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Single top quark production as a probe for anomalous moments at hadron colliders
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Single production of top quarks at hadron colliders viagW fusion is examined as a probe of possible
anomalous chromomagnetic and/or chromoelectric moment type couplings between the top quark and gluon
We find that this channel is far less sensitive to the existence of anomalous couplings of this kind than is th
usual production of top quark pairs bygg or qq̄ fusion. The contribution to the cross section and various
kinematical distributions from anomalous couplings with interesting magnitudes is essentially hidden by the
present theoretical uncertainties in the calculation. This result is found to hold at both the Fermilab Tevatron a
well as the CERN LHC, although somewhat greater sensitivity for anomalous couplings in this channel is
found at the higher energy machine.@S0556-2821~96!02911-6#

PACS number~s!: 14.65.Ha, 12.60.Rc
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The discovery of the top quark at the Fermilab Tevatro
by both the CDF and D0 Collaborations@1,2# has renewed
interest in what may be learned from a detailed study of t
properties. One point of view is that this clear discovery
the top quark represents a great triumph and confirmation
the predictions of the standard model~SM!, in that the top
lies in the mass range anticipated by precision electrowe
data@3#. Another viewpoint is that the subtleties of top quar
physics itself may shed some light on new physics beyo
the SM. Indeed, due to its large mass, it is widely believ
that top quark physics will be the first place where nonstan
ard effects will appear.

If the top does have non-SM interactions associated w
a new mass scale it may be possible to express them in
form of higher dimensional nonrenormalizable operato
These are naturally divided into those associated with
strong interactions, i.e., QCD, and those associated with
electroweak sector. New interactions for the top quark
both sectors have been discussed in the literature@4,5# and
may arise as a result of, e.g., compositeness or new dynam
associated with fermion mass generation@6#. In the case of
QCD, the lowest dimensional operator representing n
physics and conserving CP that we can introduce is
anomalous chromomagnetic momentk. On the other hand,
the corresponding chromoelectric moment,k̃, violates CP. In
this modified version of QCD for the top quark thet t̄g in-
teraction Lagragian takes the form

L5gst̄TaS gm1
i

2mt
smn~k2 i k̃g5!q

nD tGa
m , ~1!

wheregs , is the strong coupling constant,mt is the top quark
mass,Ta are the color generators,Ga

m is the gluon field, and
q is the outgoing gluon momentum.~Due to the non-Abelian
nature of QCD, a four-pointt t̄gg interaction is also gener-
ated, but this will not directly concern us in the prese
work.!

The study of the tree-level effect of a nonzero value ofk
at high energye1e2 colliders, such as the NLC, requires
high precision examination of the tail of the gluon jet energ
spectrum in the processe1e2→t t̄g. Although the sensitivity
to nonzero values ofk and/or k̃ is quite high @4# in this
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process, such an analysis is unfortunately many years aw
and so we must turn our attention to what can be learned
hadron colliders. The pair production of the top quark vi
qq̄,gg→t t̄ at both the Fermilab Tevatron and the CERN
LHC in the case of nonvanishing anomalous couplings h
already been considered@4#. It was found that both the LHC
and, eventually, the Tevatron are sensitive to values ofk of
order 0.1. This was demonstrated in detail in our earlier wo
for the Tevatron and will be summarized below for the LHC
for purposes of comparison. Present cross section measu
ments at the Tevatron being performed by CDF and D0 a
probing values ofk and k̃ which are somewhat larger, of
order 0.2–0.3. It thus seems natural to ask if this potenti
new physics is accessible through any other top quark pr
duction channels at hadron colliders.

In the present analysis, we turn our attention to what ma
be learned aboutk and k̃ through an examination of single
top quark production viagW→tb̄ @7#. We anticipate that this
production mechanism is far less sensitive to these anom
lous couplings than is the usual pair production process. T
reason for this is abundantly clear: the cross section receiv
its dominant contribution from theu-channelb quark ex-
change diagram which has no anomaloust t̄g vertex associ-
ated with it. To see if our expectations are indeed realize
and to complete the analysis of the influence of anomalo
couplings on top quark production we proceed with the ca
culation. In the SM, assumingmt5175 GeV, single top
quark production at both the Tevatron and LHC occurs wit
a cross section only a factor of.5 or so less than that for top
quark pairs, thus implying that adequate statistics shou
eventually be available at either machine to probe for anom
lous effects in this channel. To show the rather weak depe
dence of this process on the values ofk andk̃, we will make
use of the effective gauge boson approximation~EGBA! @8#
to greatly simplify our calculations. We find that the cros
section estimates obtained in this manner are sufficient f
our purposes since the contributions due to anomalous co
plings are so weak. A number of ‘‘exact’’ calculations for
the single top quark production cross section exist in th
literature for the SM case which do not make use of th
EGBA approach@7,9#. As we will see below, our estimate of
thegW cross section at the Tevatron~with As51.8 TeV! and
the LHC is 1.12~0.57! pb and 208~143! pb, respectively, for
6218 © 1996 The American Physical Society
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53 6219SINGLE TOP QUARK PRODUCTION AS A PROBE FOR . . .
mt5170~200! GeV. The corresponding values in@7,9# are
approximately 1.2~0.7! pb for the Tevatron and 200~150! pb
for the LHC. This shows that our estimates in the SM ca
are good to the level of.15%. This value is expected to
change when the anomalous couplings are present for at l
two reasons: ~i! the presence of the anomalous coupling
changes the relative contributions to the cross section du
longitudinal and transverseW’s and ~ii ! the anomalous cou-
plings modify the energy dependence of the cross secti
We might expect, however, that the validity of the EGB
should remain true also when anomalous couplings are in
duced at a qualitatively similar level to the SM case. T
ascertain just how well the EGBA actually does perform
this case would require a complete exact calculation which
beyond the scope of this paper. Of course, as will be d
cussed below, the general theoretical uncertainty in the c
culation of the rate for this process is quite comparable to
even larger than this value of 15%, implying that the cont
butions to the cross section from anomalous couplings
interesting size will remain masked by the theoretical unc
tainties.

The relevant subprocess to examine for sensitivity tok
and k̃ in single top quark production is
g(q)1W(k)1→t(pt)1b̄(pb) ~1H.c.!, which includes the
gtt̄ vertex in the diagram witht-channel top exchange. De
noting theW polarization vector bye and for the moment
neglecting the mass of theb quark, i.e.,mb50, we obtain the
following parton level differential cross section:

ds

dz
5
GFMW

2 as~mt!

24&s

2pt
As

@T11kT21~k21k̃ 2!T3#, ~2!

where z[cosu* , with u* being the top quark production
angle in the center of mass frame, andpt is the magnitude of
the top quark three-momentum. TheTi are given by

T15
2

ut82
$t8~u21t82!14~ t8212umt

2!e•qe•pb

14ut8e•qe•pt24t82~e•pb!
224ut8~e•pt!

2

14@ t8~s2mt
2!22umt

2#e•pbe•pt%, ~3!
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T25
2

ut8
$u222~s2mt

2!~e•q!222e•q@~2u1t8!e•pb

1ue•pt#%,

T35
1

2mt
2 @s2mt

214e•pbe•pt#,

wheres, u, and t85t2mW
2 are the usual subprocess Man

delstam variables. In our numerical analysis, we will kee
mb finite and evaluateas at the scalem5mt , which we per-
form via three-loop renormalization group equation evolu
tion from as(Mz)50.125@3#. Sincemt is not far fromMZ ,
this procedure is not greatly influenced by the use of thre
loop evolution. However, since the higher order QCD cor
rections to this process have not yet been calculated there
still reasonable sensitivity to the choice ofm.

This subprocess cross section is apparently sensitive
the nature of the polarization of the incomingW. To obtain
the full cross section, we first sum over the weighted contr
butions of the longitudinal and transverseW’s for a given
incoming quark flavor and then sum over the weighted qua
densities. To be specific, we use the Martin, Roberts, a
Stirling MRSA and MRSA8 parton densities@10#, since they
are in very good agreement with the latest data from th
Tevatron and HERA. This particular choice of parton dens
ties does not affect our results in any substantive manner. W
assume that the scattering takes place in thex-z plane with
the incomingW and g three-momenta along thez axis. In
this case, we can choose the threeW polarization states,
e T
i ( i5x,y), and eL so that e T

i
•q50 and

eL•q5(s2M W
2 )/(2s). We also obtain the following explicit

expressions for the other dot products in Eq.~3!:

eT
1
•pb52eT

1
•pt52pb~12z2!1/2,

eT
2
•pb5eT

2
•pt50,

eL•pb5~pWEb2EWpbz!/MW ,

eL•pt5~pWEt1EWptz!/MW , ~4!

wherepi andEi are the magnitude of the momenta and en
ergies of the various particles in the parton frame. Similarly
FIG. 1. ~a! Cross section for
the processgW1→tb̄~1H.c.! as a
function of mt at the Tevatron.
The solid curve is the SM predic-
tion whereas the dash-dot~solid
dot, dot, dash! curve corresponds
to k52~22,1,21!. MRSA parton
densities are assumed.~b! k de-
pendencies of the cross section
shown in~a! for mt5175 GeV. In
both plots,k̄50 is assumed.
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FIG. 2. Same as Fig. 1 but for
the LHC.
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t522Eg~Et2ptz!1mt
2,

u522Eg~Eb1pbz!1mb
2. ~5!

From the kinematics it is easily seen that any terms in t
cross section which are linear ink̃ must vanish, as they
should, since the total cross section is not aCP violating
observable.

In order to compare the sensitivity of the top quark pa
and single production modes to nonzero anomalous c
plings via cross section measurements at the Tevatron
LHC, we must determine how well these cross sections c
be determined from future data. This issue has been a sub
of extensive study by a large number of groups, the m
complete and extensive on the experimental issues being
performed by the Top Quark Working Group at the TeV200
Workshop@11,12# and we will use their preliminary results
in our analysis below. This working group considered ho
well the pair and single top quark cross section can be m
sured as a function of the Tevatron integrated luminosi
accounting for uncertainties due to statistics, machine lum
nosity, tagging efficiencies, lepton and jet acceptance, a
backgrounds from other processes. For the pair product
process, the estimated cross section uncertainty was foun
be 13~9, 5, 4, 3.5!% for L51~2, 10, 25, 100! fb21. At a
luminosity ofL51 fb21, the error sources were 8.4% from
acceptance, 10% from backgrounds, 3.5% from the mach
luminosity uncertainty and the remaining due to statistic
For single top quarks, the corresponding uncertainties w
found to be 14~10, 5, 4, 3.5!%, respectively. Essentially, the
growing statistics associated with the ever-increasing in
grated luminosity allows for dramatic reductions in both th
systematic as well as statistical errors. At very high lum
nosities, the largest remaining uncertainty is the machine
minosity itself, a situation that will also be dramatically re
alized at the LHC withL5100 fb21.

On the theoretical side, top quark pair production at t
Tevatron is now a very well studied process with full NLO
calculations, including gluon resummation, now availab
@13#. The present uncertainties, from the Berger and Con
panagos analysis, are dominated by the choice of sc
~.10%!, parton densities~.5%!, and the as yet uncalculated
full NNLO contributions, which are expected to be sma
Given the rapid evolution in this area, we can expect the to
theoretical error to be at or below the 10% level by the e
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of the decade. In the case of single top quarks, the theoretic
error remains rather large at present,.30%. In particular,
only the three level result is presently available for the
gW→tb̄ subprocess of interest to us@14#. It seems likely,
however, that this situation will substantially improve over
the next few years, particularly after single top quark produc
tion is directly observed at the Tevatron and thet t̄ channel is
well understood. We thus might expect that the theoretica
uncertainty in the cross section for single top quark produc
tion may eventually drop to a level comparable to that ob
tainable for top quark pairs. Of course, this will require an
exact calculation of the full cross section with anomalous
couplings and not just the EGBA that is used here.

Let us first consider the case wherek̃50 Figure 1 shows
both the dependence of the total cross section onmt for
several values ofk, as well as thek dependence of the cross
section formt fixed to 175 GeV at the Tevatron. We note
two features immediately: ~i! a nonzero value fork almost
always leads to a cross section increase except for the case
very small negative values and~ii ! the difference between

FIG. 3. Cross section fort t̄ production as a function ofk at the
LHC for mt5180 GeV. The dotted~dash-dotted! curve is the
qq̄(gg) contribution and the solid line is their sum. MRSA parton
densities were assumed.
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FIG. 4. ~a! Cross section for
the processgW1→tb̄~1H.c.! as a
function of mt at the Tevatron.
The solid curve is the SM predic-
tion whereas the dotted or dashed
curve corresponds tok̄51 or 2,
respectively. MRSA parton densi-
ties are assumed.~b! k̃ dependen-
cies of the cross section shown in
~a! for mt5175 GeV. In both
plots,k50 is assumed.
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the SM result and that withk of order 2 is only of order 10%.
Thus a determination of the cross section with a combin
theoretical and experimental error of about 10% centered
or near the SM prediction would tell us only tha
22.9<k<2.1. ~This 10% value is probably the best tha
can be done based on the discussion above and we will u
as a suggestive figure for purposes of comparison.! At
present the approximate 15% error in the use of the EGBA
already large enough to mask the contribution of any but
largest values of the anomalous couplings we are consid
ing. A similar study of thek dependence of thegg,qq̄→t t̄
would yield sensitivities about a factor of 20 or so better
we showed in our previous work@4#. This difference is due
to the lack of sensitivity in the parton-level cross sectio
itself and cannot be overcome by better statistics, of wh
there is always more in the pair production channel.
course, as the average parton center of mass energy incre
and the top quark becomes relatively light, i.e.,mt

2/ ŝ!1, the
sensitivity tok increases both due to the growing importanc
of the t-channel exchange as well as the different momentu
dependence in the anomalous coupling term in the inter
tion Lagrangian. Thus in Fig. 2, which shows the corr
sponding cross section results for the LHC, we see that th
is an enhanced dependency onk. A 10% determination~i.e.,
combined theoretical and experimental errors! centered on
the SM value would restrict the range ofk to 21.6<k<1.1.
Although this is an improvement it cannot match the pa
production mode at either the Tevatron or the LHC for se
sitivity. To verify this claim, we show thek dependence of
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the top quark pair production cross section at the LHC’sk
dependence in Fig. 3. Here we directly see that an over
uncertainty of 10% in the cross section allows us to probek
values of order 0.1 or less. The bottom line is that even if w
neglect the uncertainty in the theoretical calculation due
the use of the EGBA the deviations in the cross section d
to interesting values of the anomalous couplings are likely
be too small to be observed given the remaining theoreti
uncertainties.

What happens in the reverse case, i.e., whenk̃ only is
nonzero? Sincek̃ appears only quadratically in the cros
section, we can restrict ourselves to semipositive definite v
ues of this parameter. The resulting cross sections for
Tevatron and LHC are shown in Figs. 4 and 5, respective
The general features are quite similar to thek case in that
nonzero values ofk̃ increase the cross section and the ma
nitude of the effect is comparable to that with nonvanishin
k. Here, a 10% determination centered on the SM val
would yield k̃<2.5 at the Tevatron and<1.4 at the LHC,
respectively. We thus conclude that to probe for eith
anomalous chromomagnetic or chromoelectric moment co
plings of top quark to gluons, the cross section in the sing
production channel can in no way compete with that for pa
production due to greatly reduced sensitivity even whe
large statistics is available.

Of course we might ask if other observables are bet
probes of nonzero anomalous couplings than just the cr
sections themselves. In our previous@4# work we showed
that this wasnot the case for pair production of top quarks a
FIG. 5. Same as Fig. 4 but for
the LHC.
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FIG. 6. ~a! t t̄ invariant mass distribution at the LHC for various values ofk assumingmt5180 GeV.~b! The same distribution scaled to
the SM result.~c! t t̄pt distribution at the LHC and~d! the same distribution scaled to the SM. In all cases, the SM is represented by the
curve whereas the upper~lower! pairs of dotted~dashed, dash-dotted! curves correspond tok50.5~20.5!, 0.25~20.25!, and 0.125~20.125!,
respectively.
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the Tevatron due to the fact that the cross section was do
nated by the region near the production threshold. W
about top quark pairs at the LHC? Figure 6 and 7 show tht t̄
invariant mass (M ), transverse momentum (pt), rapidity
(y), and center of mass scattering angle~cosu* ! distribu-
tions for the LHC for several values ofk as well as the SM.
These were obtained following the same procedure as in
previous analysis@4#. Also shown, in Figs. 6~b! and 6~d!, are
the ratios of theM andpt distributions to their SM values
i.e.,RM andRpt . Although not all independent, these distr
butions inform us that at the LHC both theM andpt distri-
butions have comparable sensitivities to nonzero valuesk
as does the total cross section itself, i.e., values ofk of order
0.1 will be readily separable from the SM.
mi-
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Unfortunately, the same distributions for single top quar
production at either the Tevatron or LHC do not show sen
sitivities to anomalous couplings even remotely comparab
to what we have just seen for pair production. Figure
shows thetb̄ invariant mass andz5cosu* distributions for
single top quark production at the Tevatron and LHC for th
SM as well as for several large values ofk. For nonzerok̃,
the results lie midway between the two curves with the co
responding values ofuku. Even for these large values ofk or
k̃ we see that the distributions at the Tevatron are not pa
ticularly useful as probes of anomalous couplings. Thez dis-
tributions are a bit more interesting, particularly at LHC en
ergies. Note that asz→21 where theb exchange dominates
the amplitude all sensitivity to anomalous couplings com
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FIG. 7. ~a! Rapidity and~b! z5cosu* distributions for top quark pair production at the LHC assumingmt5180 GeV. The curves are
labeled as in the previous figure.

FIG. 8. tb̄1bt̄ invariant mass distribution fromWg fusion at~a! the Tevatron and~b! LHC cosu* distribution for the same process a
~c! the Tevatron and~d! LHC. In all cases the curves are labeled as in Fig. 1. MRSA parton densities are assumed.
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6224 53THOMAS G. RIZZO
pletely vanishes, i.e., all of the sensitivity comes from th
‘‘forward’’ direction where the cross section is smallest. Im
posing a modest angular cut at the LHC, sayz.0, would
cleanly allow separation between the SM anduku.1–2.
However, this level of sensitivity is still about an order o
magnitude worse that the pair production channel.~We re-
mind the reader that we have ignored the additional unc
tainty due to the use of the EGBA.!

In this paper, we have examined the single production
top quarks viagW fusion assuming the existence of anom
lous chromomagnetic and/or chromoelectric dipole mome
t t̄g couplings. The analysis was performed for both th
Tevatron as well as the LHC. Our main results can be su
marized as follows. Since thegW fusion process cross sec
tion is about a factor of 5 smaller than that for top qua
pairs viagg1qq̄ annihilation, a substantially larger sensitiv
ity is needed in thegW channel for it to be competitive.
Unfortunately, for either chromomagnetic or chromoelectr
moments we found sensitivities more than an order of ma
nitude smaller than in the annihilation channel from consi
erations of the total cross section as well as various kin
matic distributions. Our analysis made use of the EGB
which we showed to be adequate in the SM case and
expect it to remain so once anomalous couplings are
cluded, although we do not have a quantitative analysis
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compare the two approaches in this case. It is certainly mo
than adequate to establish our main result that the cross se
tion and distributions for single top quark production is so
weakly dependent upon the values of the anomalous co
plings that this channel is essentially useless in compariso
to usual pair production channel. The main reason for this i
that the variation in the cross section and distributions fo
interesting values of the anomalous top quark couplings
smaller than both the current theoretical uncertainties and
likely to remain so in the future. We thus can conclude tha
indeed the annihilation channel offers the best opportunity t
hunt for anomalous top quark–gluon couplings at hadro
colliders, although the single production mode may provide
cross check on the underlying physics.
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