \ ` 9 S DLE 9<FGAH8;F W {j½ 9¿¾¹8 (11)

where
D�E 9<FrAH8;F is theenergy of theemittedphoton,and

½ 9¿¾¹8'MÁÀ s � � U � q?¦ÃÂ is thedipole

moment[11]. In figures3 and4 we presentthedecaysof the s � stateinto hadronsand

into a
q§¦

stateplusaphotonasafunctionof thestopmass,aspredictedby theCoulombic

model.Oneobservesthatthereis not a strongvariationof thedecaywidthswith respect

to thestopmass,andthatbothhave similar valuesof theorderof some��= R . We could

noticealsoa smallthresholdeffectdueto theinclusionof thetopflavour.

For a light stop– i.e. lighter thanits StandardModelpartner– theanalysedmodes

sofar arethedominantwidths[7].

Figures5 and6 shows thepeakcrosssectionobtainedfrom (6) asfunctionof the

stopmass.While the peakcrosssectionis in the |CÄ range,the resonanceis practically

undetectableat the presentcollidersbecauseits width is muchsmallerthanthe typical

beamenergy spread(of theorderof 200
� = R atLEP2 [5]). Theeffectof agrowth of the

totalwidth – dueto e.g.othersquarksor R–parityviolating terms[12] – doesnotchange
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the result,asthe net effect will be a decreaseof the peakcrosssection. This is clearly

illustratedin figure7 wheretheBreit–Wignerformula(6) is foldedwith thetypicalenergy

spreadof the beamof 200
� = R , andin figure8, wherethe beamenergy spreadof the

NLC is takento beof theorderof sÆÅÈÇrÉ [13].

4 Conclusions

We have shown thatbecauseof the high energy bindingandof thenarrow decaywidth

the formationof a PQ PQ boundstateis possible.Our resultshows that this supersymmetric

boundstatecannotbedetectedat thepresentandevenfuture =?>C=BA collider, andthisresult

holdstrueevenfor boundstatesmadeout of sqarksdifferentfrom the PQ . The latter fact

provesalsothatit givesa negligible contributionto the PÊ PÊ productioncrosssection.
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Figure1:
D�E 9<FGAH8;F asa functionof thestopmassupto 100GeVfor theCoulombicmodel.
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Figure2:
D�E 9<FGAH8;F asa functionof thestopmassupto 500GeVfor theCoulombicmodel.
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Figure3: Decaywidthsfor the2P statewith respectto thestopmassfor theCoulombic
model. Thedashedline representsthedecayinto hadrons,thecontinuosline the decay
into the ÙÛÚ stateandanemittedphoton.
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Figure4: LikeFig. 3, for a massrangeof up to 500GeV, for NLC.
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Figure5: Peakcrosssectionasa functionof thestopmass,for theLEPcase.
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Figure6: Peakcrosssectionasa functionof thestopmass,for theNLC case.
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Figure7: Total crosssectionfoldedwith a beamenergy spreadof 200MeVasa function
of thetotal widthof thestop.Theplot hasbeenobtainedfor a stopmassof 100GeV.

10
−2

10
−1

10æ 0

Γ tot  (GeV)ç

10
−4

σ 
(p

b)è

Figure8: Like Fig. 7, for a beamenergy spreadof 6 GeV(NLC). Theplot hasbeen
obtainedfor a stopmassof 200GeV.
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