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Exotic Q=—1/3 quark signatures at high-energy hadron colliders
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Isosinglet vectorlike quarks are predicted by some unified theories of electroweak and strong interactions.
We study hadron collider signatures for the production and decay of isosinglet vectorlike quarks with charge
—1/3. Previous analyses of run | data from the Fermilab Tevatron are used to set lower limits of
100-200 GeVé? on the mass of such quarks, depending on assumptions about mixing with standard model
quarks and the mass of the Higgs boson. For future Tevatron Haa=1.96 TeV) the corresponding mass
range is(100—270, 100-320GeV/c? for (1, 10) fb!. At the CERN Large Hadron CollidefLHC) (E. .
=14 TeV, 100 fb'1), an analysis of flavor-changing neutral-current decay modes should probej@ark
mass range of 100-1100 Ge¥/
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[. INTRODUCTION chromodynamicg$QCD) and thus to be precisely calculable.
The decays of these particles depend on their mixing with
The currently known fermions consist of quarks,¢,t) ~ SM down-type quarkg10—17. We analyze the prospects for
with charge 2/3, quarksd(s,b) with charge—1/3, leptons producing and detecting these exotic quarks at the Fermilab
(e,u,7) with charge—1, and neutrinos ¥, v, ,v,) with Tevgtron and the QERN Large Hadron Collic{WC). In
charge 0. In the standard mod@M), these fermions are pa+rt|cular, we consider both lcharged-currénIedlate.d by
arranged into structures that transform under the gauge grodfy E°5°”$ and flavor-changing neutral-currefthediated
SU(3),X SU(2), X U(1)y. However, a deeper understand- by Z° and Higgs bosonsdecays of the isosinglet vectorlike

ing of the particle spectrum and its pattern of charge-quark‘ Th_e sensitivity of t_hese estimates to assumptions
changing weak transitions is still unknown about mixing between exotic quarks and those of the stan-
: dard model is explored. A related study that investigates an

One may try to understand the fermion spectrum and Couéxtension of the standard model containing both singlet and

plings by embedding the standard model in a larger gaug oublet vectorlike quarks may be found in REf8]. Earlier
group. For example, unified theories of the electroweak an tudies have appeared in Ref$0,13 '

strong interactions based on the group(8® [1] can ac- The paper is organized as follows. In Sec. Il, we review

commodate precisely this set of fermions within three 16+g)e\ant properties of the exotic quarks, and we introduce a

dimensional spinor representations. Larger unified groupSyodel for their mixing with ordinary quarks. In Sec. Ill, we
like Eg [1-3], not only contain the standard model fermions priefly review constraints on the new mixing parameters.
but also pl‘ediCt the existence of new particles. The diSCOVerBased on these ConstraintS, we propose a phenomeno'ogica'
of new particles predicted by higher dimensional gauge theoparametrization of the Cabibbo-Kobayashi-Maskd®&KM)

ries would provide insight into the organization of matter matrix. Signals at the Fermilab Tevatron and the CERN LHC
into a fundamental theory. are treated in Secs. IV and V, respectively, while Sec. VI

A unified theory based on the gauge groypiE phenom-  concludes.
enologically interesting because it includes an enlarged lep-
ton sector containing both massive and sterile neutrinos, an
enlarged quark sector containing charg@/3 isosinglet vec- Il. THE MODEL
torlike quarks(ISVLQs), and additional gauge bosofs.g.

Z') [3,4]. The new quarks are vectorlike in the sense that
their left-handed and right-handed chiralities have the same In a unified electroweak theory based on thg dauge
weak isospin(zero, in contrast to the usuathiral quarks  group, the fundament#27-dimensionalrepresentation con-
which are left-handed doublets and right-handed singlets. Aains additional quarks with charge 1/3 and additional
recent study of an & grand unified model in which the light- charged and neutral leptons. The exotic matter content of a
est ISVLQ has a TeV scale mads75 Te\j may be found in  single E family is summarized in Table [4]. We assume
Ref. [5]. For information on building low-energy models that there are three 27-plets, corresponding to the three
from the gauge group & consult Refs[3,4,6—9. lepton-quark families.

In this paper, we study weak isosinglet vectorlike quarks We adopt a “bottom-up” approach to a three-generation
with charge— 1/3. Pair production of ISVLQs at high-energy Eg gauge field theory. LeM,M,,M3 denote the masses of
hadron colliders is expected to be dominated by quantunthe three exotic charge 1/3 quarks. For simplicity we as-

sume that there is a mass hierarchy between the exotic

quarks such thatM;<M,,M3. Hence, one of the exotic
*Electronic mail: troy@hep.uchicago.edu quarks will lie closer in the mass spectrum to the SM quark
"Electronic mail: rosner@hep.uchicago.edu masses. In accordance with the literat{i8ell,13, we de-

A. Matter states expected in kg
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TABLE |. Exotic fermions in a 27-plet of £
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note this exotic quark as one should not confuse the exotic 2 _ 1 _

h quark with the SM Higgs boson, denoteld. We assumé JE = §[UE)/”UE+U%WU%]— §[DEy”DE+5%y“Dg],

is the dominant exotic quartelative to the two other exotic 3)
quarks which mixes with the down-type SM quarks. More-

over, we assume that the exotic leptéosarged and neutral  wheres,, andc,, are the sine and cosine of the weak mixing
do not significantly influence SM interactions or exotic- angle,C3=12—Q,s%, andC&=—Q,s%, (a=u,d).

quark signatures at the center of massn) energy of the In the standard model, quark masses are generated when
Tevatron or the LHC. Production of exotic leptons, if kine- the Higgs doublet acquires a non-zero vacuum expectation
matically allowed, should proceed only via the electroweakyg|ye; the resulting mass terms in the Lagrangian hile
sector of the theory and thus should be suppressed with re=1/2  ynlike the SM, theories with exoticgHjuarks have
spect to exotic quark production. Under these assumption%h:o mass terms. In the ISVLQ model, these Dirac mass
we have effectively reduced the; Enodel at the c.m. ener- terms result from the left-handéuifield [recall thath is an
gies of the Tevatron and the LHC to a model that contamssu(z)l_ singlefl pairing with right-handed quark fields. We

the SM along with a single down-type exotic quark. write the quark mass terms of the Lagrangian in the compact
The exotic quarkh is a down-type quark, but unlike the oy

SM quarks, the ISVLQ is a singlet under the SU(2actor

of the SM gauge group. The smglet_nature _of the down-type Lmase —USMUUS—DP M 9De+H.c., (4)

ISVLQ introduces new mixings and interactions between the

quarks. In the remainder of this section, we construct thes@here MY and M ¢ are the up-type quark and down-type

interactions and explore their influence on the CKM matrix.quark mass matrices, respectively. The up-type quark mass
In this paper, the SM fermions are labeled by a generatiomatrices mimic those of the SM; however, the down-type

indexi (i=1,2,3) and we label thé quark by the index quark mass matrix has been enlarged. The down-type quark

value 4. The indicesi(j,k) run from one to three and the mass matrix contains bothl, =1/2 andAl =0 entries.

indices (,m,n) run from one to four. The “L” and “R” It is important to distinguish thél, =1/2 andAl, =0

subscripts are employed to denote the left- and right-handeghass terms since they may arise from fundamentally differ-

components of fermion fields(i.e., UL,RZPL,RUZ[%(l ent scales. Thal =1/2 mass terms are derived from spon-

T9°)]u in our notation. To facilitate our discussion it is taneous symmetry breaking of the SM Higgs boson at the
useful to define the left-handed quark doublet, and the leftelectroweak scale; hence, these mass terms should be on the

and right- handed quark field vectors: order of the electroweak scale or smaller. On the other hand,
the Al =0 mass terms do not result from electroweak sym-
Qi=(u;,di)T, Ua=(up.Ca,ta)T, metry breaking; therefore, they may be of any scale, possibly
the unification scale. We distinguishl, =1/2 andAl =0
Da=(da,Sa,ba,hp) T, (1)  mass terms in the down-type quark matrix by lower- and

upper-case letters, respectively,
whereA=L,R. We denote the flavor eigenstates via the “0”

superscript. Myg  Mgs Mg Man
~ Inthe flavor basis, the kinetic piece of the quark Lagrang- Msg Mes Mep Mg
ian is obtained via minimal coupling M= . (5
Mpg  Mps  Mpp  Mph
Lx=0%i)Q+h(is)h?+UX(ihHU+DX(iH)DY Mpg Mps Mpy Mpp
+gW;J{,‘V++gWZJ“_+gZE’LJ§+eAMJg_m., 2 We investigate the production and decay of an exotic

E¢ quark at the Fermilab Tevatron and the CERN Large
where theJg., Jw=, and J; are the electromagnetic, Hadron Collider. To understand exotic quark decay we must
charged-weak, and neutral-weak current operators. In thdetermine the branching ratios of these exotic fermions to
weak eigenbasis these currents take the form SM particles. Hence we must determine the analogue of the
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CKM matrix and the no longer trivial flavor-changing neutral ~ This theory differs from the SM in the structures of its
current(FCNC) matrix for this theory, and we must constrain CKM and FCNC matrices. In the SM, the CKM matrix is a
elements of these matrices by experimental data. To dete8Xx 3 unitary matrix, while in the ISVLQ model it is a 3
mine the CKM and FCNC matrices we must recast ourx4 matrix (non-unitary. Hence the “unitarity triangle” ap-

theory in themasseigenbasis. proach to determining CKM parameters must be abandoned
Each quark mass matrix in this theory may be diagonalin favor of a “unitarity quadrangle’19]. In the SM, the
ized by two unitary transformations, denote@ndR, FCNC matrix is diagonal; hence, there are no tree-level

flavor-changing neutral couplings. In the ISVLQ model this
(MY giag= (LHTMIRY, (M) gag=(LYTM"RY (6) s no longer true; in essence, one abandons the Glashow-
) ) lliopoulos-Maiani(GIM) mechanisni20] which suppresses
where theu andd unitary matrices are 83 and 4<4, re-  fjayor-changing neutral currents. In Sec. Ill, we investigate

spectively. The fields in the mass basis are related to thgq structure of the CKM and FCNC matricésoth matrices
fields in the flavor basis by the andR transformations: are related to th&. matrix).

D =(LY)'DY, Dr=(R")'Dg, (7)

B. Feynman Rules
UL=(L")"U, Ur=(R")'UR. As explained in Sec. IlA, we consider a simple
s inspired extension of the SM, in which one down-type
VLQ interacts with the SM particles. In Fig. 1, we sum-
marize the effects of this ISVLQ on the quark interactions

Using the relations between the mass and flavor eigenstatq
we recast the current operators of E8). in the mass eigen-

basis: with SM gauge and scalar fields. In this paper, all calcula-
1 1 tions are performed in the Feynman—'t Hooft gauge.
4. =—V. [Uy*PD,], J*_=—=V*[D,y*P.Ui], The addition of an ISVLQ not only induce®’-mediated
wr \/5 e Lo w \/— e o tree-level FCNC interactions, but also induces tree-level FC-

(8)  NCs mediated by the Higgsi®, and Goldstones?, bosons.
Therefore, in certain instances, the branching ratio oftthe
1 — — uark to a Higgs boson is large.
3= {CHU AU 1+ CH U 7*PaUy] q % J
_ = Ill. CONSTRAINTS AND THE PARAMETRIZATION OF
+ Xnm Dn¥*P.Dm]+ CrlDny*PrDnl}, THE CKM MATRIX

2 _ 1 _ A. Physical parameters
Jem= §[Ui7ﬂui]_ §[Dn7ﬂDn]’ It is useful to parametrize the complex non-unitary 8
CKM matrix in terms of physical parameters. The number of
where physical parameters of a theory may be determined by ana-
lyzing its symmetries. Consider the up- and down-type quark
8 § 1 mass matrices in Eq4); each mass matrix is complex,
Vin=k21 (LY "L % Xam=C{ Sym+ ELdZnLdz;m (9)  hence there are (816)x2=50 real parameters. To deter-
B mine the number of physical parameters lettus off the
denote the CKM and FCNC matrices=(1,2,3, andm,n mass matrices. Setting the quark mass matrices to zero, the

=1,2,3,4), respectively. One obtains the expression for théheory admits a global quark symmetry,
FCNC matrix by transforming the coupling of the left- g
handed down-type quarks to tZ& from the weak basis to ~ Galopal( M "= M =0)=U(3)oX U(4)gxX U(3);}U(1);,

the mass basis, (12)
9 5050 ufcis 12 0 here the subscript§, d, u, andh d to the left
EDc_Z“ Dl m¥*| CLOmnt 554m54n Din where the subscript®, d, u, andh correspon tot e left-
WL handed SM quarkgransforming as 2 under SU(Z) right-
g | 1 handed down-type quarks, right-handed up-type quarks, and
527D, ., yuL%* (Cd5 +28,.8 )Ld D } left-handed ISVLQ, respectively. This global symmetry con-
Cy # b Y Emm| FLOmnT 5 an€am [Ean L tains 9+ 16+ 9+ 1= 235 real parameters. If we turn the quark
) mass matrices back on, then the global symmetry is spoiled
9 o= d 1 4. d " and we are left with a remnant global U(1) quark symmetry.
DE\IZM D CL5m’n’+§L4n'L4m' Y*PDn ). Consequently, there are 585+ 1=16 physically signifi-

(10 cant real parameters: 7 quark masses, and 9 mixing param-
eters(6 angles and 3 phase®ne uses the 9 physical mixing
Note: If the ISVLQ were an up-type quark, then tA@ bo-  parameters to parametrize the unitary matrices of the theory
son would have a corresponding FCNC coupling to the up{L% R% LY, and RY) and hence the CKM and FCNC
type quarks of the forn€{'6nn— 3L 4% L, - matrices.
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FIG. 1. Feynman rules for a model with one ISVLQ down quark. The indiges1,2,3 and the indices,m=1,2,3,4.
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Assuming that we have solved for the up-type quark masproduct L$5LY,; a measurement ofe’'/e constrains

eigenstates, then the CKM matrix expressi@nreduces to Im(Lﬁg L?u)- The productLﬂf Lis is constrained byAmg|
dxyd ;
v, =Ld (12) and the CP asymmetrya . Ls;Ls3 is constrained by
_ _ |AmBS| and the branching ratiob—se'e™, b—su®u".
wherei :d112’3 andn=1,2,3,4. If we parametrize theXd4  Referencd21] also finds that, at present, there are no restric-
unitary L® matrix, we recover the CKM matrix by restric- tions onh quark masses below 1 Ted”. Using the con-
tingto the upper ¥4 sub-matrix. We recover the FCNC gy qints on thel matrix in addition to constraints on the

m_atrix by selecting appropriate combinations oft.t‘kn en- mixing between SM quarks, we can parametrize e
tries[see Eq(9)]. matrix.

B. Constraints on h quark mixings C. Wolfenstein parametrization

The LY matrix may be parametrized by nine physical pa-
rameters; however, the ISVLQ model does not specify the
magnitude and pattern of the resulting interactions. Becau 5 - ation. W e the el £ th .
we are interested in the production and decay afuarks, ] parametrlzatlon. € require ¢ e ements of the princi-
constraints on the magnitude of the new mixings between thBaI d!agonal and the sub-diagonal d|.rectly above t.he princi-
h quark and the SM quarks are important. To determine th@2! diagonal to be real. In analogy with the phase in the SM
magnitude and pattern of these and other interaction¥/olfenstein parametrlzdatlon, tgme two new phases of the ma-
(charged-current and flavor-changing neutral-cujreek-  trix are assigned to thie;, andL , elements. The presence of
perimental data must be examined. Using experimental cordditional phases in the ISVLQ model may lead to additional
straints on elements of the CKM and FCNC matrices, oneources ofCP violation; for studies ofCP violation arising
may infer the structure of the® matrix [consult Eq.(9)]. from the new phases of tHe' matrix the reader should con-

Data from precision electroweak experiments and low-sult Refs.[26—-29.
energy flavor-changing neutral processes help to constrain We write |_f1‘4=Ayeiwz)\2+n14, and Lg4:AKeiw2)\2+“24,
CKM and FCNC matrix elements. We use recent constraintgyhere w, and w; are the two new phases, and « [v,«
on CKM and FCNC matrix elements obtained by Refs.)(1)] are two of the three new angles, the Wolfenstein
[21,22. For additional information on constraints of the « A» parameter is inserted for convenience, amg andn,,
CKM and FCNC matrix elements in an ISVLQ model, We are integers greater than or equal to 0. If thguark were to
refer the reader to studies discussed in RefSyyy sirongly with either thes or ¢ quarksfi.e., if LY, or LS,
[11,13,15,19,23,24 In fef' [21], the following constraints \yere of())], then current SM mixing contained in the first
on tge magnitudes dtd matrix elementsdwere obtained: 0 1,6 rows of thel.¢ and CKM matrix would be affectefB0.
$|L14|$%087’ 0<|L3/=<0.035, 0<|L3|=<0.041, and The third new anglei, parametrizes the mixing of the IS-
0.998<|Lgf<1. VLQ with the third generation of quarks. We parametrize the

The constraint on the magnitude lof, is required by the L9, matrix elements ag\? whereé~ O(1). Themagnitudes
agreement oR,, with experiment. Constraints on the magni- of the LY, LY,, and LY, elements are consistent with the
tude of theLf, (i=1,2,3) matrix elements are obtained from constraints on the-? matrix outlined in Sec. Il B £<1
observables that depend on the productL8fmatrix ele-  from bound onLYy).

dx ) d DOUNt .
ments (e.g. Li7L3,). Measurements of Amg| and the Using this framework, we create a preliminary sketch of
branching ratioX " — 7" vv andK, —u " 1~ constrain the the LY matrix:

There are a number of ways to parametrizeltAenatrix,
nd hence the CKM matrix. We adopt a Wolfenstein-inspired

1— 3N+ 1yq A Ape'®\®  Apel@2\2tMus
Ld=— —Atleqg 1— 3N+ AN? Axe @3\ 21 N2 | 13
Cral >+ g Ch 2t 1—Cpph\i+ly %
LG L9, LY, 1—cCap\*+1g

L As previously mentioned, we expect thequark to mix
Wher.e thec,, are mulltlplllcatlvg factors 0‘2(1)' and the yr predor‘?ﬂnantly \zlvith the third generrftion. T?]qerefore, to sim-
arehigher-ordercontributions in\ to thel,,, elementde.g.  pify the parameter space we assume that the mixing ohthe
in the L§, element] s~ O(\) sinceci\? is of second order  quark with the first two generations is small; namely, we
in \]. Using the unitarity of theLY matrix and additional assume than,, andn,, are greater than the order of thd
assumptions regarding the size of particular elements, onmatrix parametrization. Parametrizihg to O(\®), one ob-
may obtain a fully parametrized expression for tematrix.  tains the following matrix:
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1- a2 1)\* A Aue'oiz3 0

-\ 1-3N°—(5 + 5 A\ AN? 0
Ld= - . _ 5 . (14)

A(l=pe DN —ANP=A(= 3 +pe YNt 1-(5 4+ 3 AN 2

0 AEN? % 1- e
|
In this parametrization of thd.9 matrix, the phasew, ~200 GeVE? there is a large discrepancy between the cross

=— v and the anglex= /p?+ 7. section with the fixed scale Q2= M%) and the dynami€

Using this form of theL.9 matrix and Eq.(9), the domi- scale[Q?*=m?2, (2m,)?, ands]. For our analysis at the
nantnew charged-current coupling is between the top and Tevatron we use  scale which is set by the c.m. energy of
quarks. The strength of theh charged-current interaction is the subprocess, and at the LHC we us@ acale equal to
g(2 Y9 &N2. In the ISVLQ model, tree-level FCNCs are twice theh quark mass.
expected between all four down-type quarks; however, we Using Fig. 2 and projected integrated luminosities, a
find that tree-level flavor-changing neutral currents betweeriback of the envelope” upper limit for then quark mass
SM quarks are disfavorgd?(\®)]. Interactions between the reach is obtained. For an integrated luminosity of
h quark and SM down-type quarks may be sizable; in fact,
interactions between thie quark andb ands quarks are of
O(N\?) and O(\%), respectively. In particular, thie-b inter-
action isleft handedwith strengthg(2cy,) ~1éN2 [to O(A\°)
in the parametrization

The form of theL9 matrix in Eq.(14) is just one of many
possibilities arising from the constraints in Sec. Il B. For
example, the strength of the charged-current interaction be-
tween theh quark and theu or ¢ quarks may not be negli-
gible (e.g. ny4 or ny,, may equal zerp If these charged-
current interactions are relevant, then they will contribute to
the “td” and “ts” elements of the CKM matrix. These ad-
ditional charged-current interactions lead to corrections to
the |4 and |, terms of theL$; and L3, elements. In the 10°8
remainder of this paper, we use th& matrix in Eq.(14).

ofpp — hh)  [pb]

|||||\\,'
100 200 300 400 500 600
m, [GeV/cd]

IV. hh PRODUCTION AND DECAY SIGNATURES AT THE
FERMILAB TEVATRON

In this section we investigate the prospects floquark
observation at the Fermilab Tevatron. ﬂrfand pp colli-
sions,hh’ production proceeds predominantly through QCD
interactions; therefore, in the remainder of our analysis, we
suppress contributions toh production from electroweak
processes.

o{pp — hh)  [pb]

.|....|....|....|....|.~..'~'~‘.-:E
500 1000 1500 2000 2500 3000
To obtain a basic understanding of thie production rate m,  [GeV/c?]
and theh quark mass reached at hadron colliders, we plot — , , i
FIG. 2. Plot of thehh production cross section as a function of

(see Fig. jZthe tree-levehh pair production cross section at .\, quark mass ata) the Fermilab Tevatrony/s=1.96 TeV, and
the Fermilab Tevatron \@: 1.96 TeV) and CERN LHC 4 () the CERN LHC,\S=14 TeV. The curves in each of these
(\/_§= 14 TeV) as a function of tha quark mass, calculated pots correspond to different choices of the QCD s¢&é=M2,
using the CTEQ5L structure functlorﬁsl]. The CUrVes N 2 (5m12, ands], wheres is the square of the subprocess c.m.
each of these plots correspond to different choices of th@nergy. In the Tevatron plot, the curves 0= (2m;,)? and Q2
QCD Q scaled Q?=M3, m, (_th)Z, ands]. For smallh =5 overlap, while in the LHC plot we omit th@2=5 curve since
quark masses the cross sections for each ofQhscales the CTEQS5L structure functiong31] are not defined beyond 10
are comparable; however, abh quark masses above TeV.

A. hh production
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(1, 10) fb ! at the Tevatron, the largeBtquark mass reach- 10’ 3anan

able (producing at least one hh even} is

~ (490, 550) GeW¢?. At a luminosity of 100 fo'! at the

LHC, the largest accessibla quark mass reachable is

~2500 GeVt?. These estimates assume perfect event de- <

tection and they assume there are no complications arising &

from the decay of thén quarks. =
Though Fig. 2 is instructive, one must take into consider-

ation final-state signatures and backgrounds to determine a B/

-
(=]
=]
T
SN S g

realistich quark mass reach. Thequark is expected to be an 104 §
unstable particle and hence it will decay to SM particles. The 3
three dominanth quark decay processes ahe-tW~, h 10 o o son oo ro 0 aon 1000
—bZz° andh—bHP. Since each decay mode of thejuark . [GeVicd]
depends on the new mixing parametgrthe cross section
for h quark production and decay must also depend on the ! AR I(b) e '\',\‘,'D'e‘c;y' AN
mixing parameter. - i ":,: ,5822:{ S
We calculate the cross sections foin pair production in 08 3 7]
conjunction with decay of thb quark into a SM quarks and o i 1
gauge bosons. To facilitate this analysis we usecthi@PHEP g osf —
[32] software package to calculate the tree-level cross sec- g I
tions for hh production and decay at the two collider facili- S 04 B
ties. For the remainder of this section we shall restrict our @ [
analysis to the Fermilab Tevatron, reserving a brief discus- 02 [
sion of the LHC for Sec. V. Tt
0 ll."'.:lllllIIIIIIIIIIIIIIIIIIIIIII\II‘IIIIIIIII
B. h quark width 100 200 300 400 500 600 700 800 900 1000
M. [GeVic?]
To calculate the cross sections fon production and sub- FIG. 3. (a) Plot of theh quark partial widths as a function of the

sequent decay, we must first calculate the width of the mixing parameteg (=0.4,1.0,1.6) andth quark massm,,. (b) Plot
quark. The total width of thér quark is the sum of thé& of the h quark branching ratio for a fixed mixing parameter value
quark partial widths; the decay processes contributing to thé=1 and a variablén quark massm;,. In each of these plots, the
partial widths may be separated into thfeecay channels:  Higgs boson mass is taken to be 150 G&A//

h—uW~, h—d;Z° andh—d;H°. To leading order the par-

tial widths for the three decay channels are given by the 1
expressions F(m2,m5,M?)=m2+m3— M2+ W(mi—m%—Mz)
2_ 2. \2
[ Ge |[caMmZ X (mi—m;+M?),
F(h—uW")= a2 ) ——|ILidl?
AN G(m?,m3,M?)
X p*(mp,m; ,cM ) F(mp,m?,cgM2), 1
= ——[4mim3+(mZ+m3)(mZ+m5—M?)].
cwMz
Ge |[M3 (16)
I‘(hﬂdizo): 8\/5 )(_2 |L?1i|2||-g4|2
™)\ My The center of mass momentum may be expressed as
X p*(my,m; ,Mz)F(mp,m? ,M2), p*<m1'm2’“g)=gl’221)[h<m?m5'“"2>1”2’ where
N(a,b,c)=a“+b“+c“—2ab—2ac—2bc. The partial
widths forh quark decaysvia thew ™, Z° andH® channels
5 are shown in Fig. @&).
I'(h—dHO) = Ge cwMZ |Ld-|2|Ld 2 In Fig. 3(b), we plot the branching ratio for thie quark
! 8\2m)| m? ail 1-ad decaying viaz®, W~, andH® channels. In this plot the mix-
ing parameter,¢, is 1, the mass of the Higgs boson is
X p* (my,m; ,My)G(mi,m?,M3), (15 150 GeVt?, and the mass of thequark is varied from 100
to 1000 GeVt?. TheZ® decay mode is the dominant decay
channel forh quark masses below 200 Ga¥#/ however, the
wherep* is the center of mass momentum, and branching ratio to this mode quickly diminishes as thg
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and W= decay modes become kinematically accessible.

—— T I LI I T 17T l T 1T I L I UL I T 1
Since the charged-currentand ¢ couplings to theh quark f-; 2
are smallsee Eq(14)], the branching ratio of the quark to N 107 _ 7
W™ is suppressed untifh,=M,y,+m,. In the largeh quark N o, T Theory‘sipp-stinX) 3
mass limit, the ratios of th&°, H®, andW ™ partial widths 1 - s G :
are|L9,%|LY,%:2. Using theL? matrix parametrization in 9 i ., @ Sl 1
Eq. (14), these ratios are (2£20%):(1—&2\%):2. T I 1

Q 199 GeV/c?

6 10 . —]

C. Constraints on ISVLQ model from b’ searches

Before we discuss specific signatureshdf pair produc-
tion and their corresponding cross sections, we investigate -
limits on the h quark mass from previous experiments. In TS P T N .
fha:';gﬁrigéeéﬁ:?r:ne implied limits from the first run of 100 120 140 160 180 200 220

In run 1B of the Fermilab Tevatron(s=1.8 TeV), the b’ mass (GeV/cz)
CDF and DOCollaborations acquired 86.47 pb and
84.5 pb! of data, respectively33]. Although a specific o
analysis of the ISVLQ model using the run IB data was not wE
considered, we can infer limits on tequark mass froni’ C
searche$34—-36. Unlike the ISVLQh quark, theb’ is the
charge— 1/3 member of a fourth quark generation, 1§’) .
Since theb’ is a member of a doublet, the GIM mechanism
is preserved and, therefore, flavor-changing neutral decays of
the b’ are forbidden at tree level. Consequently, flavor-
changingb’ decays occur via higher-order interactions; they
are expected to be suppressed relative to tree-level interac-
tiOnS. Ol v 1 v v v v vy by by by 1

In theseb’ studies, the CDF and D@ollaborations L 100 120 140 160 180 200 220
searched for a fourth-generatidsi quark by looking for m,  [GeV/c?]
events where thé’ decays via a flavor-changing neutral
interaction. In particular, both the CDF and the FIG. 4. (Top) Exclusion plot for theb’ search from run IB of
DO Collaborations searched fortd quark in the following ~ CDF[35]. (Bottom) Plot of the cross section fdr quark pair pro-
mass regions(l) my, <M, (see Ref.[34]) and (2) my, ducti_on and subse.q'uent decay into lh/quarks_and twa® bosons._
>M+m, butm,, <m, andm,,<m, (see Ref[35]). In the In this plot2 the mixing parameteg=1, the nggs boson mass is
former mass region, the’ decays to a photon and a SM 1520 GeVk?, and the curves correspond to different values of the
down-type quark, while in the latter mass region Hiede- Q" scale.
cays predominantly to &° boson and a SM down-type
qguark. Note that in the second mass region, tree-level
charged-current decays to light, up-type quarks are present; At the c.m. energy of the Fermilab Tevatron/g

however, they are doubly Cabibbo suppressed by the small 1 96 TeV), hh pair production is dominated by subpro-
coupling between thb’ quark and the light up-type quarks. cesses in which a quark from a proton and an anti-quark

In this paper, we are interested in an ISVIbQ@uark with  from an anti-proton annihilate via a strong interaction. Con-
a mass greater than that of t7 boson. In the top panel of tributions from subprocesses involved in gluon-gluon fusion
Fig. 4, we reproduce the 95% confidence lifsivlid line) on  are suppressed by the gluon density of the proton, and sea
the cross section for B’ quark of Ref.[35]. In the bottom  quark contributions are suppressed by the sea quark distribu-
panel of Fig. 4, we plot the cross section for thie produc-  tions of the proton.

tion multiplied by the branching ratio for eathquark to the Once arhh pair is produced, each isosinglet quark decays
Z° mode. The four curves in this plot correspond to theto a SM quark and an associated gauge or scalar boson.
aforementioned choices of the Q@Dscale. Using the/g Q  Although subsequent decay and hadronization of these par-
scale, one finds that for a mixing parameteréef1 and a  ticles is expected, we do not explicitly generate the matrix
Higgs boson mass of 150 Gedf/the run | data exclude am  elements for these individual processes. Rather, we generate
quark at the 95% confidence level in the 100—200 @8V/ the matrix elements fohh pair production and the primary
mass range. For a Higgs boson mass of 115 @&\the run  decay of then quarks into a heavy quarkottom or top and

| analyses imply that am quark is excluded in the mass an associated gauge or scalar boson. ddenot consider
range of 100-185 Ge¥f. In the following sections, we processes in which the primary decay of thguark results

will discuss the effect of th& mixing parameter on thé in a light quark. Processes in which thequark decays to a
quark mass reach of current and future hadron colliders. W™ and a light quark are disfavored by our choice of CKM

Ll

L

10"

o(pp — hh — bbZZ) [pb]

Ll

D. hh production and decay at the Tevatron
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TABLE Il. We require that theh quark decay products pass 10"

IR AN
basic pseudorapiditys), transverse momentunp{), and angular @) Ba’:g 83:2 .......... 3
separation AR) cuts. Note that the angular separation cut is applied = 10° Reduced PT - il
only to the bottom quarks and not to the top quark or the bosons < ;I’ . Tighter Eta. -
(gauge nor scalar ﬁ 1 ; Tight Eta Loose Pt -
s 107 F E
Parameter Minimum value Maximum value n £
= g2 3
Mo -3.0 3.0 A E
AR(b;,bs) 0.4 - S
pb 25.0 - B o10° E
' F N ]
10-4-uuuI....I....I....\....I....I....IN-
matrix [see Eq.(14)]; moreover, processes in which the 100 150 200 250 800 250 400 450 500
0 0 ; m, [GeV/icT]
quark decays to 2" or anH" and a light down-type quark
often lead to complicated, multi-jet event topologies. 2 prre , (tl)) ARAARVPAARAARAN
T . o Luts
For the Tevatron, théh production and decay schemes 18 & 2 PT T — 3
considered in this paper are as follows: F Reduced PT -
o 16 [ . Tighter Eta =
1 op . — . W we é . : P Tight Eta Loose Pt --
— — — c TR
2. pp — — bszZO, % \"‘-
3. pa — ™ — bHHOHO, ﬁ 12 - .
4., pa — n — bbH?Z°, § 1 F :
5 pp h  — bW Z%+thw'Z’, 08 [
6. pp — - tbW~HO%+tbw HP. o b 3
.-lIlIIIIIIIIIIIIIIIIIIIIIIIII\III\IIIIII-
Promising final-state signatures and backgrounds for these 140 160 180 200 220 2240 260 280 300
processes are discussed in Secs. IVD 1 and IV D 2, respec- m,  [GeVicT]

tively. For the time being, we are interested in the cross
sections for these sihh production/decay schemes and
which, if any, of these schemes provides the best ch&)nel — 150 GeVE2. (a) Plot of o(pp— hh—bhz°Z% for five different

for anh qgark sgarch at the Tevatron. choices ofb quark cutsisolid) No Cuts (long dash Base Cutssee
_To begin, we impose a loose set of cuts to ensure that th?able Il; (short dashReduced p, base cuts wittp®>15 GeVk;
hh events produced conform toeasic geometry and event (dots Tighter 7, base cuts with#,|<1.5; (dash-dot Tight 5 and
selection requirements of the detectors. These cuts are sumeose g, base cuts with the tightey and a loosep+. (b) Plot of
marized in Table Il. We impose a loose cut on the pseudorahe cross sections relative to the “Base Cuts” cross section.
pidity » of the bottom quark|z,|<3. Pseudorapidity is
defined asp= —logtan(¥/2), whereé is the angle between .
the particle being considered and the undeflected beam. ﬁj]ecay products O.f these particles.
addition to the pseudorapidity cut, we impose a jet separation_m Fig. 5'_\"(/)6 O|IIu§trate the gffects of these cuts on the
cut, AR= (A 7)?+ (A ¢)?, to ensure that there is adequate PP~hh—bbZ"Z" signal. In Fig. %), we plot the pp
jet separation for detection. Finally, we impose a cut on the~hh—bbZz°Z°% cross section for the following cuts: “no
transverse momenturpy, of the bottom quark. Because the cuts” (unconstraine) “base cuts”(see Table IJ, “tighter s ”
bottom quark is a decay product of a much heatbiguark, cut (|7,|<1.5), “reducedp;” cut (p$> 15 GeVck), and
one expects the bottom quarks to be “hardigh momen-  “tight #/loose pr” cut (|7, <1.5 and p$> 15 GeVCk). In
tum) and to have substantial transverse momentum whiclFig. 5b), we present each of these cross sections divided by
scales with the mass of tlifequark. Moreover, because pre- the “base cuts” cross section. Above dnquark mass of
vious data from the Fermilab Tevatron appear to exclude an80 GeVk?, loosening the transverse momentum cut from
h quark up to~200 GeVkt? (when My =150 GeVk?), a 25 GeVk to 15 GeVE on eachb quark increases the cross
“hard” cut on the transverse momentum of thequark will  section by less than 10%. Tightening the pseudorapidity cut
merely reduce thén quark signal in a previously excluded from 3 to 1.5 onboth bquarks reduces the cross section by
region (i.e. 100-200 Ge\4?). Therefore, we impose a roughly 20%. Modified constraints on thequark pseudora-
lower bound of 25 GeW on the transverse momentum of pidity may be used to limit the reduction in the cross section
eachb quark. As we shall discuss in Sec. IVD 2, thecut  to less than 20%. For example, one may require at least one
and theAR cut on theb quarks help to reduce backgrounds b quark to be “tight” (,<1.5) and the otheb quark to be
for thesehh pair production processes. The top quark and‘loose” ((7,<3). -
the gauge bosons are unstable particles; therefore, we do not The cross sections fohh production and(primary h
impose any constraints on these particles. When we discusgiark decay are shown in Fig. 6. The new mixing parameter

FIG. 5. Effect of cuts on th@p—hh—bbz°Z° cross section
where the mixing parametér=1, and the Higgs boson mabs

event signatures in Sec. IV D 1, we will impose cuts on the

035009-9



T. C. ANDRE AND J. L. ROSNER PHYSICAL REVIEW D59, 035009 (2004

Fr A e the h quark mass range of 100-500 Ge¥/ the change in
ol/ N. = bbzH —— the ¢ parameter causes no more than a 10% change in the

bbz°Z° cross section and no more than a 25% change in the

bbH?Z° cross section. Therefore, reasonable changes in the
& parameter should not significantly impact the mass reach
capability at the Fermilab Tevatron. In the remainder of this
paper, we restrict our analysis §=1.

Effect of Higgs boson mass on cross sectidngrig. 8,
we plot thebbz°Z° and bbH?Z° cross sections for three
choices of the Higgs boson masM,=115, 150, and

175 GeVk2. At tree level, thebbz®z° cross section de-

pends on the Higgs boson mass through the width ofhthe

quark. In Fig. 8 a heavier Higgs boson leads to an en-

hancement in th&bz°Z° cross section. This can be under-
FIG. 6. Cross sections fdih production and primary decay at Stood as a suppression of thd; decay channel in tha

the Fermilab Tevatron. In this plot the Higgs boson masMijs  duark brarEhing ratipsee Fig. 8)].

=150 GeVk?, ¢=1, andQ= 5. In the bbH°Z° cross section the Higgs boson is taken as

an “external particle” in the Feynman diagrams. Therefore,

the Higgs boson mass enters the cross section through the

phase space integration and the expression fomhtheark

G [pb]
=

107 F

10—5-...-".|.."'..|..f'...
100 150 200 250 300 350 400 450 500
m, [GeV/cd]

¢ is set to 1 and thén quark massm,,, runs from 100 to

5 ) .
500 GeVk“. The cross sections for each of the primary de'width. In Fig. 8b) one observes that, by reducing the Higgs

cay modes fall rapidly as thb quark mass is increased. boson mass to 115 Ge#, the cross section is enhanced for
Because of the transverse momentum cut onkhgarks, the mass range of 100—300 Ge¥/ On the other hand, if
primary decay mod_es containing at least orguark e_xhibit we increase the mass of the Higgs boson to 175 GéV, the
exaggerated rounding of peaks in the cross section. Cro%?oss section is reduced in the same region. Abovehan

sections for modes in which the decay products of he quark mass of 300 Gew?, changes in the Higgs boson
guark are more massive than thejuark are suppressed. In ) ' — 00 .
mass result in small changes to theH"Z" cross section.

articular, the cross section for thew* W~ mode is sup- . ; . —
P P The negative correlation between the size of HsH°Z°

pressed untiimy=m;+M,y,. As a result of the suppression

and the c.m. energy of the Tevatron, cross sections for modég9SS sectzion and the mass of the Higgs boson below
in which at least oné quark decays to a top quark are small 300 GeVk* follows from the suppression of phase space by
(less than 10 fp the Higgs boson mass. In the remainder of this paper, we

At an integrated luminosity of (1, 10) 1, the largest Sonsider two Higgs boson masses, 115 G#V/and
accessibléd quark masgat é=1 andM =150 GeVk?) for 150 Gevk*.

any of the primaryh decay modes is- (420, 500) GeV¢? .
(modes produce one signal everithe most promising of 1. Signatures

, 500 14070 _ . . . . . —
these primary decay modes are thbZ'Z" and bbH™Z" n this section, we investigate final state signaturegitor
modes. Each of these modes has a “large” cross sectioaijr production at the Tevatron. To facilitate the discussion,

below anh quark mass of 300 Ge'¢f, and their respective e categorize signatures based on the primary decay modes
cross sections are comparable to the other modes abadve an the hh pair

quark mass of 300 Ge¥f. As discussed in Sec. IVD 1, Below anh quark mass of 300 Ge??, the dominant

these modes can give rise to clean distinctive signatures at . =050 — 050
the Tevatron. On the other hand, modes in which at least orllimary decay modes are tiEhZ°Z ?and bbH"Z" modes.
h quark decays to théW~ channel have relatively small #POVe anh quark mass of 300 Gewf, each of the primary

cross sections at the Tevatron. Subsequent decay of the t&2Y mode§see Fig. 6 is comparable in size. The_re:‘)orée, a
quark often leads to complicated final states. number of signatures arising from the decay of tiEz"Z

Effect of thef mixing parameter on cross sectiofBefore  and thebbH%Z° modes will be important for ahh search.
we discuss signatures bh pair production at the Tevatron, Although cross sections from the other decay modes are
we address the dependence of the cross sections on the mbemparable to thebz°z° and thebbH°Z° modes when the
ing parameterg, and on the Higgs mass. In Fig(af and  h quark mass is greater than 300 Ge¥/signatures arising
Fig. 7(c), we plot the pp—hh—bbz°Z° and pp—hh from these modes are often challenging experimentally.
—bbH®Z° cross sections for a Higgs boson mass of We do not consider thébZ°W~ (btZ°W™), tbHW"
150 GeVk? and for four choices of the parameter,é  (btH°W™), and ttW"W~ modes because the decaying
=0.02, 0.2, 1, 437]. In Fig. 7b) and Fig. 7d), we plot the  quark produces b quark and anothé= boson. As a result,
£=0.02, 0.2, 1, 2 cross sections divided by #el cross signatures arising from these modes have at least two more
section. In both théobz®Z° and thebbH®Z® modes, the final-state particles than tHebZ°Z° mode. At the Tevatron,
cross sections are weakly dependent onghmarameter. In small cross sections in conjunction with complicated event
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FIG. 7. Effect of the mixing parameter on the “primary decay” cross sections. The curves in each of these plots correspond to four
different choices of thé mixing parameter £=0.02, 0.2, 1.0, and 2)0In each of these plots, the Higgs mass is 150 @8V{(a) Plot of
the cross section fqnﬁﬁ hh—bbz°z° as a function oh guark mass(b) Plot of each of thdbz°Z° cross sections relative %=1 cross
section.(c) Plot of the cross section fcpaﬂhﬁﬂ bbHZ° as a function oh quark mass(d) Plot of each of theobH%Z° cross sections
relative toé=1 cross section.

topologies, small branching ratios, and detector effects leagresence of multiple uncorrelated neutrinos makes it cumber-
to little or no mass reach for these modes. some to reconstruct the parentage of the final state leptons.
For example, signatures arising from t&/*W~ mode  Other signatures arising from theW* W~ mode suffer
have complicated final states. In this mode, eaduark from a combination of the challenges outlined in thi-jets
decays to ab quark and aw® boson: pwW*),(bw),  and thefully leptonicsignatures. _
W*W™. In our notation, the t” subscript in “(-),” indi- In addition to the charged-current decay modes oftthe
cates that the quantities enclosed in the parentheses have\sa do not consider signatures. arising frqm thbHCH?°
invariant mass of the top quarky,. Each of the 4w+ mode. Although the & quark signature arising from the
bosons decays to either a quark/anti-quark ghadroni- decay of each Higgs boson to quarks is interesting, the
cally) or a charged lepton/neutrino pdleptonically. Inthe  bbH°Z° mode has a larger cross section and it leads to
detector the quark/anti-quark pair hadronize into two jetscleaner signatures.
(ji), and the charged lepton/neutrino pair manifest as a lep- At the Tevatron, the most promising channgls for the dis-
ton[38] and missing transverse enerdy Er). Two possible  covery of a down-type isosinglet quark are t#ez°Z° and
final state signatures arébb(jj)w(ji)w(ii)w(ij)w” and “ the bbH?Z° channels. These decay channels arise from the
bbl ~1*1~1"E;.” The multijet signature has a complicated decay of each of thi quarks via a tree-level flavor-changing
event topology. The final state contains two jets associateBeutral interactiorimediated byH® or Z°) to ab quark. Jets
with b quarks and 8 jets arising from hadronization of light associated with hadronizehl quarks in the final state are
quarks. In order to reconstruct thé parentage of this sig- powerful objects for analysis thanks to thget identification

nature, one would need excellent dijet mass resolution tgapablllt|e§ at both detec.tor faC|I|t|é_€[_)F and DQ.
overcome combinatoric challenges. The fully leptonic signa- 10 obtain a more realistic description of & event at
ture suffers from small branching ratios; in addition, thethe Tevatron, we decay the gauge bosons inbthg®z° and
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10! g e e g TABLE Ill. Cuts applied to “final state” partonsl| refers to
Eo (a) My=115GeV 3 either of the “light” charged leptonse or w. j refers to the light
o mngg gzx quarks and gluon—all of which would hadronize to form a jet.
10 H™ 3 Using the “1” and “2” subscripts, we distinguish betwednguarks
] arising from the primary decay of the quark () and from the
1otk _ subsequent decay of massive gauge bosbgk (
g E
: 52 ] Parameter Minimum value Maximum value
] 7;8, N, N -3.0 3.0
ot L ] Pt . 25.0 -
pr. Pk, Py’ 10.0 -
- AR(i k) 0.4 -
10-4....I....I....I....I....I....I.......
100 150 200 250 300 350 400 450 500
m,  [Gev/c?] In addition to the cuts delineated in Table Ill, dijet and
dilepton mass cuts are applied. In signatures wheZ’ a
i ' ' (ll)) M' _ 115|GeV ' boson decays to either a charged-lepton pair or a jet pair, the
10° ME =150 GoV ~—rmr 3 reconstructed mass of that pair should be close to the mass of
i My =175 GoV e ] the Z° boson. Therefore, we require the mass of a dijet/
107 £ 3 dilepton pair be within£(0.1XMy). Complications may
3 arise when more than two charged leptons or two jets are in
g 102 - the final state. In such instances, we defi@-like” lepton
o 3 or jet pairs as those with mass closest to #emass. In
108 L ] analogy to thez® case, we impose a dijet reconstruction cut
: on theb jet decay products of the® boson. Also, if a Higgs
1074 ] boson decays tolab pair, there will be at least @ jets in the
I final state—twab quarks from the decay of tHequarks and
107 | AT A P T P T two b quarks from the Higgs boson decay. Rather than re-
100 150 200 250 300 350 400 450 500 quiring eachb jet to have a transverse momentum greater

m,  [Gev/c?) than 25 GeV¢, we require that at least twoon “ H-like” b
jets have a transverse momentum greater than 25 &eV/
The remainingb jets must have a transverse momentum
Igreater than 10 Ge¥/

We also require additional cuts on the reconstrudted

quark mass. For both thebz°Z° and thebbH®Z° modes,
theh quark mass can be reconstructed from the approgriate
jet and gauge boson combinations. We constrain the invariant
mass of ab quark and one of th&®-like or Hlike final-

bbH°Z° channels. We generate unweighted events for eachtate particle pairs to be equatithin resolution to the in-
of these primary decay modes, and we decay the gaugériant mass of the othew quark and gauge boson decay
bosons to “final-state” SM particlegleptons, quarks, and Products. In addition, each of thesé “quark legs” must

gluons. When az° or anH® boson is decayed, we introduce equal(within resolution the desirech quark masge.g. 200,

2
a Gaussian smear on the reconstructed mass of the decay p%?ro or 300 GeW*). If one of the gauge bosons cannot be

O . . .
to approximate detector resolution effects. We take the dije'EeconSt;UCtede'?'tﬁ é)decayks to ngl{[trrllnoiren the |tnvatr.|slnt
mass resolutiono(M;;)/M;;, of a jet pair to be 10% mass of one o quarks an € othaeconstructivie

0 . . . B
[39,40. The energy resolution and transverse momentumz -like decay products must be equalithin resolution to

resolution from run | of the CDF detector are used to definethe h.quark mass. . . . o
With a set of formal cuts in place, we investigate specific

the dilepton mass resolution from electrons and mydis _ i - — 0 = o
Using thesignal events, we determine the fraction of eventsfinal-state signatures arising from th&Z"Z" andbbH"Z
that pass a set of detection cuts. From this fraction and thehannels. In Table IV we list five signatures for thbz°z°

bbz°z° andbbH?Z° cross sections, the cross sectiorhéf ~ mode and three signatures for theH°Z° mode. We con-
events decaying to a particular signature is determined.  sider signatures arising fro@° decays to a jet paijj), a
In Table Il we present the angular and transverse momenbd-jet pair (bb), a neutrino pair(missing transverse energy,
tum cuts imposed on the events. These cuts are applied at tfg), and a pair of “light” charged leptonsl Ee, ). Sig-
parton level; the quarks and gluons have not been allowed taatures resulting from the decay of the Higgs boson et
hadronize. In our notation, |1 and “j” refer to a light pair are also considered. The cross sections contained in
charged leptonl=e or u) and a jet (=u, ¢, d, s, g), Table IV do not account forb-tagging efficiencies 4,

respectively. =100%). In Sec. IV D 2 we loosen this constraint to deter-

FIG. 8. Effect of the Higgs boson madél,,,, on the primary
decay cross sections. In each of these plots the mixing pararéigeter,
is fixed at 1, and the curves correspond to different Higgs boso

masses M, =115, 150, 175 Ge\W?). (a) Cross sections fopp
—hh—bbz°Z° as a function oh quark mass, antb) cross section
of pp—hh—bbH®Z° as a function oh quark mass.
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TABLE IV. The signal cross sectiofin fb) for hh pair production and subsequent decay into 7 final-state
signatures. We use the “{;” notation to indicate that the quantities enclosed in the parentheses should have
an invariant mass equal to t boson mass. The cross sections are presented for three choiceshof the
quark massrh,= 200, 250, and 300 Ge¥) and for two choices of the Higgs boson mas (=115 and
150 GeVt?). These cross sections assume perfejett tagging efficienciese, = 100%.

Signature o (fb) o (fb)

my, (GeVic?) 200 250 300 200 250 300
My (GeV/c?) 115 115 115 150 150 150
bb(jj)z(ij) 50 13 1.9 79 18 0.90
bb(jj)z(1"17)5 19 4.9 0.72 28 6.4 0.30
bb(jj);E+ 90 23 3.2 140 32 15
bb(I*17),E+ 15 4.0 0.55 26 5.6 0.29
bb(bb),F+ 29 7.3 1.0 44 9.4 0.45
bb(bb)4(jj), 46 15 25 4.9 3.4 0.43
bb(bb)(1717), 7.9 2.9 0.45 0.74 0.59 0.080
bb(bb)Er 37 12 1.9 4.0 2.3 0.36

mine estimates of tha quark mass reach at the Tevatron. As expected, the branching ratio of the Higgs bosonto a

As seen in Table 1V, the most promising decay signaturesjuark pair is significantly reduced as one increases the Higgs
— J— JE— 2 -
in the bbz°Z° channel arebb(jj),(jj);, bb(jj),(F),, Poson mass from 115 Gedf to 150 GeVE?. Signatures

_ ] g 0-0
-1 Th ; fit f tarising from thebbH"Z" channel have the most reach when
andbb(ij)z(1 1 );. These decay signatures benefit from aty ) - 3" i1 Vioas boson. In addition, theb(bb), (i)

least one of th&® bosons decaying hadronically. The mode .

in which both Z° bosons decgy ?o light quari(jull-jets and thebb(bb)yE+ signatures have much larger cross sec-

mode appears to provide the best reacthiguark mass. The tions than thebb(bb)(1717); signature. If theh quark
mass is 250 Ge\W? and the Higgs boson mass is

bb(jj)z(E)z andbb(jj),(I1"17), signatures are relatively 115 GeVL?, one expects to produce(15, 150
clean with slightly diminished signal. If the quark mass is  pp(bb),(jj), events and (12, 120 bb(bb)yE; in
250 GeVE? and the mass of the Higgs boson is (1 10) fiy ! of data at the Fermilab Tevatron.

150 GeVk?, one expects to producés, 180 bb(jj),(jj)z
events, (6.4, 64 bb(jj)-(1"17), events, and(32, 320
bb(jj),F+ events in (1, 10) fo! of data at the Tevatron.

Many of thebbZz°Z° signatures are interesting and are simi- !N the previous section we presented a numbérttosig-
lar to the signatures aﬁ_production at the Tevatron. In Sec natures and their ex_pected tree-level cross sections at the
. . ) " Tevatron. To ascertain the quark mass reach at the Teva-
IVD 2 we find that some of these signatures are closely reg.,, "\ve need to understand the backgrounds associated with
lated to thett production signal, resulting in large back- these signaturesee Table IV.
grounds. We use the software packag@DEVENT [42] to study the
_Next, we consider final state Signatures ariSing from thQSM backgrounds for these SignaturefB\DEVENT generates
bbH®Z° channel. In this mode the Higgs boson is producedand calculates theee-levelcontributions to a given process
via the tree-level FCNC decay of the quark. Since the (parton-level calculationusing helicity amplitude methods
strength of the coupling to thie quark is proportional to the [43]. We do not consider one-loop contributions to the back-
product of the flavor-changing interaction and the mass ofround. Although FCNCs occur at one loop in the SM, we
the h quark (see Fig. 1, the Higgs boson coupling to tHe  expect their contribution to the background to be small. If
quark may be sizable. This leads to an intriguing scenario ione includes one-loop processes in the SM background cal-
which the discovery of an isosinglet quark may lead to theculation, the one-loop contribution to the ISVLQ model
discovery of the Higgs boson. We consider signatures arisinghould be included in the signal calculation.
from the decay of the Higgs bosonhauarks. Decays of the At the parton level, each of theh signatures contains six
Higgs boson toV* pairs lead to complicated signatures thatfinal state particlegquarks and leptons Although MADE-
are not ideal for am search at the Tevatron. VENT can generate the diagrams and associated matrix ele-
_InTable IV, we consider three signatures arising from thements for a signature containing six “final-state” particles,
bbH%Z° channel. Th&® boson decays to either a quark/anti- the evaluation of some matrix elements is computationally
quark pair, a pair of charged leptons, or a pair of neutrinosintractable. In particular, the quantum chromodynamic back-
As discussed above, jets in the final state result from thgrounds to thebb(jj)(jj)z and thebb(bb)y(jj)z signha-
hadronization of the light quarks, and missing transverse ertures consist of an enormous set of tree-level diagrams that
ergy (E+) results from the decay of 2° boson to neutrinos. overwhelm most computing clusters. Therefore, when com-

2. Backgrounds
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TABLE V. Standard model background to thé pair production signatures outlined in Sec. IV D 1. The SM background cross sections
are presented for a Higgs boson mass of 115 and of 150 c8eW b-jet tagging efficiency of 50% is used and at least 1 dr tags are
required for signatures containing 2 oib4ets, respectively. In the “EW order” columns we indicate the order of each of the electroweak
calculations. A number in either of these columns indicates the number of electroweak vertices in the background calculation, the “FT”
indicates that the calculation is a full tree-level calculation, and the asterisk indicates that the background is forced to produce massive gauge
bosons before decaying to the indicated signature.

Signature O'bkgrnd (fb) O'bkgrnd (fb) EW Order
My, (GeV/c?) 200 250 300 200 250 300 (cald (uncald
M, (GeVic?) 115 115 115 150 150 150

bb(jj)z(ii)5 110 56 16 110 57 15 24 0>4
bb(jj)z(1"17)5 0.023 0.0098 0.0044 0.024 0.010 0.0043 *2.4 >4
bb(jj)Er 1.8 0.57 0.30 1.3 0.57 0.53 24 >4
bb(1717) 8.4 6.1 2.6 8.4 6.1 2.6 FT

bb(bb),Er 0.023 0.014 0.0081 0.022 0.014 0.0079 *2 4 >4
bb(bb)y(jj); 0.059 0.0023 0.0010 0.0025 0.0019 0.00091 *2.4 0,>4
bb(bb),(1717), 0.0035 0.0013 0.00047 0.0026 0.0015 0.00047 *2 4 >4
bb(bb),Er 0.021 0.014 0.0087 0.013 0.013 0.0090 *2 4 >4

putationally feasible, we US@ADEVENT to calculate the SM lated thebb(jj),(l1*17), background originating from dia-

background to thehh signatures. The order of the back- grams with two electroweak vertices and with four elec-
ground calculation will accompany all estimates of the backiroweak vertices. The background with two electroweak
ground cross sections. For signatures likeliéjj),(jj);,  Vertices includes diagrams where the jets do not come from
in which the matrix elements for the backgrounds are noZ’ decay. The background with four electroweak vertices
calculable using current technology, one would need to usincludes all bb(jj),(I"17), signatures that arise from
approximate methods or to measure the background directiypxx, where X is a massive gauge bosat=2Z° W*, or
from the Tevatron data. HO.

For each signature, we require background processes t0 For most of the signatures discussed in Sec. IV D 1, the
pass the cuts outlined in Table Ill and the invariant mass cut§M background appears to be manageable when compared
discussed in Sec. IV D 1. As with the signal events, we astg the signal cross sectiorisee Table IV. The notable ex-
sume t.hat at the Tevatron thel du’et r'nass.resolutlon can b@eptions are thédb(jj)(jj); and thebb(l*1~),E; signa-
approximated by a Gaussian distribution with a resolution of,res. The large backgrounds for these signat(neative to

10% of the invariant mass. The dijet and dilepton cuts angpe other signatureésan be traced to top quark pair produc-
the cuts in Table IIl are designed to reduce the size of the

background. For example, the hard cut on the transverse m '?Q(': :\et dtge\/i;evig?kr};tntri)-rol?:rck“gﬂ’n:mlea':ir:)i] gr?c:OdIL:J(gx)-niuon
mentum ofb quarks from the primanh quark decay ;o$ P q q 9 9

>25 GeVk?) in conjunction with the jet separation cut fusion. On+ce thet are produced, each Eop quark decays_to a
(AR>0.4) helps reduce backgrounds from gluon splitting toP @nd @W". Subsequent decay of thé™ bosons results in

bb. The dijet mass cuts help reduce QCD backgrounds thdf€_following three signatures:bb(jj)w(ij)w" (full jets),
duplicate outhh production signatures. “bb(jj)wl “Er" (semi-leptonig, and “bbl™I"E;" (fully

In Table V, we present the results of our SM background€pPtonio. We use the “()y" notation to indicate that the
calculation for each of the signatures listed in Table IV. Forquantities enclosed in the parentheses have an invariant mass
the SM background calculations we assume-jat tagging ~€dual to theV™ boson mass.
efficiency of 50%; if ab jet is nottagged, then it is treated as _If the dijet mass resolution at the Tevatron were perfect,
a jet (). For signatures containing 2 orljets, we require then a jet pair from av= decay and a jet pair from @~
at least 1 or D-jet tags, respectively. As discussed above, wedecay would always be distinguishable. However, the dijet
are unable to calculate the matrix element of the backnass resolution at the Tevatron is not perfect; therefore, a
grounds for some signatures because of computational limfraction of thett events decaying to the full-jets mode will
tations. In columns four and five of Table V, we indicate themimic thebb(jj),(jj)z signature. We find that for a Higgs
electroweak order of the background for which we were abldoson mass of 150 Ge¥? and an h quark mass of
and unable to calculate. In these columns, a number indicat&50 GeVk?, the background to the signatud(jj)z(jj)
the number of electroweak vertices in the background calcuis 57 fb. The purely QCD component of this background
lation, the “FT” indicates that the calculation is a full tree- (denoted “0” in Table \) was not calculated. Although one
level calculation, and the asterisk indicates that the backexpects the invariant mass cuts to substantially reduce this
ground is forced to produce massive gauge bosons befotgackground, it is unlikely that it will be negligible. Thus we
decaying to the indicated signature. For example, we calcueonclude that théb(jj)(jj) signature is background lim-
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ited and that otheinh signatures will provide a bettérquark  duction in thett background is primarily because of thé
mass reach. However, if nature containstaquark with a  Signature from the Higgs boson decay {Wannot decay to
mass less than-250 GeVk?, this signature will provide a a bb pair). Although these signatures have low SM back-
channel to measure the mass of thquark (h quark mass grounds,b-tagging efficiencies will reduce the expected sig-
peak. nal cross section.

The bb(1*17),E; signature also has a sizakie back- Standard model background to each of the ttrbel°Z°
ground component. Whenta event decays to the fully lep- Signatures is smallsee Table Y. Because of computational
tonic mode, the invariant mass of the two charged lepton§mitations, the pure QCD component of théd(bb)(jj)z
may be close to the mass of th&? boson. One concludes backgrounddenoted “0”in Table V) was not calculated. As
that, like thebb(jj)2(jj)z signature, thdr quark mass reach with the background for théb(jj)z(jj)z signature, the
of the bb(I"17),E+ signature is diminished because of the QCD component of tth(bb)H(jj ) signature will need to
background. B be measured from the data. It is unlikely that the background

The bb(jj)z(1"17); and bb(jj),E+ signatures provide from these processes will be large. Assuming-tagging
clean alternatives to the full jets signature. Unlike theéfficiency of 50% and requiring that three of the fdwjets is
bb(jj),(jj), signature, thebH(jj)zET signature is not af- tagged, for a Higgs boson mass of 115 Ged/dne expects

flicted by a largett background. The semi-leptonic decayofthe mass reach in - thebb(bb)yE; mode to be

i — 2 1 -
att event can duplicate thieb(jj),E+ signature if the dijet (230, 290) GeVe* in (1, 10)ib_. of.c'iata.'Moreove.r, be
mass is close to the® mass and the charged lepton is unde-c34se the background to theb(jj)(jj)z signature is not

tecteg. In Table V, we include this and other backgrounds tc%geg:s btzo k:ﬁelarr]ger,n\;v;eseﬁgzithfoz)fa tHhii%gSmbc?j g ntomazz of
thebb(jj)zE+ signature in which a charged lepton from the ~(220, 270) GeVé2,

decay of aw= is undetected. In order to determine the “un-

detected lepton” background, we assume that this back-
ground originates from events in which the charged lepton
travels through an uninstrumented region of the detector

[44]. The “lost-lepton” background is also included in the At the c.m. energy of the CERN LHG/6= 14 TeV), hh

bb(I "17),E+, bb(bb);E+, andbb(bb)E+ signatures. Al-  pair production is dominated by the gluon-gluon fusion sub-
though other experimental issues, like jet energy mismeaprocess. Contributions from subprocesses in which a valence
surement of QCD jets, are likely to increase the backgroundquark from one proton and its anti-particle from the other
we do not include these in our calculation. proton (sea quarkannihilate via the strong interactions are

The bb(jj),(1*17), signature also avoids largé back- ~ important but sub—domingnt to the gluon—gluon fusion.
grounds. The semi-leptonic decay oftaevent can mimic For the LHC we consider the Same primary decay chan-

this signature if the dijet mass &%-like and the detector nels of thehh pair as at the TevatrorttW*W~, bbz°Z°,
spuriously identifies an additional lepton. The dilepton mas$bHCH?, tbw~z°, bbH°Z° andtbw H°. We also impose
of the real and spurious charged leptons mustZBdike.  the same set of loose cuts on the primary decay products of
This component of the background is expected to be smalthe h quark (see Table . This ensures thab quarks pro-
therefore, WGEO not include it in the Background estimate. duced from the primary decay of tH‘d? pair conform to
Since thebb(jj)z(1*17); and thebb(jj),E+ are clean basicgeometry and event selection requirements of the de-
signatures with small backgrounds, we expect these modes tectors. o
provide the greatest reach at the Tevatron. In (1, 10 fif The cross sections fohh production and(primary h
data, the highesth quark mass accessible by the quark decay at the LHC are shown in Fig. 9. In this figure,
bb(jj)z(1"17), and the bb(jj),Fr signatures are the new mixing parameteg, is set to 1, the Higgs boson
(230, 290) GeV¢? and (270, 320) Ge\t?, respectively. massMy, is set to 150 GeW?, and theh quark massm, ,
While the bbz°Z° mode is likely to provide the best uns from 100 to 3000 Ge¢?. The cross sections for the

reach for arh quark search, thebH°Z° mode provides an thrimz_iry decay modes at the LHC are_roughly two o_rders
opportunity to discover the Higgs boson in conjunction with of magnitude larger than the correspgndlng cross sections at
the h quark. If nature favors a light Higgs bosge.g.M,,  the Tevatron. Below 300 Gew?, thebbZ°z° mode is once

=115 GeVk?), the dominant branching ratio of the Higgs again the dominant primary decay modehdf pair produc-
boson is thebb mode, BR(H°—bb)=73.2%. However, if tion. Above anh quark mass of 300 Ge¥?, each of the
the mass of the Higgs boson is larger than current elegPrimary decay cross sections is comparable; however, the
troweak best fit§45], the bbHZ° mode is less powerful. decay modes with at least one charged-current decay d&f the

E le, at a Hi b f 150 GRVfthe quark tend to be larger.
(.)r example, at d -|ggs .OS(E. mass © At the LHC the cross sections for each of the three
Higgs boson branching ratio tob is 17.6%.

_ = s — 00 charged-current primary decay modes are significant, unlike
Unlike many of thebb Z°Z" signatures, thebH"Z" sig-  those at the Tevatron. For dnquark mass of 500 Ge¢?
natures danot suffer from the larget background. The re- and a mixing parameteé=1, the LHC should produce

V. hh PRODUCTION AND DECAY AT THE LHC
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are produced in thebz°Z° mode. The expected integrated
luminosity at the LHC is 100 fb'; thus one can probe the
bbz°Z° cross section down to 2 fb. This corresponds tdan
quark mass reach of 1100 Ge¥/(see Fig. 9.

VI. CONCLUSION

¢ [pb]

We have investigated argtnspired extension of the stan-
dard model in which an exotic chargel/3 isosinglet vec-
torlike quark (denotedh) interacts predominantly with the
third generation of quarks. In this model, the CKM matrix is
no longer unitary and it is replaced by &3 matrix con-
taining new angles and phases. The loss of CKM unitarity is
5 accompanied by the emergencetiele-levelflavor-changing

M, [GeVic'] neutral currents mediated by bafR andH® bosons. Flavor-

FIG. 9. Cross sections fderroduction and primary decay at changing neutral-current .Interactlons_between. khauark
the CERN LHC. The Higgs boson massNk, =150 GeVk?, the ~ and theb quark produce signatures bh production acces-
new mixing parameteé=1, andQ=2m, . sible for detection at hadron colliders.

. . At the Fermilab Tevatron, we find thatquark discovery
~20 000 hh events decaying to thétW"W~ mode in  through pair production is accessible up totaguark mass
100 fo* of data. The charged-current modetdf decay is  Of (270, 320) GeVé? in (1, 10) fb * of data. Previous’
important because our parametrization of tHe(CKM) ma- analyses from run | of the Tevatron were used to infer that an
trix in the ISVLQ model predicts a relationship between theh quark is currently excluded up to 200 Ge¥/ The
size of charged-current and neutral-current interactions. A§270, 320) GeVé” mass reach is attainable through the de-
discussed in Sec. IV D 2, the charged-current modes haveay of the bbz°Z° mode to thebb(jj)z(I*17), or the
final states that are more cor_nplicated than th.ose encountgrgq)_(jj ), signatures. Furthermore, primary decay ofrén
mt I;q{N?hde(;:ay mo??;. ?ddltlonakl comﬁ!lcat_lons argdit.mb'loair to thebbH®Z° mode provides the opportunity for the
uted to the decay of the fop quark resuting in an a IIOnadiscovery of the Higgs boson in conjunction withquark

W= boson. With additional particles in the final state, dijet . T — 050
mass resolution and the calculation of signature background&Scovery. The viability of thébH “Z" mode at the Tevatron

are extremely important components for an analysis. Rathd}nges on the branching ratio of the Higgs boson ocmark

than address the charged-current modes in this paper, W& _

defer this analysis to future research when the difficulties of At the CERN LHC, hh pair production is accessible

the background calculation and details about dijet mass resghrough both charged-current and neutral-current decays of

lution andb tagging can be better resolved. the h quark. In 100 fb! of data, we find that thé quark

In our analysis ohh production at the Tevatrofsee Sec. mass reach through thebz°Z° primary decay mode is

IV D), we found that signatures of théz°Z° mode provide 1100 Ge\/_bz. To understand the reach of the c_harged-

the highesh quark mass reach. We conclude that in 10%p Current primary decay modes, an analysis of potential signa-
— . . tures, the effect of detector limitations, and signature back-

of data,hh pair production can be probed up to hrguark , R

mass of 320 GeW?. At this h quark mass and for a Higgs 9rounds is necessary. A thorough analysishof charged-

boson mass of 150 GeW, the cross section to tHebz0z°  current decay modest{W"Z°, tbW H®, andttwW'W") at

mode (y,7,="20 fb) and the branching ratio to the “opti- he LHC is deferred to future work.

mal” signatures combine to produce a handful of signal
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