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Abstract

We examine the LHC discovery potential for nev= 2/3 quark singlets in the procesgg,qq — TT — WHbW b,
with one W boson decaying hadronically and the other one leptonically. A particle-level simulation of this signal and its main
backgrounds is performed, showing that heavy quarks with masses of 500 GeV or lighter can be discoveredav¢hafter
a few months of running, when an integrated luminosity of 3%ts collected. With a luminosity of 100 fb, this process

can signal the presence of heavy quarks with masses up to approximately 1 TeV. Finally, we discuss the complementarity
amongT' T, Tj production and indirect constraints from precise electroweak data in order to discover a new quark or set bounds

on its mass.
0 2005 Elsevier B.V. All rights reserved.

1. Introduction

The Large Hadron Collider (LHC) will be a pow-
erful tool to explore energies up to the scale of a few
TeV. It is expected to provide some striking evidence
of new physics, for instance, of a light Higgs boson,
in its first months of operatioifil,2]. Among many
promising possibilities for the discovery of new parti-
cles, LHC will offer an ideal environment for the pro-
duction of heavy quarks. New quarks of either charge
can be copiously produced in pairs through QCD inter-
actions, namely via gluon fusion and quark—antiquark
annihilation, if there is available phase spd8¢d].

E-mail address: jaas@ist.utl.p{J.A. Aguilar-Saavedra).

Up-type quarks” can also be produced in association
with light jets, e.g., in the processgs — ¢'T, ¢'b —
gqT (here and throughout this Letter=u,c, ¢’ =
d, s), provided their mixing with the bottom quark is
sizeable. New interactions may also bring about fur-
ther production mechanisms. The prospects for heavy
qguark detection depend on the production processes
(with their respective cross sections) as well as on the
decay modes (and their relevant backgrounds), which
are distinctive of the Standard Model (SM) extension
considered.

The presence of a fourth sequential generation is
disfavoured by naturalness arguménasid precision

1 For afourth quark generation, anomaly cancellation requires the
simultaneous presence of a lepton doublet. LEP measurement of the
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electroweak data, which leave a small window for the quark masses of 500 GeV and 1 TeV. Finally, the re-

new quark masses consistent with the experimental lation between?'T', Tj production and indirect con-

measurement of the S, T, U parametfks On the straints from the T parameter will be discussed.

other hand, heavy S@); quark singlets with charges

0 =2/3 orQ = —1/3 can exist with a moderate mix-

ing of order 102-10"1 with the SM quarks. Here we 2. SM extensionswith Q =2/3 singlets

are concerned with the first possibility. Models with

large extra dimensions with, for examplg, in the The addition of two SR),. singlet fieldsT}  to

bulk predict the existence of a tower ¢f= 2/3 sin- the quark spectrum modifies the weak and scalar inter-

gletsT,"). If there is multilocalisation the lightest one ~ actions involvingQ = 2/3 quarks. (We denote weak
o eigenstates with a zero superscript, to distinguish them

(
T.LsR gi’:m h.a\./e a Thafr? cif 300 GeV 9rrhlarg|er, anfd 4 from mass eigenstates which do not bear superscripts.)
sizeable mixing wi € top quaik]. (The class o Using standard notation, these interactions read

extra-dimensional models having a light= 2/3 sin-
glet mixing with the top quark is enlarged when cor- £ = _i[ﬁyMVPLdle + JyMVTPLuWM—],
rections localised on the branes to the kinetic terms of V2

fermions and bosons are taken into accduh) Little . _iﬁ wlxpr — ‘_‘S2 1 uZ
Higgs modelg8] include in their additional spectrum ~ ~2 = 2¢y "/ Lo giwiaa o
an up-type singlet, which is expected to have a mass u 8 [ MUX P, + XM PuH, )

of 1 TeV or larger. Quark singlets also appear in some - 2Mw
grand unified theorief4,9]. Their effects in low en- \wherey = (u, ¢, 1, T), d = (d, s, b) and Pr = (1 +
ergy and top physics have already been stufliji In ) /> The extended Cabibbo—Kobayashi-Maskawa
this Letter we address their direct observation at LHC (ckm) matrix V is of dimension 4x 3, X = v V'
through pair productiogg, g — TT [11]. is a non-diagonal 4 4 matrix andM" is the 4x 4

We note that for heavy quark masses > 800 giagonal up-type quark mass matrix. The new mass
GeV and a coupling to the bottom quaW, of the  ejgenstater” is expected to couple mostly with third
size suggested by the experimental measurement ofgeneration quarks b, becausd™?, 79 preferably mix
the T parameter, single productionpp — Tj hasa iy, 12, 19, respectively, due to the large top quark
larger cross section than pair production and can then mass.Vr, is mainly constrained by the contribution

explore larger mass scalg,13] ThereforeI'j pro- of the new quark to the T parame{@n,14]
duction will eventually set more stringent limits (albeit

dependent orVr,) on heavy quark masses if a pos- T_— ¢
itive signal is not observed. However, two important 16nsﬁ,c§v
points have to be remarked: (i) tt%&j cross section — X720+ O, yt)}, @)
is proportional td V|2, hence for small mixings this
process becomes less relevant; (ii) pair production has P X i ]
the best sensitivity to the presence of new quarks hav- Mz)", m; beln% theMSZmass of tge quark at the
ing masses of several hundreds of GeV. If new quarks scaleMz, | Xir|= = Vrp|*(1 = [Vrs|%) and[14]
exist in this mass rangd;,T production would allow _ 2y1y2 n

to observe a signal in a rather short time. 0+ (1. y2) = y1+y2 = Y1 — o lo v ®)

In the following we briefly review the mixing of  The experimental measurement10.12+ 0.10[15],
the new quark, its interactions and decay modes. Af- pptained setting & 0, implies T< 0.28 with a 95%
ter summarising the relevant aspects of the signal andconfidence level (CL), and the corresponding limit
background generation, we will present our results for |v;,| < 0.26-018 form; = 500-1000 GeV (see also

Ref.[16]).2 Mixing of T2 with u?, ¢?, especially with

Vs P04 (7 y6) — 04O vb)]

where N, = 3 is the number of coloursy; = (in;/

Z invisible width sets the number of light neutrino species to three,
and additional neutrinos must be heavier than 45 @gVin sharp 2 The new quark contribution to U is much smaller, of order40
contrast with the smallness of the light neutrino massess 1 eV. [10], thus it makes sense using this value for T. If we take- T
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the latter, is very constrained by parity violation exper-
iments and the measurement Bf and A(F)’g at LEP,
respectively[17,18], implying small X,,7, X.r. The
charged current couplings with s must be small as
well, |Vzql, |Vis| ~ 0.05, because otherwise the new
quark would give large loop contributions to kaon and
B physics observablg30]. Therefore|Vyyl, |Vrs| €
|[Vrp| and | X, 7], | Xcr| < [ Xo7]. In specific models
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0.5, BN(T — Zt) ~ 0.25, BT — Ht) ~ 0.25. To
our knowledge, there are not experimental searches
for new Q = 2/3 quarks giving lower bounds for
their masses. However, for the expected production
cross sections and decay branching ratios, it seems that
guarks with masses around 200 GeV ought to be visi-
ble with present Tevatron Run Il datk9].

The decayd” — Zt — {4~ W™Th, L =e, ngive a

there may be additional interactions, e.g., mediated by cleaner final state thafi — Wb, but with a branch-

new gauge bosons, giving further contributions to ex-

ing ratio 30 times smaller. It has already been found

perimental observables. These extra terms might (par-that the channel’ — Wb (T — W~b), with W —

tially) cancel the ones from the new quark, loosening
the constraints on its couplings. Although new inter-
actions may modify the allowed range fo%, it is
unlikely that they alter the above hierarchy. Then, the
relevant decays of the new quark &e—~ Wb, Zt,

Ht, with partial widths

F(T—>W+b)
|V 2 3[1 3M4 +2M6}
1692 b MW mT mT
I'(T = Zt)
2
= ——>|Xir|? f(mT,mth)
16?%,02“, MZ
2 2 4 4 2. 2
[1+ Mz _mi Mz om/ Mzmz}
mi  mi  m7p mp  omp |
(T — Ht)
X P g, M)
_165‘2 tT M2 T, ts H
w
([143m _1m? My
4dmr Zm% m%
3md  m? m,lezi
T R @
4mT mp mr

The kinematical function

f(mTvml‘aM) (mT+mt+M4 2mel‘

ZmT
— 2m%M? — 2m?M?) (5)

approximately equalsiy /2 for my > m,, M. For a
heavyT and a light Higgs, we have BF — W*b) ~

1/2

—0.17 £ 0.12[5] the limits obtained are much stronger<10.027
and thug V| < 0.08-Q06 formy = 500-1000 GeV. We will con-
sider both possibilities in our analysis.

£v, gives the best discovery potential in singlgoro-
duction[12]. In TT production we select the final
statesTT — W+bW b, with one W boson decay-
ing leptonically and the other one hadronically. The
larger cross section in this decay mode allows to ob-
tain a better statistical significance for the signal, while
the backgrounds can be greatly reduced with kinemat-
ical cuts.

3. Signal and background simulation

The main backgrounds for tHeT signal
88,99 — TT — WTbW™b — vbgq'b,

E:e, H'ﬂ (6)

are given byt7, Wbbjj, Zbbjj andtbj production,
88,99 — tt — WTbW b — £ vbgq'h,

pp — Wbbjj— tvbbjj,

pp — Zbbjj — £T0bbjj,

pp —thj — WTbbj — £Tvbbj. )

The charge conjugate processes are understood to be
summed in all cases. In the background evaluation
we do not consider final states withleptons (which
can decay leptonically — ev;v,, T — pnv.i,) be-
cause the electrons and muons produced decays
are softer, and in our analysis we eventually require
e, i with high transverse moment®;jjj andZjjjj
production are reduced to negligible levels with the
requirement of twa tags, which suppresses their con-
tributions by a factor~10~%4. The signal and ther,

tbj backgrounds are evaluated with our own Monte
Carlo generators, including all finite width and spin ef-
fects. We calculate the matrix elements ushiig} AS
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[20] with running coupling constants evaluated at the Table 1

scale of the heavy quark or t. Whbjj and Zbbjj Cross sections of thET signal (withm7 = 500, 1000 GeV) and its
are calculated wittALPGEN [21]. The bottom quark ~ Packgrounds after pre-selection cuts
massm;, = 4.8 GeV is kept in all cases, and we take Process o x eff
Mp =115 GeV. We use structure fu_nctions CTEQS5L 7T (500) 44.91h
[22], with Q2 =§ for TT, 17 andthj, and Q? = TT (1000) 0-638tf)b
2 2 s Do ; R _ tt 18.8p
M, ; + P§, , for Whbjj, Zbbjj, being+/5 the par Wi o
tonic centre of mass energy, apg, , the transverse ;. 246 fb
momentum of the gauge bosan. thj 710 fb

The events are passed throughTHI A 6. 228
[24] as external processes to perform hadronisation
and include initial and final state radiation (ISR,
FSR) and multiple interactions. We use the stan-
dard PYTHI A settings except for fragmentation,
in which we use the Peterson parameterisation with
€, = —0.0035[25]. A fast detector simulatio&TL-
FAST 2. 60 [26], with standard settings, is used
for the modelling of the ATLAS detector. We recon-
struct jets using a standard cone algorithm witR =
V(AN)2 4+ (A¢)2 = 0.4, wheren is the pseudorapid-
ity and ¢ the azimuthal angle. We do not apply trigger
inefficiencies and assume a perfect charged lepton
identification. The packag®TLFASTB is used to re-
calibrate jet energies and perfointagging, for which le . imax
we select efficiencies of 60%, 50% for the low and the charged Iep})(?rrrgg( ", the fastest jetp/ and

high luminosity LHC phases, respectively. the fastesb jet p, , as well as the missing trans-
verse momentunp, and the total transverse energy

H = Zj,l,y p: + p:. The kinematical distributions
of these variables are shown Hig. 1L We display a
weighted sum of théVbb jj and Zbbjj processes so
as to reduce the number of histograms, while the other
backgrounds are shown separately.

TheT T signal can be discovered by the presence of
peaks in the invariant mass distributions correspond-
ing to the two decaying quarks. In order to reconstruct
their momenta we first identify the two jefs, j» from
Othe W decaying hadronically. The first oryg is cho-

sen to be the highegt, non+ jet, and the second one
j2 as the nork jet having with j; an invariant mass
closest toMy . The missing transverse momentum is
assigned to the undetected neutrino, and its longitu-
dinal momentum and energy are found requiring that
3 We find thatTT cross sections are 16-18% larger (foj = the invariant mass of the charged lepton and the neu-
500-1000 GeV) when evaluated with MRST 2004 structure func- trino is theW mass(p, + pu)z = M%v- This equation
tions [23] and their corresponding value of (Mz). Assuming — yja|ds two possible solutions. In addition, there are

that background cross sections in the kinematical region of inter- . .. .
est (large transverse momenta and invariant masses) scale by thetWO different painngs of the two jets to theW bosons

same rate, this would amount to a 8-9% increase in the statistical deca_yi_n_g_ hadronically and |ept0nica||y, giving four
significance. possibilities for the reconstruction of the heavy quark

processes we set some loose cuts, less restrictive than
the ones used after hadronisation, which do not bias
the calculation. Forb j we only require pseudorapidi-
ties|n| < 3forb, j. ForWbbjj we setp;, > 15 GeV
and|n| < 3 forthe charged lepton, tlhequarks and the
jets, and lego-plot separatiomsR ;;, ARy;, ARy, >

0.4, ARyy, ARy > 0.2. For Zbbjj we requirep; >

15 GeV,|n| < 3 for b quarks and jetgp| < 10 for the
charged leptons, antlR;;, ARy, ARy, > 0.4,

The SM backgrounds are much larger than the sig-
nal, but they concentrate in the low transverse mo-
menta region. To reduce them, it is useful to exam-
ine their dependence on the transverse momenta of

4. Numerical results

The hadronised events are required to fulfill these
two criteria: (a) the presence of one (and only one) iso-
lated charged lepton, which must have transverse mo-
mentump, > 20 GeV andjn| < 2.5; (b) at least four
jets with p, > 20 GeV,|n| < 2.5, with exactly twob
tags. The cross sections times efficiency of the five
processes after these pre-selection cuts are collecte
in Table 1 using a 60%b tagging rate. The events
are produced without kinematical cuts at the gener-
ator level in the case of T, t7, while for the other



238 JA. Aguilar-Saavedra / Physics Letters B 625 (2005) 234-244

400—————————F————————— 500 ——————————
i — TT (500 GeV)| ] — TT(500 GeV)| 1
300k — IT(1TeV) | | 400~ — IT(ATeV) |
L i ] F i ]
> [ . ] > o ]
CO W/Zbbjj ] & 3000 W/Zbbjj i
S thj 1 R thj ]
Qa00f J . S J ]
g 1 200 5
Ho| ] oo 1
100} ] C ]
I ] 100 1
0- F e, i ol e e, Y S ]
0 500 1000 1500 0 200 400 600 800 1000
Jj,max b,max
p, Py
(a) (b)
L o T e L B 600 T ]
: — TT (500 GeV)| 1 : — TT (500 GeV)| ]
800 — TTATeV) | T Soor — TTATeV) | T
r t i r n ]
> T _ ] i 1 1
L .. ] 400 _ .
3 ool wzki | 1 B wizshi |
& [ 1hy i s F _ ]
& L th, 1
a [ ] <300 d -
5 oop 1 8 | ;
s L ] /200~ 3
200 . . ]
r ] 100 ]
0' P B v S I ] E E
0 100 200 30 200 500 600 0§ o s 330 — = =
t t
(c) (d)
300————————————————————————————
250F — ITG0OGW)|
I — ITATeV) | ]
: i 1
200 _ .
% 00: W/Zbbjj 1
= tbj ]
T 150 7 3
a [ 1
H100F ]
s0f ]
[ i 1 1 i " . 1 i
% 1000 2000 3000
H
t
(e)

Fig. 1. Transverse momentum of: (a) the fastest jet; (b) the fastgst (c) the charged lepton. Missing transverse momentum (d); total
transverse energy (e). The histograms are normalised to a total number of 2000 events.
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Fig. 2. Reconstructed masses of the heavy quarks decaying hadronically (a) and semileptonically (b). The histograms are normalised to a total
number of 2000 events.

momenta. We select the one giving closest invariant The same comments apply @ production with ra-
massesnh?d 'SP for the quarks decaying hadroni- diation of an extra hard jet.

cally and semileptonically. Their kinematical distribu-

tions are shown iffFig. 2 In our calculations we have  4.1. Resultsfor my =500GeV

setVr, = 0.2,0.1 for mp = 500, 1000 GeV, respec-

tively, yielding the total widthdr = 2.80,6.16 GeV. The large background cross sections make it conve-
The cross sections are independenVgf and for I'r nient to introduce further kinematical cuts at the gen-
of these sizes the broadness of the mass distributionserator level to reduce the number of events processed
too. with PYTHI A and ATLFAST. We require the pres-

We point out that in our signal calculation we have ence of a charged lepton wigh > 30 GeV, a jet with
not included othefl production processes giving the p;, > 200 GeV and, forWhbbjj and Zbbjj, oneb
same experimental signature of one charged lepton, quark with p, > 100 GeV. This last cut does not bias
four jets (with twob tags) plus missing energy. Such the sample because in these two processes the two
processes do not constitute a background (they are ab-non+ jets mostly originate from light quarks and glu-
sent in the SM) but instead increase the signal cross ons, for which theb mistag probability is very low.
section. One example [ET production in the decay  Thus, theb-tagged jets correspond to thequarks
channell T — ZtW~b — viW+TbW b, with oneW most of the time. The kinematical cuts used to reduce
boson decaying hadronically and the other one lep- backgrounds are
tonically. This process has a cross section 10 times
smaller than the one in Eq6). Other possiblel' T pi>250GeV.  pp > 150 GeV,

decay channels arET — ZtW~b — bBWJFbW‘.l}, PP > 50 GeV, 50 GeV< p, < 600 GeV,
TT — HtW~b — bbWTbW™b (assuming a light
Higgs boson) with twob quarks mistagged. Their H; > 1000 GeV ®)

contributions represent &7% and~40% increase,  Tpe cutp, < 600 GeV is useful because production
respectively, in the total cross section. Nevertheless, \yith |arge invariant masses is sometimes associated to
neither of the three processes mentioned yields peaksyery |argep,, in contrast with the signal. We also note
in the mf2d mlﬁp invariant mass distributions, as re-  that with these requirements the charged lepton and
constructed here for thET — W+bW~b signal, and the hardest jet provide a trigger in the low luminosity
their contributions are not likely to be detectable dueto LHC phase. The cross sections at the generator level

the uncertainty in the SM background normalisation. are listed in the first column dfable 2 mainly for in-
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Table 2 340 GeV< m'™ < 660 GeV 9)

For each process: cross sectignincluding cuts at the generator

level; number of events simulatedy; number of event®Vcyt pass- are displayed in the fourth column d&ble 2 They

ing the selection criteria in E¢8); number of events/peakpassing give a statistical Significancé/\/E =9.6. A 50 sig-

the selection cuts which are in the peak regions nificance, needed to claim discovery, can be achieved
Process & No Neut Npeak with a luminosity £ ~ 2.7 fo—1. These numbers only
TT (500) 204 fb 2700 272 173 consider statistical uncertainties, assuming that the
i 5590 fb 70000 1609 240 SM background can be normalised with the cross sec-
Wbbjj 928 fb 16000 287 65  tion measurements outside the peak region in(Ey.
Zbbjj 364 fb 7200 39 10

Additionally, the trigger and charged lepton detection
efficiencies must be taken into account, what reduces
the statistical significance by a factef.95.

thj 626 fh 8300 70 11

formative purposes. The second column represents the
number of eventd/p = Ko £ simulated, taking a lumi- %2 Results for m7 = 1TeV
nosity of 10 f-! and including the rescaling factoks _ _
as explained ippendix A The figures in these two We repeat the same analysis for a heavy quark with
columns corresponding to different processes should 727 =1 TeV, in this case choosing fatagging rate
not be compared, since they are obtained with different Of 50% at the high luminosity phase. The generator
initial cuts in the event generation. Instead, the num- Cuts areraisedtp, > 150 GeV for the charged lepton,
ber of eventsNey surviving the selection criteria in P+ = 250 GeV for the hardest jet angl > 150 GeV
Eq. (8) reflect the relative size of the processes after fOr the hardesb quark, the latter cut only foWbb jj
cuts. They are shown in the third column. (The size of @ndZbb,jj production. The parton-level cross sections
the signals and backgrounds before cuts can be read©r the five processes are listed Table 3 together
from Table 1) ywth the number of smylatgd eventy, correspond-
These kinematical cuts allow to detect the presence INg {0 an integrated luminosity of 3001H. The selec-

of the new quark in the invariant mass distributions 10N criteria used to reduce backgrounds are

had  lep ; ;
my*%, m;" as can be observed Fig. 3. The number ptj,max> 400 GeV, bmax 5, 300 Gey,

of events in the peak regions Pr

PP >200GeV 50 GeV< p, < 400 GeV,
had
340 GeVL my < 660 GeV, H, > 1800 GeV (10)
20— ——————— 200————————
SM 1 i SM
— SM + T'(500)| | [ — SM + T (500)
150+ - 150+ -
% -
Q 1 @)
[=} + - [=}
100} . ook
50_— - 50+
00 e 0

1500 o TS0 1000 1500
had lep
T mT

(@ (b)

Fig. 3. Reconstructed masses of the heavy quarks decaying hadronically (a) and semileptonically (b), after the selection ¢8}sTheEq.
dashed lines correspond to the SM predictions, while the full lines represent the SM plus a new 500 GeV quark.
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level; number of events simulatédy; number of event®Vcyt pass-
ing the selection criteria in E§10); number of eventd/peakpassing
the selection cuts which are in the peak regions

Process o No Ncut Npeak
TT (1000) 2.89fb 1330 70 48
tt 778 fb 294000 208 10
Wbhbjj 66.8 fb 34000 132 15
Zbbjj 48.0 fb 28500 19 1
thj 44.11h 17500 3 0

5. Summary and discussion

Up-type quark singlets with charg@ = 2/3 are
predicted in some SM extensions, with masses ranging
from few hundreds of GeV to several TeV. Their ob-
servation would represent not only a clear new physics
signal but also an important confirmation for these
models. We have shown that far; = 500 GeV a o
statistical significance would be attained already with
3fb~1 of integrated luminosity, which can be collected
after few months of LHC operation in its first phase.
For new quarks in this mass range7 production

With these cuts the charged lepton and hardest jet pro-provides the best signal of their presence, allowing a
vide a trigger for the event. The peak regions in this prompt discovery if they exist. With an integrated lu-

case are defined as

800 GeV< m19< 1200 GeV

800 GeV< m'P < 1200 GeV

The invariant mass distributions
cuts in Eqg.(10) are shown inFig. 4 The excess of
events in the peak regions amounts td 8tandard

(11)

had . lep
7 my after

the

deviations of the expected SM background. A &ig-
nificance would be achieved with an integrated lumi- glet can then be straightforwardly applied to a fourth

nosity £ ~ 85 fb. With a simple rescaling it can be
estimated that masses uptg = 1.1 TeV can be dis-

covered with & significance forZ = 300 fb! and, if
no signal is found, the 95% CL limizy > 1.3 TeV

can be set.

60 —————1—

Events / 100 GeV
3
T

%]
(=]
T

SM

— SM +T(1000)| 7]

L
0 500

P Rt
1000

had
T

@

P IR
1500

2000

minosity of 300 fbt, TT production may discover a
new quark withmr < 1.1 TeV, or set a 95% CL bound
my > 1.3 TeV, independent of’r,, if no signal is ob-
served.

We point out that if a fourth quark generation
(T, B) exists withmy < mp the dominant decay of
the up-type quark i§ — Wb, giving the same signal
studied here.{ — Zt, Ht are forbidden at the tree
level by the vanishing of the flavour-changing neutral
couplingX,7.) The results obtained for an up-type sin-

generation quark, multiplying the statistical signifi-
cances in Sectiod by a factor of four. Ifmr <mp, a
fourth generation quark with my < 1.3 TeV could
be discovered with 300 fi# of integrated luminos-
ity, and the 95% CL bound:7 > 1.5 TeV could be

60— ————
C — SM
s0p — SM+T(1000)| ]
Z 0 :
O [ 1
(=] - 4
(=] - 4
301 7]
£ r
d>) L
F20F B
10F 9
(] 500 1000 1500 2000 2500
e
(b)

Fig. 4. Reconstructed masses of the heavy quarks decaying hadronically (a) and semileptonically (b), after the selection (U@ ifHEq.
dashed lines correspond to the SM predictions, while the full lines represent the SM plus a new 1 TeV quark.
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Fig. 5. (a) Cross sections f@tT production (full line) andr’j production, in the latter case féfr;, = 0.1 (dotted line), and fol/7;, derived
from the T parameter (dashed line). (b) Upper bound$gn,| and values suggested by the T parameter (black line) and the Little Higgs

relationVyy, =m;/my (grey line).

set if they are not observed. B is lighter thanT,
the decayT — WTB, with W on its mass shell if
m7 > mp + My, is open. Hence, the branching ratio
of T — Wb depends oVy;,, and model-independent

predictions cannot be made. We also remark that in

case that a new quark is discovered without @ =

—1/3 partner, the experimental search for the decays

T — Zt, Hr can determine iff" is a SU2); singlet
or belongs to a doublet (in which case its partier
should be heavier and undetected).

New Q = 2/3 quark singlets can be produced
in association with light jets as well, mainly in the
processestb — dT, db — uT. The cross sections
for Tj production are quadratic ifV;,|, but on the
other hand they do not decrease with as quickly
as for TT. We plot in Fig. 5a) the cross sections
for TT andTj production for different heavy quark
masses. Fof'j we select a fixed coupling7, = 0.1
as well as ammp-dependent coupling suggested by
the experimental central value=¥0.12 (obtained for
U = 0) and Eq.(2). The Vp, values derived from
T =0.12 are shown irrig. 5b). Of course, in models
beyond the SM there may be additional contributions
to oblique corrections, thus we take the experimental
measurement of T only as a hint on the sizeVgj,.

In Fig. 5(b) we also plot the Little Higgs model rela-
tion Vrp = m;/m7 and the two 95% CL upper limits
on|Vrp| obtained from

T<028 (95% CLU=0),

T<0.027 (95% CL U arbitrary, (12)

respectively. We note that the assumptidi, =
m;/mp potentially conflicts with the T parameter
measurement fanny < 900 GeV, even using the less
restrictive boundr’ < 0.28.

The discovery potential of'j production can be
estimated from existing analyses. This process, with
T — Wb — Lvb, gives a 2150 significance fomy =
1 TeV and Vy, = m;/my >~ 0.175 [13]. We make
the reasonable assumption that for differénnasses
the signal to background rati§/B in the kinemat-
ical region of interest (with highp, and invariant
masses- m7) remains approximately constant (obvi-
ously keeping equal CKM factotd/r;|2 for the sig-
nal)* Requiring a statistical significanc®/~/B =5
sets a lower limit on the couplingr, for eachmr
value. These limits are plotted ifig. 6(a), together
with the discovery limitny < 1.1 TeV for T pair pro-
duction. We also include the 95% CL bounds from
the T parameter in Eq(12). We point out that if
T < 0.027 is enforced the discovery reachTof pro-
duction is higher than fof j, since formy 2 700 GeV
the V7, values needed fordb discovery inTj pro-

4 This assumption is justified by the decrease of the tails in the
transverse momenta and invariant mass distributions of the SM
background. More optimistic extrapolations of the SM background
cross section, e.g., assuming that it decreases faster thavj tig-
nal, would lead to higher discovery limits dhmasses, as the ones
given in Ref[12].
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Fig. 6. (a) @ discovery limits for the new quark (full lines), and indirect bounds from the T parameter, explained in the text. (b) Combined
95% CL bounds omr, | V1| (shaded area) frofiT, Tj production and the T parameter (= 2/3 quark singlets are not observed at LHC.

duction are not allowed. Assuming the less restrictive
limit T < 0.28, there is a region (light shaded area in

work has been supported by FCT through project
CFTP-FCT UNIT 777 and grant SFRH/BPD/12603/

the figure) where the new quark can be discovered in 2003.

single T but not inT pair production. Conversely, in

the dark shaded area the new quark can be discovered

in TT production but not in singlé& processes.

The discovery of a newQ = 2/3 quark singlet
would certainly be a rather important achievement to-
wards the understanding of the flavour structure of
the SM, and might help explain the largeness of the
top quark masg$8,27]. On the other hand, the non-
observation of new quarks at LHC would also be inter-

Appendix A. Signal and background
normalisation

In addition to the processes listed in E(8), (7)
there are other higher order processes contributing to
the signal and backgrounds, namely, final states in-
cluding extra jets from QCD radiation. Indeeth,

esting on its own. In such case, the combined bounds production only yields three jets at the partonic level,

obtained from single and’ pair production and the
T parameter would restrictzr, |Vrp| to lie in the

shaded area ifig. 6(b). (If we use the more restric-
tive bound in Eq(12) the allowed region is somewhat

and the fourth one required to pass our pre-selection
criteria must be originated by radiation. These higher-
order processes are approximately accounted for by
PYTHI A showering, which generates hard extra jets

smaller, as can be seen in the figure.) In this area by FSR. For example, ifWbbjj production some

we havemr > 1.3 TeV and|Vy,| < 0.13, the lat-
ter implying | V;»| > 0.991. Formy > 600 GeV, the
couplingsVr4, Vrs are already very constrained by
kaon andB physics measuremertd]. Therefore, the
non-observation of a new quark would significantly
improve the indirect limits on CKM matrix elements
Viar Vis, Vip Within this class of models.
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fraction of the events, when passed thro®ymH A
showering, are converted int@bbjjj or Wbbjjjj
events, the additional jets with a hight 60 GeV)
transverse momentum.

One possible method to take higher order processes
into account is to generate them at the parton level,
forbidding PYTHI A to radiate hard extra jets to
avoid double counting28] but allowing the soft and
collinear ones. Instead, our approach is to normalise
the numbers of events simulatéé by approximate
correction factorsk so that these figures correspond
to the processes in Eq$), (7) plus higher order ones.
The number of events simulated for a given process
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is thenNg = Ko L, beingo the cross section of the
process and: the luminosity. The correction factdf
is calculated in théV bb jj example as follows:

1. We generatéVhbbjj events requiring high trans-
verse momenta; > 100 GeV for jets at the gen-
erator level, and a large separatidnk > 0.6
among all partons.

2. These events are passed twice throByiH A
and ATLFAST, including FSR and without in-
cluding it. In both cases ISR, multiple interactions

and energy smearing are turned off, because we

want to isolate the effect of FSR.

3. We examine the number of events with four-jets
(corresponding to the four initial partons) with
p: = 80 GeV in both samples. Let us call these
numbers:g, n§;SR, respectivelyX is then defined
as the ratio between theri, = nJ/nf;5R

With this rescaling factor definition, the number of
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