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We study the production of a single top quark through the processes ety — vth, ete— — W*y* — tb + ev, and
ete- — W*W — tb + ev within the minimal Standard Model. Numerical estimates of the signal cross-sections at
LEP II energies are compared with pair production below threshold, ete~ — ff° — tW*b — tb + ev. We show that
if mwp > /5/2, the WW* and W*y* channels are dominant, but these processes give an interesting event rate only
if the expected luminosity could be amehiorated relative to present estimates.

The top quark is the only fermion of the standard model still to be discovered. The present experimental lower
bound on the top mass from CDF [1] is nop = 108 GeV/c?. In this letter we explore the possibility of producing
the top quark in an e*e~ machine such as LEP II (with energies 1n the range 200-250 GeV) 1n the event that
mwp > /5/2. In this case the real production process e “e~ — ¢t is forbidden by phase space considerations and
the production of a tf pair must proceed with one or both top quarks off the mass shell. One expects the cross
section for the process

ete” = 11" - tW*b = tb + ev (1)

to drop dramatically for mwp > +/5/2 [2]. In principle, a larger contribution can come through the process
(W*W channel)

ete”™ - W*W —th + ev, | (2)

where the ¢¥ e~ incoming pair annihilates into one real and one virtual W boson. The real W 1s then observed
to decay into an electron and a neutrino, while the other is produced off-the-mass-shell and converts itself into
a real b pair.

Finally we must also consider the process (W *y* channel)
ete” — W*y* - th + ev, ) (3)
which bears some similarities to W-gluon fusion production of heavy quarks already studied [3] at hadron
colliders. This process has been studied [4)] for massless quarks because it 1s a potential background for the
detection of an intermediate Higgs boson via its decay into gq pairs.

We report here our calculation of the cross section for the above processes at presently planned LEP II energies.
For mwp < v/5/2, the tt* channel obviously dominates and gives a substantial number of events. If on the other

hand mwp > /5/2, the WW?™ channel is larger until it is surpassed by the W™y* channel. In all the three cases,
however, we find that, with an integrated luminosity of £ = 10° nb™!/yr, the event rate is still very low. Much
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Fig. 1. (a) Production of a ¢¢* pair through the y and Z in et e~ annihilation. (b) Production of the top quark through the
decay of an off-the-mass-shell 1.

higher luminosities are required before the WW™* and W*y* channels can contribute significantly to the detection
of the top quark.

First we discuss the process of eq. (1) whose lowest order Feynman diagram is shown in fig. 1a. The amplitude
1s readily written down:

M = Z gv v (k) y" (av + byys)u(k;)

V=]J,Z
| _ 1 — s
. A B — v
xs-——M5+1MVFV gru(p)yu(Av + Byys)(—p + m;)y 5 v(p3)
4 1 4 1 — v 1 - 7S I
X —— V : . U (¥ » 4
with the usual couplings ¢y = ~1, b, = 0, az = ——% + sin® 6y, bz = +3, Ay = %: B, =0, Az = %—

2sin’ 60y, Bz = ~%, 8, = e, gz = g/cosby, = e/cosbysinb, and Q* = p?%, k* = (p — p3)* respectively the
squared invariant masses of the virtual top quark and W-boson. A long, but straightforward calculation gives
the differential cross section as a function of the invariant mass of the virtual top:

do \"" . 52 50 rQ)

EVES) — 5 > ’ 5
(dQZ) o (s i, Q ) T (Qz_mtz)z + (mxﬂ*)z (5)
The function & may be regarded as the cross section for producing a ¢(m?) 1 (Q?) pair, and is given by
o~ :S ! . 2 2
S0 =5 Y (avans + byby) SES s ©)

o Dy (s)[Dy:(s)]
V'i=y,Z
where the propagator for the gauge boson V = y, Z is Dy (s) = s — M2 + iMy Iy and Sy is defined by
2 23\2
SVV’ =3 18-14 3 [3”‘13‘ (AVAV*' — BVBV!) + —12- (2S — Q2 — mfz (Q i ) )
127/s Q §
x [$(Q* + m{)(AvAy: + ByBy') — 3(Q* — m})(Av By + BVAVJH]A’”(S,m?, Q). (7)
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I"(() 1s the partial width of the decay t — Wb — evb for a heavy top of mass Q which has already been
discussed elsewhere [5]:

rQ)=ru — Wb — evb)

(Q—my)?
_ MRGEHV,p) / e WMEQ% k%, my)
 96m303 (k? — M) + (Mwlw)?

[(Q° — mp)* + k*(Q* + m}) — 2k*]. (8)
0

The total width of a top quark of mass #, i1s obtained summing over all the decay channels and, in the massless
limit, 1s given by 97" (m,). In the amplitude of eq. (4), I;» i1s assumed to be 9" (Q). It is easy to check that for O
m; the function ¢ reduces to the cross section [6] for the production of a real ¢7 pair, i.e. hm .2 g(s; 0% m?)

ocleTe™ — tt).

Let us now turn our attention to the process of eq. (2) shown in fig. 1b. At the lowest order in perturbation
theory, the amplitude is given by the three Feynman diagrams relative to ete™ — W W~ (see ref. [7]).

The lowest-order amplitude for the process ete™ — (W*)Y* (W )" > tb + e 7V is

n*’ — pap.° /Mw? g Nt —pi"pi/Mut g
, VipJos (2 . J:(1). 9
p;— M} + iMwTw 2 ? )Pf"*MEV+1MWFW\/§ ) )

T, 1s related to the amplitude for e*e™ — W+ W~ which has been studied in detail by Brown and Mikaelian
[7] and for the sake of comparison, in the following we shall use their notation. In eq. (9) J(1) and J(2), are
the charged currents of the fermions through which the virtual W gauge bosons decay:

M = 6(k2)Tpuu(kl)

() = @(@)r 2 v@). Q) = a7, - SRERTRY

A simplification arises from the assumption that one of the W’s (W~ for instance) decays into a light lepton pair
( e~ 7). In this case, neglecting the electron mass, gi = g7 = 0, so that p, - J(1) = 0, the amplitude becomes

Nt — pa¥pr° [ Mw? (g/V?2)
P%“Mﬁ/-l-iMWFW pf—Mﬁ,+iMWFW

The calculation of the cross section is carried out factorizing the Lorentz invariant four-particle phase space
and integrating over the momenta of the final state leptons ¢q,, ¢2, g3, g4 to obtain (Q12 = pf and Q% = p3)

1 3(g/V2)* Vsl 1 (g/V2)?

M =T (k) Tuulky) (g/V2) Vi Js (2) JV(1). (10)

?

( ) = 5= [ AP SK;pi,p2) - 3 Tr(By Tk v0T ), 90)

dQ?d Q? 2 |Dw(Q3))* 27 |Dw(Q})|?

x T (p1;0,0) (1" = p2"p2" IMw?) (1% — P2 p2% IMw?) Ty (py; m2, m2), (11)
with
T (036247 = / d*PS(p;9,9") 2(quql + Quwqy — q - @' Nuw — 19°q"P€apuur) . (12)

The result of the calculation of the phase space integration of eq. (12) is given by the following expression:

T (0,a%,4?) = 2[—(2A + P*B)uw + 2Bpupu], (13)

where the scalar quantities 4 and B are

2 2 2 I mn 5.30 2,2 12,2
B(p2 qz qu) 1 /4 21/2(1 q2/p2 qIZ/pZ) (l + g_i + Q_Q_ (qz--qu)Z) (14)
= aornt TP )

243



Volume 318, number 1 PHYSICS LETTERS B 25 November 1993

with A(x,y,2,) = x* + y* + z? — 2xy — 2xz — 2y z the usual triangular function.
The cross-section can then be written as

Ww* )) ) 2 9
1 2)22(Q3/247) 1 3-2(g/V2)* V| 1 ~
( (:120' 2) _ (g/\/_) (?1/2 ) (g/\/_z) 2rb| /dZPS(K;pl,pz)A2, (15)
dQ; dQ; 2n  |Dw(Q?)] 2n  |Dw (Q?) 2s
where |
A = ST, Tk wo Tl v0) (=0 + p1"py” [ (—Fn* + Gplpl IMiy), - (16)
with
2

F(Q3,m{,mp) = 2A+ O3B, G(Q3,mi,mj) = 44 + 2B(Mj, — Q3) 55 (24 — BQ3). (17)

W

and A and B are given by eq. (14) and evaluated at p* = Q3, ¢* = m? and q¢'* = m;.
Using the narrow width approximation for the W-boson decaying into light leptons, the integration over Q:
becomes trivial and we obtain

dg)ww* 1 3(g VD) 1/ ’ -

= Br(W ™ — d°PS(K;p1,p2)A : I3
(ng r( e V)JI Dy QP 25 (K;p1,p2) oo (18)
The factor j‘z, in terms of the variables
s=(ki+k) =@ +p), t=ki-p) =(k-p), u=(ki—p)° = (kp—p1)* (19)

can be written as

Ar = 2e*{(a® + BV [E\A\ (s, tu) + EAs(s,,u)] + 4(a + b)c[ET (s, t,u) + Eda(s,t,u) ]

+ 8¢?[EE) (5,1, u) +5252(S,1,u)]}, (20)

where we have 1ntroduced the functions &; = (Qz/MW VG (Q3, m?, mb) and &, = F (Qz, m?, mb) — &, along with
the quantities (agam in the notation of ref. [7]) a = -1 + (ezgy/e )s/(s — Mz) b = (eng/e )s/(s — Mz)
and ¢ =(g/2V2 /e) in order to make the comparison with the known result of ete™ — W* W™ easier. For
brevity, we only give the functions (A4, 3, I, and E,,), obtained after integration over the phase space:

Al=/dzjl(5,z,u) §3 /13/2[1 . 5( %+Q%)+#(Q4+Q2+10Q2Q2)]

ng2 24 T 12\ s 74 52
3 2 4 2 )2 2 2
_ T __S 3/2[ > & 1 (Qz + 10Q2Q1)] B 1/2( Qi Qz)
A /thz(s,t,u) = 0 %/1 3 + 74 2 SA 1 + p 55 )
; :/dﬁ(s L) = S /11/2[“+ (Q2+Q2) ! (9Q?+9Q§'+ IOQfQ%)
! CRREI T 0202 124 T 8T s 24 52
1 6+ 6+ 11 2 4+ 11 4 2 2
24(Q1 9 ngz Qle)] (Ql + 0%+ o Qz)logL

3 2 2 22 4 4
B ~ s [l Q3 5 /Q3Q5+ 0D\ 1 ,/100{07 + 130} + O
f = /d’b(“’“) =oet 11 5 (0 ) 24 QZ( 53 )]

(Q[ + Qz + Qle)logL, (21)
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- [ B - g+ () o [+ (G )28

Q103 24 24 S 12 ° 24\ Q2Q? 52
2 2
—S(l O Qz)logL,
) )
31172 , )2 212
_ = s°A 5 Qle) 2 2 ;
E, = fthz(s,t,u) = QfQ§(2S 2 2 + (Q7 + Q7 —s)logL, (21 cont’'d)
where

B Qi Q) (1 -2 — [(Qf — Q%)/s}?
’1"1(" s s ) L= + AV2)2 _ [(Q* - Q%) /s]?

The difterential cross section as a function of the invariant mass of the off-shell ¥ boson is then written as

do \""" 2742 .1 3(g/V2)H Vi
(Eé;z—) = 2 Bl‘(W—a»e V)ﬂ.' (Q%“M%f')z_l- (MWFW)z
* [(@ + D) (A1 + &ada) + 4@+ b)c(Culy + &al) + 8P (EiE L + EED) N gr o (22)

1n which the dependence on m, and m, is through the functions &; and &,. A check of the above result can easily
be done by considering the W+ decaying into light quarks, and using again the narrow width approximation.
Then as Q5 — Mi, F — G, & — 0 and & — M2 /(247n) one obtains the expected result: ¢¥7" = g(ete— —
WYW )Br(W~ — e 7)Br(W* — qiq;), where a(ete”™ — WTW ™) coincides with that of ref. [7].

The integrated cross-section for the production of a ¢t pair through the WW* and tt* channels is given,
respectively, by

(VE~Mp)? . (VE—my)?

ww* 2 2 » ( do il . 2 2 2of do "
o (S: mt*}mb) - f dQ2 ( dQ%) 5 G” (S: mt:mb) — / dQ (_a"Q_z) . (23)
(my+ny)? mﬁ
Let us now discuss the production of a single top quark through the process
e* (pa) y(pp) — v(p1) t(p2) b(p3), (24)

which proceeds through the diagrams of fig. 2. Its integrated cross section convoluted with the probability
distribution function of the photon in the initial electron (Wiezsicker-Williams approximation) [8], can be
used to estimate the rate of production of a single top at e*e™ colliders. We note that this process is also
worthwile to study, in view of recent proposals [9,10] regarding future electron-photon colliders with energies
up 10 /S = 1.6 TeV and £ = 10 cm™! s,

In contrast to the case of W-gluon fusion, here there are two additional diagrams figs. 2c-2d. The gauge
invariant amplitude reads

M = (g/2V2) e Vi (TV + TP + TV + T )e (p,), (25)
where
T = S g uU(p2)yu (t —ps) ! Yav (p3)

A f — MI?V lepton H ﬁb _¢3 — M ’

z/'c(pz)yu,,z__m_m2 Yu(l —ys)vips3), (26)
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Fig. 2. Lowest order Feynman diagrams for the process ety — vth.
1
T(3) J,u < § ( Vo QVQJ)Jguark

A lepton ~H A MEV (Ii —M%,)(Sz . MEV) ?

(4) —1 — Q.05 \ ;v ,
TA — S(.S‘g _ MEV) 'U(pa)yl (ﬁa + ﬁb)}’”(l "" VS)U(pI ) (”#v M[%V ) quark » (26 cont d)
with
Sud = Muw (=Q — P)a 4+ NP = pp)y + 1y + Q) 4,

Jepton = U Pa)P* (1 = y5)v(D1),  Jham = T(P2)Y" (1 = p5)v(p3) . (27)

After some algebra, it is possible to show that some of the terms in T;3 » and T.* cancel, so that we can equivalently
write

1
T, = gt T JG
Co e TR G M) (5 - M)
— 1
7@ _ T (s _ . 28

where we have defined

1_;116 — _2[77;4/1(19!))0 + ﬂyaPJ_ - ’“J(pb)ﬂ] 3

P=ps—p and P’=1t,, Q=p,+p;s and Q*=s5,. (29)

Parametrizing the three-particle phase space [11] in the frame P> + p; = 0, where each four-vector is written

in terms of the two invariants s, and ¢; and the polar angles £2; of the vector p,, the cross section may be cast
in the form
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Fig. 3. Integrated cross section for the process ety — vtb as a function of the center of mass energy. Long dashed curve
Mip = 110 GeV. Small dashed curve myp = 120 GeV. Solid curve mp = 130 GeV.

) 0

N 300 1 A2 (s, m?, m?)

= d? dQ : e Aj;
e 167()(1% 3‘2 / dSz / lf 3 S5 X ; 1] (30)

(mf'*'mb)z/? —'(3—52) i

with

. I l l J y* J AN AL
AU B [TA(T;J) +T,1(T).’) ](_’? ) (31)

The quantities A;; are cumbersome functions of the particle’s momenta scalar products, and are available upon
request. The result of the integration is shown in fig. 3. We note that the rate is quite interesting. Above threshold,
1t produces a substantial number of events (for the ey collider luminosity quoted above).

At e*e™ colliders, a single top quark production rate arising through the W *y* fusion, may be estimated in
the equivalent photon approximation as

1
g = /ﬂ.(z)'&(zs), (32)

Zmin

with Zmin = (my + mp)?/s, and where f,(x) = (o/m){[1 + (1 —x)*]/x}log(E/m.) is the photon distribution
[8] for an electron of energy £ and mass »i..
. Numerical estimates of the integrated cross sections for the two different production mechanisms (W W™,
W*y*) of a single top quark at e*e~ colliders, and for different center of mass energies of the electron—positron
pair, are shown 1n fig. 4 as a function of the top quark mass, and compared with the production cross-section for
a tt* pair, eg. ete” — 1" — tW*b + ev. In the calculation, we have used Vel = 1.0, Br(W — ev) = 0.11 and
my = 5 GeV. Our signal cross-sections should be multiplied by a factor of two in order to include the charge
conjugate final state (the W W™ and ¢t* may also be summed over other light lepton channels).

However, with the presently expected integrated luminosity at LEP II of £ = 5 x 10° nb~!/yr, the processes
that we have discussed cannot be used to detect the top quark, but, were the luminosity to be ameliorated, their
contribution could be not entirely negligible.
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Fig. 4. Integrated cross sections at /s = 220,250 GeV for ete~ — the— 7. The solid line is the W*y* channel, the small
dashed curve is the W™ channel, and the long dashed line is the 7£* channel. Upper curves refer to higher CM energy.
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