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We examine the effect of an anomalous flavor-changing chromomagnetic moment which allows direct top
quark production~two partons combining into an unaccompanied single top quark in thes channel! at hadron
colliders. We consider botht-c-g and t-u-g couplings. We find that the anomalous charm quark coupling
parameterkc /L can be measured down to 0.06 TeV21(0.009 TeV21) at the Fermilab Tevatron with the Main
Injector upgrade~CERN LHC!. The anomalous up quark coupling parameterku /L can be measured to
0.02 TeV21(0.003 TeV21) at the Tevatron~LHC!. @S0556-2821~97!05119-9#

PACS number~s!: 12.60.Cn, 14.65.Ha

INTRODUCTION

With the discovery of the top quark@1,2#, the long antici-
pated completion of the fermion sector of the standard model
has been achieved. Its unexpected large mass in comparison
with the other known fermions suggests that the top quark
may play a unique role in probing new physics, and has
prompted both theorists and experimenters alike to search for
anomalous couplings involving the top quark. On the experi-
mental side, the Collider Detector at Fermilab~CDF! @3,4#
and D0@5# Collaborations have begun to explore the physics
of top quark rare decays@3#. On the theoretical side, a sys-
tematic examination of anomalous top quark interactions, in
a model-independent way, has been actively undertaken
@6,7#.

One possible set of anomalous interactions for the top
quark is given by the flavor-changing chromomagnetic op-
erators
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where L is the new physics scale,kc and ku define the
strengths of the couplings,Gmn

a is the gauge field tensor of
the gluon, andgs is the strong coupling constant. The inves-
tigation of these couplings is well motivated. Although these
operators can be induced in the standard model through
higher order loops, their effects are too small to be observ-
able @8#. Therefore, any observed signal indicating these
types of couplings is direct evidence for physics beyond the
standard model.

It has been argued that the couplings in Eqs.~1! and ~2!
may be significant in many extensions to the standard model,
such as supersymmetry~SUSY! or other models with mul-
tiple Higgs doublets@8–11#, models with new dynamical in-
teractions of the top quark@12#, and models where the top
quark has a composite@13# or soliton @14# structure. In par-

ticular, Ref.@10# suggests that the supersymmetric contribu-
tions to at-c-g vertex may be large enough to measure at a
future hadron collider.

Han et al. @15# have placed a limit on the top-quark–
charm-quark–gluon coupling strengthkc by examining the
decay of the top quark into a charm quark and a gluon. They
find that an upper limit onkc /L of 0.43(0.65) TeV21 with
~without! b tagging for 200 pb21 of data can be measured at
the Tevatron. If thec andu jets are not distinguished, their
result applies equally well toku /L, if one uses the up quark
coupling alone, or to the sum, added in quadrature, when
both are considered.

In this paper, we will examine these operators in a model-
independent way using direct top quark production at the
Fermilab Tevatron and at the CERN Large Hadron Collider
~LHC!. In this scenario, a charm~or up! quark and a gluon
from the colliding hadrons combine immediately to form an
s-channel top quark, which then decays. The production of a
single, unaccompanied top quark or top antiquark is very
small in the standard model. We will take as our signal only
the case where the top quark decays to ab quark and aW
boson. While thet→cg (or ug) decay will occur in the
presence of the anomalous couplings given in Eqs.~1! and
~2!, it is smaller than the t→bW decay for
k/L&0.75 TeV21, and will have a negligible branching ra-
tio for k/L&0.2 TeV21. Given the existing upper bound of
the anomalous coupling mentioned earlier@15#, t→bW will
be the dominant decay mode of the top quark. Since theW
boson decay into a charged lepton~electron or muon! and its
corresponding neutrino has an identifiable signature, we con-

FIG. 1. Feynmann diagram for direct top quark production and
subsequent decay intobln l .
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sider only thet→bW→bln l decay for our signal. With the
decays so chosen, we find that the backgrounds are manage-
able, as will be discussed in detail later.

DIRECT TOP QUARK PRODUCTION

We have calculated tree level cross sections for direct top
quark production,p p̄→t→bW1→bl1n l , using the flavor-
changing chromomagnetic moments in Eqs.~1! and ~2! ~see
Fig. 1!. The l 1 in this process is either a positron or an
antimuon, andn l is its corresponding neutrino. We also in-
cluded direct top antiquark production in our calculation
(p p̄→ t̄→ b̄W2→ b̄ l 2n l̄). The parton cross section for di-
rect top quark~or top antiquark! production is given by

ds5
1

4

1

~4p!5
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pb,l ,n l
are the four-momenta of the outgoingb quark, lepton,

and neutrino, respectively,qc(u),g are the four-momenta of
the incoming charm~up! quark and gluon,GW is the decay
width of theW boson,
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is the decay width of the top quark, including the anomalous
contribution for t→cg and t→ug, G t→bW is the standard
model top quark decay width to ab quark andW boson,

Ml ,n l

2 [~pl1pn l
!2 ~6!

is the invariant mass squared, not necessarily on shell, of the

W boson, andAŝ is the parton center-of-mass energy.
As mentioned earlier, we considered only the case which

has a charged lepton~muon or electron! in the final state, to
identify theW boson. Compared to the hadronic decay mode
of the W, the background for these processes is smaller and
the signal is not as hard to identify. In order to examine the
kinematics of the decay products, we calculated the full
three-body phase space for the process, using the Breit-
Wigner propagators to broaden the top quark andW boson
distributions. Figure 2 shows the cross section at the Teva-
tron and LHC as a function ofk/L. In the top quark decay
width, we included an additional term arising from
t→c(u)g, as shown in Eq.~5!. This term is proportional to
uk/Lu2 and contributes significantly to the top quark width
only if k/L*0.2 TeV21. One can see the effect of the ad-
ditional channel for top quark decay, which decreases the
t→bW branching ratio and causes a noticeable deviation
from quadratic behavior for k/L*0.2 TeV21. ~For
k/L*0.2 there is a deviation from the straight line that one
would expect on a log-log plot if the cross section scaled
quadratically.!

FIG. 2. Direct top quark cross section vsk/L at run 2 of the Tevatron and the LHC. The cross sections for run 1 of the Tevatron are
barely distinguishable from run 2, and are not shown here.
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We calculated thep p̄ ~for the Tevatron! andpp ~for the
LHC! cross sections for direct top quark production with the
Martin-Roberts-Stirling set A~MRSA! structure functions
@16#. We have also examined the effect of using the
CTEQ3M @17# structure functions. The difference between
the two sets of structure functions is small. Several distribu-
tions were calculated, including the transverse momenta, the
pseudorapidities, the jet separation, from the lepton, and the

reconstructedAŝ.
In order to reduce theW11 jet background, we made a

series of cuts, which we will call the basic cuts, on the kine-
matic distributions. They are

pT~b,l ,n l !>25 GeV, ~7!

hb<2.0, ~8!

h l<3.0, ~9!

DR>0.4, ~10!

where hb,l are the pseudorapidities, DR[
A(hb2h l)

21(fb2f l)
2 is the separation between theb jet

and the charged lepton in the detector, andfb,l are the azi-
muthal angles. We also assumed a Gaussian smearing of the
energy of the final state particles, given by

DE/E530%/AE% 1% for leptons , ~11!

580%/AE% 5% for hadrons , ~12!

where % indicates that the energy-dependent and
-independent terms are added in quadrature.

To enhance the signal relative to the background, we want

to make cuts onAŝ, which should be sharply peaked atmt

for the signal. To experimentally determineAŝ, one must
reconstructpt5pb1pl1pn l

. The neutrino is not observed,
but its transverse momentum can be deduced from the miss-
ing transverse momentum. The longitudinal component of
the neutrino momentum is determined by settingMl ,n l

5MW

in Eq. ~6!, and is given by
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and pL and pT refer to the longitudinal and transverse mo-
menta, respectively. Note that there is a twofold ambiguity in
this determination. We chose the solution which would best
reconstruct the mass of the top quark. In some rare cases, the
quantity under the square root in Eq.~13! is negative due to
the smearing discussed above. When this happened, we set
this square root to zero, and used the corresponding result for
the neutrino longitudinal momentum.

BACKGROUND CALCULATION

The main source of background to the direct top quark
production isp p̄→W11 jet. Another background process is
standard model single top quark production when the asso-
ciated jets are not observed. Examining the data presented in
Ref. @18#, we conclude that single top quark production is
less than 1% of theW11 jet background whenb tagging is
not used. Whenb tagging reduces theW11 jet background
by a factor of 100, the single top quark background may be
as large as 20% of the total background. However, since the
discovery limit onk/L scales asB21/4 whereB is the num-
ber of background events, a 20% change in the background
affects the discovery limit by only 5%. We therefore ignore
this background.

We used theVECBOSMonte Carlo@19# program to calcu-
late the cross section for theW11 jet background. We modi-
fied the program to produce the same distributions that were
calculated for the signal, and applied the same basic cuts
used in the signal calculation, Eqs.~7!–~10!. To determine
additional cuts which optimize the discovery limits onk/L,

FIG. 3. Aŝ distributions for the~a! basic and~b! optimized cuts
without b tagging at the upgraded Tevatron. The solid line repre-
sents the direct top quark production (kc /L50.2 TeV21). The dot-
ted line is one thousandth of theW11 jet background.
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we examined the kinematic distributions inAŝ, pT , h, and

DR. We found that three distributions,Aŝ, pTb , and h l ,
were most useful in isolating the signal from the background.
These are shown in Figs. 3, 4, and 5, with the charm quark in
the initial state andkc /L50.2 TeV for the upgraded Teva-
tron. The solid lines represent direct top quark production,
and the dashed lines represent theW11 jet background di-
vided by 1000. The cuts were optimized for each of four
cases: run 1 at the Tevatron withp p̄ collisions at
As51.8 TeV and 100 pb21 of data per detector, run 2 with
As52.0 TeV and 2 fb21, run 3 with 2.0 TeV and 30 fb21,
and the LHC withpp collisions at 14 TeV and 10 fb21. The
optimized cuts are shown in Table I. The corresponding dis-
tributions with the up quark in the initial state are not shown;
they have the same shape as for the charm quark, but are a
factor of 10 larger in magnitude, due to the much larger size
of the valence up quark distribution in the initial state.

To further reduce the background, we assumed that sili-
con vertex tagging of theb jet would be available, with 36%
efficiency at run 1 of the Tevatron, and 60% at runs 2 and 3,
and at the LHC. In addition, we assumed that 1% of all non-

b-quark jets would be mistagged asb quark jets.
Whenb tagging is present, if the jet produced is mistaken

as ab jet, it remains a part of the background. The back-
ground can be reduced by a factor of 100 if theW11 jet
sample does not include a significant fraction ofb quarks in
the final state. It is possible to estimate the fraction ofb
quarks in the W11 jet sample by taking the ratio
uVcbu2/uVudu2 and multiplying by the ratio of the distribution
fraction of charm quarks to up quarks in the proton,
0.220.005 (0.720.05), in the momentum fraction region
where most of the events occur for the Tevatron~LHC!. We

FIG. 4. pTb distributions for the~a! basic and~b! optimized cuts
without b tagging at the upgraded Tevatron. The solid line repre-
sents the direct top quark production (kc /L50.2 TeV21). The dot-
ted line is one thousandth of theW11 jet background.

FIG. 5. h l distributions for the~a! basic and~b! optimized cuts
without b tagging at the upgraded Tevatron. The solid line repre-
sents the direct top quark production (kc /L50.2 TeV21). The dot-
ted line is one thousandth of theW11 jet background.

TABLE I. Optimized cuts for direct top quark production.

EC.M. (pTb)min (Aŝ)min (Aŝ)max
(h l)max

@TeV# @GeV#

Run 1 1.8 35 155 GeV 205 GeV 1.8
Run 2 2.0 45 160 GeV 205 GeV 1.0
Run 3 2.0 45 160 GeV 205 GeV 1.0
LHC 14.0 35 165 GeV 195 GeV 1.0
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estimate that the fraction ofb quark jets in theW11 jet
background is less than 0.03% (0.12%), much less than the
anticipated mistagging rate of 1%. We therefore ignore the
possibility of havingb quarks in theW11 jet sample. In-
cluding b tagging does not significantly affect the optimized
cuts.

RESULTS AND DISCUSSION

We can use the results of the signal and background cal-
culations to determine the minimum value ofkc /L or ku /L
observable at hadron colliders. Assuming Poisson statistics,
the number of signal events~S! required for discovery of a
signal at the 95% confidence level is

S

AS1B
>3, ~15!

where B is the number of background events obtained by
multiplying the background cross section by the luminosity
and dividing by 100 ifb tagging is present. The luminosity,
background cross section, and signal cross section needed for
discovery of anomalous flavor-changing couplings are given
in Table II. The discovery limits may then be determined by
comparing the signal calculation for a givenk/L to the sig-

nal needed, which can be obtained from Table II. These dis-
covery limits are shown in Table III.

Because the charm and up quarks are in the initial state,
their contributions to direct top quark production cannot be
distiguished. A plot of the discovery limit when bothkc and
ku are assumed to be nonzero is shown in Fig. 6.

The results quoted in this paper all use the MRSA struc-
ture functions. When using the CTEQ3M structure functions,
the direct top quark cross section increases by 15% when the
charm quark coupling is used, corresponding to a 7% de-
crease in the discovery limit forkc /L. This is primarily due
to a larger charm quark density in the proton with the
CTEQ3M structure functions. TheW11 jet cross section
does not change significantly, nor does the direct top quark
cross section when the up quark coupling is used. This dif-
ference reflects our lack of understanding of the charm quark
distibution in the proton. Ultimately, this effect will be part
of the theoretical uncertainty in the measured value ofkc .

We considered cases with and withoutb tagging for each
of the possibilities in Table III. With the exception of run 1
at the Tevatron,b tagging improved the discovery limit on
k/L by 2.0– 2.5 times. However, for the data from run 1 at
the Tevatron,b tagging improves the discovery limit by only

TABLE III. Discovery limits onkc /L ~with ku50) andku /L
~with kc50) at the Tevatron and LHC. The results are reported in
TeV21.

Tevatron LHC
1.8 TeV 2 TeV 14 TeV

b tagging? 0.1 fb21 2 fb21 30 fb21 10 fb21

Charm no 0.38 0.14 0.073 0.020
yes 0.22 0.062 0.030 0.0084

u quark no 0.096 0.045 0.023 0.0081
yes 0.058 0.019 0.0094 0.0033

TABLE II. Signal needed for the discovery of anomaloust-c-g
and t-u-g couplings at the Tevatron and LHC at 95% confidence
level. The background cross sections use the optimized cuts de-
scribed in Table I.

As Luminosity Background Signal needed~fb!

TeV (fb21) ~fb! Without b tag With b tag

Run 1 1.8 0.1 19400 1370 190
Run 2 2.0 2 13000 245 27
Run 3 2.0 30 13000 63 6.4
LHC 14 10 79000 267 27

FIG. 6. Discovery limits forkc andku for each of the colliders considered, forL51 TeV.
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40%. This is mostly due to less efficientb tagging and to the
smaller number of events available with a lower luminosity.

In some single top quark production processes, there are
regions of overlap between, for example, 2→1 subprocesses
and 2→2 subprocesses. In particular, we worried about an
overlap between the direct top quark production and the
gluon fusion diagram in which one of the gluons is dissoci-
ated into ac c̄ pair, and thec combines with the other gluon
to produce a top quark. Care must be taken with these pro-
cesses to avoid double counting. A systematic method exists
for calculating a subtraction term which solves this difficulty
@18,20#. The effect of the double counting is most significant
if the initial state particles are massive. In the case of direct
top quark production due to anomaloust-c-g or t-u-g cou-
plings, the initial state particles are light enough that this
does not significantly affect the overall cross section. We
have therefore ignored this effect in our calculation.

Although the background due to single top quark produc-
tion ~a top quark with an associated jet! is small in the SM,
there exists also the possibility for single top quark produc-
tion with the anomaloust-c-g ~or t-u-g) coupling@21#, e.g.,
via q q̄→t c̄ (q q̄→t ū ). If the jet associated with the top
quark is not seen, this would enhance the direct top quark
signal due to the anomalous coupling. Therefore, the discov-
ery limits quoted in Table III are conservative estimates of
the level to whichk/L may be probed. A full treatment of
single top quark production due to the anomaloust-c-g and
t-u-g couplings will be considered elsewhere.

In conclusion, we have calculated the discovery limits for
the anomalous chromomagnetic couplingst-c-g and t-u-g

in hadron colliders using direct production of ans-channel
top quark. We conservatively estimate that an anomalous
charm quark coupling can be detected down to
kc /L50.06 TeV21 at run 2 of the Tevatron and
0.009 TeV21 at the LHC. The cross section for the anoma-
lous up quark coupling is larger, and we can measureku /L
down to 0.02 TeV21 at run 2 of the Tevatron and
0.003 TeV21 at the LHC. The discovery limits for the up-
graded Tevatron are approximately 2~6! times better than
those obtained in Ref.@15# for kc /L (ku /L). The relative
size of the direct top quark production and the anomalous top
quark decay rate will help to differentiate thet-c-g and the
t-u-g couplings.

Finally, we note that, in Ref.@10#, the authors found that
electroweaklike corrections in a supersymmetric model can
give B(t→cg) as large as 131025 for the most favorable
combinations of the parameters. In terms of our anomalous
coupling parameter, this corresponds tokc /L50.0033. If
supersymmetry is the only source for the anomaloust-c-g
coupling, our calculations therefore indicate that future im-
provements at the LHC will be needed to make this a detect-
able signal, unless QCD-like corrections@9# further enhance
the SUSY contributions, as discussed in Ref.@10#.
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