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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 g/ fusion is examined as a probe of possible
anomalous chromomagnetic and/or chromoelectric moment type couplings between the top quark and gluons.
We find that this channel is far less sensitive to the existence of anomalous couplings of this kind than is the
usual production of top quark pairs lgg or qq 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 as
well as the CERN LHC, although somewhat greater sensitivity for anomalous couplings in this channel is
found at the higher energy machij&0556-282096)02911-§

PACS numbds): 14.65.Ha, 12.60.Rc

The discovery of the top quark at the Fermilab Tevatronprocess, such an analysis is unfortunately many years away
by both the CDF and DO Collaboratiof$,2] has renewed and so we must turn our attention to what can be learned at
interest in what may be learned from a detailed study of toghadron colliders. The pair production of the top quark via
properties. One point of view is that this clear discovery ofdd,gg—tt at both the Fermilab Tevatron and the CERN
the top quark represents a great triumph and confirmation d¢HC in the case of nonvanishing anomalous couplings has
the predictions of the standard mod&M), in that the top ~ already been consider¢d]. It was found that both the LHC
lies in the mass range anticipated by precision electroweafnd, eventually, the Tevatron are sensitive to values of
data[3]. Another viewpoint is that the subtleties of top quark order 0.1. This was demonstrated in detail in our earlier work

physics itself may shed some light on new physics beyon r the Tevatron and WiII_ be summarized below f(_)r the LHC
the SM. Indeed, due to its large mass, it is widely believe or purposes of comparison. Present cross section measure-

that top quark physics will be the first place where nonstand™Ments at the Tevatron being _performed by CDF and DO are
ard effects will appear probing values ofx and k which are somewhat larger, of
bpear. order 0.2-0.3. It thus seems natural to ask if this potential

If the top does h_ave non-SM interactions assomated_wm?.'ew physics is accessible through any other top quark pro-
a new mass scale it may be possible to express them in ﬂ}ﬁjction channels at hadron colliders

form of higher dimen.si.onal _nonrenormalizaple operators. | the present analysis, we turn our attention to what may
These are nat.urally' divided into those assouated WI'Fh th@e |earned about and % through an examination of single
strong interactions, i.e., QCD, and those associated with thgyy quark production vigW— tb [7]. We anticipate that this
electroweak sector. New interactions for the top quark inproduction mechanism is far less sensitive to these anoma-
both sectors have been discussed in the literd@y® and  |ous couplings than is the usual pair production process. The
may arise as a result of, e.g., compositeness or new dynamiggason for this is abundantly clear: the cross section receives
associated with fermion mass generatjén In the case of jts dominant contribution from the-channelb quark ex-
QCD, the lowest dimensional operator representing newhange diagram which has no anomaloigs vertex associ-
physics and conserving CP that we can introduce is th@ted with it. To see if our expectations are indeed realized
anomalous chromomagnetic momentOn the other hand, and to complete the analysis of the influence of anomalous
the corresponding chromoelectric momeatyiolates CP. In  couplings on top quark production we proceed with the cal-
this modified version of QCD for the top quark they in-  culation. In the SM, assumingn,=175 GeV, single top
teraction Lagragian takes the form quark production at both the Tevatron and LHC occurs with
a cross section only a factor ef5 or so less than that for top
quark pairs, thus implying that adequate statistics should
eventually be available at either machine to probe for anoma-
lous effects in this channel. To show the rather weak depen-
wheregg, is the strong coupling constam is the top quark  dence of this process on the valuescadnd’x, we will make
mass,T, are the color generator§ ¥ is the gluon field, and use of the effective gauge boson approxima(B®BA) [8]
g is the outgoing gluon momenturtDue to the non-Abelian to greatly simplify our calculations. We find that the cross
nature of QCD, a four-pointtgg interaction is also gener- section estimates obtained in this manner are sufficient for
ated, but this will not directly concern us in the presentour purposes since the contributions due to anomalous cou-
work.) plings are so weak. A number of “exact” calculations for
The study of the tree-level effect of a nonzero valuecof the single top quark production cross section exist in the
at high energye®e™ colliders, such as the NLC, requires a literature for the SM case which do not make use of this
high precision examination of the tail of the gluon jet energyEGBA approacli7,9]. As we will see below, our estimate of
spectrum in the process e~ —ttg. Although the sensitivity ~thegW cross section at the Tevatréwith \/s=1.8 Te\) and
to nonzero values ok and/or’x is quite high[4] in this  the LHC is 1.120.57) pb and 208143 pb, respectively, for

. - I P~ v
F=gdT, vﬁz—rm%v("_”‘%)q tGy, @
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m;=170200 GeV. The corresponding values [7,9] are 2

approximately 1.0.7) pb for the Tevatron and 20050 pb To=47 {u=2(s—mf)(e-q)*~2e-q[(2u+t')e-py
for the LHC. This shows that our estimates in the SM case

are good to the level 0&=15%. This value is expected to +ue-pd},

change when the anomalous couplings are present for at least

two reasons: (i) the presence of the anomalous couplings

changes the relative contributions to the cross section due to Ts
longitudinal and transversé@/’s and (ii) the anomalous cou-
plings modify the energy dependence of the cross sectio

:Z_rr]tz[s_mt2+4€'pbe'pt]a

n 2
. - wheres, u, andt’=t—m¢y, are the usual subprocess Man-
We might expect, however, that the validity of the EGBA delstam variables. In our numerical analysis, we will keep

should remain true also when anomalous couplings are intr% finite and evaluater, at the scalez=m, , which we per
b S — s -

duced at a qualitatively similar level to the SM case. Toform via three-loop renormalization group equation evolu-

ascertain just how well the EGBA actually does perform iNton from ag(M2)=0.125[3]. Sincem, is not far fromM,

this case would require a complete exact calculation which Bhis procedure is not greatly influenced by the use of three-

beyond the scope of this paper. Qf course, as W.'” be dls'oop evolution. However, since the higher order QCD cor-
cussed below, the general theoretical uncertainty in the cal-

. : ; . ections to this process have not yet been calculated there is
culation of the rate for this process is quite comparable to OLtill reasonable sensitivity to the choice jof
even larger than this value of 15%, implying that the contri- This subprocess cross section is apparently sensitive to

butions to the cross section from anomalous couplings O{he nature of the polarization of the incomilg. To obtain

Lg}ﬁtrieesstmg size will remain masked by the theoretical UNCeThe full cross section, we first sum over the weighted contri-

The relevant subprocess to examine for sensitivitto butions of the longitudinal and transvergés for a given
_~ Uop IVt incoming quark flavor and then sum over the weighted quark
and « in single_ top quark production is

+ S densities. To be specific, we use the Martin, Roberts, and
9(9)+W(k.) zt(g.t”b(pb). E;L T]‘C')‘ VIVh'Ch mcrlludes tr|13e Stirling MRSA and MRSA parton densitie§10], since they
g(t)ttixertti)é\'/r\}t (?Iar:?gtriir: \\/Agtzt; gnnaen(t:iorore)t(ﬁear?\%%en?- are in very good agreement with the latest data from the
neglegcting thepmass of theequark i)e/:em =0, we obtain the Tevatron and HERA. This part'icular choice of parton densi-
following parton level differentiai (.:r(.)’ssb se(;tion' ties does not affect our r_esults in any sub_stantlve manner. We

: assume that the scattering takes place inxdeplane with
the incomingW and g three-momenta along the axis. In
do  GeMZagm,) 2 this case, we can choose the th\&e polarization states,
do_ Zefwas My <h [Tyt kTt (K2+%)T,], (2 €ri=xy), and € so that er-q=0 and
dz 24/2s s ' e-q=(s—M3)/(2s). We also obtain the following explicit

expressions for the other dot products in E3):

where z=cos¢*, with ¢° being the top quark production €t.pp=— et pi=—pp(1-2%)"2
angle in the center of mass frame, gnds the magnitude of

the top quark three-momentum. Thig are given by €2-pp=€2-p,=0

2 €L Pp=(PwEp— EwPp2)/ My,
Ty=jpz (U (U2 U2 +4(t" 2+ 2um) e ge-py
€L Pt= (PwEt+Ewpiz)/ My, (4)
+4ut’e-qe- p—4t'%(e-pp)?—4ut’(e-py)?

) 5 wherep; andE; are the magnitude of the momenta and en-
+4[t'(s—mf) —2umi]e- ppe-pi}, (3 ergies of the various particles in the parton frame. Similarly,
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FIG. 1. (8 Cross section for
the procesgW" —tb(+H.c)as a
function of m, at the Tevatron.
The solid curve is the SM predic-
tion whereas the dash-ddsolid
dot, dot, dashcurve corresponds
to k=2(—-2,1-1). MRSA parton
densities are assume¢h) « de-
pendencies of the cross section
shown in(a) for m=175 GeV. In
both plots,x=0 is assumed.

o (pb)
o (pb)




6220 THOMAS G. RIZZO 53

SRR I WA IS IR WprTTT T AR RS
300+~ \'\ . - [
s (a) 280~ =
. (b)
. " 3
3 2 i
& B u- - FIG. 2. Same as Fig. 1 but for
o o I the LHC.
220 - 4
200.— -
S U T U PN P
-3 -2 -1 0 1 2 3
K
t=—2E4(E:—p2)+ th, of the decade. In the case of single top quarks, the theoretical
error remains rather large at presest30%. In particular,
u=—2Eg(Eb+pbz)+m§. (5) only the three level result is presently available for the

gW—tb subprocess of interest to (1&4]. It seems likely,

From the kinematics it is easily seen that any terms in thdowever, that this situation will substantially improve over

cross section which are linear i must vanish, as they the nextfew years, particularly after single top quark produc-
should, since the total cross section is no€R violating tion is directly observed at the Tevatron and thehannel is
observable. well understood. We thus might expect that the theoretical

In order to compare the sensitivity of the top quark p{j\irgncertainty in the cross section for single top quark produc-
and single production modes to nonzero anomalous codion may eventually drop to a level comparable to that ob-
plings via cross section measurements at the Tevatron arigina@ble for top quark pairs. Of course, this will require an
LHC, we must determine how well these cross sections cafXact calculation of the full cross section with anomalous
be determined from future data. This issue has been a subjet®UPlings and not just the EGBA that is used here.
of extensive study by a large number of groups, the most L€t us first consider the case where=0 Figure 1 shows
complete and extensive on the experimental issues being thBfth the dependence of the total cross sectionmgrfor
performed by the Top Quark Working Group at the Tevzooosevgral values_ok, as well as thec dependence of the cross
Workshop[11,12 and we will use their preliminary results Section form; fixed to 175 GeV at the Tevatron. We note
in our analysis below. This working group considered howtWo features immediately: (i) a nonzero value fok almost
well the pair and single top quark cross section can be mealways leads to a cross section increase except for the case of
sured as a function of the Tevatron integrated luminosityery Small negative values arid) the difference between

accounting for uncertainties due to statistics, machine lumi-

nosity, tagging efficiencies, lepton and jet acceptance, and L L LA L ELRLELELES SLELELEY & L
backgrounds from other processes. For the pair production [ ' ]
process, the estimated cross section uncertainty was found to
be 139, 5, 4, 3.5% for #=1(2, 10, 25, 10pfo~ % At a A
luminosity of #=1 fb™?, the error sources were 8.4% from 1500
acceptance, 10% from backgrounds, 3.5% from the machine I
luminosity uncertainty and the remaining due to statistics.
For single top quarks, the corresponding uncertainties were
found to be 1410, 5, 4, 3.5%, respectively. Essentially, the
growing statistics associated with the ever-increasing inte-
grated luminosity allows for dramatic reductions in both the
systematic as well as statistical errors. At very high lumi-
nosities, the largest remaining uncertainty is the machine lu-
minosity itself, a situation that will also be dramatically re-
alized at the LHC with»=100 fb .

On the theoretical side, top quark pair production at the e 1
Tevatron is now a very well studied process with full NLO [ heeeeeqees T
calculations, including gluon resummation, now available 0 ~04 02 0 02 04
[13]. The present uncertainties, from the Berger and Conto-
panagos analysis, are dominated by the choice of scale
(=10%), parton densitie§=5%), and the as yet uncalculated  F|G. 3. Cross section fdit production as a function of at the
full NNLO contributions, which are expected to be small. LHC for m;=180 GeV. The dotteddash-dotte}l curve is the
Given the rapid evolution in this area, we can expect the totadjq(gg) contribution and the solid line is their sum. MRSA parton
theoretical error to be at or below the 10% level by the endiensities were assumed.

1000

o (pb)

500




53 SINGLE TOP QUARK PRODUCTION AS A PROBE R®. .. 6221

FIG. 4. (a) Cross section for
the procesgW*' —tb(+H.c) as a
function of m, at the Tevatron.
The solid curve is the SM predic-
tion whereas the dotted or dashed
curve corresponds ta=1 or 2,
respectively. MRSA parton densi-
ties are assumedb) x dependen-
cies of the cross section shown in
(@ for m=175 GeV. In both
plots, k=0 is assumed.

. o (pb)
o (pb)

the SM result and that witk of order 2 is only of order 10%. the top quark pair production cross section at the LHE's
Thus a determination of the cross section with a combinedlependence in Fig. 3. Here we directly see that an overall
theoretical and experimental error of about 10% centered oancertainty of 10% in the cross section allows us to prebe
or near the SM prediction would tell us only that values of order 0.1 or less. The bottom line is that even if we
—2.9<k<2.1. (This 10% value is probably the best that neglect the uncertainty in the theoretical calculation due to
can be done based on the discussion above and we will usetite use of the EGBA the deviations in the cross section due
as a suggestive figure for purposes of comparjsét. to interesting values of the anomalous couplings are likely to
present the approximate 15% error in the use of the EGBA i®e too small to be observed given the remaining theoretical
already large enough to mask the contribution of any but theincertainties.

largest values of the anomalous couplings we are consider- What happens in the reverse case, i.e., wkeanly is

ing. A similar study of thex dependence of thgg,qg—tt nonzero? Sincé« appears only quadratically in the cross
would yield sensitivities about a factor of 20 or so better assection, we can restrict ourselves to semipositive definite val-
we showed in our previous woild]. This difference is due ues of this parameter. The resulting cross sections for the
to the lack of sensitivity in the parton-level cross sectionTevatron and LHC are shown in Figs. 4 and 5, respectively.
itself and cannot be overcome by better statistics, of whiciThe general features are quite similar to thease in that
there is always more in the pair production channel. Ofmonzero values ok increase the cross section and the mag-
course, as the average parton center of mass energy increasdtside of the effect is comparable to that with nonvanishing
and the top quark becomes relatively light, ira2/$<1, the . Here, a 10% determination centered on the SM value
sensitivity tox increases both due to the growing importancewould yield k<2.5 at the Tevatron ane1.4 at the LHC,

of thet-channel exchange as well as the different momentunmespectively. We thus conclude that to probe for either
dependence in the anomalous coupling term in the intera@nomalous chromomagnetic or chromoelectric moment cou-
tion Lagrangian. Thus in Fig. 2, which shows the corre-plings of top quark to gluons, the cross section in the single
sponding cross section results for the LHC, we see that thengroduction channel can in no way compete with that for pair

is an enhanced dependency @M 10% determinatiorii.e.,  production due to greatly reduced sensitivity even when
combined theoretical and experimental eryazentered on large statistics is available.
the SM value would restrict the range oto —1.6<x<1.1. Of course we might ask if other observables are better

Although this is an improvement it cannot match the pairprobes of nonzero anomalous couplings than just the cross
production mode at either the Tevatron or the LHC for sensections themselves. In our previol work we showed
sitivity. To verify this claim, we show the dependence of that this wasotthe case for pair production of top quarks at

AILILE SULLIS SURSULE IULAULE IS IUMAL W-IIIIIVV‘I‘VIYI'IIIIII LS BB

FIG. 5. Same as Fig. 4 but for
the LHC.
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FIG. 6. (9) tt_irMariant mass distribution at the LHC for various valuesc@ssumingm;=180 GeV.(b) The same distribution scaled to
the SM result(c) ttp; distribution at the LHC andd) the same distribution scaled to the SM. In all cases, the SM is represented by the solid
curve whereas the upptwer) pairs of dotte@dashed, dash-dottgdurves correspond te=0.5—0.5), 0.25—-0.25, and 0.125-0.125,
respectively.

the Tevatron due to the fact that the cross section was domi- Unfortunately, the same distributions for single top quark
nated by the region near the production threshold. Whaproduction at either the Tevatron or LHC do not show sen-
about top quark pairs at the LHC? Figure 6 and 7 showvttthe sitivities to anomalous couplings even remotely comparable
invariant mass M), transverse momentumpy), rapidity = to what we have just seen for pair production. Figure 8
(y), and center of mass scattering an@bes¢*) distribu-  shows thetb invariant mass and=cos#* distributions for
tions for the LHC for several values afas well as the SM. single top quark production at the Tevatron and LHC for the
These were obtained following the same procedure as in ou8M as well as for several large values sfFor nonzerox,
previous analysif4]. Also shown, in Figs. &) and &d), are  the results lie midway between the two curves with the cor-
the ratios of theM and p, distributions to their SM values, responding values dk|. Even for these large values afor

i.e., Ry andR,;. Although not all independent, these distri- ¥ we see that the distributions at the Tevatron are not par-
butions inform us that at the LHC both tihé andp, distri-  ticularly useful as probes of anomalous couplings. Z los-
butions have comparable sensitivities to nonzero values of tributions are a bit more interesting, particularly at LHC en-
as does the total cross section itself, i.e., valueg of order  ergies. Note that as——1 where théb exchange dominates
0.1 will be readily separable from the SM. the amplitude all sensitivity to anomalous couplings com-
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pletely vanishes, i.e., all of the sensitivity comes from thecompare the two approaches in this case. It is certainly more
“forward” direction where the cross section is smallest. Im- than adequate to establish our main result that the cross sec-
posing a modest angular cut at the LHC, say0, would  tion and distributions for single top quark production is so
cleanly allow separation between the SM apd=1-2. weakly dependent upon the values of the anomalous cou-
However, this level of sensitivity is still about an order of plings that this channel is essentially useless in comparison
magnitude worse that the pair production chanfiéle re- o ysual pair production channel. The main reason for this is
mind the reader that we have ignored the additional uncerhat the variation in the cross section and distributions for
tainty due to the use of the EGBA. , _interesting values of the anomalous top quark couplings is
In this paper, we have examined the single production ofajier than both the current theoretical uncertainties and is
top quarks viagW fusion assuming the existence of anoma- |y e\ to remain so in the future. We thus can conclude that

L(:[)_us chrolmoma_glj_ﬂetlc :mld/ci)r (\:Ar;romoilfeﬁn”cdd'Eorlebnlﬁrqﬁnfhdeed the annihilation channel offers the best opportunity to
Tgv:tcrjgre asg\S/\}eII aes t?eal_ysg Oi? rgzinoresilts 2an ge surﬁhum for anomalous top quark—gluon couplings at hadron
marized as follows. Since thgW fusion process cross sec- colliders, although the single production mode may provide a

tion is about a factor of 5 smaller than that for top quarkcross check on the underlying physics.
pairs viagg+ qq annihilation, a substantially larger sensitiv-  The author would like to thank A. Kagan, D. Atwood, J.

ity is needed in thegW channel for it to be competitive. | Hewett, E. Berger, D. Amidei, F. Paige, M. Hildreth, and
Unfortunately, for either chromomagnetic or chromoelectricP Burrows for discussions related to this work. He would

moments we found sensitivities more than an order of Magz q, ke to thank the members of both the Argonne National

mtut_:ie smaller than in the annlh_|lat|on channel from Cons."d'Laboratory High Energy Theory Group as well as the Phe-
erations of the total cross section as well as various kine-

matic distributions. Our analysis made use of the EGB nom_enology Institute 'at the pnlvers.n'ty of W|§con5|n—
which we showed to be adequate in the SM case and w .ad.lson fqr use of their computing facilities and kind hos-
expect it to remain so once anomalous couplings are inPitlity. This work was supported by Department of Energy

cluded, although we do not have a quantitative analysis t§ontract No. DE-AC03-76SF00515.
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