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t W2 mode of single top quark production

Tim M. P. Tait*
Argonne National Laboratory, Argonne, Illinois 60439

~Received 15 September 1999; published 21 December 1999!

The t W2 mode of single top quark production is proposed as an important means to study the weak
interactions of the top quark. While the rate of this mode is most likely too small to be observed at run II of
the Fermilab Tevatron, it is expected to be considerably larger at the CERN LHC. In this article the inclusive
t W2 rate is computed, includingO(1/logmt

2/mb
2) corrections, and when combined with detailed Monte Carlo

simulations, including the top quark andW decay products, indicates that thet W2 single top quark process

may be extracted from the considerablet t̄ andW1 W2 j backgrounds at low luminosity runs of the LHC.

PACS number~s!: 14.65.Ha, 12.39.Fe, 12.602i
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I. INTRODUCTION

The discovery of the top quark at the Fermilab Tevatr
@1# completes the fermionic sector of the standard mo
~SM! of particle physics. However, many questions rega
ing the top quark remain, and require further investigation
be settled. The primary question is whether or not the
quark is ‘‘just another quark,’’ or if its large mass is indic
tive that it is something more. The top quark’s enormo
mass may be a clue that it plays a special role in electrow
symmetry breaking~EWSB!, and many of the proposed ex
tensions of the SM explain the large top quark mass by
lowing the top quark to participate in modified or nonstan
ard dynamics@2#, connected to the physics which provid
the mass of theW andZ bosons. This intriguing hypothesis
best explored by careful study of top quark observables
particular, single top quark production, as a measure of
top quark’s electroweak interactions, is an excellent plac
look for new physics related to the EWSB@3#.

Single top quark production proceeds through three
tinct modes at a hadron collider. The choice of the wo
‘‘mode,’’ as opposed to ‘‘sub-process,’’ is motivated by th
fact that each process has different initial and final states,
thus they are in principle separably measurable. T
t-channelW-gluon fusion mode@4–7# involves the exchange
of a space-likeW boson between a light quark and a botto
~b! quark inside the incident hadrons, resulting in a jet an
single top quark. Its rate is rather large at both the Ferm
Tevatron and the CERN Large Hadron Collider~LHC!. The
s-channelW* mode@8# involves production of an off-shell
time-like W boson, which then decays into a top and a b
tom quark. It has a relatively large rate at the Tevatron, bu
comparatively small at the LHC because it is driven by i
tial state anti-quark parton densities. Finally, thet W2 mode
of single top quark production involves an initial stateb
quark emitting a~close to! on-shellW2 boson, resulting in a
t W2 final state. Because of the massive particles in the fi
state, this mode has an extremely small rate at the Teva

*Electronic address: tait@anl.gov
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but is considerable at the LHC where more partonic ene
is available.

Each mode has rather distinct event kinematics, and t
is potentially observable separately from each other@6#. In
fact it has been shown@3,9# that each mode is sensitive t
different types of new physics, with thet W2 mode distinct
in that it is sensitive only to physics which directly modifie
the W-t-b interaction from its SM structure. This distinctio
is a result of the fact that in this mode both the top quark a
the W are directly observable, whereas in the other t
modes theW bosons are virtual, and thus those proces
may receive contributions from exotic types of charg
bosons or flavor changing neutral current~FCNC! operators
involving the top quark. Even without invoking additiona
particles or FCNC interactions, the three modes prov
complimentary information about theW-t-b interaction by
probing it in different regions of momentum transfer. Th
t-channel ands-channel processes study the vertex when
W boson is space-like or time-like, respectively, and the f
mions are~approximately! on shell. Thet W2 mode involves
the interaction when theW boson is on shell, and one of th
fermion lines is off shell. These considerations are comp
ling reasons to examine the three modes of a single top q
separately, to extract the maximum possible informat
from single top quark production.

This article contains a detailed study of thet W2 mode of
single top quark production with the intent to observe t
process for its own sake. Previous analyses focused on
process as a background to heavy Higgs boson decayh
→W1W2) @10# or combined all three single top quar
modes together into one signal@11,12#. For the reasons
stated above, it is also very important to study thet W2

mode independently from the other single top quark p
cesses. The presentation is arranged as follows. In Sec. II
inclusive t W2 rate is computed, including large logarithm
corrections ofO(1/logmt

2/mb
2). In Sec. III a Monte Carlo

simulation of the signal and the major backgrounds is d
cussed for the LHC collider, and it is demonstrated that
t W2 signal may be observed with about 1 fb21 of collected
data. A summary of the results are given in Sec. IV. Fina
the helicity amplitudes for the signal process at leading or
~LO!, including all decays, are presented in the Appendix
©1999 The American Physical Society01-1
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II. INCLUSIVE t W2 RATE

A. Leading order 2˜2 contributions

Before turning to the details of how thet W2 process may
be observed against the background, it is necessary to
cuss the inclusive rate of this process at a hadron collider
is the case with thet-channel single top quark mode@5#, the
t W2 rate involves finding ab quark inside one of the inci
dent ~anti-!protons. The underlying picture is actually that
gluon~g! in one of the protons splits into ab b̄ pair, with one
of these bottom quarks taking part in the hard scattering
is shown in Fig. 1. In order to facilitate the discussion belo
only t W2 production will be considered, and nott̄ W1 pro-
duction. It should be clear how the remarks on singletop
quark production may also be applied to singletop anti-

quark production with an appropriate switch ofb↔b̄, t↔ t̄ ,
andW6↔W7.

One could imagine computing the inclusivet W2 rate
from a gluon-gluon initial state, such as the one shown
Fig. 1. However, this picture results in a perturbative exp
sion that is spoiled by the kinematic region in which t
producedb̄ quark is approximately collinear with the incom
ing gluon, which produces a contribution containing lar
logarithms of the formaSlogmt

2/mb
2 , which for mt;175

GeV, mb;5 GeV, andaS;0.1 is overall of order 1. In fact
the nth order correction to the process always contain
collinear piece which behaves as (aSlogmt

2/mb
2)n, spoiling

the perturbative description.
A convergent perturbative expansion is restored by

summing these logarithms into a bottom quark parton dis
bution function~PDF! @13#, which is unlike the usual light
parton PDF’s in that it is perturbatively derived from th
gluon distribution function. Thus, the LO contribution to in
clusive t W2 production is best considered to arise fro
Feynman diagrams such as those shown in Fig. 2,1 which
treat the bottom quark as a parton.

This reordering of the perturbation series improves
convergence, and allows an accurate estimation of the in

1The helicity amplitudes for this 2→2 contribution, including the
top quark andW decays, can be found in the Appendix.

FIG. 1. The underlying picture for production oft W2 at a pp

or pp̄ collider. The crossed circle on the bottom quark line anti
pates the improvement of the perturbation series by resumming

g→b b̄ portion of the interaction into ab parton density.
03400
is-
s

as
,

n
-

a

-
i-

s
u-

sive cross section. In fact, this two particle to two partic
(2→2) description also represents the most important p
of the t W2 kinematics, because the dominant kinema
configuration is one in which theb̄ is collinear with its parent
gluon @5#. However, since it effectively integrates out theb̄
momentum, and approximates it as collinear with the par
hadron, this 2→2 process does not accurately describe
situation when theb̄ has large transverse momentum (pT). In
this region, a description based on the original 2→3 process
is more appropriate, and since this is the situation in wh
the b̄ is not collinear with the incoming gluon, it is wel
defined in perturbation theory. Thus, we will see that while
is not possible to compute kinematic distributions in the
gion in which thepT of the b̄ is small using standard pertur
bation theory, it is possible to compute the inclusive rate

the process withpT
b̄.pT

cut , as long aspT
cut is chosen large

enough that the perturbative description remains valid.

B. O„1/logmt
2/mb

2
… 2˜3 corrections

Though the complete next-to-leading order~NLO! QCD
corrections are still underway, the prediction for the inc
sive t W2 rate may be improved over the LO result by i
cluding theO(1/logmt

2/mb
2) corrections coming from Feyn

man diagrams such as those in Fig. 3. These diagrams
be separated into three classes. Figure 3a contains a r
sentative diagram which contains the colline
O(1/logmt

2/mb
2) behavior under study. Figure 3b correspon

to a class of corrections that include contributions wh
look like t t̄ production followed by the decayt̄→W2b̄. The
diagram of Fig. 3c contains a separateO(aS) correction that
involves neither potentially on-shellt̄ quarks nor large loga-
rithms. By representative, it is meant that these diagrams
examples of the three categories which contain the comp
set of eight tree levelg g→t W2b̄ matrix elements.

There are two subtle points that must be carefully de
with when including these corrections. The first is that wh
theb PDF was defined, the collinear contributions from the
diagrams were already resummed into what we called the
contribution. Thus, in order to avoid double-counting th
collinear region one must subtract out this portion. This m
be expressed by writing the full cross section forA B
→t W2 as

s tW5s0~A B→t W2!1s1~A B→t W2b̄!

2sS~A B→t W2b̄!, ~1!

-
he

FIG. 2. Feynman diagrams for thet W2 mode of single top
quark production after resumming large logarithms into a glu
PDF: g b→t W2.
1-2
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FIG. 3. Representative Feynman diagrams
corrections to thet W2 mode of single top quark
production corresponding to~a! large logarithmic

corrections associated with theb PDF,~b! LO t t̄

production followed by the LO decayt̄→W2b̄,
and ~c! pureaS corrections.
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with the individual terms given by,

s0~A B→t W2!5E dx1 dx2$ f g/A~x1 ,m! f b/B~x2 ,m!

3s~b g→t W2!1 f b/A~x1 ,m!

3 f g/B~x2 ,m! s~g b→t W2!%

s1~A B→t W2b̄!5E dx1 dx2f g/A~x1 ,m!

3 f g/B~x2 ,m! s~g g→t W2b̄!

sS~A B→t W2b̄!5E dx1dx2$ f̃ b/A~x1 ,m!

3 f g/B~x2 ,m! s~b g→t W2!

1 f g/A~x1 ,m! f̃ b/B~x2 ,m!

3s~g b→t W2!%, ~2!

where f i /H(x,m) represents the parton distribution functio
for parton i carrying momentum fractionx at scalem to be
found in hadronH. The ‘‘modified b PDF,’’ f̃ b/H , contains
the collinear logarithm2 and splitting functionPb←g convo-
luted with the gluon PDF:

f̃ b/H~x,m!

5
aS~m!

2 p
logS m2

mb
2D Ex

1dz

z Fz21~12z!2

2 G f g/HS x

z
,m D .

~3!

By including this term, the collinear behavior ins1(AB
→t W2), which was already implicitly included ins0(AB
→t W2), is removed. Thus, the problem of double-counti
the collinear region is resolved.

The second subtle point in evaluating the large logar
mic contributions is that they contain contributions such
those found in Fig. 3b that correspond to LOg g→t t̄ pro-
duction followed by the LO decayt̄→W2b̄. This expresses
the fact that as one considers higher orders in perturba
theory, the distinction betweent t̄ production and various

2This result is derived by including a small~but non-zero! bottom
quark mass in the 2→3 matrix elements in order to regulate th
collinear divergence occurring in the class of diagrams represe
by Fig. 3a.
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types of single top quark production is blurred. Howev
when considering quantities that are properly defined, th
corrections are small, and there is no problem distinguish
these processes. As a matter of bookkeeping, the correc
to t W2 production involving an on-shellt̄ are more intu-
itively considered a part of the LOt t̄ rate, and thus it is
important to subtract them out to avoid double counting
this kinematic region. This may be done by noting that in t
region where the invariant mass of theb̄ W2 system,MWb ,
is close to the top quark mass, the behavior of the parto
cross sections(gg→t W2b̄) may be expressed as

ds

dMWb
~g g→t W2b̄!5sLO~g g→t t̄ !

3
mt GLO~ t̄→W2b̄!

p @~MWb
2 2mt

2!21mt
2 G t

2#

5sLO~g g→t t̄ !

3
mt G t B~ t̄→W2b̄!

p @~MWb
2 2mt

2!21mt
2 G t

2#

→sLO~g g→t t̄ ! B~ t̄→W2b̄!

3d~MWb
2 2mt

2! ~4!

wheresLO(g g→t t̄ ) and GLO( t̄→W2b̄) are the LO cross
section and partial width,G t is the inclusive top quark deca
width, andB denotes the branching ratio. The last distrib
tion identity holds in the limitG t!mt . Having identified this
LO on-shell piece, it may now be simply subtracted fro
s(g g→t W2b̄). The advantage to this formulation of th
subtraction is that by taking the narrow width limit, one r
moves all of the on-shellt̄ contribution. The interference
terms between one of the on-shellt̄ amplitudes and an am
plitude without an on-shellt̄ involve a Breit-Wigner propa-
gator of the form (MWb

2 2mt
21 i mtG t)

21, which in the limit
of small G t may be expressed as a principle valued integ
in MWb . Following this prescription, and choosing a cano
cal scale choice ofm05As, wheres is the invariant mass o
the incoming partons, leads to a large logarithmic correct
to the t W2 rate of29.5% at the LHC, which is consisten
with previous experience from theW-gluon fusion mode of
single top quark production@6#.

This problem of the on-shell top quark was dealt w
another way in@12#, where a cut was applied onMWb , to
exclude the region ofuMWb2mtu<3 G t . Following this pre-
scription, one finds a much larger correction of about150%

ed
1-3
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TABLE I. The LO @with O(1/logmt
2/mb

2) corrections# rates ofb g→t W2 ~in pb! at the Tevatron run II.

The rate oft̄ production is equal to the rate oft production.

CTEQ4L MRRS~R1!

mt ~GeV! m5m0 /2 m5m0 m52m0 m5m0 /2 m5m0 m52m0 s tW
(mean)

170 0.0645 0.0505 0.0405 0.0760 0.0580 0.0460 0.054
171 0.0630 0.0490 0.0395 0.0740 0.0565 0.0445 0.053
172 0.0610 0.0480 0.0385 0.0720 0.0550 0.0435 0.051
173 0.0595 0.0465 0.0375 0.0700 0.0530 0.0420 0.050
174 0.0575 0.0450 0.0365 0.0680 0.0515 0.0410 0.048
175 0.0560 0.0440 0.0355 0.0660 0.0500 0.0395 0.047
176 0.0545 0.0425 0.0345 0.0640 0.0490 0.0385 0.046
177 0.0530 0.0415 0.0335 0.0620 0.0475 0.0375 0.044
178 0.0515 0.0405 0.0325 0.0600 0.0460 0.0365 0.043
179 0.0500 0.0390 0.0315 0.0585 0.0445 0.0355 0.042
180 0.0485 0.0380 0.0305 0.0570 0.0435 0.0345 0.041
181 0.0475 0.0370 0.0300 0.0555 0.0425 0.0335 0.040
182 0.046 0.0360 0.029 0.0540 0.0410 0.0325 0.038
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to the t W2 rate at the LHC. However, this is misleadin
because the large corrections are mostly coming from
region where thet̄ is close to on-shell~though still at least 3
top quark widths away!. In other words, the large positiv
correction comes from the tails of the Breit-Wigner distrib
tion for on-shellt̄ production. This can be simply understoo
by taking the prescription in@12# and varying the cut by
increasing the interval about the on-shellt̄ region that is
excluded. One finds that the correction computed in this w
varies quite strongly with the cut, and reproduces the s
traction method we have employed for the cutuMWb2mtu
<12G t . A theoretical advantage of the subtraction meth
employed here is that when one determines thet t̄ andt W2

rates, one would like to actually fit the data to the sum of
two rates, and thus the subtraction method allows one
simply separate this sum into the two contributions witho
introducing an arbitrary cutoff into the definition of the sep
ration.
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Even if one were to use a cutoff to effect the separati
there is a further problem in employing the cutuMWb2mtu
<3 G t to remove on-shellt t̄ production. This is that from a
purely practical point of view 3G t;4.5 GeV, which is much
smaller than the expected jet resolution at the Tevatron
LHC. Thus, it is not experimentally possible to impose th

definition of the separation betweent W2 and t t̄ . A more
realistic resolution is about 15 GeV@14#, which corresponds
to a subtraction ofuMWb2mtu<10G t . As we have seen
above, this choice of theMWb cut agrees rather well with ou
subtraction method result.

In Tables I and II can be found the LO rate~including the
large logarithmic corrections described above! of t W2 pro-
duction at the Tevatron and LHC, for various choices ofmt ,
the CTEQ4L@15# and Martin-Roberts-Ryskin-Stirling set R
@MRRS~R1!# @16# PDF’s, and 3 choices of factorizatio
scale, with the canonical scale choice set tom05As. These
TABLE II. The LO @with O(1/log(mt
2/mb

2) corrections# rates forb g→t W2 ~in pb! at the LHC. The rate

of t̄ production is equal to the rate oft production.

CTEQ4L MRRS~R1!
mt ~GeV! m5m0 /2 m5m0 m52m0 m5m0 /2 m5m0 m52m0 s tW

(mean)

170 33.0 28.2 24.5 39.0 33.0 28.4 30.6
171 32.2 27.5 24.0 38.3 32.5 27.9 30.0
172 31.6 27.1 23.6 37.6 31.8 27.4 29.4
173 31.1 26.6 23.1 38.0 31.3 26.9 28.9
174 30.5 26.1 22.7 36.2 30.7 26.4 28.4
175 29.9 25.6 22.2 35.4 30.1 26.0 27.9
176 29.4 25.2 21.8 34.8 29.6 25.5 27.4
177 28.9 24.7 21.5 34.2 28.9 25.0 26.8
178 23.3 24.2 21.1 33.6 28.4 24.6 26.3
179 27.8 23.7 20.7 33.0 27.9 24.1 25.8
180 27.2 23.3 20.3 32.4 27.4 23.7 25.4
181 26.8 22.9 20.0 31.8 26.9 23.2 24.9
182 26.3 22.5 19.6 31.2 26.4 22.9 24.5
1-4
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t W2 MODE OF SINGLE TOP QUARK PRODUCTION PHYSICAL REVIEW D 61 034001
results assume3 Vtb51, Vts ,Vtd50 and no decay branchin
ratios are included. At both Tevatron and LHC, the rate
t̄ W1 production is equal to the rate oft W2 production, and
thus the sum of the two rates may be obtained by multiply
the cross sections by 2. From these results, we see that
ing the scale by a factor of 2 produces a variation in
resulting cross section of about625% at the Tevatron and
615% at the LHC. This large scale dependence signals
utility in having a full NLO ~in aS) computation of this
process in order to have a more theoretically reliable e
mate for the cross section.

It is further interesting to examine the dependence of
result on the choice of PDF, as thet W2 process is sensitive
to the gluon density, which is parametrized differently by t
CTEQ4 and MRRS PDF’s. This provides one with an es
mate of the uncertainty due to the difference in the P
parametrization. Unlike the light quark distributions, whi
are rather well determined by deeply inelastic scatter
~DIS! data, the gluon PDF is relatively poorly known at lar
momentum fraction, and thus the two parametrizations
lead to rather different results for thet W2 cross section. For
mt5175 GeV, comparing at the canonical scale choice
variation of 66% at the Tevatron and68% at the LHC
results when moving from either the CTEQ4L or MRRS~R1!
result to the mean of the two. However, care must be take
drawing firm conclusions from this because these two set
PDF’s are extracted from a very similar collection of expe
mental data. Thus, this estimate does not accurately re
the uncertainty in the PDF’s coming from the uncertainties
the data from which they are derived.

III. EXTRACTING t W2 FROM THE BACKGROUND

In this section we present the results of a Monte Ca
study illustrating how one may extract thet W2 signal from
the relatively large backgrounds. A top quark mass ofmt
5175 GeV is assumed. Thet W2 signature consists of th
decay products of an on-shell top quark andW2 boson. The
SM top decay ist→W1 b, and theW bosons may decay
either into quarks or leptons. While the hadronicW decays
are dominant~with branching ratio 6/9!, the leptonic decays
are generally cleaner, and energetic leptons provide an ex
lent trigger at a hadron collider. Thus, it is necessary to c
sider at least one of theW bosons decaying into leptons. Th
study will be confined to the case where bothW’s decay into
leptons,W→ ln with l 5e,m. This avoids potentially huge
QCD backgrounds involving the production of oneW boson
and two or more jets whose invariant mass happens to
close tomW . Thus, the signature contains two relatively ha
charged leptons, missing transverse energy (p” T) from the
unobserved neutrinos, and a bottom quark from the sin
top quark decay.

The primary background comes from processes wh

3The inclusion of non-zeroVts andVtd has a negligible effect on
the cross section, because these parameters are required b
energy processes to be extremely small@17#.
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contain two weak bosons and a bottom quark. This inclu
partonic processes such as continuumW1 W2 b ~shown in
Fig. 4! which involve off-shell top quark exchange. In fac
this process is interesting in its own right as a further tes
the W-t-b interaction. However, the lack of an on-shell to
quark will make this process quite difficult to distinguis
from the backgrounds. There are also important fake ba
grounds from processes that are similar to thet W2 process,
and may be misidentified as such. This includest t̄ produc-
tion, when one of the bottom quarks from a top quark dec
is unobserved because it falls outside of the detector co
age. As the inclusivet t̄ rate is more than an order of mag
nitude larger than the inclusivet W2 rate, this is potentially
a serious problem in discovering thet W2 process. Another
class of potentially important backgrounds isW1 W2 j pro-
duction~wherej is a light quark or a gluon! which are prob-
lematic because of the small but non-zero probability thaj
may be misidentified as jet containing a bottom quark.
should be noted that this set of backgrounds also inclu
Z Z j production, with oneZ decaying into charged leptons
and the other into neutrinos. As we shall see, theW1 W2 j
andW1 W2 b backgrounds are much smaller than either
t W2 signal or thet t̄ background. This is easily understoo
from the fact that theW1 W2 b andW1 W2 j backgrounds
are 2→3 production processes ofO(aS aW

2 ) ~followed byW

decays!, whereas the signal andt t̄ background are 2→2
production processes ofO(aS aW) andO(aS

2) respectively,
followed by top quark decays with unit branching ratio a
the sameW decays.

The t W2 signal, W1 W2 b, and W1 W2 j backgrounds
are simulated at the parton level, at LO in the strong a
weak couplings. The matrix elements for thet W2 process,
including all of the decays, have been computed at the he
ity amplitude level, and are presented in the Appendix. M
trix elements for theW1 W2 b andW1 W2 j processes have
been obtained from theMADGRAPH code@18#. The t t̄ back-
ground is simulated at LO, using theONETOPcode@19#. For
all processes, a scale choice of the partonic energy,m5As is
chosen, and the CTEQ4L PDF is used with LO running
the strong coupling.4 Though NLO results fort t̄ production
are currently available@20#, we use the LO rates in order t
make a fair comparison between this background, the sig

low4TheLQCD with 5 active flavors appropriate for the CTEQ4L fit
181 MeV.

FIG. 4. Illustrative Feynman diagram for the irreducible bac
ground,W1 W2 b production, involving an off-shell top quark. Th
leptonic decay modes of theW bosons are not indicated here.
1-5
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TIM M. P. TAIT PHYSICAL REVIEW D 61 034001
and the other backgrounds, for which NLO results are c
rently unknown.

In order to be considered observable, the charged lep
andb jet are required to havepT>15 GeV, and to lie in the
central region of the detector, with rapidityuhu<2. In order
to be resolvable as distinct objects, the charged lepton an
are required to have a cone separationDR>0.4, whereDR
5ADh21Df2, with Df the separation in the azimutha
angle, andDh the difference in pseudorapidity. In the se
ond column of Table III can be found the number of eve
passing these cuts for signal and backgrounds at the L
assuming 20 fb21of integrated luminosity.

In order to suppress the larget t̄ background, it is desir-
able to exclude events with more than oneb quark at high
transverse momentum. The estimation of the effect of
cut on thet W2 signal is somewhat delicate, because, as w
discussed in Sec. II, the kinematics of theb̄ in the signal
events is not calculable in the usual formulation of pertur
tive QCD. However, the effect of the cut may nonetheless
computed using a technique developed for theW-gluon fu-
sion process@7#. The inclusivet W2 rate computed in Sec. I
represents thet W2 rate summed over allpT of the b̄. Fur-
ther, one can use the 2→3 description with a sufficiently
strong cut on thepT of the b̄ to reliably obtain the cross
section when theb̄ has a large transverse momentum. Sin
the inclusive rate is equal to the sum of the rate below thepT
cut and the rate above thepT cut, one thus computes th
signal cross section below thepT cut from

s t W2
~pT

b̄<pT
cut!5s inclusive

t W2
2s t W2

~pT
b̄>pT

cut!. ~5!

The effect of the cutpT
b̄<15 GeV on the signal5 and back-

grounds is shown in the third column of Table III. As
indicated, this cut is extremely effective at suppressing
t t̄ background, drastically reducing it by about 94%, wh
eliminating only about 47% of the signal rate.

The W1 W2 j background has been simulated using
exact matrix elements forq q̄→W1 W2g and q g
→W1 W2q, which is appropriate for high energy jets. How
ever, it is expected that this background may receive furt

5Since this cut restricts thepT of the b̄ to be small, we continue to
simulate the signal rate from the 2→2 process~followed by decays!

described in the Appendix, which makes the approximationpT
b̄50.

TABLE III. The number of signalt W2 events as well as the
major backgrounds, for 20 fb21of integrated luminosity at the LHC
after applying cuts described in the text.

Process Acceptance Cuts pT
b̄<15 GeV b tagging

t W2 25250 13535 8121
W1 W2b 114 114 68
W1 W2 j 2460 2460 25

t t̄ 270495 15074 9044
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contributions from initial and final state showering and fra
mentation, which have not been included in our estima
Thus, in order to be conservative, we includeb tagging in
our search to select events containing a bottom quark.
b-tagging efficiency is estimated by assuming a 60% pr
ability of correctly identifying a bottom quark passing th
acceptance cuts described above. The probability of m
tagging a light quark6 or gluon is assumed to be 1%. Th
effect of this requirement is indicated in the final column
Table III.

One may now estimate the ability of the LHC to study t
t W2 process. The significance of the signal over the ba
ground is defined as the number of signal events divided
the square root of the number of background events. As
total number of events satisfying our search criterion is lar
this approximation based on Gaussian statistics is justifi
From the final column of Table III, the significance at th
LHC with 20 fb21 of integrated luminosity is seen to b
84.9, indicating that even with a relatively small amount
data the LHC will be able to identify the signal from th
background. An alternative presentation is that the LHC w
observe thet W2 mode of single top quark production at th
5s level with less than 1 fb21of data. In comparison, at th
Tevatron run II with 2 fb21, it is found that after applying

the acceptance andpT
b̄ cuts, the signal rate is expected to b

slightly less than 1 event, thus indicating that another sea
strategy must be employed in order to observet W2at the
Tevatron.

IV. CONCLUSIONS

This article is the first proposal to separately study
t W2 mode of single top quark production for its own sak
The inclusive rate has been computed, including the la
logarithmic corrections from the definition of the botto
quark PDF. This procedure requires some attention beca
of potential problems with double-counting both the regi
where theb̄ quark is collinear with the incident gluon, an
with t t̄ production. After appropriate subtractions, the co
rections to thet W2 rate are determined, and it is found th
the net correction is about210% at the LHC.

A full parton-level event simulation has been complet
at the LHC, including the decay products from the top qua
and W bosons. The decay mode in which bothW bosons
decay into leptons has been identified as a signature wi
relatively small QCD jet background, though other dec
modes are also potentially interesting. Thet t̄ rate is found to
be a serious background, but it may be reduced by apply
simple cuts to extract the signal from the background. Af
applying these cuts, it is found that a 5s observation of the
t W2 signal is possible at very low luminosities at the LHC
Turning this around, one finds a statistical error of about 1

6The probability of misidentifying a charm quark as a bottom
closer to 15%. However, as theW1 W2c portion of the already
small W1 W2 j background is only about 7%, this is of negligib
significance.
1-6
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in the measured cross section at the LHC with 20 fb21. This
error is much smaller than the theoretical uncertainty
615% from the scale dependence, which motivates furt
work to include higher orders of perturbation theory in t
t W2 rate.

If the top quark has indeed been given a special role in
generation of masses, it is crucial that its interactions
carefully studied in order to learn what properties the und
lying theory at high energies must possess. The deviation
the top quark interactions from the SM predictions may r
resent the best clues on the nature of the EWSB. Thet W2

rate of single top quark production represents an opportu
to learn about the top quark’s weak interactions from a d
ferent perspective than is afforded by theW-gluon fusion and
W* modes, both because the top quarkand Ware observed,
thus allowing one to study theW-t-b coupling independently
of the possibility of FCNC and heavy particles, and also
probe theW-t-b interaction in a different region of momen
tum transfer from the other two channels. It thus represe
an essential means to determine the properties of the
quark.
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APPENDIX A: HELICITY AMPLITUDES
FOR b g˜t W2

˜be1nE µ2n̄µ

In this appendix, the helicity amplitudes for thet W2 pro-
cess are presented, including the decay products of thet and
W. The helicity amplitudes for the other modes of single t
quark production, as well as thet t̄ background, may be
found in @6#. Our conventions for implementing the helicit
amplitudes may be found in Appendix A of that work, an
are embodied in the two-component ket notation for
spinors:
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upi1&5A2 Ei S cosu/2

eifsinu/2D ,

upi2&5A2 Ei S 2eifsinu/2

cosu/2 D ~A1!

where Ei , u, and f refer to the energy, polar angle, an
azimuthal angles of the four-momentumpi . A further nota-
tional convenience is to introduce 232 Dirac matricesgm

6

5(1,6sW ), from which follows the ‘‘slashed’’ notationp”6

5pmgm
6 . Particle momenta are indicated by the hatted p

ticle label, i.e.,pe15ê1.
Purely for the purposes of labelling, we distinguish t

decay products of theW2 boson from theW1 boson by
assuming the decays

W2→m2 n̄m ,

t→b W1; W1→e1ne . ~A2!

The other modes of theW decays may be easily obtaine
from this choice by including the appropriate sum over c
ors for each set ofW decay products in the final~cross sec-
tion! result. Namely, each hadronicW decay into quarks
multiplies the cross section byNC53 compared to the lep
tonic modes presented here.

The results do not include the~negligible! masses of any
fermions other than the top quark. This assumption of ma
less fermions has a profound effect on the helicity struct
of the matrix elements because of the left-chiral structure
the W interaction. The net result is that only the particul
helicity structure lbi521, lm2521, ln̄m

511, le15

11, lne
521, lbf521 has a non-zero contribution, wher

ln561 when the spin polarization of particlen is along
~against! its direction of motion.bi denotes the initial stateb
quark, whilebf denotes the finalb resulting from thet decay.
The only remaining polarization to be specified is that of t
initial gluon. Denoting the initial gluon spin as6 for right
~left! handed gluons, the two amplitudes may be expres
as
M1~1 !5S A2 gW
4 gS~2Eg!21

~ t̂1
22mt

2!~Ŵ2
22mW

2 1 imWGW!~Ŵ1
22mW

2 1 imWGW!~ t̂2
22mt

21 imtG t!
D ^b̂f2un̂e1& ^n̂̄m1ub̂i2&

3~mt
2^ê11uĝ1& ^ĝ2um̂21&2^ê11u t”̂2

2uĝ1& ^ĝ2u t”̂1
2um̂21&!

M1~2 !5S 2A2 gW
4 gS~2Eg!21

~ t̂1
22mt

2!~Ŵ2
22mW

2 1 imWGW!~Ŵ1
22mW

2 1 imWGW!~ t̂2
22mt

21 imtG t!
D ^b̂f2un̂e1& ^n̂̄m1ub̂i2&

3~mt
2^ê11uĝ2&^ĝ1um̂21&2^ê11u t”̂2

2uĝ2& ^ĝ1u t”̂1
2um̂21&!
1-7



ts
eraged

ed

TIM M. P. TAIT PHYSICAL REVIEW D 61 034001
M2~1 !5S 2A2 gW
4 gS~2Eg!21

b̂1
2~Ŵ2

22mW
2 1 imWGW!~Ŵ1

22mW
2 1 imWGW!~ t̂2

22mt
21 imtG t!

D
3^b̂f2un̂e1& ^ê11u t”̂2

2um̂21& ^n̂̄m1ub”̂ 1
2uĝ1& ^ĝ2ub̂i2&

M2~2 !5S A2 gW
4 gS~2Eg!21

b̂1
2~Ŵ2

22mW
2 1 imWGW!~Ŵ1

22mW
2 1 imWGW!~ t̂2

22mt
21 imtG t

D
3^b̂f2un̂e1 &^ê11u t̂2

2um̂21& ^n̄ ŝm1ub̂1
2uĝ2& ^ĝ1ub̂i2 & ~A3!

where,

Ŵ15ê11 n̂e , Ŵ25m̂21 n̂̄m , t̂15b̂i2Ŵ2 , t̂25b̂f1Ŵ1 , b̂15b̂i1ĝ, ~A4!

andEg is the gluon energy,gS is the strong coupling constant, andgW5e/sinuW is the weak coupling. The matrix elemen
squared,uMu2, should be summed over final colors and averaged over initial colors, resulting in a factor of 1/6, and av
over initial spins, giving a further factor of 1/4. As was noted above, this color factor reflects the case where bothW bosons
decay into leptons. AW decay into quarks further multiplies the cross section byNC53 for one hadronicW decay, andNC

2

59 if both W’s decay into hadrons. The propagators for the~approximately! on-shellW6 and top quark have been express
according to the Breit-Wigner prescription.
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