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Hadron collider signatures for new interactions of top and bottom quarks
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One of the main goals for hadron colliders is the study of the properties of the third generation quarks. We
study the signatures for new TeV resonances that couple to top or bottom quarks both at the Tevatron Run I
and at the CERN LHC. We find that in the simplest production processes of Drell-Yan type at the Tevatron, the
signals are overwhelmed by QCD backgrounds. We also find that it is possible to study these resonances when
they are produced in association with a pair of heavy quarks or in association with a single top at the LHC. In
particular, with an integrated luminosity of 300 fhat the LHC, it is possible to probe resonance masses up
to around 2 TeV.
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[. INTRODUCTION model-independertbut nonrenormalizabjgparametrizations
for the couplings of the new resonances tolttendt quarks.

A major goal for the Fermilab Tevatron and the CERN We found that if these resonances were responsible for elec-
Large Hadron CollideLHC) is the detailed study of the troweak symmetry breaking they were typically very broad
properties of the top quark. In particular they should estabwhen they were as heavy as a few TeV. In order to param-
lish whether the third family behaves like the first two, or etrize new resonances that are heavy and narrow, we argued
whether it is subject to new interactions. The interactions ofn Ref. [3] that we had to consider models with more than
the third family have been studied indirectly in many low one new resonance at a time. In this paper we adopt this
energy processes such as rare kaon and B meson decays wittenario and do not require that our resonances be respon-
no firm evidence for physics beyond the standard modelsible for electroweak symmetry breaking. We say nothing of
There are, however, certain inconsistendi#$ associated their couplings to/V andZ gauge bosons but simply assume
with the forward-backward asymmetAf;B measured at the that they provide negligible contributions to their widths. A
CERNe"e™ collider LEP that hint at a potential problem. In prototype for a vector resonance with such behavior—no
any case it is highly desirable to pursue a direct study of th&€oupling to thew andZ gauge bosons; very weak coupling
couplings of the top quark in colliders. With this in mind, t0 the first two generations of fermions; and large coupling to
and motivated by the possibility that the top quark plays & andt quarks—is provided by th&' boson from Ref[4].
special role in the breaking of electroweak symmégly we For definiteness we will have this particle in mind as our
have previously studied the signals for a new resonance iMector resonance. We can regard this as a fairly general pa-
the processV, W, —tt [3]. rametrization of a new vector resonance with arbitrary cou-

A different type of signal occurs if the new resonancesP!ings tob andt if we abandon renormalizability and treat
couple strongly to the third generation of quarks but notthe resonance couplings as an effective theory, in the spirit of
necessarily to th&V and Z gauge bosons. In this paper we Ref.[3]. For the case of a scalar resonance we use the simple

study the signatures for this type of new physics at the Tevaparametrization of th& b_bandsﬁcoupllings that we used in
tron and at the LHC. We first discuss the cases of a vectoref.[3] but we assume a negligible widif(S—WW). The

and a scalar resonanégenerically denoted bR) produced possibility of nonstandard couplings for the top quark has
in the s-channel processesq—R—bb ortt. In these pro- been discussed extensively in the literature in the context of

cesses the QCD backgrounds are large and we apply knovfiflomalous couplingg5]. Some generic models of vector
techniques to reduce these backgrounds. We then considggSonances coupled to the top quark strongly are studied in

the production of the new resonances in association with &ef- [6]. By adding new resonances as explicit degrees of
bb or tT pair throuah processes such Rit—bbit or freedom to the effective theory, one is able to study potential
— P gnp _ 95 _ nonstandard couplings in a larger energy domain.

tttt. These processes are higher order corrections to the

s-channel production and therefore have a significantly

smaller cross section. However, their unique topology per- || MODEL FOR NEW STRONGLY INTERACTING
mits a much better control of the QCD background and we RESONANCES

find that they yield potentially observable signals.

In our study of the proces®V, W, —tt [3] we used A. Vector resonance

We begin by discussing our parametrization for the new
vector resonance. Effective interactions between the standard
*Electronic address: than@pheno.physics.wisc.edu; model (SM) gauge bosons and fermions and new vector

valencia@iastate.edu; yiliwa@iastate.edu resonances have been described in the literdflirteNVe are
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interested in new interactions bfandt quarks to new heavy With large cotd, this model provides a specific example of
resonances that are sufficiently narrow to be described by & new vector resonance with couplingshtandt quarks that
Breit-Wigner shape. One way to accomplish this within theare significantly enhanced with respect to couplings to the
effective Lagrangian framework is to have more than onaight fermions. In the limit of large caf these couplings are
resonance, as we discussed in R8f. Here we assume that purely right-handed, with

this is the case, and that the resonance under study has neg-
ligible couplings to electroweak gauge bosons. An alterna-
tive way to obtain such a resonance is to consider extended
gauge sectors. Our goal in this paper is to investigate the
extent to which hadron colliders are sensitive to new strongVe have checked numerically that the signals discussed in
interactions of the top quark regardless of the origin of thethis paper would be very similar if we had left-handed cou-
new interactions. We thus proceed with the following effec-plings instead.

tive Lagrangian coupling a spin one field to the top and The resonance width intbb or tt_pairs id
bottom quarks:

gA=gV=%tan6'WCOt6R. (3)

i S My mE
L==Ty*(9yt9ays)TiVV,. 1)  FV=iH)=5-gy l_4|v|_\2, 1- K 4
Vector resonances introduced in this manner occur in the gy |2 M
Breaking Electroweak Symmetry Strong(BESS model, ~63 0_\6/3) (WVG\) GeV, for My>m;.
for example[7]. They have universal couplings to fermions ' e

that arise from mixing between the new vectors and\the 5)

and Z bosons. In addition there can be nonuniversal direCRequiring the new interaction to remain perturbative leads to
couplings. We are interested only in the latter in the form ofihe theoretical constraint cé,<20, equivalentlyg,<1.8.
large new couplings to the andt quarks because universal partial wave unitarity requirements do not improve this

couplings are severely constrained by low energy obsenioynd. For illustration purposes, throughout the paper, we
ables. In fact, the most stringent constraints on the couplingg| present numerical results with

in Eq. (1) were found in Ref[3] to arise from mixing be-
tween the new and theW andZ bosons. A direct study of gy=0.63< cotig=7. (6)
these couplings at high energy will therefore be most rel-
evant for the case of negligible mixing and we concentraté/Vith this choice the couplings of to b andt are about 50
on this case. times larger than the couplings to the light quarks. At the
In hadron colliders, however, light quark annihilation rep-same time the resonance remains narrow, With/My
resents a significant production source for new vector reso=0.12. Notice that the valug,~0.63 is about four times
nances even if they couple predominantlybtandt quarks.  larger than the largest value we considered in R&f.In that
This is an unfortunate complication because it forces us t§ase we were constrained by low energy boundsvVew
commit to a specific model where the relative couplings bemixing, whereas here we consider the case where that mixing
tween the new vectors and the heavy and light quarks arts independent of the couplirgy, and effectively remove the
known. To keep our study as model independent as possibRonstraints.
we will illustrate our results for parameters that make the The relative branching fraction for the decays of e
contributions of the light quark annihilation mechanism tointo bb andtt is governed simply by kinematics,
resonance production small. We will also compare with a o
scalar resonance in which we assume no couplings to light rv—tt) tz
fermions exist. For definiteness we will use themodel of I'(V—bb) = M2_m2| @)
Ref.[4] in the limit of noV-Z mixing. There exist very tight v.ob
constraints on the flavor changing neutral currents that ap- - . Y
pear in this mod€]4] and, therefore our starting point in this "For small My, T(V—bb) is mu_ch.Iarger thar*(V—tt).
paper will be the flavor diagonal interaction in the quarkAS My nears 500 GeVI'(V—tt) is only about 62% of

2 2\ 172
My —4m;

M2 —4m?

2
My—m

mass eigenstate basis, I'(V—bb) and increases to 90% wha,, is near 1 TeV.
c gt o tang 1 vy + 4__ " 2a v |\ B. Scalar resonance
= —tanfytandg| = —UgiY*Uri— =0gi i
2 ANOwaNIR| FAYTALT FURIY Uri™ 30V Cri |V We next consider the effective interaction between the

third generation quarks and a new scalar resonance. In this

— Etanew(taneRwL COtOr)(try tr—bry*bR)V,. (2) ~ case we will use a very simpl@onrenormalizabjeparam-

In this expressiorg is the standard modebU(2). gauge  Ijp Ref.[3] we used an equation for this width that has a typo-
coupling, 6y is the usual weak mixing angle, arfit is @  graphical error. Numerically it does not affect our conclusions in
new parameter. Alsay, is summed over the SM quarks, and those papers because it only affects terms that are suppressed by
repeated indices are summed over the three generations?/M3 and we considered large resonance masses.
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FIG'_l' Eela_tlve corinbutl_on@ to pp—bbX and (b) to ttX FIG. 3. () pt(t) and (b) m distributions for the signal and
from bb—bb (tt) andqg—bb (tt) processes at the Tevatron for packground at the Tevatron. The solid curves correspond to the
My =400 GeV as a function ofy . signal for a vector resonance with,=400 GeV and Ty

=47 GeV. The dashed curves correspond to the signal for a scalar
etrization for the new interactions, and assume that the cotesonance withM =400 GeV andl's=27 GeV. The dot-dashed
plings of the scalar to the light fermions are completely neg-curves are standard model background.
ligible. We write

my — — . 2 m; 2 Ms
L=— FS(Kbbb‘F Kttt). (8) N60Kf 175 Ge 1000 Ge GeV, for M5>mf'
(10

This form allows us to parametrize simultaneously the cases
where either thé quark or thet quark or both have enhanced  As argued in Ref[3] there are few constraints on these

couplings to the new scalar resonance. Examples wheite thecoplings from low energy observables. The tightest con-
quark coupling(rather than the: quark coupling to a scalar  giraint is obtained by requiring perturbative unitafig/g] in
is enhanced occur frequently in multi-Higgs models W|ththe scattering amplitudbb—bb (or in tt—tt) through an

large tanB. We will assume in this study that the scalar :
width is dominated by its decay intmandt pairs and that it exchange of the new scalar. This leads to

receives a negligible contribution from decay intband Z

pairs. This corresponds to takirgg~0 in the models dis- W TV 1T
. . . . L pp — bbX .
cussed in Ref[3] and therefore implies the existence of ad- C Vsc18TeV ]
ditional new resonances to restore unitarityW scattering = 1/  Vestor ]
amplitudes. The new couplings, ; are related to the width = r .. Scalar .
of the scalar into quark pairs, & T 7
z L 3c(151b7) -
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FIG. 2. (a) pr(b) and (b) myy distributions for the signal and FIG. 4. Statistical sensitivity to a new resonance as a function of

background at the Tevatron. The solid curves correspond to ththe resonance mass f@@ bb production, andb) tt production.
signal for a vector resonance witthl,,=400 GeV and Iy The solid curve is for a vector resonance and the dotted curve for a
=47 GeV. The dashed curves correspond to the signal for a scalacalar resonance. The dot-dashed line indicates thesehsitivity
resonance withMlg=400 GeV andl’s=27 GeV. The dot-dashed level. We assume a Tevatron Run Il integrated luminosity of
curves are standard model background. 15 fb L.
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KL AR R [FTTTITTTTITTTT T . HEAVY anAIRPRODUCTIONATTHETEVATRON
1+ 1 - = =
2 r 1 % - . The processegp—bbX, ttX receive enhanced contribu-
Ig: - . 'z - tions from the parton level processeb— bb, tt involving
205 ] = osH ] the s-channel exchange of the new resonance. The vector
g ' Je=1aTeV . , % ' Jsc14TeV . resonance also receives corre&tioni of_ electroweak strength
% M, =1TeV i B M, =1 TeV il from the parton level processgg—bb, tt for a light quark
i laiiilind] T T T g. These contributions can actually be dominant in some re-
% 250 500 750 1000 % 250 500 750 1000 gions of parameter space because the light quark content of
@) Ty(GeV) (b) T (GeV) the proton is much larger than ilscontent. To the extent that

this is possible, we will only consider cases where e
annihilation mechanism dominates to keep our conclusions
as model independent as we can.

To this effect we compute the relative contributions of

both mechanisms to the procesggs—bbX andpp—ttX.
We present the results in Figgaland Ib), respectively. We
select a resonance mas4, =400 GeV, which is above

The relative branching fraction for the new scalar resothreshold fortt production and about as large as can be
nance decay thandtt_pairs is a free parameter depending probed by the Tevatron. We present our results as a function

on the square of the ratie, /x,. For our numerical illustra- of the resonance widthy, . Increasing the width corresponds
tions. we will use to increasing the coupling to the top and bottom quarks while

reducing the coupling to the light quarks. For this reason the

fraction of signal events that originates frb annihilation
kp=K=1. (12 increases as a function bf,. We find that inbEproduction,

atl’, =45 GeV, more than 80% of the signal is coming from

laH annihilation. Since our motivation is to study the cou-
plings to the third generation, we choose @gt7 or gy

FIG. 5. Relative contributior{a) to pp—bbX and (b) to ttX

from bb—bb (tt) and qg—bb (tt) processes at the LHC for
My=1 TeV as a function of’,, .

Kb,’[g 3 (11)

This appears to be an unusual choice because in many mo
els with couplings such as E) one does not have simul- . .
taneously large,, andk, . However, as we will see, different =0.63 as in EQ(G)' corresponding td'y~47 GeV for our
processes that we consider single out one of the couplingg—.evatroﬂ studies.

The value we have chosen for these couplings results in an For tt production on the other hand, light quark annihila-
interaction that is weaker than it was in the vector case. Aion represents a larger fraction of signal events tharbfor
more detailed study would determine the sensitivity to theproduction. Figure (b) indicates thatl’y=100 GeV would

couplings in both the scalar and vector cases. Mb§  pe necessary fdob annihilation to produce 50% of the sig-
~500 GeV, I'(S—tt) is only about 36% ofl'(S—bb), nal, and aboul’y,=200 GeV for it to dominate. These val-
while for Mg~1 TeV, it increases to 82%. Our choice of ues, however, correspond to unacceptably large couplings.
parameters will allow us to illustrate two slightly different We thus keep',~47 GeV. In this case only 17% of the
cases: the scalar case will be narrower than the vector caségnal events are produced through the couplings that we
and it will not receive any contribution from light quark want to study. We will be able to improve this situation with

annihilation. the higher energy available at the LHC.
T T ‘.I I T T T I T T T F TT 'L‘I TTT I TTTT I TTTT E
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= E . ] g F =
2 ] % i
= - O - -
-é: TE 3 g 'E
B Fees” 1 -J 3 E 3
T 4 _—_Vector % 1 8 Ar T
10 . Scalar E 10 'g" 3
o SM \ ] F ) ]
10 2 [ 1 1 1 I 1 1 1 I“‘l 1 1 ] 10 -2 [ 11 I 1 -I.-I”I I | | I‘\ 1.1 ]
200 400 600 800 750 1000 1250 1500
(a) p(b)(GeV) (b) m,,,(GeV)

FIG. 6. () py(b) and(b) myy, distributions for the signal and background at the LHC. The signal is calculated for the parameters in Eq.
(17) and the dot-dashed curves indicate the standard model background.
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For the scalar resonance the signal arises exclusively fronty constraint. For a 400 GeV scalar mass this then corre-

bb annihilation for bothbb andtt production because we SPonds tol's=27 GeV. With these parameters, our scalar
are ignoring the Coup“ngs to the ||ght quarks_ It is evidentresonance Is rOUghly half as narrow as our vector resonance

thatbb production will only be sensitive ta,, whereagt ~ 2nd We expect relatively fewer signal events.

production will be sensitive to the produegx, . As we men- We first consideibb production and demand botis to
tioned in the Introduction, many scalars found in modelsbe tagged. We assume a combined efficiency of 50%
commonly discussed have enhanced couplingstor t  about 70% for each tagges) [9]. We compute the standard
quarks but not to both at the same time. For those cases wgodel background with the aid eADGRAPH [10]. We in-
would not expect a signal ift_production. For illustration C¢lUde both the physical background consisting of QCD pro-
we ChOOSQ(b: K= 1, asin Eq(lz), well below the unitar- ducedbb pairs, as well as a fake baCkgrOUnd that results

when final state light quarks mimic IaEpair. The rate at

2 T I T I T which this occurs is assumed to be 0.5%. The main pro-
rc pp — bbX - duction mechanism for the backgroubd pairs at the Teva-
15 O Vs=14TeV T tron is the QCD process via gluon fusion. The background
= Y v - bb pairs have mostly low or intermediate transverse momen-
e Y ector -
Z = 5 Scalar - tum and we adopt @ cut to suppress them. We also adopt
2 1= NN T — a rapidity cut that mimics the typical coverage of DO and
¢ £ - CDF Fermilab detectors. Our basic cuts for Tevatron pro-
0.5 — R 50 (300 o) —] cesses will thus be
=TT T e - pr(0)>100 GeV, |yp|<2. (13)
1 1 el el b T
% o000 1500 2000 2500

We show the transverse momentyps(b) and the invari-
(b) Mg(GeV) ant massny, distributions in Figs. &) and 2b) respectively.
Unfortunately the background is several orders of magnitude

2
I ' b I I 3 larger than the signal and we were not able to find a way to
C pp — ttX - S . . .
- Vs =14 TeV _ reduce it S|g_n|f|cantly vyhﬂg preserving the signal. jl'o.com-
151 - pute the statistical sensitivity of this process we optimize the
g C Vector - signal/background ratio with the cut that discards events
T N Scalar — more than two widths away from the resonance mass,
= = —
¢ B 3 Mg— 2T g<mMyp<Mg+ 2T, (14)
05— ", 55 (300 tb") ] o _
e eee Peggrr TR - We now turn our attention tét production. As was the
o — L e B Wl S rrrr- case withbb production, the main background is QCD pro-
@ 1000 15(&? (GeV) 2000 2500 duction oftt pairs. In this case the background is also two
R

orders of magnitude larger than the signal. In Fig. 3, we

FIG. 8. Statistical sensitivity at the LHC with an integrated lu- Show the top transverse momentpr(t) and invariant mass
minosity of 300 fb ! to a new resonance as a function of the Mg distributions for both signal and background. For the
resonance mass fd@a) bb production, andb) tt production. The signal we use the same model parameters we usdibin
solid curve is for a vector resonance and the dotted curve for @roduction. We also implement the kinematical cut
scalar resonance. The dot-dashed line indicates thednsitivity
level. The couplings have been taken as in @). lyi <2. (15

034002-5



HAN, VALENCIA, AND WANG

PHYSICAL REVIEW D 70, 034002 (2004

pp — bbtix pp — bbtiX

Vs=14TeV Js=14TeV
E 10 > 10 FIG. 9. (8) myp and(b) my distributions for a
g % vector resonance withM,,=1 TeV and I'y
Ef p ‘E“: - =127 GeV (solid curve$ and thE_SM back-
3 10 3 10 ground (dashed curvesin pp—bbttX at the
= = LHC.

10 10
500 750 1000 1250 1500 500 750 1000 1250 1500

(@) my,(GeV) (b) m,(GeV)

Once again we optimize the sensitivity to new physics by IV. SIGNALS AT THE LHC
selecting then; invariant mass region around the resonance
as per Eq(14).

We estimate the statistical sensitivity to the signal by sim
ply dividing the number of signal events by the square roo

of the number of the background events:

The higher energy of the LHC allows us to consider dif-

ferent types of signals in this case. We begin with the heavy-
Quark pair production processes at the Tevatron. We then
discuss associated production of the new resonance with

both heavy quark paibb, tt [11], and a single tof12].

og Although both of these processes have significantly smaller

T i i

Jos L, (16) cross sections than the Drell-Yan type of heavy-quark pair
B

signal, they also have much smaller backgrounds and a

whereL is the total integrated luminosity. We show this sta-Unique topology that offers a better chance for the signal
tistical sensitivity for the Tevatron Run Il as a function of the Observation.
resonance mass in Fig. 4. To obtain our numbers we are

using semileptonic channels for signal identification. One of

the t quarks decays leptonically into an electron or a muon

and the other one decays hadronically. With S06Bstagging The rates for the processqfsp—>bEX, ttX are much

efficiency we end up using a combined event efficiency ofarger at the higher center of mass energies that can be
about 16%. The dot-dashed line in the figure indicates th@eached at the LHC. It is also possible to search for heavier
3o signal sensitivity assuming a total integrated luminosityresonances for which the signal/background ratio is expected
of 15 fb~*. This figure indicates that it might be possible t0 to be larger than what was possible at the Tevatron. We first
observe a 3 signal for a resonance lighter than ab®ik  explore the vector resonance. In Fig. 5, we show the relative

<400 GeV inbb production. However, given the very low contributions to the signal from theb annihilation process
signal to background ratio more realistic studies at the deteGor M,,=1 TeV as a function of’y,. We see that for both

tor level would be needed to conclude that this is obse(vablﬁnad states about 85% of the signal events originate fiodm

at the Tevatron. We also conclude that the Tevatron is nofninilation ifT', is larger than 60 GeV. In this case we are
sensitive to this type of new physics through thechannel.  much less sensitive to the more model-dependent terms that
In all cases we used couplings given by E@.and(12) and  arise from the light-quark annihilation processes. For illus-
we do not expect the conclusions to change if we choose thgation, we keep the same couplings that were used for the
model parameters differently. The better sensitivity to a vecTevatron studies in the last sectiap;=0.63 for the vector

tor resonance is in large part due to its additional productiomng x, = x,= 1 for the scalar, as given in Eq&) and (12).

mechanism through light quark annihilation. As mentionedrhe signal parameters we use for the LHC are thus
in the Introduction these couplings to light quarks are very

model dependent.

A. pp—bbX and ttX

Mg=1 TeV, I'y=127 GeV, I's=110 GeV. (17)

1

pp — bbtix pp — bbttx

0 Vs=14TeV Aaf T Vs=14Tev
s ) N
2 FIG. 10. (a) my, and(b) m;7 distributions for
210 a scalar resonance wittMig=1 TeV and I'g
] =110 GeV (solid curve$ and the SM back-
5 - ground (dashed curvesin pp—bbttX at the
B 10
S LHC.

10 ~

500 750 1000 1250 1500 500 750 1000 1250 1500

(@) m, (GeV) (b) m,(GeV)
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pp — thtiX pp — titiX
s - Vs=14TeV
10 310 N —
3 g FIG. 11. m, distributions forpp—ttttX at
= =3 the LHC for (a) a vector resonance arfd) a sca-
.E 107 % 10 lar resonance with th_e para_lmeters of Ef7).
g ° The SM background is depicted by the dashed
© curve.
10 10
500 750 1000 1250 1500 500 750 1000 1250 1500
@) m,(GeV) (b) m,(GeV)

For the processasp— bbX,ttX at the LHC we evaluate the 5o sensitivity assuming a total integrated luminosity of

both the signal and background with the basic cuts 300 fot. The figure shows that the sensitivity extends to
aboutMg~2 TeV at a 5 level, for both vector and scalar
pr(b,t)>200 GeV, |y <2, (18 signals and for bottibb andtt channels. Although the situ-

ation looks much more promising than at the Tevatron, due
as well as with the cuts of Eq14) to optimize the signal/ to the much larger luminosity and production cross section,
background ratio. In Fig. 6 we show ther(b) and My, we must still bear in mind that the signal/background ratio is
distributions forpp—bbX. The corresponding distributions small and that more realistic simulations including detector

for ppﬂtt_x are presented in Fig. 7. We see from theseeffects are necessary to reach definitive conclusions.
figures that the background at the LHC is about one order of
magnitude larger than the signal. This is already better than R

. . B. pp—bbttX
the situation for the lower resonance mass at the Tevatron. ] ]
The statistical sensitivity for the signals at the LHC is sum-  The much larger phase space available at the LHC permits
marized in Fig. 8. We have used the same tagging rates ari t0 explore more complicated processes. In particular, pro-

efficiencies as in the Tevatron. The dot-dashed lines indicatéesses with four heavy quarks, originating in the production
of the heavy resonance in association with two heavy quarks,

2 I ' I ' I , have been found to be very useful in Higgs studitl. At
c pp — bbtiX - LHC energies these processes would be dominated by the
15— Vs =14 TeV = initial subprocesgyg—bb followed by a heavy resonance
-~ - - radiated off one of thd quarks. Since this coupling is en-
§ - - hanced in the new physics scenario that we are considering,
@ 1= Vector — this process could be significantly large. In addition, its
ZE NG e, Scalar - unigue topology could make the large QCD backgrounds
© 05— = more manageable. In this section we investigate this possi-
Tk 50(@00fbT) TN - bility. We use the prograntomPHEP [13] to compute the
- I ________ A | = signal cross sections for this process.
T T T a7 Y In the procespp—bbttX one of theb quarks radiates a
(a) Mg(GeV) heavy resonance that decaystto There is also a contribu-
0 tion from gg—ttR followed by a decajr—bb. The signal
= | ' I oo b is completely dominated by the gluon fusion process. There
- PP — titX - is also a much smaller contribution initiated by annihila-
] = Vs=14TeV — tion that we have calculated but not included. For illustration
£ C - we use the same model parameters as in the preceding sec-
& 4 — tion, Eq.(17). We implement basic cuts
L Vector -
e EN 0 e Scalar = pr(b)>100 GeV, pr(t1)>50 GeV, |y,|<2. (19
05 50 (300 fb") o
:I . """"""" ul In Figs. 9 and 10, we show thm,; andmy; distributions for
e T 4 . =
0 — 000 1500 2000 2500 the procesp p—bbttX at the LHC for a vector and a scalar

(b) M (GeV) resonances, respectively. As expected, there are peaks in
these distributions originating in the resonance. It is particu-

FIG. 12. Statistical sensitivity at the LHC with an integrated larly encouraging to see that the signal peaks are above the
luminosity of 300 fb'* to a new resonance as a function of the continuum background, making a signal observation more
resonance mass fag) pp—bbttX, and(b) pp—ttttX. We use  promising than in the channels studied in the preceding sec-
the parameters given in E¢L7). tions. With the parameters we have chosen, the vector reso-
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Wb — t bbX
Vs =14TeV

do/dm,,(fb/GeV)

500 750 1000 1250 1500
(a) m,(GeV)

Wb — t bbX
Vs=14Tev

do/dm, (fb/GeV)

L1l I L1l I 1111 I 11
500 750 1000 1250 1500
(b) m,, (GeV)
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FIG. 13. myy, distributions inWb—tbb at the
LHC for (a) a vector resonance and ft) a sca-
lar resonance with the parameters of Eg7).
The SM background is indicated by the dashed
curve.

nance has a larger production rate than the scalar resonanggss in Fig. 12 using 16% event efficiency fach tt pair.

and therefore results in a larger reach for the LHC. Thispye to the lower cross section and identification efficiency
however, mostly reflects the fact that we have chosen somghe reach in this channel is somewhat smaller than in the

what weaker couplings for the scalar resonance. An addi
tional cut is used to optimize the signal/background ratio,

MR_4FR< mbEtT<MR+ 4FR (20)

vector resonance.

C. pp—ttttX

The heavy resonance can also be produced in associati(%'?
with att pair. The dominant production mechanism for this
mode is again gluon fusion. We have also calculatedbthe 5

pp— bbttX channel.

D. Wb—t,bb:t,tt

It is well known that single top quark production via the
Applying this cut to bothm,; and m, we present the electroweak procesg/b—t can be sizable due to the en-

sensitivity at the LHC assuming a total integrated luminosityhanced longitudinal gauge boson coupligtb at high en-

of 300 fb ! in Fig. 12. We have used the same identificationergies[12]. The cross section for single top production in-

efficiencies for thdo andt quarks as before. We see that@ 5 creases with energy up to about one-third of the cross section

sensitivity may be reached for masses up to 2 TeV for thgq, (1 pair productior{14]. The main advantage of this chan-
nel is the substantially smaller standard model background.
We now consider the effect of our new resonances on this
process using the prograc@oMPHEP [13] to compute the

annihilation mechanism but found it to be two orders of
magnitude smaller and do not include it. We compute our
signals with the programompPHEP[13]. Figure 11 shows the

my; distributions for new resonances with the same params
eters as in Eq(17). For the new scalar this channel is sen-
sitive to Kf, whereas th@ p—bbttX channel is sensitive to

KiKp . This distinction is important in models where only one

nals. For this case only, we also usBvPHEPtO estimate
e standard model background.

We first consider theVb—tbb process with the basic

pr(t,0)>100 GeV, |y,y/<2. (21)

The highpt cut is imposed orall heavy quarks, including
the twob quarks that reconstruct the resonance mass as well
as the single top quark.

In Fig. 13, we show theny, distribution. We see that the

of these couplings is large. We use the same basic cuts as §ignals can be significantly above the SM background in this
Eq. (19). To construct theny variable we have selected one case. We use the cuts of Hg0) to estimate the sensitivity to
t and onet randomly. We therefore assume that it is possiblethe new physics.

to distinguish the from thet via their leptonic decays. Us-

For the procest—>ttt_the standard model background

ing Eq.(20), we present the statistical sensitivity of this pro- is even smaller. The basic clyt| <2 leads us to the results

-1
10

Wb — ttiX
Js=14TeV

-
o

do/dm,(fb/GeV)
]

500 750 1000 1250 1500
(a) m(GeV)

-1
10

Wb — ttiX
10 ] Vs=14Tev

do/dm,(fb/GeV)
]

500 750 1000 1250 1500
(b) m,(GeV)

034002-8

FIG. 14. m; distribution in the processVb
—ttt at the LHC for(a) a vector resonance and
for (b) a scalar resonance with parameters given
in Eq. (17). The SM background is indicated by
the dashed line.
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2 I T I T I T LHC. We have considered a scalar and a vector resonance
Wb — t bbX with masses of 400 GeV for the Tevatron study and 1 TeV
15 Vs =14 TeV for the LHC study and we have chosen couplings so that the

Vector
...... Scalar

ogNog(Vib)
||||||T|||||||||
||||||||||||||

05 5c (300 tb™)

1000 1500 2000 2500
(@) Mg (GeV)

2 I ] I ] I ]
Wb — t tiX

1.5 Vs=14TeV

Vector
______ Scalar

ey

III|IIII|IIII
IIII|IIII|III

cghog(Vib)

1.
0
»

o
t
'l
”
5

1000 1500 2000 2500
(b) M (GeV)

resonances couple strongly to the top quark but are suffi-
ciently narrow to be described by a Breit-Wigner shape.
These parameters satisfy the existing constraints.

The most direct production mechanism is the Drell-Yan

process fopp—bbX andttX. At the Tevatron, due to the
rather low production rate and substantial background from
the heavy quark production, only a weak ®ound may be
put on the vector state signal f,, <400 GeV.

At the LHC, on the other hand, the situation can be sig-
nificantly improved. A 5% statistical sensitivity may be
reached for both a vector and a scalar state with
~1.5 TeV. However, the large QCD backgrounds for the
heavy quark pair production still lead to a low signal-to-
background ratigless than 10%near the resonance peaks.
This renders the signal observation systematically difficult.

We found that the most promising channels for the signal
searches are multiple heavy quark production. The first class

of processes is essentially due to thg—bb,tt with a
heavy resonance radiation off a heavy quark leg. Conse-

quently, the 4-quark signalsbtt andtttt would have much
less severe SM backgrounds. It is very interesting to note
that the electroweak proce¥gb—t, again associated with a

FIG. 15. Statistical sensitivity at the LHC with an integrated heavy resonance radiation off the top quark, could lead to
luminosity of 300 fb'! to a new resonance as a function of the very strong signal as well. The reach can be upMg
resonance mass through the processeVb—tbb, and(b) Wb~ ~2 Tev with a S significance. More detailed studies in-
—ttt. The solid curve is for a vector resonance and the dotted?lu'd_'ng deteCth issues would be needled to reach more de-
curve for a scalar resonance with parameters as in(Eg. The  finitive conclusions and to fully determine the range of pa-
dot-dashed line indicates therSsensitivity level. rameters that can be probed by the LHC.

in Fig. 14. This process has the largest signal/background
ratio of all the ones we have considered. Using the shme
andt efficiencies that we used for the Tevatron, we show in
Fig. 15 the reach in this case.
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