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Single-top-quark production at future ep colliders
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The production of top quarks in single mode at futene colliders is studied, the attention being mainly
focused to the case of the proposed CERN &EPC 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 preseniaggng.
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PACS numbgs): 13.85.Hd, 14.65.Fy, 14.65.Ha

[. INTRODUCTION (LHC) [3], they will be able to search for the Higgs bos¢n
of the standard modé¢¥] [or the lightest neutral Higgs boson

Now that the Fermilab experiments have clearly assesseaf the minimal supersymmetric standard model MSSN
the existence of the heaviest quark of the standard modéhe intermediate mass range 90 GeM ,<130 GeV[8,9],
(SM) [1] and given a rather accurate measurement of itén the case it may not be accessible at the LHC nor the
mass[2], many of the theoretical calculations carried out inexisting colliders (see Ref.[10] for discussions on this
the previous years need to be updated to the current value pbint). As was discussed 7], the jet background due to the
this fundamental parameter. In this paper, we turn our attertop quark will be large if only a singlé tagging is imple-
tion to the case of top-quark production in single mode amented in identifying the Higgs boson decay in the most
future electron{positron) proton colliders. As a further mo- favored channe¢p— v, W W™ X— vopX— vbbX [7].
tivation for our revision we put forward the fact that a huge Thirdly, the role of are p machine will be complementary
amount of data improving our knowledge of the parton dis-to those ofe*e™ (i.e., NLC) andpp (i.e., LHC) colliders in
tribution functions(PDF9 has been produced in the years the search for new physics such as leptoquarks, excited lep-
following the early studies of top phenomenologyegtma-  tons, low mass sleptons, doubly charged Higgs bosons, and
chines(see, e.g., Refl3]), along with more detailed treat- new vector bosongsee[4], and references thergirMany of
ments of the dynamics of heavy quarks inside the protonthese processes have neutral current-type interactions of the
Therefore, the error associated with the partonic behavior iform eg—eq, and so the single-top-quark process, when the
the initial state should be at present significantly smaller thamop quark decays leptonically to a bottom quark, a positron
in the past. Finally, the reduction of the theoretical uncer-and an electron neutrino, is a potentially dangerous back-
tainty in single-top-quark production also implies that otherground which should be included in experimental simula-
effects, such as those due to the irreducible backgroundsions. As for the possibility of exotic top-quark decays, the
need now to be incorporated in more detailed phenomenastudy of the supersymmetric two-body decay modes is a
logical analyses. We calculate these effects here for the firsitraightforward extension of this projeft1] and will be
time, in both the hadronic and leptonic top decay channelscarried out elsewhergl2].

In order to illustrate the particular relevance of single top-  Although the physics potential of a higher eneggy ma-
quark processes in electrgpositron-proton scatterings we chine is suppressed compared t@p one by the reduced
remind the readers of the motivations for higher eneegy  center-of-masgc.m) energy and luminosity, we stress its
experiments. First, such colliders will be an obvious and unallure in the suppression of the initial state QCD noise,
rivaled testing ground for QCD at very low Bjorker{4], in  which allows for a cleaner environment to study the physics
exploring the structures of both the proton and the phPBdn  of the TeV scale, possibly before an NLC will be in opera-
atthe TeV scale, taking over the presently running DESY  tion [13]. We also mention that the physics @p colliders,
collider HERA [6]. In connection with this point, we will in conjunction with the possibility of their running in thep
show that the single top-quark process discussed here can fode[14], has been recently under renewed and active dis-
useful in understanding the phenomenology of the PDF otussion[15].
the bottom quark. The production of top quarks at futues colliders[3] has

Secondly, and particularly in the case of the proposetheen studied in the context of top-quark searches at
CERNe"e" collider (LEP)®(LHC) Large Hadron Collider | EP1sLHC [4]. A detailed study was presented in the cor-

responding proceeding46]. There, the two following chan-

nels were investigateldL.7]:
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NC: y,Z+ g%m 2 next-to-leading logarithmic accuracy inside thestructure

_ _ function whena(u?)In(u¥Mg)~O(1) (and this is clearly
via chargedCC) and neutral currentNC) scatterings of an the case in our context, e.g., whef= 8= mtz), our approach

off-shell gauge boson against a gluon, the former being pro- .. . .
: T : will give a mor r nswer. However, for comparison
duced via bremsstrahlung off the incoming electron- give a more accurate answer. However, for comparison,

(positron and the latter being extracted from the proton. InWe will also show in the present paper S?Yeml' rates as pro-
general, the CC channel dominates over the NC one, due f#/ced by the process induced gy-bb splitting. o
the larger phase space available. Fge=175 GeV[2], the +In th|§ paper we study the-smgle-top-quar_k production via
suppression is more than one order of magnitude at the Te® b fu§|on at various energies, together with .aII t.ree—level
scale[16]. (Indeed, this is the reason why we will concen- irréducible background processes as shown in Figs)—1
trate onW=g fusion only) In Ref. [16], also a detailed 1(c). Figure IP) corres_ponds t_o the case of the leptonic de-
signal-to-background analysis was carried out, in both th&2ys of theW= boson in the signal process,

(semileptonic and hadronic top-quark decay channels. etb—o7bl* v (5)

The Feynman diagrams describing reacti@h induced, © b
e.g., by positron beams, can be found in Fig) lwhere the  \yherel=e, 4, 7, whereas Fig. (t) refers to hadronic decays
top-quark is considered on-shell. As the bottom-quark masgt the w* boson,
is small compared tan,, the dominant contribution to the o
total cross section comes from diagram 1 of Figa) lwhen e"b—vblTjj’, (6)
the finalb quark is collinear with the incoming gluon. The B i i =
collinear divergences are, however, regulated by the finitdvherejj’ represents a pair of light quark jetsi or cs. To
value of the bottom-quark mass and manifest themselves bjese must be added the case of the gluon mediated back-
means of contributions of the form = ag(u?)In(u2ng),  9round of Fig. 1d),
with #2~$, beings the c.m. energy at the “partonic” level
e’ b and a, the strong coupling constant.

Such logarithms are rather large, thus terms of the fOf”Wherejj ' again represents a pair of light quark jéts.
ag(1?)In"(u¥mf)/n! have to be resummed to all orders in  |n addition to these three, if charge measurements of the
perturbation theory18] in order to compute the cross section bottom quarks prove impractical or impossible, we will have
reliably. This can be done by introducingbaparton distri-  background from processes of the form
bution f,(x, 42) in terms of the Dokshitzer-Gribov-Lipatov-

Altarelli-Parisi (DGLAP) splitting function

e b—weblTjj’, @)

1 e*b—gngbl v, (8)

Pog(2)+ =5 [22+(1-2%)] 3
o : . : e"b—webl jj". 9
of a gluon intobb pairs[z being the fractional energy carried
away by the(antiquark. In fact, bottom quarks are not va- A single b-tagging capability is assumed throughout, all
lence quarks, rather they materialize once the energy gcale results being linearly proportional to its efficiency. The case
of the evolution reaches their production “threshold” at al= 7 assumes that jets coming from the tau and the quarks
given valueu,~my . The functionPy,4(2) is indeed the “co-  will easily be distinguishable. We perform all calculations
efficient function” of the logarithmically enhanced term. for the case ok p colliders, although the p case is pre-
The b structure function then evolves with according to cisely identical since the calculations involve no valence
the DGLAP equations, from an initial condition of the sort, quarks and are therefore invariant under the exchange
e.g.,fo(x,u?d)=0 if u?<u?. etoe .

It follows then that single-top-quark production and decay
via procesg1) can be conveniently studied by computing the
transition amplitude squared for the reacti@ng., assuming

h ! - INote that the complete next-to-leadin®lLO) corrections to
incoming positron beams

W*g/b fusion involving the collinear logarithms as well as the
large angle emission and the loop diagrams have been recently pre-
sented in the modified minimal subtractigklS) renormalization
wheref represents a lepton or neutrino ouad, s, andc schemd19]. Such results contradict earlier ones based on the deep-
quark (produced in the top-quark dedawppropriately con-  inelastic scatteringDIS) factorization schemE20]. For the case of
voluted with a b distribution function evaluated at the ©P collisions at HERA they amount to approximately 2% of the
adopted scalwz. We exploit here this approach. result obtained py means of tﬂnestr_ucture funptior_1 approach, and

In our opinion, such a proceduf@ which the parton is they are rather insensitive to collider energies in the TeV range.
b) is more appropriate than the one exploited in FRe] (in Therefore we expect them tq be wgll under contrql also at the pro-
which the parton ig), especially at high energies. In fact, posed LEI@_LHC, so for the time bemg_ we do_ not mclude_them in
we have explicitly verified that for the values dgep con- our calculation. Another reason for doing so is that we will also be

. . N concerned with the interplay between the single-top-quark signal
sidered here the dominant contribution to procgsscomes and the nonresonant irreducible background, which is here com-

from configurations in which thé is collinear with the in-  puted at lowest order.

coming gluon. Since it is exactly such emission that is 2The interference between the two proces§sand(7) vanishes
summed to all orders in perturbation theory in leading anddentically because of color conservation.

e h— et — vbW' o bff’, (4)
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FIG. 1. Lowest order Feynman diagrams describing proced3es), (6), and(7), corresponding to sei®), (b), (c), and(d), respec-
tively. Only the caseb’ »,=e" v, andjj’ =ud are shown for processés)—(7), whereas in reactiofl) the top quark is considered on-shell.
The packagenADGRAPH [21] was used to produce thmsTscripTcodes. In(c) A represents the photon. The dashed linegbinand (c)
represent the SM Higgs boson and the curly linegdnthe gluon. The number of diagrams {h) reduces to 10 for the casés$y,
:/.L+VH and7*v_, 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. Il, we de-channel can not be neglected, even whenkthagging effi-
scribe the methods we adopted in the calculations of theiency is high. If the latter is denoted ky,, then the prob-
signal and background processes. In Sec. lll, we present angbility of misidentification is given by &,(1— e;,), assum-

discuss our results. Section IV is a brief summary. ing no correlations between the tww taggings. Thus the
suppression of thel®background with respect to the single
Il. CALCULATION b events is 2(%* €,). As our investigations concern mainly

The tree-level Feynman diagrams that one needs in ordeﬂr1e top-quark signal procedd), the complete analysis of

to compute processéS), (6), and(7) are given in Figs. (), Single-bottom-quark processes being oqtside the scope of our
1(c), and 1d), respectively. For reactioff) we show the present study, we _contenfc ours_elves yv|th an estimate of the
diagrams for the case=e, which is the most complicated. degree to which this addl'ilonal irreducible backgrou-nd could
Whenl = or ronly ten out of the twenty-one diagrams in &iT€Ct the top quark an™ boson mass reconstructiétne
Fig. 1(b) contribute. For processé6) and(7) the number of 2P background does not contribute to the leptonic gaSer
diagrams is independent of the flavor. explicit calculation, using the methods explained below,
The single-top-quark signaléd) are produced by dia- Shows that after cuts in the reconstructed top quark\afid
grams 11 in Fig. (b) and 4 in Fig. 1c) for leptonic and boson masses are introduced, the cross section of tthe 2
hadronicW* decays, respectively. The remaining diagramsprocess is of the same order as that of readt®rndiffering
in Figs. 1b) and 1c) represent the “irreducible” back- only by 10% at the LERLHC energiey thus being quite
ground to single-top-quark production and decay. Reactiosmall in the endsee Sec. Il
(7) does not contribute to the signal at all, but only to the To calculate the squared amplitudes for proce$seg7)
background. we have used theORTRAN packagesvADGRAPH [21] and
Graphs in Figs. (b)—1(d) refer to the case &b fusion,  HeLas [22]. The codes produced have been carefully
i.e., to the scattering of a positron and a bottom quark, thehecked for gauge and Becchi-Rouet-StB&RS) [23] in-
latter being extracted from the incoming proton beam. Asyariance at the amplitude squared level. The multidimen-
mentioned earlier on, we have treated the bottom quark as ggnal integrations over the phase spaces have been per-
constituent of the proton ;’Vith the appropriate momentunYsrmed numerically using the Monte Carlo routingGAs
fraction distribution f,(x, %), as given by our partonic [24] after folding the partonic differential cross sections
structure functions. It can be noted that the bottom antiquariih, the appropriate quark densities. The programs that we

Is also present. inside the pro.ton with an equal pmb.ab”ityhave produced have been run on a DEC 3000 Model 300
V\ihen calculating rates for single-top-quark production atalpha station, on which the evaluation of, e.g.5 B¥ents
e’ p colliders, diagrams initiated by bottom antiquarks musttook some 14 min of charged CPU time to produce a cross

also be considered. However, as long as the deep-inelastic . .
§ectlon at the level of percent accuracy in the case of process

;?:gﬁg%% %fotthsrgéﬂtcoen atil;iir? ;iiio%gghn;rtké'lphos |ttcr)%r(1),l ;;ic )_for the sum of the two contributiorise andu (the latter
of these bottom antiquark initiated graphs are easily deduc2€ind equivalent to the cade-r): that is, for the channel
ible from those in Figs. (b) and 1c). From the point of view myolvmg the largest number of diagrams and the most com-
of top-quark studies, these act as additional background®licated resonance structure.
Their production rates will be different from the caseséio All the codes implemented are available from the authors
fusion if the c.m. energy at partonic leviéle., \3) spans the ~UPon request. To allow for a prompt evaluation of single-top-
top-quark production threshold. In contrast, the cross secduark rates at any energy and for any choice of selection
tions due toe" b initiated diagrams and proceeding via QCD CUtS, we have also calculated the amplitude squared of pro-
interactions are identical to the yields of reacti@and the ~€€ss(4) analytically, including top-quark width effects. In
actual graphs are the same as those in Fid), Bpart from the leptonic case, and assuming all lepton and neutrino
the trivial operation of reversing the bottom-quark Ifhe. ~ Masses to be zero, it reads as follows:

The possibility of the ® charged current processes$q
—vbbqg (Whereq is d, u, s, or c) being mistagged as a
single b event and acting as background to the hadronic  [Me+p_ 71+, |*=2(47 aem/SIN O)* [Py [*|Pyl?

X |Py|2py- p(—Pe PIP?

3We will refer to procesg5) as the “leptonic” channel, and to +2pe- PiPr- Py
processes6) and (7) as the “hadronic” channels. For the latter e Ptk
cases, we will further distinguish between “electroweal&W)
and “strong” (QCD) production, respectively. .
“Note that for the case @& p scattering things work in a comple- with
mentary way, the resonant top antiquarks being produced by incom-
ing b partons. Indeed, as bottofantijquarks are produced inside
the nucleon via @— bb splitting (that is, they are sea partgnso 5The analytic expression for proceds, also involving the decay
differences occur in the deep-inelastic dynamics of the above procurrents, can be found in Rgf25]. We have checked our ME for
cesses if antiproton beams are considered. Although we studihe gluon induced process against that given in R2%] in the
positron-proton colliders here, our discussions are transposable tppropriate configuratiofi.e., for pp collisions and found perfect
all the other cases. agreement.
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_ 2 _ M2 - 2 _n2 i T sions has a much larger cross section than top-quark—
Pure = 1Py = Miy-) Pu= 2P~ My M= T, antitop-quark productior? induced byg and/orZg fugign
[16].

As default set of PDFs in most of the results presented in
this analysis we have used the LO set CTEQ), together
with the one-loop expression fers. We have done so for
In the hadronic case, again assuming zero light quarlE)easons of consistency, as the hard scattering processes have

’ . een computed here at lowest order. However, as one of the
masses, the above formula needs to he multiplied by thﬁwotivations of this study is to investigate the dependence of
color factor 3, and ™ and » replaced byd(s) andu(c),  process(4) on the evoiution of the structure functions of
respectively. bottom quarks inside the proton, we have produced our re-

The bottom-quark sea distributions are not measured byylts for other 25 recent NLO PDFs which give excellent fits
experiment, but are obtained from the gluon distributionsto a wide range of deep-inelastic scattering data and to others
splitting into bb pairs by using the DGLAP evolution equa- from different hard scattering procesgese the original ref-
tions [26]. Therefore, theb structure functions are different erences for detailsThese are the packages Martin, Roberts,
from the light quark distributions, which do need to be mea-and Stitling (MRS) sets (A, A’, G, J,J, R1, R2, R3, R#
sured as they involve nonperturbative QCD, for which a conMRS(105, 110, 115, 120, 125, 180 Martin, Roberts,
sistent theoretical framework does not exist. In contrast, th&®yskin, and Stirling(MRRS) sets(1,2,3, and CTEQ2M,
PDFs of b quarks evolve at energies of the order of the2MS, 2MF, 2ML, 3M, 4M, 4HQ [28-37. Note that in each
fermion massm,, or larger, so that their dynamics can be case the appropriate value mQCDEA%) was used. For
calculated by using the well assessed instruments of pertufrese NLO sets, the QCD strong coupling constanvas in
bative QCD. That is, given the PDFs of the gluon and of thegeneral evaluated at two-loop order at the sgate\s. The
light quarks, those of thb are precisely determined, as they game choice has been made for the scale of all the mentioned
do not contain any free parametefapart fromm,, of | 5 and NLO structure functions.
coursg. _ _ In order to estimate the theoretical uncertainty related to

We think that by the time thagp colliders at the TeV ey quark distribution inside the proton, we will make use
sg:al_e W|_II begin to b_e operative, the uncertainty on the gluonyf the NLO sets. The spread of the corresponding results as
distributions at medium and smallmay be expected t0 be hained from the different packagfsmther than the errors
S|gn|_f|ca_ntly smaller than at present, principally dye to fc_)rth—of the numerical integrations associated to the CTE0Q)
coming improved measurements of the smaleep-inelastic  gef can be taken as a possible estimate of the uncertainty of
structure functions at HERA, and of large jet and prompt ¢ predictions throughout all the pagethe choice of us-
photon production at thgp (Di-)Tevatron at Fermilab and jhng NLO sets in the estimation of the theoretical uncertainty
the pp LHC at CERN (the latter being scheduled to start js gyided, on the one hand, by the fact that we will only be
running arounf 2009. Therefore, detailed studies of single interested in relative differences between the various predic-
top-quark events produced in electron-proton collisions Willions (so that any bias due to the use of LO MEs vs NLO
allow one to constrain the error related to the dynamics 0ppFs should be expected to be quantitatively similar for all

the g—bb splitting in the DGLAP evolution. In fact, we setg, and, on the other hand, by the following consider-
expect the experimental information brstructure functions ations.

as collected at the end of the HERA, Fermilab and LHC Historically, there were two theoretically consistent meth-
epoch to be rather poor, if not nonexistent. On the one handds of introducing bottom quarks in scattering processes:
at the c.m. energy typical of thep accelerator now running namely, as a massleé¥) or as a massiv€2) quark.

at DESY (\/Eepz 314 GeV) the content df quark inside the (1) In this case, on the same footing as thed, s, andc
scattered hadron is very much suppressed per se. On tiiavors, a PDF is assigned to thequark. At NLO inag, one
other hand, at both the Tevatron/{;5=1.8-2TeV) and has to consider the cage-bb, whose collinear singularity
LHC (\/§pp= 10—-14 TeV) the study ob induced processes (see Sec.)lis customarily factorized into the bare bottom
inevitably proceeds through either the production of topPDF, after appropriate renormalization of tiimearn pole.
quarks in single modg27], whose signatures suffer from a The residual(finite) contribution is a part of the NLO cor-
huge background due tb production viagq andgg fusion,  rections to the partonic cross section. This way, heavy quarks
or via pure QCD interactions, biased by a large amount ofn the final state catfalsg be obtained by exciting the cor-
light quark and gluon jet noise. These two problems can irresponding flavor inside the protdice., flavor excitatioh as
principle be solved by futurep colliders. First, they will be is the case here. In this treatment, the only dependencg,on
operating at the TeV scale thus allowing for a very muchenters in defining the threshold at some pqigt-mj,.
enhanced content of initidd quarks, which can be probed in (2) In this scenario, thd (andc as wel) quark has no
the “kinematically” more defined context of a DIS process PDF: only the “light” flavorsu, d, ands participate in the

of an electrofpositron against a proton. Secondly, as dis- parton dynamics inside the proton and heavy flavors can only
cussed previously, the single top-quark modee/ colli- be created in scattering procesfes., “flavor creation”). At

P=1(pZ—m2+imT))

Pwx=Pe= Py Pw=PiT Py, Pt=Pot Pws -

8In fact, the typicalx values probed via procesd), e.g., at the "We have verified that differences in the results similar to those
LEP&LHC, are of the ordermf/% or more, that is above 16, obtained in case of proceg$) also occur for the complete tree-
where the gluon density is already well known at present. level reactiong5)—(7).
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fitted parton distributions in the various schemes are not
available in the literature at the moment, to allow for a con-
sistent study{37]. Since such a comparison is beyond the
scope of this paper, we confine ourselves to the computation
of some relevant rates of proce&$ with the mentioned
NLO sets. In this respect, some peculiar differences between
the various PDFs should be recalled. For a start, the choice
of the thresholdu,, can vary, being in some instances set at
wi=m?2 (see, e.g., Ref[29]) and in other cases gy
=4m? (see, e.g., Ref(35]). Furthermore, it is evident that
the actual value ofn, can have a strong impact on tige

1078 L= 5(10 — ]0'00 — '15‘00 S ‘20_00 —bb dynamics. We will match our input parametey, to
Vs (GeV) the default values of the various PDFs. We shall oge
=0 in the “massless” PDFdall sets apart from MRRS

for processes4) (upper line$ and (1) (lower lineg for 300 GeV (1’2':3 and ?T.EQ(4|HQ_)].’ Wwhereas m?the ‘massive” Orljes
</sgp==2 TeV, with three different values for the top-quark mass: V€ & opt a finite value: 1.e., 4'3 GeV fvRRS (1,2,3 an
m,= 170 GeV (continuous ling m,=175 GeV (dashed ling and 5.0 GeV for CTEQ(4HQ). Finally, one should remember

m,= 180 GeV/(dotted ling. The structure function set CTEGHQ) that also the value ofrg associated with each parton set
was used. represents in principle a residual source of error in the pre-
dictions of the different PDF$31]. However, the value

hiah . this treat t introd . ofbb adopted in each set is chosen to match the data during the
igh energies, this treatment introduces in casey extraction, so that we do not expeet to be a significant

;glr:ttlngs the large logarithms mentioned in the previous S€C3ource of uncertainty.

The latter is often referred to as the three—flavor-number For the top-quark mass we have taKmless otherwise
(TFN) scheme[such as in the scheme Gluck-Reya-Vogt stated m =175 GeV([2], whgreas for the widtii'; we have
(GRV) [38,39 setd whereas the former is the so-called four- US€d the tree-level expressip#8]. Leptons and,d,s (andc
(and five) flavor-numbeFFN) schemesuch as in the MRS @S Wel) quarks were considered as massless in processes
and CTEQ sefs These two treatments are somewhat(®—(7).- For simplicity, we set the Cabibbo-Kobayashi-
“complementary,” as it turns out thasee, e.g., Refl40]) Maskawa(CKM) mixing matrix element of the top-quark—
the TFN scheme is the most suitable for the heavy quarlRottom-quark coupling equal to 1, the standard model pre-
component of the PDFs near threshold whereas well abowv@iction at the 90% confidence levé¢h4] being 0.9989
this regime(where the finite value ofng, with g=c,b, has <|V,,|=<0.9993. For the gauge boson masses and widths we
small numerical impagtis the FFN scheme that should be used M;=91.19 GeV, I';=2.50 GeV, M==80.23 GeV,
used. andI',-=2.08 GeV. The electromagnetic coupling constant

Recently, a more consistent NLO formulation of heavyand the weak mixing angle are.,=1/128 and sifi6,
flavor dynamics within the perturbative-QCBPQCD =0.2320, respectively.
framework has been given in Refg33,41,40. The new The Higgs boson of the standard model enters directly in
treatment encompasses both the flavor creation and flavere diagrams of Figs.(b) (graphs 3 and 26and Xc) (graph
excitation mechanism.s and is valid 'from the heavy quark7)’ when the bottom-quark mass is retained in the fermion-
threshold up to the high energy regime. It makes use of gemijon-scalar vertexas the procedure is gauge invariant, a
finite value ofm, throughout all theu range. It reduces to 9y #0 Yukawa coupling has been maintained in the cor-
the two above a}pproaches in the appropriate limits: i.e., t?esponding Feynman rule even when the vaiye=0 has
the TFN scenario whep.—mj, and to the FFN one qf'“. been adopted elsewhere in the matrix elememts default
>m, (where q=c,b). Alt_hough _the three fc_>rmu|at|ons N value for the scalar mass we useq, =150 GeV, consistent
Refs. [33, 41, 40 are slightly different, their approach is avith the besty? fit as obtained from the analysis of the LEP

basically the same. Furthermore, based on the “improve ; . . -
theory”);or heavy quark dynamics, global analyses anF:j newind SLAC Linear CollidefSLC) high precision electroweak

PDF packages have been made available, such as the MRREW) data: '-e-*MH:_ﬂSt(ls}sG GeV[45]. However, since the
(1,2,3 [33] and CTEQ(4HQ) [37] sets. In many respects, Constraints on the Higgs boson mass are rather e#dwer
these sets represent the most advanced ones to date in &&und of about 70 GeV from direct searches and a 95%
scribing the dynamics of heavy flavors. confidence level upper limit of 420 GeV from the data men-
Preliminary comparisons between the various ‘“heavytioned we studied thevl,; dependence of the EW contribu-
quark sets” and old sets have been performed in Hdfs.  tions in processe®), (6) and(8), (9), and found it negligible
40, 42, though results are not conclusive yet, since similarly(note that the Higgs boson is always produced via nonreso-

(OHY)bALD

o (fb)

FIG. 2. The total cross sectighadronic and leptonic channgls

8As this new approach effectively interpolates between the pre- °Note that the charm mass, in the three above packages has
ceeding two, it is often referred to as the variable-flavour-numbeibeen set equal to 1.35, 1.50, and 1.2 GeV, respectively: this is,
(VFN) scheme. however, a “dummy” value in the production proce@s.
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nant channels in those reactionghis is also true for thel2  substantially similar as a function of the total c.m. energy.
process, after the implementation of the selection ¢s¢®  Though, the ratio between the two series of curves is ap-
below). proximately 4.7-5.3 at 300 GeV and it decreases with in-
Finally, as total c.m. energy\/§ep of the colliding creasing energy, stabilizing at 1.3 TeV or so around 1.7-1.8.
positron-proton beams we have adopted values in the rang&/e trace back the behavior of the ratio at high energies as
between 300 Ge\ﬂ.e., around the HERA Vall)@.nd 2 TeV. due to the fact that the terrn&(luzﬂn(,u/z/rrﬁ) become con-

However, we focused our attention mainly to the case of &tant pecause of large logarithms cancelling each other
possible LEP&LHC accelerator, using a 100 GeV positron [a(1?) is in fact proportional to 1”0@2//\6(;0)]- In con-

b_earr_l from LEP2 atha 7 TeV pr_oton one from the LHC, trast, at lower energiesvell below the TeV scalethis is no
y|eIQ|_ng the \_/alue\/§epw1.7 TeVin the c.m. frame of the longer the case and, in addition, graph 2 of Fi@) becomes
colliding particles. strongly suppressed, thus explaining the increase of the ob-
served ratio. The value of the latter between the two cross
IIl. RESULTS sections When/gepz 1.3 Te\_/ can be understood .in terms of
the large logarithms entering in the resummation of lthe
As emphasized in Sec. |, we generate the single top quartructure function, which tend to enhance thinduced pro-
in the final state by means of the matrix element ﬁrb cess with respect to thg one. For examp|6, foﬂzz mtz,
fusion (4) convoluted withb structure functions rather than \ith m,=170(175)180] GeV, one gets the “leading logs”
producing the initialb quark via an exacg—bb splitting L=as(,uz)In(,uzlnﬁ)~0.75(0.76]io.76]. Such differences
folded with a gluon density. However, to investigate the dif-ponveenb and gebb_induced processes at the TeV scale
ferences between the two procedures, we show in Fig. 2 the.o ot unusual in literature, see, e.g., RE23,4§ (though,
total cross section of the signal procégs plotted against o the case of hadron-hadron collisions at the TeV Scale
the c.m. energy of thep system along with the yield of Nqte that we obtain the same pattern also for the case of

reaction(l) (the latter including top-quark decays and finite- on-shell top-quark production, when no decay of the top
width effects on the same footing as the forferFor ref- quark is implemented.

erence, the PDFs used here are the CTERQ) ones, in Before proceeding, we should in fact mention that we

order to test the performances of the recently developegy e studied the size of the differences between the total

theory for heavy flavors. _ rates of the two processes as obtained, on the one hand, by
Care must be taken when comparing procegseand(4)  sing a finite width and implementing the decay currents

with respect to each other. In fact, one should recall that the .4 "o the other hand by keeping the top quark on-shell. In
corresponding rates are strongly dependent orifti@oriza-  general, they are at the level of few percétite on-shell
tion) scalew. In general, theN—.g fusion cross section de- |5iag being larger For example, for théd(g) induced pro-
creases sharply as the scale increases, whereas teabof cess they vary between (D% to 45)% when m
events goes up mildly ag gets largersee Ref[27] for a  _ 175 Gev. In fact, rates are rather insensitive to the value
dedicated study in the case pp collisions at the Tevatran ¢ e top-quark mass.

Although at LO there is no privileged choice far Ref.[19] From Fig. 2, we further note that although the cross sec-
has shown that the most appropriate scale at the exact NLEy, tor process(4) is small at existing collider energies

[when b_oth_prqcesse(él_) _and (_4) nzeed Zto b% caIcuIatédr; (\/§ep%300 GeV at DESY leads to a total cross section of
the bz distribution function is u“~Q"+mg, where Q less than 1 fb, which is negligible given the current inte-
= —9° (q being the four-momentum of the incoming virtual grated Juminosity of about 20 pB [47] at each of the two
W= boson. Therefore, we have adopted this value in pro-gxneriments it increases steeply near the TeV scale. At the
ducing Fig. 2(also as argument of the strong coupling con-| Fpog| HC scale it is easily observable at the “conserva-
stan}, whereas in all o:cher cases we will maintain the LO e~ luminosity of 100 pb* [48]. There is, however, a size-
“running” choice u= 3. This has been done for two rea- gple dependence on the top-quark mass, especially at low
sons. First, we have verified that fpr=\/5p,~m; the rates  energies: the cross section being smaller for a phase space
of proceSS(4) are rather stable, ShOWing variations belOWSuppressed by a h|gher ma$A“ our results hereafter as-
6—7%. Second, this choice of the scale allows one to consisyme the central value of 175 G&V.
tently incorporate the nonresonant diagrams along with the Taple | shows the cross section of the signal procdss
top-quark ones when calculating the cross sections of thgyglyated at the LERSLHC energy, for the discussed
complete processés)—(7). twenty six different sets of structure functions. In the top
From Fig. 2, it is clear that, apart from the different nor- |ine, separated from the rest, we report the value obtained for
malization, the threshold behavior in proces€Bsand(4) is  the LO set CTEQIL). As already mentioned, this is the
most “consistent” result, as our ME for the hard-scattering
procesg4) has been computed at LO. However, as explained
10Note that in order to obtain a gauge invariant cross section fofn the previous section, we will resort to the 25 NLO PDFs to
procesg1) in presence of a finite value &, we need to consider a €stimate the error due to thequark distribution. The PDF
set of three diagrams. That is, the two with resonant top-quarklependence is found to be approximately 20—25 %, with the
production[i.e., those in Fig. @) with the additional decay maximum value of the total cross section differing from the
—bW".—bff']and a third one in which the/* —ff’ currentis ~ minimum value by 854 fb. We believe such theoretical un-
attached to the off-shell fermion propagator in one of the graphs ofertainty to be already at the present time a reasonably small
Fig. 1(a). error so to motivate further and more detailed simulation
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TABLE I. Total cross sectionghadronic and leptonjcfor pro-

cess(4) at LEP2LHC energies for twenty-six different sets of LEpeeLic

structure functions. Errors are as given\mGAs (the same statis- w b L

tics were used for thecaLL andiTmx parameters|24]. 2
single top quark 107!
PDFs oy (fh)

-2 |

CTEQ4L) 3551+ 13 3 a
MRS(A) 376015 3
MRS(A") 3680+ 14 g o0t
MRS(G) 3565+ 14 ® :
MRS(J) 3811+ 15 104 :_
MRS(J) 4081+ 16 :
MRS(R1) 3476+ 14 i :
MRS(R2) 3740+ 14 P B S—
MRS(R3) 3547+13 (a) logo(x)
MRS(R4) 3786+ 15
MRS(105 3334+ 13 LEP2&LHC
MRS(110 3556+ 13 0.0500 (——————————
MRS(115 3529+ 14 . 00080 TR
MRS(120 3824+ 15 b 0.0055
MRS(125 3844+ 15 e 0.0050 F
MRS(130) 3913+ 15 SN o00as i E
MRRS(1) 4063+ 16 % oooso - IR A SR
MRRS(2) 4070+15 =
MRRS(3) 4055+ 16 °
CTEQ2M) 3852+ 16 §
CTEQ2MS) 3729+15 ®  0.0010 : 4
CTEQ2MF) 3879+15 [
CTEQ2ML) 4188+16 00005
CTEQGBM) 4158+ 16 20 40 elo 80 100 .
CTEQUM) 4065+ 15 o 10 a0 e 400
CTEQ4HQ 4006+ 15 (b) Q (Gev)
no acceptance cuts
LEP2sLHC FIG. 3. Differential distributions irfa) x and(b) Q for events of

the type(4) at the LEPZLHC collider for three representative sets
of structure functions: MR®1) (solid, MRRS1) (dashed

L . o .., CTEQ3M) (dotted, and CTE@4HQ) (dot-dashef In the central
studies(including hadronization, detector effects, redUCIbleinsets, the spectra are magnified around their maximum values.

backgrpunc[l_6,4€§) of single-top-quark phen(_)menology. TO Normalizations are to unity.
appreciate this we note that the result obtained by adopting
the old LO set 1 of Eichten, Hinchliffe, Lane, and Quigg ] - . .
(EHLQ1) [50] (i.€., the one used in RefL6]) differs by that responding curves, we have verified that such considerations
produced by CTEQIL) in Table | by more than 50%. also apply to the other PDFs considered here. Thus, also at
As a further example, we present the Bjorkeand theQ differential level the theoretical error on the rates of process
dependence of the cross section of prodds$or a selection  (4) due to the PDFs is well under control already at present.
of NLO PDFs, in Figs. 8) and 3b), respectively. In par- Though it is beyond the scope of this study to trace back
ticular, we have included results for some older, MRS  Whether the differences in Tablgand Figs. 8a) and 3b)]
and CTEQ@3M), and some newer, MRR® and among the various sets are due to the gluon structure func-
CTEQ4HQ), sets, as representative of the two approachetion or to theg—bb splitting (which onsets thé structure
MRS and CTEQ, each of the pair being fitted to a similar sefunction), it is worth mentioning that it could well be that by
of experimental data so to allow for a more consistent comihe time a futuree p collider will be running the uncertainties
parison. Note that the normalizations of the curves are t@mn the former will be so under control that one might attempt
unity, in order to enlighten the differential behaviors of theseto distinguish between different dynamics proposed for the
guantities, in addition to their effects on the total ratas latter. In this respect, it would be interesting to assess
was done in Table)l The clear message from FiggaBand  whether the differences between MRRB(dashed lingand
3(b) is that the differences between the two pairs of sets ar€TEQ4HQ) (dot-dashed lineamong each other and with
very small (as can be appreciated in detail in the centralrespect to MRER1) and CTEQ3M), respectively, in Table |
insetg, typically a few percent over all the available kine- and in Figs. 83) and 3b) are genuinely due to the dedicated
matic range inx and Q. Although we do not show the cor- treatment of the heavy quark PDFs or fib1]. Clearly, this
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LEP2BLHC quark events from any other hadronic three-jet processes to
zzz _“"iﬁﬁﬂi T T e which the former may act as a background, and for the elu-
0z0 E- R |- EE cidation of the top-quark physics afp colliders in, for ex-

015 - 3% 0003 [ = ample, probing thé quark distribution function. The spectra
010 |- I To00 > 43 in transverse momenta; show that neither cuts ipy nor
g I b N EE _ - . :
SN UV, KT WO £ Dovetl UK ST A cuts in pf** affect the total cross section dramatically,
e A S0 =00 oy o0 o0 B whereas that oAR, the azimuthal-pseudorapidity separation
jets € Pr e e . . .
150 grerrprrrrprrr ey = defined byAR= \/(A $)?+ (A 7)? (Whered is the azimuthal
125 £ = angle andy the pseudorapidifyindicates that the require-

1.00 - -
075 E
050
0.25
0.00 (;

ment of resolving the hadronic jeter the requirement of an
isolated lepton in the leptonic cgseeverely reduces the
event rate. The majority of events are found withirR
=1.5, which is about 90° in the azimuthal angle. This is
because the visible jets and the lepton come from the ener-

FIG. 4. Differential distributionghadronic and leptonic chan- getic top qgark. Thus,. at lower energies the aZ|mutha!-
nelg for the signal procesg!) at the LEPZLHC c.m. energy and pseudorapidity spread in the t‘?p'q“ark decay PrOdUCtS will
m,=175 GeV with the following variablegclockwise. (1) M, ~ 0€ larger and hence the requirement of such jet or lepton
the invariant mass of the twesolid) and three-jetdashetisystems ~ isolation not so stringent. The distribution of the missing
in hadronic decayg2) p;, the transverse momenta of the lepton or transverse momentum in the leptonic case, and more specifi-
jets (solid) in leptonic or hadronic decays, of the bottom quark cally the electronic case, is small at low missipg and
(dashedlin both channels, and of the missing particles in leptonicindicates that only a small proportion of the events will emu-
(dotted and hadroniddot-dashefidecays.(3) AR, the azimuthal-  |ate neutral current events of the forap—eX. However,
pseudorapidity separation of the pairs of lepton or jets bottomngpse which do will form a potentially dangerous back-
quarks(solid) in leptonic or hadronic decays. The normalization is ground to highQ2 neutral current events, as the losR

o unity. The structure function set CTEQ) was used. In the case o inned ahove will concentrate the electrons to the high
of the hadronic decays we have considered only one of the two light, 5 region
uark jets, their distributions in the above variables being very simi- : . .
I(;r l gvery Table Il and Fig. 5 show the total cross section after the
' acceptance cuts. The following LHC-like constraints were
implemented(see[16] for alternative selection strategjes

; I b mis:
will require a tight control on all sources of experimental fF the leptonic channepy , pr>20 GeV, pr™*>>10 GeV,

error, in particular of the actual value of thetagging effi- and AR;+,>0.7; for the hadronic channepy!”, p°
ciency and of the hadronization process of the quarks at the-20 GeV, p7"°>>10 GeV, andAR; ;; ,>0.7. We have not
TeV scale. introduced any cuts on pseudorapidity, as the particles were
Figure 4 shows the differential distributions interestingfound to be all concentrated in the narrdow|<2.5 region
for the final state phenomenology of the single-top-quarkeven before any selection j; was made.
signal (4) in its hadronic §f’=jet-jet) and leptonic {f’ Table Il summarizes the event rates for all channels at
=lv|) channels. Those in combined jet masses are sharpyree different c.m. energies. The numbers in square brackets
peaked at the top-quark aWd™ masses well above the irre- are the cross sections of proces$8sand (9). These are
ducible noise, indicating that for the hadronic case the jetdditional backgrounds when bottom-quark charge tagging is
masses can be used to clearly identify the top-quark decayanavailable. Since these effectively only differ from pro-
This feature is convenient both for the elimination of top- cesseg5) and(6) in their nonresonant top-quark production,

0/499p/0p

TABLE Il. Total cross sectionghadronic and leptonic, including irreducible background effefiis
processe$5)—(7) at the LEP2LHC collider. The structure function set CTE4Y) was used. Errors are as
given by VEGAS [24]. The following acceptance cuts were implementéd: p'T+, p2>20 GeV, py'ss
>10 GeV, andAR+ ,>0.7 (leptonic channg] (i) pi!’, pi>20 GeV, pI'*>>10 GeV, andAR; ;, ,>0.7
(hadronic channgl In the squared brackets of the first two columns we report the rates of the charge
conjugate<8), (9) of processes5), (6) for which the resonant top-quark production do not occur. The rates
of the charge conjugate of proceS8 are the same as those in third column.

Tyt (h)
\/Eep (Tev) leptonic hadronidEW) hadronic(QCD)
1.0 193.8-2.72.077+0.024 226.3+2.11.862+0.014 3.436+0.011
1.3 331.6:9.33.879+0.071 210.5£3.32.591+0.059 4.904+0.017
1.7 514+13[6.959+0.081 124.5+5.43.250+ 0.076 6.505+0.021

after acceptance cuts
CTEQAL)
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ties of the LHC u-vertex devices will be maintained while
LEP2@®LHC . . .
with EW background with QCD and EW background running the CERN machine in the proposed mode.

A e R AR RARA RRRR RN RRRAN AR RARAY

IV. SUMMARY AND CONCLUSIONS

30— -
r The single-top-quark production from initial state bottom
sea quark at futurep colliders was studied, mainly focusing
our attention to the case of the proposed LERRIC accel-
erator with the positrorfelectron beam energy of 100 GeV
and the proton one of 7 TeV. The total cross section was
found to be about 4 pb at this energy. The uncertainty due to
the structure functions was quantified to be rather small al-
i | ready at the present time, around 20-25 %, and is expected
— L ' to diminish significantly before newp machines will enter
0 |J UUEIES U TV RN O SO TR OV T into operation. Furthermore, based on such a consideration,
0 5;Msl(‘)c°ev)15° 200 280 0 5;]dsl(°§ev>15° 200 250 some optimistic prospects about the possibility of exploiting
single-top-quark phenomenology in order to study the

FIG. 5. Differential distributions inM s (hadronic channel —bb dynamics inside the proton were given. Both the lep-
only) for processes6) (left) and(7) (right) at the LEP2LHC c.m.  tonic and hadronic decay channels of the top quark were
energy andn,= 175 GeV. M signifies the invariant mass of the Studied, in presence of the corresponding irreducible back-
two- (solid) and three-jetdashedi systems in hadronic decays. The grounds, which have been computed here for the first time.
normalizations are to the total cross sections. The structure functioln the hadronic case, distributions in the reconstructed top-
set CTEQ4L) was used. Bins are 2 GeV wide. The following ac- quark andW= boson masses were found to be sharply
ceptance cuts were implementecphl’ p>20Gev, pT°  peaked above the irreducible noise, allowing for a prompt
>10 GeV, andAR; j/ ,>0.7 (hadronic channgl recognition of single-top-quark events. In both channels the

cross section for the background was found to be small com-

. ared with the signal events. The residual dependence of the
they can be taken as a measure of the magnitude of the ; .
tter on the top-quark mass was evaluated in several in-

irreducible background. As can be noticed, such backgroun tances. Finally, the formula for the matrix element squared

effects are small. We see that thg hadronic cross section bt single-top-quark production, including top-quark width ef-
higher at lower energy since, as discussed above, the acCqs and all the dynamic correlations between the top-quark
tance cut inAR affects the rates less at smaller values ofgecay products, was presented in order to aid future, more
VSep, thus compensating for the reduced total cross sectioetailed, experimental simulations. The complete numerical
shown in Fig. 2. From Fig. 5 we see that background effectprograms, evaluating irreducible background effects as well,
do not spoil the sharp resonances in combined jet massegve been especially optimized in view of high statistic
even after the acceptance cuts. We particularly stress that th@onte Carlo simulations and are available from the authors
QCD background is negligible: luckily enough, as it curi- upon request.

ously peaks around thiel,,+ value in the dijet mass distri-

bution. It can also be noted that the cutAiR, the jet sepa- ACKNOWLEDGMENTS
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