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Direct top quark production at hadron colliders as a probe of new physics
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(Received 31 March 1997

We examine the effect of an anomalous flavor-changing chromomagnetic moment which allows direct top
quark productior(two partons combining into an unaccompanied single top quark is tt&annel at hadron
colliders. We consider both-c-g andt-u-g couplings. We find that the anomalous charm quark coupling
parametek,/A can be measured down to 0.06 Te\(0.009 TeV 1) at the Fermilab Tevatron with the Main
Injector upgrade(CERN LHC). The anomalous up quark coupling parametgf A can be measured to
0.02 TeV 1(0.003 TeV ) at the Tevatror(LHC). [S0556-282(97)05119-9

PACS numbd(s): 12.60.Cn, 14.65.Ha

INTRODUCTION ticular, Ref.[10] suggests that the supersymmetric contribu-
tions to at-c-g vertex may be large enough to measure at a
With the discovery of the top quafi,2], the long antici-  future hadron collider.
pated completion of the fermion sector of the standard model Han et al. [15] have placed a limit on the top-quark—
has been achieved. Its unexpected large mass in comparisoharm-quark—gluon coupling strengiy by examining the
with the other known fermions suggests that the top quarklecay of the top quark into a charm quark and a gluon. They
may play a unique role in probing new physics, and hadind that an upper limit onc./A of 0.43(0.65) TeV! with
prompted both theorists and experimenters alike to search f@without) b tagging for 200 pb* of data can be measured at
anomalous couplings involving the top quark. On the experithe Tevatron. If thee andu jets are not distinguished, their
mental side, the Collider Detector at FermildbDF) [3,4]  result applies equally well ta, /A, if one uses the up quark
and DO[5] Collaborations have begun to explore the physicscoupling alone, or to the sum, added in quadrature, when
of top quark rare decay8]. On the theoretical side, a sys- both are considered.
tematic examination of anomalous top quark interactions, in In this paper, we will examine these operators in a model-
a model-independent way, has been actively undertakeimdependent way using direct top quark production at the
[6,7]. Fermilab Tevatron and at the CERN Large Hadron Collider
One possible set of anomalous interactions for the togLHC). In this scenario, a charrfor up quark and a gluon
quark is given by the flavor-changing chromomagnetic opfrom the colliding hadrons combine immediately to form an

erators s-channel top quark, which then decays. The production of a
single, unaccompanied top quark or top antiquark is very
PR small in the standard model. We will take as our signal only

ngu a’”7thw+ H.c. (1) the case where the top quark decays to quark and aw

boson. While thet—cg (orug) decay will occur in the
presence of the anomalous couplings given in Efjsand

and (2, it is smaller than the t—bW decay for
k/A=<0.75 TeV 1, and will have a negligible branching ra-
Ke — A® tio for k/ A<0.2 TeV L. Given the existing upper bound of
3 9sC a““?ther H.c., (20 the anomalous coupling mentioned ear(i#§], t— bW will

be the dominant decay mode of the top quark. Sincethe
boson decay into a charged lept@bectron or muopand its
where A is the new physics scales. and «, define the corresponding neutrino has an identifiable signature, we con-
strengths of the coupling@fw is the gauge field tensor of
the gluon, ands is the strong coupling constant. The inves- c, U b
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 t n
standard model. w
It has been argued that the couplings in Ed$.and(2)
may be significant in many extensions to the standard model,
such as supersymmetfUSY) or other models with mul- g v
tiple Higgs doublet$8—11], models with new dynamical in-
teractions of the top quarkl2], and models where the top  FIG. 1. Feynmann diagram for direct top quark production and
quark has a composifd 3] or soliton[14] structure. In par- subsequent decay intol v, .

l+
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FIG. 2. Direct top quark cross section x$A 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.

sider only thet—bW—bly, decay for our signal. With the 12812 a
decays so chosen, we find that the backgrounds are manage- I',=T",_ i 1+ oI ZV > oI
able, as will be discussed in detail later. 3ap(1- ME/m?) (1+2MW/mt)
K§+ Kﬁ
DIRECT TOP QUARK PRODUCTION A2 ®)

We have calculated tree level cross sections for direct top
quark productionpfﬂtﬂbwﬂbﬁ vy, using the flavor- is the decay width of the top quark, including the anomalous
changing chromomagnetic moments in E@g.and(2) (see  contribution fort—cg andt—ug, I'._w is the standard
Fig. 1). The ™ in this process is either a positron or an model top quark decay width tokaquark andw boson,
antimuon, andy, is its corresponding neutrino. We also in-
cluded direct topinnq_uark production in our calculation MEV|E(pI+pV|)2 6)

(pp—t—bW —bl y). The parton cross section for di-
rect top quarkior top antiquark production is given by
is the invariant mass squared, not necessarily on shell, of the
W boson, andy's is the parton center-of-mass energy.
1 - As mentioned earlier, we considered only the case which
=7 s IMIZdedQ|dMﬁV|, (3)  has a charged leptamuon or electronin the final state, to
(4) S 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 #vdboson
distributions. Figure 2 shows the cross section at the Teva-

- 2
1 S_Ml,v|

where the spin-averaged squared matrix element is

2
| —|2: 25677301261/5 KC(U)

3sirfo,, A? tron and LHC as a function af/A. In the top quark decay
A A width, we included an additional term arising from

S(Pb- Py ) [S(Aequ) p))+m(dg- pi)] t—c(u)g, as shown in Eq(5). This term is proportional to
N 2 5 35 4  |k/A]? and contributes significantly to the top quark width
[(s=m{)"+miTEIL(Mi, = M) "+ Myl only if k/ A=0.2 TeV 1. 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
Po,1,, are the four-momenta of the outgoibgquark, lepton,  from quadratic behavior for x/A=0.2 TeV'. (For
and neutrino, respectively., 4 are the four-momenta of «/A=0.2 there is a deviation from the straight line that one
the incoming charnfup) quark and gluon['yy is the decay would expect on a log-log plot if the cross section scaled
width of the W boson, guadratically).
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0.01 [ where 7y are the  pseudorapidities, AR=
0.009 - _ V(7= m)%+ (dp— ¢))? is the separation between thget
s and the charged lepton in the detector, afy] are the azi-
0.008 = - - muthal angles. We also assumed a Gaussian smearing of the
% 0.007 | : - energy of the final state particles, given by
© 0.006 -
N : AE/E=30%/JE®1% for leptons, (11)
2 0.005 7 -
£ oo B} =80%/E®5% for hadrons,  (12)
g 0.003 |+ - where @& indicates that the energy-dependent and
0.002 | : _ -independent terms are added in quadrature.
: To enhance the signal relative to the background, we want
0.001 - - to make cuts on\/g, which should be sharply peaked rat
0 C | 1 1 | . . . ~
100 120 140 160 180 200 220 340 for the signal. To experimentally det_erm!né, one must
V3 (GeV) reconstructp,=py+p;+p,,. The neutrino is not observed,
but its transverse momentum can be deduced from the miss-
0.007 | T ing transverse momentum. The longitudinal component of
(b) the neutrino momentum is determined by setﬂMng= My
0.006 |- ] in EqQ. (6), and is given by
= 0.005 — I >
z . XPLEAPIX*—PRpPT,)
< 0.004 . pU'= 2 ’ 13
o . pTl
£
£ 0.003 | - where
[y
< 2
& 0.002 | - Mw - -
~ XZTJFP'T'F)?', (14
0.001 =
and p, and pt refer to the longitudinal and transverse mo-
0 L.l L.l menta, respectively. Note that there is a twofold ambiguity in
100 120 140 160 180 200 220 240 this determination. We chose the solution which would best

V5 (GeV) reconstruct the mass of the top quark. In some rare cases, the
— _ o quantity under the square root in E4.3) is negative due to
FIG. 3. Vs distributions for the(a) basic andb) optimized cuts  the smearing discussed above. When this happened, we set

without b tagging at the upgraded Tevatron. The solid line repre-thjs square root to zero, and used the corresponding result for
sents the direct top quark production.(A=0.2 TeV'!). The dot-  the neutrino longitudinal momentum.

ted line is one thousandth of th¢+ 1 jet background.

— BACKGROUND CALCULATION
We calculated th@ p (for the Tevatropand pp (for the

LHC) cross sections for direct top quark production with the
Martin-Roberts-Stirling set AMRSA) structure functions

[16]. We have also examined the effect of using th
CTEQ3M [17] structure functions. The difference between
the two sets of structure functions is small. Several distribu

The main source of background to the direct top quark

gProduction isp p—W-++1 jet. Another background process is
standard model single top quark production when the asso-
ciated jets are not observed. Examining the data presented in

tions were calculated, including the transverse momenta, tha€' [18l, we conclude that single top quark production is

pseudorapidities, the jet separation, from the lepton, and th§SS than 1% of thtv+1 jet background wheh tagging is
= not used. Wheb tagging reduces thé/+ 1 jet background
reconstructed/;.

. by a factor of 100, the single top quark background may be
In order to reduce th&V+1 jet background, we made a ,q 5146 as 20% of the total background. However, since the
series of cuts, which we will call the basic cuts, on the k'”e'discovery limit onx/A scales a8~ >4 whereB is the num-
matic distributions. They are ber of background events, a 20% change in the background
affects the discovery limit by only 5%. We therefore ignore

pr(b,l,1)=25 GeV, @ this background.
We used thevecBos Monte Carlo[19] program to calcu-
7p=<2.0, (®) late the cross section for tM#+ 1 jet background. We modi-
fied the program to produce the same distributions that were
7=<3.0, (9 calculated for the signal, and applied the same basic cuts

used in the signal calculation, Eq¥)—(10). To determine
AR=0.4, (10 additional cuts which optimize the discovery limits &hA,
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FIG. 4. pry distributions for the@ basic andb) optimized cuts FIG. 5. #, distributions for the@) basic andb) optimized cuts

without b tagging at the upgraded Tevatron. The solid line repre- . . o i
sents the direct top quark production,{ A =0.2 TeV-1). The dot- without b tagging at the upgraded Tevatron. The solid line repre

M . sents the direct top quark productior.¢ A =0.2 TeV ). The dot-
ted line is one thousandth of th&+ 1 jet background. ted line is one thousandth of th+ 1 jet background.

we examined the kinematic distributions \IFB pr, », and  b-quark jets would be mistagged bsguark jets.

AR. We found that three distributions/g, prp, and 7, Whe_nb t.agging.is present, if the jet produced is mistaken
were most useful in isolating the signal from the background@S &b jet, it remains a part of the background. The back-
These are shown in Figs. 3, 4, and 5, with the charm quark iground can be reduced by a factor of 100 if ¥e+1 jet
the initial state andc./A =0.2 TeV for the upgraded Teva- Sa@mple does not include a significant fractiorbafiuarks in
tron. The solid lines represent direct top quark productionthe final state. It is possible to estimate the fractionbof
and the dashed lines represent We- 1 jet background di- quarks in the W+1 jet sample by taking the ratio

vided by 1000. The cuts were optimized for each of fourlchbt|_2/|Vudf|2 ar?d muItipIyli(ng :)y the ratio Ef the Tﬁmbun(t)”

. LT L raction of charm quarks to up quarks in the proton,
cases: run 1 at the Tevatron wit collisions at . . .
J5=1.8 TeV and 100 pbt of data per (?e?ector run 2 with 0.2-0.005 (0.7#0.05), in the momentum fraction region
Js= 2'0 TeV and 2 5% run 3 with 2.0 TeV arlld 30 o where most of the events occur for the Tevat(bHC). We

and the LHC withpp collisions at 14 TeV and 10 fig. The  TABLE I. Optimized cuts for direct top quark production.

optimized cuts are shown in Table I. The corresponding dis-

tributions with the up quark in the initial state are not shown; E i % =

they have the same shape as for the charm quark, but are a [Ti\“;j (F;Z\r;]n (Bhin (s (M

factor of 10 larger in magnitude, due to the much larger size

of the valence up quark distribution in the initial state. Run 1 1.8 35 155 GeV 205 GeV 1.8
To further reduce the background, we assumed that silirun 2 2.0 45 160 GeV 205 GeV 1.0

con vertex tagging of thb jet would be available, with 36% Run 3 2.0 45 160 GeV 205 GeV 1.0

efficiency at run 1 of the Tevatron, and 60% at runs 2 and 3 Hc 14.0 35 165 GeV 195 GeV 1.0

and at the LHC. In addition, we assumed that 1% of all non
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TABLE IlI. Signal needed for the discovery of anomaldus-g TABLE llI. Discovery limits on./A (with k,=0) and«,/A
andt-u-g couplings at the Tevatron and LHC at 95% confidence(with xk.=0) at the Tevatron and LHC. The results are reported in
level. The background cross sections use the optimized cuts ddeV 1.
scribed in Table I.

Tevatron LHC

Js Luminosity Background Signal need¢ith) 1.8 TeV 2 TeV 14 TeVv

Tev (fbY (fb) Without b tag With b tag b tagging? 0.1 fb! 2 fb™! 30 fo! 10 fb?!
Run1l 1.8 0.1 19400 1370 190 Charm no 0.38 0.14 0.073 0.020
Run2 2.0 2 13000 245 27 yes 0.22 0.062 0.030 0.0084

Run3 2.0 30 13000 63 6.4

LHC 14 10 79000 267 27 u quark no 0.096 0.045 0.023 0.0081
yes 0.058 0.019 0.0094 0.0033

estimate that the fraction df quark jets in theW+1 jet

background is less than 0.03% (0.12%), much less than thgy| needed, which can be obtained from Table II. These dis-
anticipated mistagging rate of 1%. We therefore ignore th%overy limits are shown in Table llI.
possibility of havingb quarks in thew+1 jet sample. In- Because the charm and up quarks are in the initial state,
cluding b tagging does not significantly affect the optimized their contributions to direct top quark production cannot be
cuts. distiguished. A plot of the discovery limit when boiy and
K, are assumed to be nonzero is shown in Fig. 6.

RESULTS AND DISCUSSION The results quoted in this paper all use the MRSA struc-

ure functions. When using the CTEQ3M structure functions,

W_e can use the .results Of. t_he signal and background Cat'he direct top quark cross section increases by 15% when the
culations to determine the.mlnlmum vallue;q;‘//.\ or KU/A. ._charm quark coupling is used, corresponding to a 7% de-
observable at hadron colliders. Assuming Poisson statisticSy o ase in the discovery limit foé /A. This is primarily due

A

the number of signal event$) required for discovery of a to a larger charm quark density in the proton with the
. 0 i .
signal at the 95% confidence level is CTEQ3M structure functions. Th&/+1 jet cross section

S does not change significantly, nor does the direct top quark
MB& (159  cross section when the up quark coupling is used. This dif-

ference reflects our lack of understanding of the charm quark
where B is the number of background events obtained bydistibution in the proton. Ultimately, this effect will be part
multiplying the background cross section by the luminosityof the theoretical uncertainty in the measured valua of
and dividing by 100 ifb tagging is present. The luminosity, We considered cases with and withdutagging for each
background cross section, and signal cross section needed foir the possibilities in Table Ill. With the exception of run 1
discovery of anomalous flavor-changing couplings are giverat the Tevatronp tagging improved the discovery limit on
in Table Il. The discovery limits may then be determined byx/A by 2.0-2.5 times. However, for the data from run 1 at
comparing the signal calculation for a givehA to the sig-  the Tevatronp tagging improves the discovery limit by only

[ T T T T T LI | T T T T T LI I T T T ]
0.1 £ Run 1, w/o btag
Run 1, w/ btag
i "Run 2, w/o btag T
I Run 3, w/o btag
Ky 3 f e e e e e e e e e .
Run 2, w/ btag T
0.01 E Run 3, w/ btag -
LHC,W/o-b.t'a'g.""..
et LHC) W/ bta‘g %
1
I \
. 2
0.001 S -
0.001 0.01

Ke

FIG. 6. Discovery limits fork. and «,, for each of the colliders considered, far=1 TeV.
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40%. This is mostly due to less efficigmtagging and to the in hadron colliders using direct production of archannel
smaller number of events available with a lower luminosity.top quark. We conservatively estimate that an anomalous
In some single top quark production processes, there agharm quark coupling can be detected down to
regions of overlap between, for example;>4 subprocesses «./A=0.06TeV'! at run 2 of the Tevatron and
and 2-2 subprocesses. In particular, we worried about arD.009 TeV ! at the LHC. The cross section for the anoma-
overlap between the direct top quark production and thdous up quark coupling is larger, and we can measyre\
gluon fusion diagram in which one of the gluons is dissoci-down to 0.02 TeV! at run 2 of the Tevatron and

ated into ac ¢ pair, and thee combines with the other gluon 0.003 TeV'* at the LHC. The discovery limits for the up-

to produce a top quark. Care must be taken with these pradraded Tevatron are approximately(@ times better than

cesses to avoid double counting. A systematic method exist§ose obtained in Ref15] for «x./A (x,/A). The relative

for calculating a subtraction term which solves this difficulty Size of the direct top quark production and the anomalous top

[18,20. The effect of the double counting is most significantquark decay rate will help to differentiate thec-g and the

if the initial state particles are massive. In the case of direct-U-g couplings.

top quark production due to anomakjus-g or t-u-g cou- Finally, we note that, in Re[lO], the authors found that

plings, the initial state particles are light enough that thiselectroweaklike corrections in a supersymmetric model can

does not significantly affect the overall cross section. Wedive B(t—cg) as large as X 10 ° for the most favorable

have therefore ignored this effect in our calculation. combinations of the parameters. In terms of our anomalous
Although the background due to single top quark produccoupling parameter, this corresponds #g/A =0.0033. If

tion (a top quark with an associated)jé small in the SM, supersymmetry is the only source for the anomalbasg

there exists also the possibility for single top quark produc<oupling, our calculations therefore indicate that future im-

tion with the anomalous-c-g (or t-u-g) coupling[21], e.g.,  Provements at the LHC will be needed to make this a detect-

via qq_ﬂtc_(qq_ﬂtu_). If the jet associated with the top able signal, unless QCD-like correctiof® further enhance

quark is not seen, this would enhance the direct top quark® SUSY contributions, as discussed in ReD].
signal due to the anomalous coupling. Therefore, the discov-
ery limits quoted in Table Il are conservative estimates of
the level to which«/A may be probed. A full treatment of We would like to thank P. Baringer, T. Han, J. Hauptman,
single top quark production due to the anomalbusg and  A. Heinson, T. LeCompte, and X. Zhang for many useful
t-u-g couplings will be considered elsewhere. discussions. This work was supported in part by the U.S.

In conclusion, we have calculated the discovery limits forDepartment of Energy under Contract No. DE-FGO02-
the anomalous chromomagnetic couplings-g andt-u-g 94ER40817. M.H. was also supported by GAANN.
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