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Abstract 

Kt'eping all terms of heavy flavor masses up to the lowest order and especially 

bearing such It. massive top me 2: lOOGeV in mind, we carry out a. precise 

calcuJation on the single top-quark production in e+ e- colliders i.e. e+ + 

e- -- t + l(f +c) in the minimal Standard Model ( M.S.M. ) framework 

at the LEP-I1 energy ( IS = 200GeV ) and the planned collider energy ( 

e.g. .JS =500GeV ). Straightforward extensions of the M.S.M. with four 

generations and two Higgs doublets as well are discussed. 
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It is known that the minimal Stardand Model ( M.S.M. ) has archived a great 

success. However, with three generations of fundamental fermions i.e. quarks 

and leptons, only the sixth one, the top quark hM not been discovered yet so 

far. Where is the top quark? The lowest bound of the top quark mMS is directly 

obtained by experiments, i.e. the lowest bound by CDF(l) ~ 9LGeV. By means 

of a comprehensive analysis(2) with the M.S.M. and the indirect measurements, the 

most favourable value of the top-mass is 

me = 132~g~ GeV. (1) 

If the central value is true, it is hopeful that the top quark will be discovered at 

Tevatron in CDF and DO detectors in two or three years(3). Whereas at CERN it 

is planned that the e+e- coUider LEP will double its energy to v'S = 200GeV. i.e. 

from LEP-I shifts to LEP-II. The ('nergy is not high enough to produce a pair of 

top and antitop from phase space consideration, however it is available to produce 

such a quark pair: tc or te. Especially considering the clean environment of the 

e+e- collision, it is worth a while computing the production cross section of ie or 

Ie at the energy of LEP-II precisely with the M.S.M. and its extension frameworks. 

It is because, on one hand. it will be a complement to those of pp colliders such 

as Tevatron for searching for the top quark, when LEP-II does seriously carry 

through the searching, the computed cross section is a valuable reference for the 

experimental study, and on the other hand, it may tell us certain hints for new 

physics if the cross section is mea.~ured precisely enough ( as discussed below), 

as the nature of the process is of a high-order quantum effect i.e. through loop 

diagram(s) in the minimal S.M. and its certain extensions as well. Especially, any 

'new' particles, when a specific extension is considered so the 'new' particles come 

into the calculated loop( s), thus, must influence the cross section. In fact, there 
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have been already a lot of efforts to make predictions based on various extensions 

of M.S.M., 8.'J well as quite a lot oC constraints on the extensions, such as the lower 

bounds of the masses of the 'new' particles occurring in the extensions have been 

achieved. In this paper we do try two kinds of extensions: from one complex Higgs 

doublet and three generations of fundamental fermions in the case of the M.S.M. 

to two Higgs doublets and/or four generations of fermions. Moreover, since we 

think that to see 'new physics' in e+e- -+ tc or e+e- -+ Ie is one of open windows 

better than that in e+e- -+ tb or e+e- -+ Ib ( for the later one is fixed by M.S.M. 

more than the former ) so we incline to discuss the former one here. Considering 

the extensions and the e+e- colliders in plan for future we also try to calculate 

the cross section at the energy ..;s = 500GeV too, although at such a high energy 

the top-pair production is available. 

Respected with such a great mass as eq.(l) and in LEP-II, the top quark 

production may happen only through. the single-top process. Here we consider 

e+e- -+ tc or e+e- -+ ie, though there are some discussions about tc and lc pro­

duction in e+ e- colliders based on the the E6 theory[3! and on the supersymmetry 

models(4). The results of refs.[3,41 show that the production of the single t-quark 

inspired by the Ee theory is observable, but depends on the parameters in it. The 

cross section of e+ + e- -+ tc through ZO exchange based on the M.S.M. is ex­

pected being smaU(51, however, a complete calculation and a precise prediction of 

the process with the model should be performed because it is a background for 

certain new physics besides being a test of the M.S.M., if such experiments of the 

single t-quark production are carried out. Moreover the box diagrams of W -pair 

exchange will contribute an imaginary part when the internal lines of the bosons 

approaching to their mass shell( it is allowed by kinematics now), and it is inter­
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esting to know how great the imagenary part of the box diagrams is. Thus one 

may see that to compute the cross section of e+e- -+ tc and e+e- -+ tc precisely is 

so interesting, not only for t-quark searching but also for understanding the 'box' 

effects better, as well as Cor finding a clue to new physics. 

Under the above consideration, we have completed the calculation and given a 

precise prediction on the production oC the single t-quark associated with a charm 

based on the M.S.M., and its straightCorward extensions to four generations with 

one or two Higgs doublets. 

In the Feynman-t'Hooft gauge and according to the S.M., the diagrams in 

which an unphysical Higgs vertex ,;1.2e+l;- or ,;*-e:'fve appears, can be omitted, 

since its coupling in the vertex is proportional to the electron mass which may 

be considered tiny in the concerned accuracy, thus there are totally twenty one 

diagrams contributing to the process e+e- -+ t +c and can be divided iuto three 

categories as shown in Fig. 1. (Note: due to tiny electron mass all of the 

diagrams, containing one or more Higgs-electron vertices, have been ignored here. 

) For the first one as shown in Fig. La, the spot contains ten diagrams: of them 

six irreducible diagrams and four reducible ones containing a reducible self-energy 

sub diagram of flavor-change, whereas due to the produced t and c on shell, the 

reducible ones do not contribute, so we shall not consider them at all. There were 

complete calculations on them but with massless-quark approximation[51. For the 

second one as shown in Fig. l.b, in the spot the situation is similar to the first 

one, not only the irreducible and reducible separation as mentioned above, but 

also with the same approximation to the calculations[61. For the third category as 

shown in Fig. I.e, in fact it contains only one box diagram at the lowest order. In 

order to pursue a systematical computation on the flavor-changing "vertices" in 
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the Stardand Model and without invoking the massless-quark approximation taken 

in refs. [5,6] , all diagrams as shown in Fig.l have been computed in ref.[7}. 'rVe shall 

apply the results of reI.(7] with brief illustration here only, as the calculations are 

very lengthy we would not repeat all details here. 

The amplitude corresponding to the box diagrams ( shown in Fig. l.c) in a 

general form may be written as following 

Am60~ = C60s L Vet' Yq~jj(P2hQ,,,,pL"(pI)u(P3hQ,P.,PLv(p.. )A~Z I (2) 
4=11....1» 

where 

A:: = bIIPI"Pl,. + bI2PI"Pl,. + ~lP2"PI" + ~2P2"P2,. + b14PI"p",. 
(3) 

+b"IP""PI,.. + b"..p""p.,.. + ~.P2"p",. + b"2P"vP2,.. + bogvp., 

where the coefficients are integrals of the following form: 

- ZI z 
bij dz] 10 dZ3!ij(ZII Z2,Z3,Zq)' (4) 

fl f 1 f l- Z, - , =10 dz110 

The vertices ZOq,qc and ,q,qc may be calculated precisely(1). The expressions 

of them have the form as follows: 

r;oh)(p, k) = . c;zh) L Ycq ' ~~(E:t1,. + E3frt,.p + E"pk,p. + Er.,,.kp+ 
':.1....6 (5) 

Espk,. +E7kkp. +Edi,..P + Egfrt,. +E1o,,.k + Euk,,.)L, 

the coefficients Ei are integrals too, but with lower dimensions than that of hij : 

- zl 

Ei= 10 d:t11o dz2!.(Zl,Z2,Zq) (6)
fl f 1

The contribution of Fig, La, containing the ZOq,qc vertex to the anlplitudeI 

may be expressed as 

~. gv,.
.4mz = c;zv(P2hv(T;L - Qe)u(p.)U(P3)l ;(P.. ,Pl +Pl)V(P4)lf +P2)2 _ m~)'

p1 
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and the contribution of Fig. lob, containing the 7Q,qc vertex, to the arnplitude: 

gVp. 
Am" = c.,v(Plhv"(PI)u(P3)r~(p.tPl +P2}v(P.)-·- ._, (8) 

Now the whole amplitude M consists of three parts: 

M=Am*++Amz+Am". (9) 

Later on throughout the calculations, with enough accuracy we accept the 

approximation m. = 0 and m, = 0, (q =",c), hence 

du(e+ +e- ~ t +c) = h(S) . IMI2(1p" II VS)d cos 8, 

h(S) = !.( g2 )2 3.94 .1... 10-28. 
(10) 

4 411" 128lr S 

Here v'S is the total energy of e+e-j 9 the angle between the directions of t 

quark and e+j p" the momentum of cquark in the C.M.S. frame. For simplicity, 

the unit mw = 1 is adopted for the calculations in this paper, but ill the results 

we restore the explicit dependence on mw 

IP"I =(S - m:)/4VS, z. = v's/mw, z., = m.,/mw, 
(11) 

Z6 = ml»/mw. Z, =m./mw, :r, =p"/mw, Zd = md/mw, 

and the relations 

122 1 ( )2PI . Pl = '2:r.mw, PI •P. = 2:r.:r, 1 + % mw, 
(12)I 2

Pl' P. = 2':r.:r,(1 - %)mw, : = cos 8 

will be used in the below formulae. 

The square of the matrix element for the process e+ +e- ~ t+c, I.Afrol is easy 

to be obtained by a straightforward calculation. 

The above formulae are also suitable for the four-generation case, provided all 

extension on the CKM matrix is involved. Furthermore, in general it is impossible 
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to calculate out the integrals occurring in the calculations analytically, therefore 

we need to evaluate the integrals numerically. In fact as the integrals are principle 

ones it is not trivial to correctly evaluate the principle-value integrals numerically, 

especially here they have singularities ill a high-dimensional region. In ref.[81 we 

solved this problem by suggesting a general method. Hence, by using the method, 

all integrations may be carried out without difficulties. 

In this paper, the following parameters are input into the numerical calculation: 

mw = 81.GeV, mz = 92.GeV, m. 0.5GeV, 

e2 • 2 (13) 
mIl = 5.GeV, = 8 2 . '28 ' Sin 9w = 0.23 

mw SIn w 

The numerical results of e+ +e- -+ t +c with a varied top mass are presented in 

Tab.l, where "Data 1" are those based on the minimal S.M., while "Data 2", those 

based on the extended one with four-generation fermions but still with one Higgs 

doublet. We should note that for the "Data 2" case, in the present calculations 

the fourth "bottom" quark mass mil' and the related K.M. matrix elements, as one 

of the prior and favorable choices, are takell as the following: 

Ve. . v,~ = -0.5, Vcb ' l-)~ = 0.05, 

VcO, • l-):' 0.45, m". == 160.GeV. 
(14) 

Tab.l 

E(e+e-) 200. GeV 200. GeV 500. GeV 500. GeV 
.MI GeV ~(10-5pb) ~(10-4pb) ~(10-5pb) ~(1O-4pb) 

Data 1 Data 2 Data 1 Data 2 
115. 1.36 1.99 1.04.10-3 1.57 
140. .74 1.96 .869 1.97 
165. .71 1.43 1.09 2.45 
190. .041 .15 2.63 3.85 

The results ( Tab.l ) show that the cross section u(e+e- .- tc) for the M.S.M 

is much smaller than that in the four generation extension. The key point is easy 
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to understand: In the M.S.M., we toughly have 

IMI2 oc 1 E Vcq Ve;/(Z9)12~ IVe.Ve:(zl - z~)/,(z.)12, (15) 
....4..... . 

·22 

where a very small factor (zl-z!) = ",~~. is contributed by the GIM-like cancel­

lation (9) ( the unitarity of the CKM matrix}, and another factor Ve. Ve: containing 

an off-diagonal CKM matrix element Ve: is also very small as known by indirect 

measurements via the unitarity of the CKM matrix, i.e. numerically these two 

factors: 
2 2 ml-m!(z, - z.) = 2 ~ 0.004. 

mw 
0.058 x 0.9752 > Ve. Ve: > 0.029 x 0.9734, 

The second constraint above is in fact from the unitarity of three generations. If 

the 4th generation exists, probably it will be changed greatly. The two factors act 

together so as to make the final results so small. 

In the case for the extension of the four generations, as heavy quarks will 

decouple when their masses become very large, i.e 

I(Z9 ).1:,-00 -+ 0, (17) 

hence the 4th generation term of I(z~) will not give a big contribution to the cross 

section, in other words, the result is not sensitive to the mass of 4th generation 

quark b' when m., :> m" and we obtain 

IMI2 oc I L Vcq Ve;/(Z9 )12. (18) 
9....." 

However, unlike in the M.S.M. case Ve. Ve: ~ -Va.Vei, now in the four-generation 

case in general, Ve.Vi. '/:. VcbVi., that breaks the GIM cancellation for the three­

generation case, of cause the final result still depends on the choice of the extented 
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CKM matrix elements when the 4th generation is involved. In Tab. 1 it is that the 

most favourable choice on the matrix elements for the problem is adopted, so it is 

almost the maximum value of the cross section for the extension. 

In the calculation, we do find that the box diagram contributes an imaginary 

part to the amplitude substantially as expected before the precise calculation when 

the center mass system energy reaches so high such as .;s = 200GeV and higher. 

Now let us consider the extensions with two Higgs doublets. The remarkable 

difference from the M.S.M, now is one couple of physical charged Higgs' will be 

involved in the model and its coupling to the third ( the fourth also ) quarks­

top and bottom is comparatively strong ( proportional to me ) that in Fig. La 

and Fig. l.b more diagrams, involving at least one charged Higgs exchange in the 

spot, wiU be added and the cross section of the single· top production is expected 

to undergo a substantial change. After a precise calculation with care we do find 

the cross section increasing greatly due to the charged Higgs contributions when 

choosing the most favourable but tolerable parameters for the extension. 

As done above in the M.S.M. case, we ignore all diagrams in which as long as a 

Hee or H+ev or H-iie vertex is involved, as their contributions to the amplitude 

are pl'Oportional to the electron mass. As a matter of fact, the diagrams, inside the 

spot in Fig. La and Fig. 1.b with a charged Higgs coupling to the bottom 6 or II ( 

if there is the four th generation) and a very heavy top t, especially when II exists 

and m., = 160GeV ( even greater) for example, contribute to the amplitude so 

greatly that it may dominate over tbe rest diagrams and make the process being 

visible in LEp·I1 ( Note that if there is no 6' the cross-section is not so great ). 

\Ve plot the numerical results versus the parameters tan plIO) and top-mass in Fig. 

2. and Fig. 3 respectively, based OIl the extension with two possible models ( 

9 

Model I and Model II, see ref.[lO} ) and four generations as well. One may see 

from the Figs.2,3. that only for the one with two Higgs doublets of the considered 

extensions, the single-t production may be visible at LEP-II when the parameter 

tan/1 falls into the region tan/1 S 0.1 for Model-I and tan/1 ~ 10. for Model-II. 

In conclusion, we have found that if m, is in the region as shown in eq.(1) ( 

not very big ), the single-t quark production with a charm quark in e+e- colliden, 

O'(e+e- -+ te), is very small according to the minimal Stardand Model prediction, 

that it cannot be seen in LEP II even in those colliden ( JS =200GeV, 500GeV 

and higher ) which are now under consideration. Even for the extension only 

generations being extented, the cross section may reach to such an order 3.4 x 

1038 cm2, much larger than that of the M.S.M., but still beyond the capacity 

of LEP-I1 facilities. Thus if the single-t quark production with a charm quark 

e+e- -+ te is found at LEP II, there must be something beyond the minimal 

Stardand Model and .the simplest four-generation extension as well, while one of 

possibilities is the Higgs sector extended, i.e. two electroweak complex doublet::i 

instead of one. 

Acknowledgements 

We would .like to thank Y.-B. Dai for useful discussions. One of us (Li) would 

like to thank Institute of Theoretical Physics for its hospitality as he worked on 

this work there. 

10 



References 

[11 	 J. Ellis and G.L. Fogli, Phys. Letts. B232, 139 (1989); P. Langacker, Phys. 

Rev. Letts. 63, 1920 (1989); P. Langacker and M. Luo, Phys. Rev. 044 817 

(1991); M.C. Gonzalez and J.W.F. Valle Phys. Letts. B259 365 (199l); F.L. 

del Agnila, W.F.L. Hollik, J.M. Moreno and M. Quiros, CERN preprint TH 

6184/91 (1991). 

[2} 	 COF Collaboration, F. Abe et al. Phys. Rev. Letts 68 448 (1992). 

[3} 	 V. BargE'r and K. Hagiwara, Phys. Rev. 031, 3322 (1988). 

[4\ 	 M. J. Duncan, Phys. Rev. 031 1139(1985). 

[5) 	 A. Axelrod, Nud. Phys. B209, 349 (1982); M.Clements, C.Footman, A. Kro­

nreld, S. Narasimhan, and O. Photiadis, Physics Rev. 021 570 (1983)i V. 

Ganapathi, T. Weiler, E. Laermann, 1. Schmitt, and P. M. Zerwss, ibid.21, 579 

(1983); G. Eliam , ibid.28, 1202 (1983); G. Mann and T. Rumann, Amalem der 

physik 40 334(1983); Jian-Xiong Wang, Chao-hsi Chang, Xue-Qian Li preprint 

ITP 90-34, Proceeding or Heavy Flavour Physics, Beijing, China, 1990.4 

[6] 	 M. K. Gaillard and B. \V. Lee, Phys. Rev. 010 (1974); N. G.. Oeshpande and G. 

Eliam, Phys. Rev. 026, 2463 (1982); N. G. Oeshpandeand M. NazerlmonCared, 

Nud. Phys. B213 390 (1983); J. L. Oiaz-Cruz, R. Martinez, M. A. Perez, and 

A. Rosa.do, Phys. Rev. 041 891 (1991). 

[7\ 	 Jin.n-Xiong Wang, Ph. O. Thesis, ITP, Academia Sinica (199l). 

[8J 	 Chao4 Hsi Chang and Jian-Xiong Wang, Computer Phys. Communs. 69 330 

(1992). 

11 

S. L. Glashow, J. IliopouJos, L. Maiani: Phys. Rev. D2 (1970) 1285. 

[10] 	 J. Gunion, H. Haber, G. Kane and S. Dawson, The 8i998 Hunter', Guide 

Addi.son - We"ley (1990) and the early rererences therein; G. Eihun, J. Hewett 

and A. Soni, Phys. Rev. 044 1473 (199l); G. Eilam, J. Haerl and A. Soni, 

Phys. Rev. 041 875 (1990). 

12 



Figure Captions 

1. The Feymnan diagrams for e+e- -+ te. 

2. 	 0'(e- e+ -+ te) as a function of tan /3 !!'.L with VS = 200GeV, m, = 140GeV 
tit 

and m., = 160GeV (the thin line represents that with mH = 50GeV in 

Model I; the thick one with mH = lOOGeV in Model Ii the dashed one with 

mH = 50GeV in Model IIj the dotted one with mH = 100GeV in Model II.) 

3. 	The dependence of a(Ce+ - tc) on the top mass me. The solid curve 

represents that with tan P=0.02, mI.' = 160GeV for Model I. The dashed­

dotted one with tan {J = 100, m".. = 160GeV for Model II. The dotted one 

with tan/3 = 100,m., = 200GeV. 
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