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We study the contributions of the neutral pseudo Goldstone bagedsnipions and top piohgo thett
production cross sections at the Fermilab Tevatron and the CERN LHC in top-color-assisted multiscale tech-
nicolor (TOPCMTQ models via the gluon-gluon fusion process from the loop-level couplings between the
pseudo Goldstone bosons and the gluons. The MR&'searton distributions are used in the calculation. It
is shown that the new CDF datum on m_qaroduction cross section gives constraints on the parameters in the
TOPCMTC models. Models with a large portion of technicolor contributed top-quark mass are disfavored.
With reasonable values of the parameters in TOPCMTC models, the cross section at the Tevatron is larger than
that predicted by the standard model, and is consistent with the new CDF data. The enhancement of the cross
section and the resonance peaks at the LHC are more significant, so that it is testable in future experiments.
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PACS numbes): 12.60.Nz, 13.87.Ce, 14.65.Ha

[. INTRODUCTION value may fall within current experimental boundg. To
explain the large hierarchy of the quark masses, multiscale
Among the yet discovered fermions, the top quark has th&VTC (MWTC) model was further proposgd]. However,
strongest coupling to the electroweak symmetry breakingven in this model, it is difficult to generate such a large
(EWSB) sector, so that processes with top quarks are gootbp-quark mass as what is measured at the Tevtronith-
for probing the EWSB mechanism. Experimental measureeut exceeding the experimental constraint on the electroweak
ments of the top-quark mass, and thett production cross parameteiT [9] even with “strong” ETC[10]. In addition,
sectionoy; at the Fermilab Tevatron have been improving.this model generates too large corrections to fhebb
In the new 1996 Collider Detector at FermilaBDF) data  branching ratioR,, compared with the data from the CERN
[1], m=175.6-5.7(staty-7.1(syst) GeV and o= e"e  collider LEP[11] due to the smallness of the decay
7.5f%;2 pb, the error bars are well reduced relative to theconstanu:Q_ A consistent value oR,, can be obtained12]
1995 data by the CDF and DO Collaboratibf&]. The above by combining this model with the top-color interactions for
experimental value of oy is slightly larger than the stan- the third generation quarf4d4] at the energy scale of about
dard model(SM) predicted value(taking into account of 1 TeV. Similar to QCD, the above-mentioned top-color-
resummation of soft gluon contributionghich is around 5 assisted multiscale technicol6eFOPCMTQ theory predicts
pb [3]. Of course, one should wait for further improved datacertain pseudo Goldstone bosof®GB'’s) including tech-
to see whether this really means something. But as the studyipions and top pionf8,15-17 which can be the character-
of the EWSB mechanism, it is interesting to study the istics of this theory.
production cross section in EWSB mechanisms other than In the SM,tt production at the Tevatron energy is domi-
the SM Higgs sector, and see if the present experimental datéated by the subprocesg—tt [3]. However, in a recent
can give constraints on the parameters in the EWSB model#teresting paper, Eichten and Lai8] showed that, in TC
Technicolor(TC) [4] is an interesting idea for naturally theories, color-octet technipiod$® could make important
breaking the electroweak gauge symmetry to give rise to theontributions tatt production at the Tevatron via the gluon-
weak boson masses. It is one of the important candidates f@luon fusion subprocesgg—I1%2—tt due to the large
the mechanism of electroweak symmetry breaking. Introductriangle-loop gluon-gluon-PGB couplingf. Fig. 1(&], and
ing extended technicolofETC) [5] provides the possibility such PGB’s could be tested by measuring the differential
of generating the masses of ordinary quarks and leptons. Theoss section. The contribution of color-octet technirhos to
original ETC models suffer from the problem of predicting the tt production has been considered in Rf9]. For a
too large flavor-changing neutral currents. It has been showngalistic TC model, the masses of technirho are around
however, that this problem can be solved in walking techni-l TeV, and the technirho contribution tbg production is
color (WTC) theories[6]. The electroweak paramet&in  negligibly small as can be inferred from Rgf9]. PGB loop
WTC models is smaller than that in the simple QCD-like corrections toqg—tt at the Tevatron are also found to be
ETC models and its deviation from the experimental central

2t has been shown that ETC models without exact custodial sym-
*Mailing address. metry may give rise to consistent valuesRyf [13], but such mod-

The 1996 DO data still contain rather large error bars. els may make the electroweak paraméteno large.
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g e mes t g t II°TIoe P t (Nt¢). These fermions develop condensates at a much lower
:j>-----< :}j>. ----- < energy scale than that of the The top-color sector of this
g Q : ¢ t z model is the same as in_ the usual top-color-assisted techni-
color theory[16]. In this simple TOPCMTC theory, there are
@ (b a lot of PGB’s. What are relevant to the production pro-
cess are the neutral technipiol$? andI1°, and the neutral
FIG. 1. Feynman diagrams for the TOPCMTC contributions totop pion H?. In the MWTC sector, the masses B2 and
the tt productions at the Tevatron and the LH@). Techniquark 19 have been estimated to b [10a~200—600 GeV and
loop contributions(b). Top-quark loop contributions. M0~100-300 GeV, and the decay constants are
o 0 F=Fo=F_~30-50 GeV[8]. In the top-color sector, if the
within a few percent whehl*® masses are greater than 400 top-color scale is of the order of 1 TeV, the massIHF is
GeV [20]. Considering the totait production cross section, around 200 GeV and its decay constantFis=50 GeV
the color-singlet technipiod1® also contributes. Further- [16]. Since these PGB masses are not far fromttheresh-
more, apart from the Fechnifermion_—loop_contributions CoN-014 and F and F, are all small, they may give important
sidered in Ref[18] [Fig. X@)], the isospin-singlet PBG'S . ibytions to thett production rates. In this section, we

0 0
I End.H lcar|1 alsglcouplotla to tkhe gluon; througmthe ©OP-give the formulas for calculating the production amplitudes
quark triangle loog21], and make contributions shown in gg—I%-tt, gg—TI1°—tt, and gg—IIY—tt shown in

. . O
Fig. 1(b). In the TOPCMTC theory, the top pioil;, as an g 14) and Fig. 1b). These concern the couplings of the

isospin triplet, can couple to the gluons through the 0PpGR:g 1 fermions and to gluons, and the PGB propagators.
guark triangle loop in an isospin-violating way similar to the In the TOPCMTC theory, the top-quark mass&scomes
coupling of 7° to the gluons in the Gros_,s-Trgiman-_\Nilc_zek from both the top-quark condensate and the ETC sector. It
formula ~ [22], and the large isospin violation .., e made that the large is mainly contributed by the

(mtd_ m,?)/ (mt+mb)%1. r_nakes its contgl:)u;i_on t% thla top-quark condensate, so that the ETC-contributed top-quark
production cross section important as V\[ - Fig. 1(b)]. In ._massmy is very small. For reasonable values of the param-
this paper we study all these contributions to the production

. : etersm/ ~5-20 GeV[16,24.
cross section of the subprocagg—tt, and use the Martin- W fF ¢ ider th i f the PGB'sfto At th
Roberts-Stirling(MRS) set A’ parton distributiond 23] to € Tirst consider the couplng’s otthe stto €
calculate the cross sections at both the Tevatron and th levant energy scale, the PGB’s can be descnbe_d_by local
CERN Large Hadron CollideiLHC). The results of the total lelds. In the MWTC theory, the couplings of technipions to

production cross sections show that, with these contributionéermlons are induced by ETC interactions and hence are
the cross section at the Tevatron is consistent with the ne [podel dependent. However, it has been generally argued that

CDF datum for a certain range of the parameters, and th € coupllngs Olf the,/EGf Slt;) 2the quljankar?q ar;]uquarqu
new CDF datum does give constraints on the parameters fi'® proportional tany/F [15,17,23, wherem, s the part o
TOPCMTC models. The cross section at the 14 TeV LHC ish€ quark mass acquired from the ET@or lighter quarks
significantly larger than the SM prediction. The results of the®ther than the top quarkn, is simply m,.) The PGBe-q
differential cross sections show clear resonances of the PGEETtices are of the formfl 7,18
I1°2 if its mass is in the reasonable range 400-500 GeV. m’ c.m’ \2
N q _ q _

Therefore, this kind of model can be clearly tested by future qHO(qy5q) . qHOa( q753q> , (1)
experiments. J2F

This paper is organized as follows. Section Il is devoted a )
to the description of the model and the calculation of theVherer® is the Gell-Mann matrix of the color group and
gg—tt amplitude contributed by the PGBE®, T1°, and Cqis a model—(_jependent coupling constant which is ex-
ITY. In Sec. lll, we present the numerical results of the totalP€Cted to be typically of order[ll5,17,23. In the top-color
contributions off1%, TI°, andTT to thett production cross sector, by a similar argument, we can obtain the interactions

sections at the Tevatron and the LHC in TOPCMTC modeIsO]c the top pions with the top quark by replacimg, by

considering all fermion loops in Figs.(d and Xb). The m;—m;, andF by Fy in Eq. (1): i.e., [16],

conclusions are given in Sec. IV. m—m'’ i P
B % ty5tnt°+Tt(1—yS)bH++Tb(1+y5)m* .
Il. gg—tt AMPLITUDE CONTRIBUTED t 2 2
BY I1°, I1°, AND I1° )

Next we consider the couplings of the PGB’s to the glu-
the simple multiscale technicolor model studied in Refs ONS: Consider a general formula for the coupling of a PGB to

[15,18 is assisted with topcolor interaction for the third gen- WO gauge fields8T andB;. As far as the PGB's are de-
eration[16]. The model contains one doublet of color-singlet ScriPed by local fields, the triangle fermion loops coupling
technifermionsg, belonging to a higher dimensional repre- the PGB’s 10B, andB, can be evaluated from the Adler-
sentation of SUrc). It is responsible for most of the elec- Bell-Jackiw 'anomal'3[26.]. The general form of the effective
troweak symmetry breaking with the typical decay constanf’GBB1-Bz interaction is[27,17

F,=220-235 GeV ofysy . T_he light-scale tech_nifermions 1 Sts,s,

are SU(2) doublets of techniquark® and technileptont

which belong to the fundamental representation of SU )

In this paper, we consider a TOPCMTC model in which

)Heﬂv)\p(a#BI)(a)\Bg) ’ (3)
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TABLE I. tt production cross sectiom(gg— IT°®(I1°,IT{) —tt) at the 's=1800 GeV Tevatron in the
top-color-assisted multiscale walking technicolor model witho= 150 GeV.A¢() is the TOPCMTC cor-
rection to the tree-level SM cross section arft%is the total cross section, where-1,2,3 corresponds to
=5 GeV, 15 GeV, and 20 GeV, respectively. A factor of 1.6 of QCD corrections has been taken into
account.
(1) (€5) (2) (2) (3) (3)
Mpo (GeV)  Mpoa (GeV)  Ao? (pb) g (pb)  Ao? (PD) o1 (pb) Ao (PD) o (pb)
150 400 0.186 5.637 1.771 7.222 2.858 8.309
150 450 0.098 5.549 0.922 6.373 1.469 6.920
150 500 0.030 5.482 0.427 5.878 0.690 6.141
350 400 1.702 7.154 2.958 8.410 3.915 9.366
350 450 1.610 7.061 2.102 7.554 2.515 7.966
350 500 1.546 6.997 1.616 7.067 1.731 7.182
wherell stands forl1°, I1°%, or [1?, and whenB; and B, i
are gluons, the factoiSy4q in different cases are as follows. (9)

For I1° andI1°2 with technifermion triangle loop27],

SﬂOgbg = \/§g§NT05bcv S}IQO)agbgC: \/EggNTcdabc. (4)

For I1° andI1° with top-quark triangle loof21],

(t) Ci 2
Sﬂogbg \/EgsJ(RHO)5va
C
M1bag,0,= 7 9edabc)(Rioe) (5)
with
J(RH)——mt Eﬁjox(l o NI-Rix(1=x] . ©)
whereRp=Mp/m;.

The coupling ofH? to gluons via the top-quark triangle
loop is isospin violating similar to the coupling af° to
gluons in the Gross-Treiman-Wilczek formula2]. It can
also be calculated from the formula in REZ1] which gives

1
Sn0g,g,= Egiab&(RHg) , (7)

with
IR 0)=—M L X - RPex(1-%)]
T my RT 0 X(1—x) 1y '

8

where RH?E M H?lmt .

Finally the IT (I1° TI1°%, or I1°) propagator in Fig. 1
takes the form

it is proportional to the factor

(mi—mp)/(m+mp)=~1.

isospin-violating

s—MZ+iMply

where\/g is the c.m. energy anllj is the total width of the
PGBIL. TheiM I term in Eq.(11) is important whers is
close toMﬁ. The widthsI' o, I'roa, and FH? can be ob-
tained as follows.

From Egs.(1) and (4) we see that the dominant decay
modes ofl1° are[1°—bb andI1°—gg, so that

Tro~T(11°—bb) + ' (11°—g,gp) - (10
From Egs.(1) and(5), we can obtain
r(noﬂbb_):%@ _4le§ (11)
and
(10 0,0 = 02N g b1 YECIRID)
967° F 2N7e

12)

It has been showfi21,2§ that I1° decays dominantly
into tt, gg, andgZ, so that

T oa~T (I1%—bb) + T (1% g,gp) + [ (1% t)
+I(I1%%-g2) . (13

From Egs(1) and(4) and the value 08yjoay7 given in Refs.
[25,17], we can obtain

12

2
C q

1677

MHOa
F2

(1% —qo)=—=-
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FIG. 2. The plot ofoy; versusm; for myo=150 GeV at the FIG. 4. Differential cross sectiodo;/dmy; (in a logarithmic

Tevatron. The solid, dashed, and dotted lines stand foiscale versus thett invariant massm;; at the Tevatron for
mpea=400, 450, and 500 GeV, respectively. The CDF data arempea=400, 450, and 500 GeV wittjo=150 GeV,m;=5 GeV,

indicated by the shaded band. and my o= 150 GeV.
2 lll. tt PRODUCTION CROSS SECTIONS
CJ(Ryyoa)
F(Hoa—>gagb)=F<Q>(H°a—>gagb) 1+ ———= AT THE TEVATRON AND THE LHC
22Nr¢ .
Once we have the cross section at the parton leyehe
2012 3 2 cross section at the hadron collider is obtained by convolut-
_ 5asN7c My n CiI(Ryroa) ing it with the parton distribution§29]
3847 F? 22N7e |
(15) o 5
oop(E) -3, [ dxax(Px.QfFPx,0)
2 3
g NTC MHOa
[(MM%-gz2)=——=|—| tarfy—>. (16 . _
1447\ 4 F? X a(ij —tt) (18)
Since the top-pion mass is around 200GeV, it decay§yherei and|j stand for the partong, g, andq; x; is the
mainly into gg. Thus from Eq.(3) we obtain fraction of the longitudinal momentum of the prot¢anti-
5 proton) carried by theith parton;Q2~s; and fP(P)) is the
Miio, parton distribution functions in the proto@ntiprotor). In

0 _ %
Ipo=T(I{—0agn) = 573 F2 [3(Ruo)[* . (17 this paper, we take the MRS sat parton distribution for
f(P(P) Taking into account of the QCD corrections, we shall

With the above formulas, we can obtain the production™ultiPly the obtainedr by a factor 1.4 3] as what was done

amplitudes given in the Appendix.

1.0 T T T

E
—___myp0. =400 GeV
0 ven-. 02 =450 GeV
or 03 =500 Ge VY

12.0

S 10 m; =15 GeV
10.0 S mp, =150 GeV
2 20 0 T ]
~ 80 =
2 £
; !i.. -3.0 3 3
= 6.0 g
1 g 40y 1
B 40 S
o 3 -5.0 - 3
2.0
350 350 350 650
5 10 15 20 25 30 mr(GeV)

m; (GeV)
FIG. 5. Same as Fig. 4 but witln{ =15 GeV andmn?= 150
FIG. 3. Same as Fig. 2 but fcunH?:350 GeV. GeV.



55 tt PRODUCTION RATES AT THE FERMIL/A . .. 5545

TABLE II. tt production cross sectionr(gg—IT°®@(I1%,I19)—tt) at the ys=14 TeV LHC in the
top-color-assisted multiscale walking technicolor model witho= 150 GeV.A¢{" is the TOPCMTC cor-
rection to the tree-level SM cross section amt‘:'f is the total cross section, where-1,2 correspond to
m; =5 GeV and 15 GeV, respectively. A factor of 1.6 of QCD corrections has been taken into account.

Mo (GeV) My0a (GeV) Ao (nb) a2 (nb) Ac® (nb) a2 (nb)

150 400 0.123 0.911 1.512 2.301
150 450 0.116 0.905 1.264 2.053
150 500 0.084 0.872 0.947 1.736
350 400 1.022 1.811 2.213 3.002
350 450 1.024 1.813 1.958 2.747
350 500 0.998 1.787 1.650 2.438

in Ref.[18]* ues affect the cross sections, we take some reasonable values

The main purpose of Ref18] is to show the signal of for each of them, namelyM ;0=150 GeV and 350 GeV,

Oa
I1°® at the Tevatron, so that they only calculated them,=5’ 15, and 20 GeV.

technifermion-loop contributions and neglected the interfer- "t )
The results of the cross sections at the 1.8 TeV Tevatron

ence betweendSY(gg—tt) and A(g,g.—I1%%—tt) as a o

first investigation. In this section, we present the cross sec@re listed in Table I, in whictA o ;~is the TOPCMTC cor-
tions at the Tevatron and the LHC in TOPCMTC modelsrection (including the interferences between the TOPCMTC
considering the contributions ®°2, T1°, andII? from Fig.  amplitudes and the tree-level SM amplituglés the tree-
1(a) and Fig. 1b) with the interferences taken into account. jevel SM cross section in the total cross sectiq(l'%, with

In our calculation, we take the more updated parton d'St”bUizl,z';g corresponding tmy =5 GeV, 15 GeV, and 20 GeV.

tion functions MRS sef’ instead of Eichten-Hinchliffe- We see that for most values of the parameters the cross sec-
Lane-Quigg(EHLQ) set 1 taken in Ref.18]. The fundamen- i i istent with th P CDF data. Theref
tal SM parameters in our calculation are taken to be!ONsS oy are consistent wi e new ata. therefore

= the CDF data give constraints on the values a and
m=176 GeV,siRf,=0.231, anduxg( \/;), the same as that g nafo

in the MRS sefA’ parton distributions. For the parameters in M Wh'Ch depend_on the specific model. To _see the con-
the TOPCMTC models, we simply tak€,=Cy=1 and straints more precisely, we plot the cross section vensus

m,=m,=4.9 GeV and take the reasonable valies 40 in Fig. 2 (with m“?:150 GeV and Fig. 3(with m“?:350

GeV andF,=50 GeV in this calculation. For the technipion GeV), in which the solid, dashed, and dotted lines stand for
masses, we fiMo=150 GeV, and varyMpoa from 400  Mpea=400, 450, and 500 GeV, respectively. Comparing
GeV to 500 GeV. The values di° andm; depend on the with the new CDF datéthe two shaded bands corresponding

parameters in the TOPCMTC models. To see how these val® 1o and 2 errors, respectively we see that there are
parameter ranges outside the bands of the CDF data, espe-

cially for mH?:15O GeV, and the range of parameters

1.0 L} L} T
r %
—mp0a =400 GeV mpoa=400 GeV withm;>25 GeV is disfavored at thed
ot mpi0. =430 GeV _ -
L M0 =500 GeV? level; for mpo=350 GeV, the range of parameters
-1.0 m; =15 GeV ] Mpoa=400 GeV with allm{>20 GeV is disfavored at the
my;, =350 GeV 1o level andm;>30 GeV is disfavored at theclevel.

=
Q
Q
£ 20[ ]
5 a0} ] 10 § . ; .
s —_Mmp00=400 GeV
3 40 ob = mior =430 GeV
S ] l r Mpoa =500 Ge VY
=10] = s
3 50 1 > 10| m; =5 GeV
] my, =150 GeV
L L L "o
350 450 550 650 £ 1
mg (GeV) £
~ E
©
FIG. 6. Same as Fig. 4 but wittn{ =15 GeV ande?:350 g 4.0 [ 1
GeV. &0
3 50| ]
350 350 350 %50
me (GeV)

“Since our tree-level result f0@= 1.8 TeV is 3.41 pb, we mul-
tiply the obtainedr by 1.6~5.5/3.4 instead of 1.5 as what is used in
Ref.[18]. FIG. 7. Same as Fig. 4 but at the LHC.
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10 ¢ r ' . - 10 ¢ ' i , .
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% 10 P m; =15 GeV E -1.0 3 m; =_1§£e(\}fv
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k] ]
5 5
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FIG. 8. Same as Fig. 5 but at the LHC. FIG. 9. Same as Fig. 6 but at the LHC.

IV. CONCLUSIONS

In Figs. 4—6, we plot the differential cross sections ] ] — ) )
do, /dm; versus thett invariant massmg; at the In this paper, we studied the production cross sectl_ons
Js=1.8TeV Tevatron for various values of the parametersat the Js=1.8 TeV Tevatron and thes=14 TeV LHC in
We see that the peak of tﬂéoa resonance emerges when the TOPCMTC models. The TOPCMTC contributions are
myoa lies in the range of 400-500 GeV. For the case ofmainly via thes-channel PGB'S1%, I1°,and H?.thro.ugh
mpo=350 GeV, thd1® peak can also be seen. Assuming angdluon fusion. We calculated both the diagrams in Figs) 1

t

integrated luminosity of b~ and 10% detecting efficiency and Xb), and took into account the interferences between the

' . . tree-level SM amplitudes and the TOPCMTC amplitudes.
L(Z)rntttiﬁ\tljv:uzngrg] daljg[;g;p—M_}b;qiE?%?gzgoﬁ (gzevlgg O;éheThe MRS setA’ parton distribution functions are taken in
and 39 events fom = 350 GeV, 400 GeV, 450 GeV. and this calculation. In the study, we takego=150 GeV and

. s ary other parameters in the models. Our results show that
500 GevV, respectively. The peaks in Fig. 4 have so sma he production cross sections are enhanced by the TOPC-

statistical significancies of/\B that they can not be ob- \rrc contributions. With the reasonable parameters, the pro-
served. In Figs. 5 and 6 th®/\/B ratios corresponding 10 qyction cross sections are consistent with the experimental
mpoa =400 GeV, 450 GeV, and 500 GeV are about 9, 7, andjata. The present CDF datum on the production cross section
4.050 the_ pegks are observable from the backgrounds. be‘?ves constraints on the model-dependent paramegs
I1* peak in Fig. 6 has/ /B~ 10. It is also observable. Thus andm/ ; i.e., myoa=400 GeV with largem; is disfavored. In
the model can be tested by the differential cross section fof,o gifferential cross sections. clear peaks of & and
certain value_s of_ the parameters as long as the assumed |ﬂ-? can be seen for reasonable range of the parameters, so
teglrat_le_zdbllurnlllnosnyl.ciar:hbe relachedﬁ — and o at th that the models are experimentally testable at the Tevatron
\/__n aple 1l, we list the values oRoy, and oy al € 54 the | HC. The cross section at the LHC is significantly
s=14 TeV LHC. We see that the cross sections are muchy qor than the SM predicted value, and the peaks are more
larger_than those at the Tevatron due to the fact that at thggnificant at the LHC than at the Tevatron due to the fact
LHC tt production is dominated by gluon fusion. The 0b- y ¢ production at the LHC is dominated by gluon fusion.

tained cross section is significantly larger than the SM presparafore the models can be better tested at the LHC.
dicted value, so that it can be easily tested by the future

experiment. In Figs. 7-9, we plot the differential cross sec-
tions at the LHC for various values of the parameters. We
see that differential cross sections are similar to those at the C.-X.Y. would like to thank B.-L. Young for his valuable
Tevatron but the peaks are more significant due to the samgiscussions. This work was supported by National Natural
reason. All the peaks have very Iar@\/ﬁ ratios with the  Science Foundation of China, the Natural Foundation of
integrated luminosity of 10pb~! andtt detecting efficiency Henan Scientific Committee, and the Fundamental Research
of 10% so that the models can be better tested at the LHCFoundation of Tsinghua University.
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Here we present the production amplitudes needed in the text. They are

A(gpgc— 1% —1t) = AQ(gyg.— 1% tt) + AV(gpg— 13— tt)

_ Cim{ g3[Nrc+ CI(Rypoa)/ (212) 1dape
472 \2FY S— M goa+iM ppoal o]

I
<t757t> eunokikbele), (A1)
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A(gpgc— 0 1t) = AQ(gpg— 10— tt) + AV (gpg— - tt)

_Camy 92[Nrc+ V6CI(Ry10)/2] Spe — \
> > (tyst) €, Kiko €€, (A2)
8m2\6FYS—Mgo+iM ol 'jp0]

and

(M= m{)geI(Rii0) o
16m2F2[s— MHO+|MHorHo]

A(gpgc— T —tt)= (tyst) €4 KiKEETED . (A3)

It is easy to obtain the SM tree-levil production amplitudes

— igd%( H(NB[2 u(| ajp
A G Igsv(pqﬁy(k )u(pg)u(pt)yﬂ(x )v(pt) (Ad)

and
Aol gg—tt) = Agea®(gg—tt) + Age(gg—tt) + Asea(gg—tt) (A5)
with

c

1 Y
Aok (gg—tt) = —igZ[ (ka—ki)“(€2- €1) + (Ko+2Kq) - €25 — (2kp+ k) - Elfg]gu(pt)Yﬂ( |fabc?) v(py), (AB)

b/2)(\?/2
AN (gg— ) = —ig? u(py) € (4— mt;ézOr\n/ ) (A% )v(p_), a=p.—k,. A7)
i

ASMU(gg—tt)= ASMY(gg—tt)[1-2, ach] , (A8)

wherek,,k, are the momenta of the two initial-state gluons gnpds the momentum of the top quark.
Adding all theqq—>tt andgg—>tt amplitudes, respectively, we obtain the tdﬂaproductlon amplitude.
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