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Single-top-quark production at future ep colliders

Stefano Moretti* and Kosuke Odagiri†
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~Received 6 October 1997; published 6 February 1998!

The production of top quarks in single mode at futureep colliders is studied, the attention being mainly
focused to the case of the proposed CERN LEP%LHC collider. We are motivated to reanalyze such a process
following the discovery of the top quark at Fermilab. Thanks to the measurement of its mass one is now able
to establish more accurately the relevance of single-top-quark production for itself and for many other pro-
cesses to which it may act as a background. In addition, the recent improvement of our knowledge of the quark
and gluon dynamics inside the proton now allows one to pin down the dependence of single-top-quark
production on the partonic structure functions. Both the leptonic and hadronic decay channels of the top quark
are studied and compared to the yield of the corresponding irreducible background in presence ofb tagging.
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PACS number~s!: 13.85.Hd, 14.65.Fy, 14.65.Ha
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I. INTRODUCTION

Now that the Fermilab experiments have clearly asses
the existence of the heaviest quark of the standard m
~SM! @1# and given a rather accurate measurement of
mass@2#, many of the theoretical calculations carried out
the previous years need to be updated to the current valu
this fundamental parameter. In this paper, we turn our at
tion to the case of top-quark production in single mode
future electron-~positron-! proton colliders. As a further mo
tivation for our revision we put forward the fact that a hu
amount of data improving our knowledge of the parton d
tribution functions~PDFs! has been produced in the yea
following the early studies of top phenomenology atep ma-
chines~see, e.g., Ref.@3#!, along with more detailed treat
ments of the dynamics of heavy quarks inside the prot
Therefore, the error associated with the partonic behavio
the initial state should be at present significantly smaller t
in the past. Finally, the reduction of the theoretical unc
tainty in single-top-quark production also implies that oth
effects, such as those due to the irreducible backgrou
need now to be incorporated in more detailed phenome
logical analyses. We calculate these effects here for the
time, in both the hadronic and leptonic top decay channe

In order to illustrate the particular relevance of single to
quark processes in electron~positron!-proton scatterings we
remind the readers of the motivations for higher energyep
experiments. First, such colliders will be an obvious and
rivaled testing ground for QCD at very low Bjorkenx @4#, in
exploring the structures of both the proton and the photon@5#
at the TeV scale, taking over the presently running DESYep
collider HERA @6#. In connection with this point, we will
show that the single top-quark process discussed here ca
useful in understanding the phenomenology of the PDF
the bottom quark.

Secondly, and particularly in the case of the propos
CERN e1e2 collider ~LEP!%~LHC! Large Hadron Collider
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~LHC! @3#, they will be able to search for the Higgs bosonf
of the standard model@7# @or the lightest neutral Higgs boso
of the minimal supersymmetric standard model MSSM# in
the intermediate mass range 90 GeV&Mf&130 GeV @8,9#,
in the case it may not be accessible at the LHC nor
existing colliders ~see Ref. @10# for discussions on this
point!. As was discussed in@7#, the jet background due to th
top quark will be large if only a singleb tagging is imple-
mented in identifying the Higgs boson decay in the m
favored channelep→neW

1W2X→nefX→nebb̄X @7#.
Thirdly, the role of anep machine will be complementary

to those ofe1e2 ~i.e., NLC! andpp ~i.e., LHC! colliders in
the search for new physics such as leptoquarks, excited
tons, low mass sleptons, doubly charged Higgs bosons,
new vector bosons~see@4#, and references therein!. Many of
these processes have neutral current-type interactions o
form eq→eq, and so the single-top-quark process, when
top quark decays leptonically to a bottom quark, a posit
and an electron neutrino, is a potentially dangerous ba
ground which should be included in experimental simu
tions. As for the possibility of exotic top-quark decays, t
study of the supersymmetric two-body decay modes i
straightforward extension of this project@11# and will be
carried out elsewhere@12#.

Although the physics potential of a higher energyep ma-
chine is suppressed compared to app one by the reduced
center-of-mass~c.m.! energy and luminosity, we stress i
allure in the suppression of the initial state QCD nois
which allows for a cleaner environment to study the phys
of the TeV scale, possibly before an NLC will be in oper
tion @13#. We also mention that the physics ofep colliders,
in conjunction with the possibility of their running in thegp
mode@14#, has been recently under renewed and active
cussion@15#.

The production of top quarks at futureep colliders@3# has
been studied in the context of top-quark searches
LEP1%LHC @4#. A detailed study was presented in the co
responding proceedings@16#. There, the two following chan-
nels were investigated@17#:

CC: W61g→tb. ~1!
3040 © 1998 The American Physical Society
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57 3041SINGLE-TOP-QUARK PRODUCTION AT FUTUREep . . .
NC: g,Z1g→t t̄, ~2!

via charged~CC! and neutral current~NC! scatterings of an
off-shell gauge boson against a gluon, the former being p
duced via bremsstrahlung off the incoming electro
~positron! and the latter being extracted from the proton.
general, the CC channel dominates over the NC one, du
the larger phase space available. Formt5175 GeV @2#, the
suppression is more than one order of magnitude at the
scale@16#. ~Indeed, this is the reason why we will conce
trate on W6g fusion only.! In Ref. @16#, also a detailed
signal-to-background analysis was carried out, in both
~semi!leptonic and hadronic top-quark decay channels.

The Feynman diagrams describing reaction~1! induced,
e.g., by positron beams, can be found in Fig. 1~a!, where the
top-quark is considered on-shell. As the bottom-quark m
is small compared tomt , the dominant contribution to the
total cross section comes from diagram 1 of Fig. 1~a!, when
the final b̄ quark is collinear with the incoming gluon. Th
collinear divergences are, however, regulated by the fi
value of the bottom-quark mass and manifest themselve
means of contributions of the formL5as(m

2)ln(m2/mb
2),

with m2; ŝ, beingŝ the c.m. energy at the ‘‘partonic’’ leve
e1b andas the strong coupling constant.

Such logarithms are rather large, thus terms of the fo
as

n(m2)lnn(m2/mb
2)/n! have to be resummed to all orders

perturbation theory@18# in order to compute the cross sectio
reliably. This can be done by introducing ab parton distri-
bution f b(x,m2) in terms of the Dokshitzer-Gribov-Lipatov
Altarelli-Parisi ~DGLAP! splitting function

Pbg~z!15
1

2
@z21~12z2!# ~3!

of a gluon intobb̄ pairs@z being the fractional energy carrie
away by the~anti!quark#. In fact, bottom quarks are not va
lence quarks, rather they materialize once the energy scam
of the evolution reaches their production ‘‘threshold’’ at
given valuemb;mb . The functionPbg(z) is indeed the ‘‘co-
efficient function’’ of the logarithmically enhanced term
The b structure function then evolves withm according to
the DGLAP equations, from an initial condition of the so
e.g., f b(x,m2)50 if m2<mb

2.
It follows then that single-top-quark production and dec

via process~1! can be conveniently studied by computing t
transition amplitude squared for the reaction~e.g., assuming
incoming positron beams!

e1b→ n̄et→ n̄ebW1→ n̄eb f f̄8, ~4!

where f represents a lepton or neutrino or au, d, s, andc
quark ~produced in the top-quark decay!, appropriately con-
voluted with a b distribution function evaluated at th
adopted scalem2. We exploit here this approach.

In our opinion, such a procedure~in which the parton is
b! is more appropriate than the one exploited in Ref.@16# ~in
which the parton isg!, especially at high energies. In fac
we have explicitly verified that for the values ofAsep con-
sidered here the dominant contribution to process~1! comes
from configurations in which theb̄ is collinear with the in-
coming gluon. Since it is exactly such emission that
summed to all orders in perturbation theory in leading a
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next-to-leading logarithmic accuracy inside theb structure
function whenas(m

2)ln(m2/mb
2);O(1) ~and this is clearly

the case in our context, e.g., whenm25 ŝ*mt
2!, our approach

will give a more accurate answer. However, for comparis
we will also show in the present paper several rates as
duced by the process induced byg→bb̄ splitting.1

In this paper we study the single-top-quark production
e1b fusion at various energies, together with all tree-lev
irreducible background processes as shown in Figs. 1~b!–
1~c!. Figure 1~b! corresponds to the case of the leptonic d
cays of theW6 boson in the signal process,

e1b→ n̄ebl1n l , ~5!

wherel 5e,m,t, whereas Fig. 1~c! refers to hadronic decay
of the W6 boson,

e1b→ n̄ebl1 j j 8, ~6!

where j j 8 represents a pair of light quark jetsud̄ or cs̄. To
these must be added the case of the gluon mediated b
ground of Fig. 1~d!,

e1b→ n̄ebl1 j j 8, ~7!

where j j 8 again represents a pair of light quark jets.2

In addition to these three, if charge measurements of
bottom quarks prove impractical or impossible, we will ha
background from processes of the form

e1b̄→ḡneb̄l 1n l , ~8!

e1b̄→ n̄eb̄l 1 j j 8. ~9!

A single b-tagging capability is assumed throughout,
results being linearly proportional to its efficiency. The ca
l 5t assumes that jets coming from the tau and the qua
will easily be distinguishable. We perform all calculation
for the case ofe1p colliders, although thee2p case is pre-
cisely identical since the calculations involve no valen
quarks and are therefore invariant under the excha
e1↔e2.

1Note that the complete next-to-leading~NLO! corrections to
W6g/b fusion involving the collinear logarithms as well as th
large angle emission and the loop diagrams have been recently
sented in the modified minimal subtraction~MS! renormalization
scheme@19#. Such results contradict earlier ones based on the de
inelastic scattering~DIS! factorization scheme@20#. For the case of
ep collisions at HERA they amount to approximately 2% of th
result obtained by means of theb structure function approach, an
they are rather insensitive to collider energies in the TeV ran
Therefore we expect them to be well under control also at the p
posed LEP%LHC, so for the time being we do not include them
our calculation. Another reason for doing so is that we will also
concerned with the interplay between the single-top-quark sig
and the nonresonant irreducible background, which is here c
puted at lowest order.

2The interference between the two processes~6! and~7! vanishes
identically because of color conservation.
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FIG. 1. Lowest order Feynman diagrams describing processes~1!, ~5!, ~6!, and~7!, corresponding to sets~a!, ~b!, ~c!, and~d!, respec-
tively. Only the casesl 1n l5e1ne and j j 85ud̄ are shown for processes~5!–~7!, whereas in reaction~1! the top quark is considered on-shell.
The packageMADGRAPH @21# was used to produce thePOSTSCRIPTcodes. In~c! A represents the photon. The dashed lines in~b! and ~c!
represent the SM Higgs boson and the curly lines in~d! the gluon. The number of diagrams in~b! reduces to 10 for the casesl 1n l

5m1nm andt1nt , when diagrams 1, 2, 3, 5, 6, 7, 8, 12, 13, 20, and 21 do not contribute.
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The plan of this paper is as follows. In Sec. II, we d
scribe the methods we adopted in the calculations of
signal and background processes. In Sec. III, we present
discuss our results. Section IV is a brief summary.

II. CALCULATION

The tree-level Feynman diagrams that one needs in o
to compute processes~5!, ~6!, and~7! are given in Figs. 1~b!,
1~c!, and 1~d!, respectively. For reaction~5! we show the
diagrams for the casel 5e, which is the most complicated
When l 5m or t only ten out of the twenty-one diagrams
Fig. 1~b! contribute. For processes~6! and~7! the number of
diagrams is independent of the flavor.3

The single-top-quark signals~4! are produced by dia
grams 11 in Fig. 1~b! and 4 in Fig. 1~c! for leptonic and
hadronicW6 decays, respectively. The remaining diagra
in Figs. 1~b! and 1~c! represent the ‘‘irreducible’’ back-
ground to single-top-quark production and decay. Reac
~7! does not contribute to the signal at all, but only to t
background.

Graphs in Figs. 1~b!–1~d! refer to the case ofe1b fusion,
i.e., to the scattering of a positron and a bottom quark,
latter being extracted from the incoming proton beam.
mentioned earlier on, we have treated the bottom quark
constituent of the proton with the appropriate moment
fraction distribution f b(x,m2), as given by our partonic
structure functions. It can be noted that the bottom antiqu
is also present inside the proton with an equal probabil
When calculating rates for single-top-quark production
e1p colliders, diagrams initiated by bottom antiquarks mu
also be considered. However, as long as the deep-inel
scattering of the proton takes place against a positron, s
graphs do not produce a resonant top quark. The topolo
of these bottom antiquark initiated graphs are easily ded
ible from those in Figs. 1~b! and 1~c!. From the point of view
of top-quark studies, these act as additional backgrou
Their production rates will be different from the case ofe1b
fusion if the c.m. energy at partonic level~i.e.,Aŝ! spans the
top-quark production threshold. In contrast, the cross s
tions due toe1b̄ initiated diagrams and proceeding via QC
interactions are identical to the yields of reaction~7! and the
actual graphs are the same as those in Fig. 1~d!, apart from
the trivial operation of reversing the bottom-quark line.4

The possibility of the 2b charged current processese1q
→ n̄ebb̄q ~whereq is d, ū, s, or c̄! being mistagged as
single b event and acting as background to the hadro

3We will refer to process~5! as the ‘‘leptonic’’ channel, and to
processes~6! and ~7! as the ‘‘hadronic’’ channels. For the latte
cases, we will further distinguish between ‘‘electroweak’’~EW!
and ‘‘strong’’ ~QCD! production, respectively.

4Note that for the case ofe2p scattering things work in a comple
mentary way, the resonant top antiquarks being produced by inc
ing b̄ partons. Indeed, as bottom~anti!quarks are produced insid
the nucleon via ag→bb̄ splitting ~that is, they are sea partons!, no
differences occur in the deep-inelastic dynamics of the above
cesses if antiproton beams are considered. Although we s
positron-proton colliders here, our discussions are transposab
all the other cases.
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channel can not be neglected, even when theb-tagging effi-
ciency is high. If the latter is denoted byeb , then the prob-
ability of misidentification is given by 2eb(12eb), assum-
ing no correlations between the twob taggings. Thus the
suppression of the 2b background with respect to the sing
b events is 2(12eb). As our investigations concern mainl
the top-quark signal process~4!, the complete analysis o
single-bottom-quark processes being outside the scope o
present study, we content ourselves with an estimate of
degree to which this additional irreducible background co
affect the top quark andW6 boson mass reconstruction~the
2b background does not contribute to the leptonic case!. Our
explicit calculation, using the methods explained belo
shows that after cuts in the reconstructed top quark andW6

boson masses are introduced, the cross section of theb
process is of the same order as that of reaction~7! ~differing
only by 10% at the LEP%LHC energies!, thus being quite
small in the end~see Sec. III!.

To calculate the squared amplitudes for processes~5!–~7!
we have used theFORTRAN packagesMADGRAPH @21# and
HELAS @22#. The codes produced have been carefu
checked for gauge and Becchi-Rouet-Stora~BRS! @23# in-
variance at the amplitude squared level. The multidim
sional integrations over the phase spaces have been
formed numerically using the Monte Carlo routineVEGAS

@24#, after folding the partonic differential cross sectio
with the appropriate quark densities. The programs that
have produced have been run on a DEC 3000 Model
alpha station, on which the evaluation of, e.g., 106 events
took some 14 min of charged CPU time to produce a cr
section at the level of percent accuracy in the case of pro
~5! for the sum of the two contributionsl 5e andm ~the latter
being equivalent to the casel 5t!: that is, for the channe
involving the largest number of diagrams and the most co
plicated resonance structure.

All the codes implemented are available from the auth
upon request. To allow for a prompt evaluation of single-to
quark rates at any energy and for any choice of selec
cuts, we have also calculated the amplitude squared of
cess~4! analytically, including top-quark width effects. I
the leptonic case, and assuming all lepton and neut
masses to be zero, it reads as follows:5

uMe1b→ n̄ eb8 l 1n l
u252~4paem/sin2 uW!4uPW* u2uPWu2

3uPtu2pb•p n̄ e
~2pe•plpt

2

12pe•ptpl•pt!

with

-

o-
dy
to

5The analytic expression for process~1!, also involving the decay
currents, can be found in Ref.@25#. We have checked our ME fo
the gluon induced process against that given in Ref.@25# in the
appropriate configuration~i.e., for pp̄ collisions! and found perfect
agreement.
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PW* 51/~pW*
2

2MW6
2

!,PW51/~pW
2 2MW6

2
1 iM W6GW6!,

Pt51/~pt
22mt

21 imtG t!

pW* 5pe2p n̄ e
, pW5pl1pn l

, pt5pb1pW* .

In the hadronic case, again assuming zero light qu
masses, the above formula needs to be multiplied by
color factor 3, andl 1 and n l replaced byd̄( s̄) and u(c),
respectively.

The bottom-quark sea distributions are not measured
experiment, but are obtained from the gluon distributio
splitting into bb̄ pairs by using the DGLAP evolution equa
tions @26#. Therefore, theb structure functions are differen
from the light quark distributions, which do need to be me
sured as they involve nonperturbative QCD, for which a c
sistent theoretical framework does not exist. In contrast,
PDFs of b quarks evolve at energies of the order of t
fermion massmb or larger, so that their dynamics can b
calculated by using the well assessed instruments of pe
bative QCD. That is, given the PDFs of the gluon and of
light quarks, those of theb are precisely determined, as the
do not contain any free parameters~apart from mb , of
course!.

We think that by the time thatep colliders at the TeV
scale will begin to be operative, the uncertainty on the glu
distributions at medium and smallx may be expected to b
significantly smaller than at present, principally due to for
coming improved measurements of the smallx deep-inelastic
structure functions at HERA, and of largepT jet and prompt
photon production at thepp̄ ~Di-!Tevatron at Fermilab and
the pp LHC at CERN ~the latter being scheduled to sta
running around6 2005!. Therefore, detailed studies of sing
top-quark events produced in electron-proton collisions w
allow one to constrain the error related to the dynamics
the g→bb̄ splitting in the DGLAP evolution. In fact, we
expect the experimental information onb structure functions
as collected at the end of the HERA, Fermilab and LH
epoch to be rather poor, if not nonexistent. On the one ha
at the c.m. energy typical of theep accelerator now running
at DESY (Asep5314 GeV) the content ofb quark inside the
scattered hadron is very much suppressed per se. On
other hand, at both the Tevatron (Asp p̄51.8– 2 TeV) and
LHC (Aspp510– 14 TeV) the study ofb induced processe
inevitably proceeds through either the production of t
quarks in single mode@27#, whose signatures suffer from
huge background due tot t̄ production viaqq̄ andgg fusion,
or via pure QCD interactions, biased by a large amoun
light quark and gluon jet noise. These two problems can
principle be solved by futureep colliders. First, they will be
operating at the TeV scale thus allowing for a very mu
enhanced content of initialb quarks, which can be probed i
the ‘‘kinematically’’ more defined context of a DIS proce
of an electron~positron! against a proton. Secondly, as di
cussed previously, the single top-quark mode viae6p colli-

6In fact, the typicalx values probed via process~4!, e.g., at the
LEP%LHC, are of the ordermt

2/ ŝ or more, that is above 1022,
where the gluon density is already well known at present.
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sions has a much larger cross section than top-qua
antitop-quark production induced bygg and/or Zg fusion
@16#.

As default set of PDFs in most of the results presented
this analysis we have used the LO set CTEQ~4L!, together
with the one-loop expression foras . We have done so for
reasons of consistency, as the hard scattering processes
been computed here at lowest order. However, as one o
motivations of this study is to investigate the dependence
process~4! on the evolution of the structure functions o
bottom quarks inside the proton, we have produced our
sults for other 25 recent NLO PDFs which give excellent fi
to a wide range of deep-inelastic scattering data and to ot
from different hard scattering processes~see the original ref-
erences for details!. These are the packages Martin, Rober
and Stirling ~MRS! sets ~A, A8, G, J, J8, R1, R2, R3, R4!,
MRS~105, 110, 115, 120, 125, 130!, Martin, Roberts,
Ryskin, and Stirling~MRRS! sets ~1,2,3!, and CTEQ~2M,
2MS, 2MF, 2ML, 3M, 4M, 4HQ! @28–37#. Note that in each

case the appropriate value ofLQCD[L
MS

(nf ) was used. For
these NLO sets, the QCD strong coupling constantas was in
general evaluated at two-loop order at the scalem5Aŝ. The
same choice has been made for the scale of all the mentio
LO and NLO structure functions.

In order to estimate the theoretical uncertainty related
the b quark distribution inside the proton, we will make us
of the NLO sets. The spread of the corresponding result
obtained from the different packages@rather than the errors
of the numerical integrations associated to the CTEQ~4L!
set# can be taken as a possible estimate of the uncertaint
our predictions throughout all the paper.7 The choice of us-
ing NLO sets in the estimation of the theoretical uncertai
is guided, on the one hand, by the fact that we will only
interested in relative differences between the various pre
tions ~so that any bias due to the use of LO MEs vs NL
PDFs should be expected to be quantitatively similar for
sets!, and, on the other hand, by the following conside
ations.

Historically, there were two theoretically consistent me
ods of introducing bottom quarks in scattering process
namely, as a massless~1! or as a massive~2! quark.

~1! In this case, on the same footing as theu, d, s, andc
flavors, a PDF is assigned to theb quark. At NLO inas , one
has to consider the caseg→bb̄, whose collinear singularity
~see Sec. I! is customarily factorized into the bare botto
PDF, after appropriate renormalization of the~linear! pole.
The residual~finite! contribution is a part of the NLO cor
rections to the partonic cross section. This way, heavy qua
in the final state can~also! be obtained by exciting the cor
responding flavor inside the proton~i.e., flavor excitation!, as
is the case here. In this treatment, the only dependence omb
enters in defining the threshold at some pointmb;mb .

~2! In this scenario, theb ~and c as well! quark has no
PDF: only the ‘‘light’’ flavors u, d, ands participate in the
parton dynamics inside the proton and heavy flavors can o
be created in scattering processes~i.e., ‘‘flavor creation’’!. At

7We have verified that differences in the results similar to tho
obtained in case of process~4! also occur for the complete tree
level reactions~5!–~7!.
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high energies, this treatment introduces in case ofg→bb̄
splittings the large logarithms mentioned in the previous s
tion.

The latter is often referred to as the three–flavor-num
~TFN! scheme@such as in the scheme Gluck-Reya-Vo
~GRV! @38,39# sets# whereas the former is the so-called fou
~and five-! flavor-number~FFN! scheme~such as in the MRS
and CTEQ sets!. These two treatments are somewh
‘‘complementary,’’ as it turns out that~see, e.g., Ref.@40#!
the TFN scheme is the most suitable for the heavy qu
component of the PDFs near threshold whereas well ab
this regime~where the finite value ofmq , with q5c,b, has
small numerical impact! is the FFN scheme that should b
used.

Recently, a more consistent NLO formulation of hea
flavor dynamics within the perturbative-QCD~PQCD!
framework has been given in Refs.@33,41,40#. The new
treatment encompasses both the flavor creation and fl
excitation mechanisms and is valid from the heavy qu
threshold up to the high energy regime. It makes use o
finite value ofmb throughout all them range. It reduces to
the two above approaches in the appropriate limits: i.e.
the TFN scenario whenm;mq and to the FFN one if8 m
@mq ~where q5c,b!. Although the three formulations in
Refs. @33, 41, 40# are slightly different, their approach i
basically the same. Furthermore, based on the ‘‘impro
theory’’ for heavy quark dynamics, global analyses and n
PDF packages have been made available, such as the M
~1,2,3! @33# and CTEQ~4HQ! @37# sets. In many respects
these sets represent the most advanced ones to date i
scribing the dynamics of heavy flavors.

Preliminary comparisons between the various ‘‘hea
quark sets’’ and old sets have been performed in Refs.@41,
40, 42#, though results are not conclusive yet, since simila

8As this new approach effectively interpolates between the p
ceeding two, it is often referred to as the variable-flavour-num
~VFN! scheme.

FIG. 2. The total cross section~hadronic and leptonic channels!
for processes~4! ~upper lines! and ~1! ~lower lines! for 300 GeV
<Asep<2 TeV, with three different values for the top-quark mas
mt5170 GeV ~continuous line!, mt5175 GeV ~dashed line!, and
mt5180 GeV~dotted line!. The structure function set CTEQ~4HQ!
was used.
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fitted parton distributions in the various schemes are
available in the literature at the moment, to allow for a co
sistent study@37#. Since such a comparison is beyond t
scope of this paper, we confine ourselves to the computa
of some relevant rates of process~4! with the mentioned
NLO sets. In this respect, some peculiar differences betw
the various PDFs should be recalled. For a start, the ch
of the thresholdmb can vary, being in some instances set
mb

25mb
2 ~see, e.g., Ref.@29#! and in other cases atmb

2

54mb
2 ~see, e.g., Ref.@35#!. Furthermore, it is evident tha

the actual value ofmb can have a strong impact on theg
→bb̄ dynamics. We will match our input parametermb to
the default values of the various PDFs. We shall usemb

50 in the ‘‘massless’’ PDFs@all sets apart from MRRS
~1,2,3! and CTEQ~4HQ!#, whereas in the ‘‘massive’’ ones
we adopt a finite value: i.e., 4.3 GeV for9 MRRS ~1,2,3! and
5.0 GeV for CTEQ~4HQ!. Finally, one should remembe
that also the value ofas associated with each parton s
represents in principle a residual source of error in the p
dictions of the different PDFs@31#. However, the value
adopted in each set is chosen to match the data during
extraction, so that we do not expectas to be a significant
source of uncertainty.

For the top-quark mass we have taken~unless otherwise
stated! mt5175 GeV@2#, whereas for the widthG t we have
used the tree-level expression@43#. Leptons andu,d,s ~andc
as well! quarks were considered as massless in proce
~5!–~7!. For simplicity, we set the Cabibbo-Kobayash
Maskawa~CKM! mixing matrix element of the top-quark–
bottom-quark coupling equal to 1, the standard model p
diction at the 90% confidence level@44# being 0.9989
<uVtbu<0.9993. For the gauge boson masses and widths
used MZ591.19 GeV, GZ52.50 GeV, MW6580.23 GeV,
andGW652.08 GeV. The electromagnetic coupling consta
and the weak mixing angle areaem51/128 and sin2 uW

50.2320, respectively.
The Higgs boson of the standard model enters directly

the diagrams of Figs. 1~b! ~graphs 3 and 16! and 1~c! ~graph
7!, when the bottom-quark mass is retained in the fermi
fermion-scalar vertex~as the procedure is gauge invariant,
gb b̄HÞ0 Yukawa coupling has been maintained in the c
responding Feynman rule even when the valuemb50 has
been adopted elsewhere in the matrix elements!. As default
value for the scalar mass we usedMH5150 GeV, consistent
with the bestx2 fit as obtained from the analysis of the LE
and SLAC Linear Collider~SLC! high precision electroweak
~EW! data: i.e.,MH5115266

1116 GeV @45#. However, since the
constraints on the Higgs boson mass are rather weak~a lower
bound of about 70 GeV from direct searches and a 9
confidence level upper limit of 420 GeV from the data me
tioned! we studied theMH dependence of the EW contribu
tions in processes~5!, ~6! and~8!, ~9!, and found it negligible
~note that the Higgs boson is always produced via nonre

-
r

9Note that the charm massmc in the three above packages h
been set equal to 1.35, 1.50, and 1.2 GeV, respectively: this
however, a ‘‘dummy’’ value in the production process~4!.
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nant channels in those reactions!. This is also true for the 2b
process, after the implementation of the selection cuts~see
below!.

Finally, as total c.m. energyAsep of the colliding
positron-proton beams we have adopted values in the ra
between 300 GeV~i.e., around the HERA value! and 2 TeV.
However, we focused our attention mainly to the case o
possible LEP2%LHC accelerator, using a 100 GeV positro
beam from LEP2 and a 7 TeV proton one from the LHC
yielding the valueAsep'1.7 TeV in the c.m. frame of the
colliding particles.

III. RESULTS

As emphasized in Sec. I, we generate the single top qu
in the final state by means of the matrix element fore1b
fusion ~4! convoluted withb structure functions rather tha
producing the initialb quark via an exactg→bb̄ splitting
folded with a gluon density. However, to investigate the d
ferences between the two procedures, we show in Fig. 2
total cross section of the signal process~4! plotted against
the c.m. energy of theep system along with the yield o
reaction~1! ~the latter including top-quark decays and finit
width effects on the same footing as the former10!. For ref-
erence, the PDFs used here are the CTEQ~4HQ! ones, in
order to test the performances of the recently develo
theory for heavy flavors.

Care must be taken when comparing processes~1! and~4!
with respect to each other. In fact, one should recall that
corresponding rates are strongly dependent on the~factoriza-
tion! scalem. In general, theW6g fusion cross section de
creases sharply as the scale increases, whereas that oe1b
events goes up mildly asm gets larger~see Ref.@27# for a
dedicated study in the case ofpp̄ collisions at the Tevatron!.
Although at LO there is no privileged choice form, Ref. @19#
has shown that the most appropriate scale at the exact N
@when both processes~1! and ~4! need to be calculated# in
the b distribution function is m2'Q21mt

2, where Q2

[2q2 ~q being the four-momentum of the incoming virtu
W6 boson!. Therefore, we have adopted this value in p
ducing Fig. 2~also as argument of the strong coupling co
stant!, whereas in all other cases we will maintain the L
‘‘running’’ choice m5Aŝ. This has been done for two rea
sons. First, we have verified that form*Aŝmin;mt the rates
of process~4! are rather stable, showing variations belo
6–7%. Second, this choice of the scale allows one to con
tently incorporate the nonresonant diagrams along with
top-quark ones when calculating the cross sections of
complete processes~5!–~7!.

From Fig. 2, it is clear that, apart from the different no
malization, the threshold behavior in processes~1! and~4! is

10Note that in order to obtain a gauge invariant cross section
process~1! in presence of a finite value ofG t we need to consider a
set of three diagrams. That is, the two with resonant top-qu
production @i.e., those in Fig. 1~a! with the additional decayt
→bW1

•→b f f̄8# and a third one in which theW1→ f f̄ 8 current is
attached to the off-shell fermion propagator in one of the graph
Fig. 1~a!.
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substantially similar as a function of the total c.m. energ
Though, the ratio between the two series of curves is
proximately 4.7–5.3 at 300 GeV and it decreases with
creasing energy, stabilizing at 1.3 TeV or so around 1.7–
We trace back the behavior of the ratio at high energies
due to the fact that the termsas(m

2)ln(m2/mb
2) become con-

stant because of large logarithms cancelling each o
@as(m

2) is in fact proportional to 1/ln(m2/LQCD
2 )#. In con-

trast, at lower energies~well below the TeV scale! this is no
longer the case and, in addition, graph 2 of Fig. 1~a! becomes
strongly suppressed, thus explaining the increase of the
served ratio. The value of the latter between the two cr
sections whenAsep*1.3 TeV can be understood in terms
the large logarithms entering in the resummation of theb
structure function, which tend to enhance theb induced pro-
cess with respect to theg one. For example, form25mt

2,
with mt5170(175)@180# GeV, one gets the ‘‘leading logs’
L5as(m

2)ln(m2/mb
2)'0.75(0.76)@0.76#. Such differences

betweenb and g→bb̄ induced processes at the TeV sca
are not unusual in literature, see, e.g., Refs.@27,46# ~though,
for the case of hadron-hadron collisions at the TeV sca!.
Note that we obtain the same pattern also for the case
on-shell top-quark production, when no decay of the t
quark is implemented.

Before proceeding, we should in fact mention that w
have studied the size of the differences between the t
rates of the two processes as obtained, on the one hand
using a finite width and implementing the decay curre
and, on the other hand, by keeping the top quark on-shel
general, they are at the level of few percent~the on-shell
rates being larger!. For example, for theb(g) induced pro-
cess they vary between 2~1!% to 4~5!% when mt
5175 GeV. In fact, rates are rather insensitive to the va
of the top-quark mass.

From Fig. 2, we further note that although the cross s
tion for process~4! is small at existing collider energie
~Asep'300 GeV at DESY leads to a total cross section
less than 1 fb, which is negligible given the current int
grated luminosity of about 20 pb21 @47# at each of the two
experiments!, it increases steeply near the TeV scale. At t
LEP2%LHC scale it is easily observable at the ‘‘conserv
tive’’ luminosity of 100 pb21 @48#. There is, however, a size
able dependence on the top-quark mass, especially at
energies: the cross section being smaller for a phase s
suppressed by a higher mass.~All our results hereafter as
sume the central value of 175 GeV.!

Table I shows the cross section of the signal process~4!
evaluated at the LEP2%LHC energy, for the discusse
twenty six different sets of structure functions. In the t
line, separated from the rest, we report the value obtained
the LO set CTEQ~4L!. As already mentioned, this is th
most ‘‘consistent’’ result, as our ME for the hard-scatteri
process~4! has been computed at LO. However, as explain
in the previous section, we will resort to the 25 NLO PDFs
estimate the error due to theb quark distribution. The PDF
dependence is found to be approximately 20–25 %, with
maximum value of the total cross section differing from t
minimum value by 854 fb. We believe such theoretical u
certainty to be already at the present time a reasonably s
error so to motivate further and more detailed simulat
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studies~including hadronization, detector effects, reducib
background@16,49#! of single-top-quark phenomenology. T
appreciate this we note that the result obtained by adop
the old LO set 1 of Eichten, Hinchliffe, Lane, and Quig
~EHLQ1! @50# ~i.e., the one used in Ref.@16#! differs by that
produced by CTEQ~4L! in Table I by more than 50%.

As a further example, we present the Bjorkenx and theQ
dependence of the cross section of process~4! for a selection
of NLO PDFs, in Figs. 3~a! and 3~b!, respectively. In par-
ticular, we have included results for some older, MRS~R1!
and CTEQ~3M!, and some newer, MRRS~1! and
CTEQ~4HQ!, sets, as representative of the two approac
MRS and CTEQ, each of the pair being fitted to a similar
of experimental data so to allow for a more consistent co
parison. Note that the normalizations of the curves are
unity, in order to enlighten the differential behaviors of the
quantities, in addition to their effects on the total rates~as
was done in Table I!. The clear message from Figs. 3~a! and
3~b! is that the differences between the two pairs of sets
very small ~as can be appreciated in detail in the cent
insets!, typically a few percent over all the available kin
matic range inx andQ. Although we do not show the cor

TABLE I. Total cross sections~hadronic and leptonic! for pro-
cess~4! at LEP2%LHC energies for twenty-six different sets o
structure functions. Errors are as given byVEGAS ~the same statis-
tics were used for theNCALL andITMX parameters! @24#.

single top quark

PDFs s t ~fb!

CTEQ~4L! 3551613
MRS~A! 3760615
MRS~A8! 3680614
MRS~G! 3565614
MRS~J! 3811615
MRS~J8! 4081616
MRS~R1! 3476614
MRS~R2! 3740614
MRS~R3! 3547613
MRS~R4! 3786615
MRS~105! 3334613
MRS~110! 3556613
MRS~115! 3529614
MRS~120! 3824615
MRS~125! 3844615
MRS~130! 3913615
MRRS~1! 4063616
MRRS~2! 4070615
MRRS~3! 4055616
CTEQ~2M! 3852616
CTEQ~2MS! 3729615
CTEQ~2MF! 3879615
CTEQ~2ML! 4188616
CTEQ~3M! 4158616
CTEQ~4M! 4065615
CTEQ~4HQ! 4006615
no acceptance cuts
LEP2%LHC
g

s
t
-

to
e

re
l

responding curves, we have verified that such considerati
also apply to the other PDFs considered here. Thus, also
differential level the theoretical error on the rates of proce
~4! due to the PDFs is well under control already at prese

Though it is beyond the scope of this study to trace ba
whether the differences in Table I@and Figs. 3~a! and 3~b!#
among the various sets are due to the gluon structure fu
tion or to theg→bb̄ splitting ~which onsets theb structure
function!, it is worth mentioning that it could well be that by
the time a futureep collider will be running the uncertainties
on the former will be so under control that one might attem
to distinguish between different dynamics proposed for t
latter. In this respect, it would be interesting to asse
whether the differences between MRRS~1! ~dashed line! and
CTEQ~4HQ! ~dot-dashed line! among each other and with
respect to MRS~R1! and CTEQ~3M!, respectively, in Table I
and in Figs. 3~a! and 3~b! are genuinely due to the dedicate
treatment of the heavy quark PDFs or not@51#. Clearly, this

FIG. 3. Differential distributions in~a! x and~b! Q for events of
the type~4! at the LEP2%LHC collider for three representative set
of structure functions: MRS~R1! ~solid!, MRRS~1! ~dashed!,
CTEQ~3M! ~dotted!, and CTEQ~4HQ! ~dot-dashed!. In the central
insets, the spectra are magnified around their maximum valu
Normalizations are to unity.
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3048 57STEFANO MORETTI AND KOSUKE ODAGIRI
will require a tight control on all sources of experimen
error, in particular of the actual value of theb-tagging effi-
ciency and of the hadronization process of the quarks at
TeV scale.

Figure 4 shows the differential distributions interesti
for the final state phenomenology of the single-top-qu
signal ~4! in its hadronic (f f 85 jet-jet) and leptonic (f f 8
5 ln l) channels. Those in combined jet masses are sha
peaked at the top-quark andW6 masses well above the irre
ducible noise, indicating that for the hadronic case the
masses can be used to clearly identify the top-quark dec
This feature is convenient both for the elimination of to

FIG. 4. Differential distributions~hadronic and leptonic chan
nels! for the signal process~4! at the LEP2%LHC c.m. energy and
mt5175 GeV with the following variables~clockwise!. ~1! M jets,
the invariant mass of the two-~solid! and three-jet~dashed! systems
in hadronic decays.~2! pT , the transverse momenta of the lepton
jets ~solid! in leptonic or hadronic decays, of the bottom qua
~dashed! in both channels, and of the missing particles in lepto
~dotted! and hadronic~dot-dashed! decays.~3! DR, the azimuthal-
pseudorapidity separation of the pairs of lepton or jets bott
quarks~solid! in leptonic or hadronic decays. The normalization
to unity. The structure function set CTEQ~4L! was used. In the cas
of the hadronic decays we have considered only one of the two
quark jets, their distributions in the above variables being very s
lar.
l

e

k

ly

t
ys.

quark events from any other hadronic three-jet processe
which the former may act as a background, and for the e
cidation of the top-quark physics atep colliders in, for ex-
ample, probing theb quark distribution function. The spectr
in transverse momentapT show that neither cuts inpT nor
cuts in pT

miss affect the total cross section dramaticall
whereas that ofDR, the azimuthal-pseudorapidity separatio
defined byDR5A(Df)21(Dh)2 ~wheref is the azimuthal
angle andh the pseudorapidity! indicates that the require
ment of resolving the hadronic jets~or the requirement of an
isolated lepton in the leptonic case! severely reduces the
event rate. The majority of events are found withinDR
&1.5, which is about 90° in the azimuthal angle. This
because the visible jets and the lepton come from the e
getic top quark. Thus, at lower energies the azimuth
pseudorapidity spread in the top-quark decay products
be larger and hence the requirement of such jet or lep
isolation not so stringent. The distribution of the missi
transverse momentum in the leptonic case, and more spe
cally the electronic case, is small at low missingpT and
indicates that only a small proportion of the events will em
late neutral current events of the formep→eX. However,
those which do will form a potentially dangerous bac
ground to highQ2 neutral current events, as the lowDR
mentioned above will concentrate the electrons to the h
Q2 region.

Table II and Fig. 5 show the total cross section after
acceptance cuts. The following LHC-like constraints we
implemented~see @16# for alternative selection strategies!:

for the leptonic channelpT
l 1

, pT
b.20 GeV, pT

miss.10 GeV,

and DRl 1,b.0.7; for the hadronic channelpT
j , j 8 , pT

b

.20 GeV, pT
miss.10 GeV, andDRj , j 8,b.0.7. We have not

introduced any cuts on pseudorapidity, as the particles w
found to be all concentrated in the narrowuhu,2.5 region
even before any selection inpT was made.

Table II summarizes the event rates for all channels
three different c.m. energies. The numbers in square brac
are the cross sections of processes~8! and ~9!. These are
additional backgrounds when bottom-quark charge taggin
unavailable. Since these effectively only differ from pr
cesses~5! and~6! in their nonresonant top-quark productio

ht
i-
s

harge
tes
TABLE II. Total cross sections~hadronic and leptonic, including irreducible background effects! for
processes~5!–~7! at the LEP2%LHC collider. The structure function set CTEQ~4L! was used. Errors are a

given by VEGAS @24#. The following acceptance cuts were implemented:~i! pT
l 1

, pT
b.20 GeV, pT

miss

.10 GeV, andDRl 1,b.0.7 ~leptonic channel!; ~ii ! pT
j , j 8 , pT

b.20 GeV, pT
miss.10 GeV, andDRj , j 8,b.0.7

~hadronic channel!. In the squared brackets of the first two columns we report the rates of the c
conjugates~8!, ~9! of processes~5!, ~6! for which the resonant top-quark production do not occur. The ra
of the charge conjugate of process~7! are the same as those in third column.

s tot ~fb!

Asep ~TeV! leptonic hadronic~EW! hadronic~QCD!

1.0 193.862.7@2.07760.024# 226.362.1@1.86260.014# 3.43660.011
1.3 331.669.3@3.87960.071# 210.563.3@2.59160.059# 4.90460.017
1.7 514.613.@6.95960.081# 124.565.4@3.25060.076# 6.50560.021

after acceptance cuts
CTEQ~4L!
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57 3049SINGLE-TOP-QUARK PRODUCTION AT FUTUREep . . .
they can be taken as a measure of the magnitude of
irreducible background. As can be noticed, such backgro
effects are small. We see that the hadronic cross sectio
higher at lower energy since, as discussed above, the ac
tance cut inDR affects the rates less at smaller values
Asep , thus compensating for the reduced total cross sec
shown in Fig. 2. From Fig. 5 we see that background effe
do not spoil the sharp resonances in combined jet ma
even after the acceptance cuts. We particularly stress tha
QCD background is negligible: luckily enough, as it cu
ously peaks around theMW6 value in the dijet mass distri
bution. It can also be noted that the cut inDR, the jet sepa-
ration, of 0.7 is a conservative choice and, as can be ded
from the distribution inDR in Fig. 4, so that the rates shou
be expected much higher for looser constraints, espec
for the hadronic channel when three separate cuts inDR
need to be made to resolve the three jets completely. Fin
given the optimistic vertex tagging performances fores
for the LHC detectors@9#, we would expect that only a sma
fraction of the event rates given in Table II will be lost in th
actual analyses. In fact, we believe that the original capa

FIG. 5. Differential distributions inM jets ~hadronic channel
only! for processes~6! ~left! and~7! ~right! at the LEP2%LHC c.m.
energy andmt5175 GeV.M jets signifies the invariant mass of th
two- ~solid! and three-jet~dashed! systems in hadronic decays. Th
normalizations are to the total cross sections. The structure func
set CTEQ~4L! was used. Bins are 2 GeV wide. The following a

ceptance cuts were implemented:pT
j , j 8 ,pT

b.20 GeV, pT
miss

.10 GeV, andDRj , j 8,b.0.7 ~hadronic channel!.
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ties of the LHCm-vertex devices will be maintained whil
running the CERN machine in the proposedep mode.

IV. SUMMARY AND CONCLUSIONS

The single-top-quark production from initial state botto
sea quark at futureep colliders was studied, mainly focusin
our attention to the case of the proposed LEP2%LHC accel-
erator with the positron~electron! beam energy of 100 GeV
and the proton one of 7 TeV. The total cross section w
found to be about 4 pb at this energy. The uncertainty du
the structure functions was quantified to be rather small
ready at the present time, around 20–25 %, and is expe
to diminish significantly before newep machines will enter
into operation. Furthermore, based on such a considera
some optimistic prospects about the possibility of exploiti
single-top-quark phenomenology in order to study theg
→bb̄ dynamics inside the proton were given. Both the le
tonic and hadronic decay channels of the top quark w
studied, in presence of the corresponding irreducible ba
grounds, which have been computed here for the first ti
In the hadronic case, distributions in the reconstructed t
quark andW6 boson masses were found to be shar
peaked above the irreducible noise, allowing for a prom
recognition of single-top-quark events. In both channels
cross section for the background was found to be small c
pared with the signal events. The residual dependence o
latter on the top-quark mass was evaluated in several
stances. Finally, the formula for the matrix element squa
of single-top-quark production, including top-quark width e
fects and all the dynamic correlations between the top-qu
decay products, was presented in order to aid future, m
detailed, experimental simulations. The complete numer
programs, evaluating irreducible background effects as w
have been especially optimized in view of high statis
Monte Carlo simulations and are available from the auth
upon request.
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