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Exotic heavy quark contribution in hadron-hadron production of W*W™ pairs
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In this paper we study the contribution of new possible heavy quarks to the process hadron-hadron
—W*'W~X. We consider new exotic quarks as proposed in three extended electroweak models: the vector
singlet modelVSM), the vector doublet modé€VDM ), and the fermion—mirror-fermion modéFMFM). We
discuss the high energy unitarity behavior for the elementary process and their implications. We present the
predictions of the exotic quark contribution for the CERN Large Hadron CollideiC). We present some
distributions that can separate the standard model contribution from the new exotic quark contribution.
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PACS numbeg(s): 12.15.Ji, 12.60.Cn

I. INTRODUCTION In this paper we consider the contributions of new pos-
. = - . sible heavy quarks to the reaction hadron hadron
High energy (/5>M\y) hadron-hadron collisions will al-  ~ \s = x Heavy exotic quarks are present in many exten-

low experimental tests of many extensions of the standard;ons of the standard model. We review some extended mod-

model. The most clear signature would be the direct producg|s with exotic quarks and their present bounds in Sec. II. In

tion and decay of some new object. However, there are Kigec. |11 we present the calculation fgg—W*W~. In Sec.

nematical limitations for the experimental search of new exqy we discuss the unitarity restrictions for the models con-

otic particles. In most extensions we have new very massivgidered here. In Sec. V we present the calculation of the

particles with small mixing angles. One possible way out ofexotic quark contribution to the hadront hadron

this limitation is the high precision measurements of some—W*W~X process. Finally in Sec. VI we present the main

known particle properties at an energy scale below the exoticonclusions of our work.

thresholds. This is the well-known case of radiative correc-

tions at the CERNe"e™ collider LEP and SLAC Linear Il. EXTENDED MODELS FOR EXOTIC HEAVY QUARKS

Collider (SLC) that improve bounds on new exotic matter

couplings[1]. In general, extended models predict a large number of
Following the approach of studying virtual exotic contri- N€W particles and new interactions. For our purposes we will

butions to physical processes, we have presented anothgpnsider only new exotic heavy quarks coupled to the usual

possible source for the search for new heavy particle propsténdard gauge bosons: photons, gludis,and Z. New

erties[2,3]. We investigated the unitarity cancellation in the }[’X(; arr;duit, t?gevg:e?:]céggi\jg T’ﬁir;ym?iﬁsi? Fu;r\;vgllkgf?g\(/:t}cgt
processf+ f—W*"W~. It is known[4] that in the standard y y i Py

. . new interactions. We will also suppose that the leptonic sec-
model we have a delicate cancellation for the process

e s = o “€SSE®r is enlarged in order to cancel any anomaly contribution.
e’e —»W'W" and qg—W"W". However, perturbation In order to fix our notation we now make some defini-
theory must be employed with some care in the analysis ofions. We consider two new heavy quark&™ and “D”

unitarity cancellations. It is also well known that in the lead-\yhjch are the generalization of the first standard model fam-
ing order standard model calculation fere”—W"W™ iy (u,d). The other families are then easily obtained. The
there is a unitarity violation if we keep terms of the ordermass and interaction eigenstates are related through the mix-
m3 In order to restore the correct unitarity behavior one hasngs

to consider the electron mass generation mechanism and in-

clude the Higgs boson exchange diagram. The main point in uE,R Clr —SLr|(ULr
the present work is to investigate a similar situation in ex- uo = U cu U 1)
tended models. For the leptonic sector we have recently dis- LR LR LR LR
cussed the contributions of new possible heavy neutrinos iﬂnd
some extended mod€]g,3].
The process hadron-hadrenW* W~ X was recently stud- do cd _gd d
ied by Baggeret al. [5]. In addition to the analysis of a ;'R :( :'R dL’R SR 2
possible strongly interacting/W system, they also show the DLr Stk CLr /\DLr

possibility of separatingVW signals from thdt background. , , ,
where €,)?=1—(c,)?*=sirPd; with i=u,d and a=L,R.
Lr is the mixing angle between théth L-handed

:Electronic address: yara@if.ufrj.br (R-handed ordinary fermion and the exotic one.
iElectronic address: simoes@.if.ufrj.br _The general interaction relevant for the process
Electronic address: pedro@if.ufrj.br 0igi—W*tW~ is
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TABLE I. Quantum numbers of exotic quarks in the vector = TABLE lll. Quantum numbers of exotic quarks in the vector

singlet model. doublet model.
Ur Dr UL D, Ur Dr U Do
Q 2/3 -1/3 2/3 -1/3 Q 2/3 -1/3 2/3 -1/3
T 0 0 0 0 T 1/2 1/2 1/2 1/2
T, 0 0 0 0 Ts 1/2 -1/2 1/2 -1/2
Y 4/3 -2/3 4/3 -2/3 Y 1/3 1/3 1/3 1/3
o E {—q-\ITyMIf-A +\I77,L(gi —g AW,z ) be small. Detailed analyses were done in Réf.
AT A VoA e If we suppose that only one mixing angle is dominant,

— s e s then we must have s, =10"3. But if one allows more
+Gyauy*(atby’)dW, +Gyauyu(a1+b1y")DW,  mixing angles of the same order, this bound can be smaller.
T 5 For our purposes we take mixing angles of the order
TGVl Y (821 by ) AW, @ sirf6,x=10"2 so that our estimates can be easily scaled up
or down.

with Gya=Gya=Gya=0/2y2, q; is theu,d charge, and _
va=Cua=Gla=0/212, g J We takesd,=sirf@,=1—c% andg,=g/4cosfy.

the other couplings are given in Tables IV and V.

We consider the following models. lll. THE ELEMENTARY CROSS SECTION

) FOR q;+q—W*+*W~
A. Vector singlet model (VSM)

The new quarks are taken as isosinglets of the type New exotic heavy quarks imply an additional diagram for
Ug, D_, andDg. In the low energy limit of superstring the process);+qg;—W"W~. The basic reaction is shown in
theories we can have the groug,Bwvith the basic represen- Fig. 1 where the indices andj refer to quarks of typel,d
tation of dimension 27. In addition to the 15 known fermionsandU,D, respectively.
one has 12 more nonstandard fields. In particular we have a We can now compute the elementary cross section. The
“down” isosinglet quark withQp= —1/3. In general we can result is
have the quantum numbers shown in Table I.

B. Fermion—mirror-fermion model (FMFM ) do  2ma?
Perhaps one of the deepest problems in elementary par- ai - ?—% Bim, (4)

ticle physics is the asymmetry in the left- and right-handed
fermion coupling with the electroweak gauge bosons.

In order to restore the left-right symmetry one possibility
is to consider new fermions with the opposite chirality

shown by the standard fermions. This is condensated in
Table II. TABLE IV. Charged current couplings for ordinary and exotic

quarks.

where theB,,, are given by

C. Vector doublet model (VDM)

In this case we have two isodoublets with left and right
chiralities as shown in Table IIl.
With the assignment shown in Tables I-IIl and the gen-a ctct ctef +si'sf +sksk ciel +srSk
eral mixing given by Eqs(1) and(2) we can easily compute
the couplings in the interaction Lagrangié8). The result is
summarized in Tables IV and V. b —cp'c? —clc?—s's!+ susd —clcd+spsy
Tables IV and V show a small deviation from the standard
model couplings. The high precision data taken at LEP and
SLC Large DetectofSLD) imply that all mixing angles must  a, —cus? —clst+s'cd+ shcd —c's?+ spck

VSM VDM FMFM

TABLE II. Quantum numbers of exotic quarks in the fermion—

mirror-fermion model. b, CESE CESE _ SECEJF sgc% CESE T SEC%
Ur Dr UL D,

Q 2/3 -1/3 2/3 -1/3 a, sicd —sVcd+clsd+ chsd —si'cl+cusd

T 1/2 1/2 0 0

Ts 1/2 -1/2 0 0

Y 1/3 1/3 4/3 -2/13 b, —sicd sicd—cUsd+ chsd sicd+cusd
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TABLE V. Neutral current couplings for the models considered in this paper.

VSM VDM

FMFM

g'y 9z(—8s3/3+ci?)

9'a gz(CEZ) 92(0%2)
g’y 92(4s5/3—c?) 0,(482,/3— 1+ 52
g% 9z(—cf?) 9(—cf

gz(—8s3/3+ 1+s%?)

02(~ 8s5/3+ 2+ sE?)

9z(cl?—sp?)

g7(4s5/3— c¥2+ 522

d2 , d2
gz(—cl +sg

B,,=a’A(5,1,0),

D

2
Bzz=(e—§) [90+GAIS*AZAGLD),

€z\ . A
B,z=—2q; 2 gvSAZA(s,t,u),
Gia
Byqi:—ZQiSQF(Qi)?[aZJFbZ]l(%, ),
VA
B«/Qj:—ZQiSQWQi)—ez—[a,?*'bjz]'1(§,t,ﬁ),
G4
qo= ot a4+ +B(ab)2EG D),
VA
BQJ_QJ:?[(af+bf+6(ajbj)2)E2(§, ,0)
+Méj(aj2—bj2)ZEH(§,,A,a)],

Gia GVa
quszz? ?[(a2+ bz)(aj2+ bJZ)

+4aa;bb;E,(5,1,0),
Gla €;
Bzq=2s0nq)—2 EZ[gV(ajZ_I' b?)

—2a;b;galsA141(51,0),

) with
B2q =250 2 “£[gy(a?+ b?) - 2abga]
X $A1(5,1,0), (5
where e;=ecotfy,. The functionsA(3,1,0), E(5,t,0), and

1(5,t,0) are given in[7]:

at 1 ME My
— 1| - N3y
Mw S

41

A(é,f,a):( o
w

: )

Az=z—7 ®

Ry=—= . 9
VAL VLI ©



3500 COUTINHO, SIMCES, AND QUEIROZ FILHO 54

w
4 N ]
% w 4 Me=1TeV
A 4% 102 7]
! w ‘§ -
- *‘;L # events ’ T
q; w 3
2
sM
------- VSM
i=u,d and j=d,u,D,U - — - VDM
101 | -— — FMFM 3
FIG. 1. Feynman diagrams for the procegs—W* W™,
IV. UNITARITY BOUNDS P — A

0.005 0.007 0.009 0.011 0.013 0.015
Tmin

From the elementary cross section given in the previous

section we can find the high energy&—) behavior for FIG. 3. Number of events against,, for \S=14 TeV,
. _ L _ _ _ Mo=1 TeV, and sififx=10" 2,
The linear term irs goes to zero if the following relations

are satisfied: A. Vector singlet model

2 For the vector singlet model we see from Table IV that

Gua
—gitV+ sgr(qi)?[(a2+ b%)+(af+bf)]=0 (10)  the unitarity condition is naturally satisfied. This means that
the first order calculation can be employed without the need
and of additional terms.

2

Gya B. Vector doublet model
A-2sgriq;)—7-[ab+ajb;]=0. (1D -
€ For the vector doublet model we can have two possibili-
. . ties. The first one is to impose some new symmetries that
As expected, these relations are verified for the model b y

. ; ould justity the condition sifiz=sind;'=0. The second one
that we have considered in Sec. Il. However, the constan ; .
S would be to enlarge the Higgs sector in order to recover the
term ins is given by

correct unitarity behavior at the order considered here. This

1 G2 opens a large number of possibilities that will be not consid-
C=——7 [ Mq (a2~ b?)+ M, (a2—b?)J2 (12)  ered here.
4MW e i i

and will be zero only for Y+ A) couplings between light C. Fermion—mirror-fermion model

qguarks-heavy exotic quarks and the charged gauge boson W. For the fermion—mirror-fermion model we have a situa-
We analyze now the restrictions that this condition implytion similar to the previous case. Either we impose an addi-

for exotic couplings. tional constrain{in this case sifig=sind3=0) or some new
102 3 T T TTTT LIS N e e N T T T T T T T
01 L (=) i \\\ Mq=10 TeV
3 - + W- 3 e
g q+qg-=>W+Ww E 102 - A
D e . i
> 1 E E S I
& ; _——— ] =
N ~d 3
N 2
10-1 | 4
I SM ] 101
" —==< VSMMq=1TeV C
10-2 — — VSM Mq=5 TeV U L
E eeeeeee VSM Mq=10 TeV N A
i N -
1l L L | il | L 1 L L | ) 1 1
_ 0.005 0.007 0.009 0.011 0.013 0.015
101 100\/é_\(TeV) 101 Tomin

FIG. 2. Elementary cross section as a function/sf FIG. 4. The same as Fig. 3 but f5=10 TeV.
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FIG. 5. Angular distribution in th@p frame usingr,;,=0.01, FIG. 6. The same as Fig. 5 but ftdo=10 TeV.

Mo=1 TeV, and siff,,, =10 2 for \'s=14 TeV.
the search for exotic quark contributions in the mass region
contribution must be included. This last case was considere@f @ few TeV is feasible.

for some extended SW2)®SUx(2)®Uy(1) models by The model dependence is shown in the center of mass
Maalampiet al. in Ref. [8]. angular distributior{ 11] of the final W’s. This is shown in

Figs. 5 and 6. The transvergelative to the collision direc-

V. EXOTIC QUARK CONTRIBUTION tion) W distribution is stronger for the FMFM.

- + -
FOR HADRON-HADRON —-W*™W~™X V1. CONCLUSIONS

We can now compute the total cross section and distribu-
tions.

In Fig. 2 we show the elementary cross section for
qq—W"W~. For the vector singlet model we have the cor-
rect high energy behavior. For the other models we mus!
impose our unitarity condition given by Eql2). The el-
ementary cross sections are then very close to the case of t
VSM shown in Fig. 2. Itis also shown the “dip” in the cross fermion model we have two possibilities for preventing uni-
section due to thé-channel exchange of a new heavy quark.,~ ..~ . =~~~ " o

E;mty violations: Either a symmetry condition is imposed on

This behavior suggests that a cut should be done in the vark | e mixing anales or some new diaaram. possibly originat-
able 7=5/s in order to separate the standard model contri- gang gram, p y ong

) i S ._ing from the symmetry-breaking mechanism, must be im-

bution from the new exotic quark contribution. The hadronic : ; g
. o osed. Since this last situation implies a large number of
cross sections and distributions follow the standard approacﬂ S T .
; A - P possibilities, it will be discussed elsewhere.

as given in Eichteret al.[9]. This is shown in Fig. 3 where
we compute the number of events for an annual luminosity ACKNOWLEDGMENTS
of 100 fb~?! as a function ofry,. The standard model su-
pression is clearly shown. We employ the structure functions This work was partially supported by CNPq, FINEP, and
of Gluck, Reya, and Vogf10]. In Fig. 4 we compute the FUJB. We also thanks professors F. M. L. Almeida, Jr. and
total number of events for an exotic heavy quark of mass#A. J. Ramalho for many suggestions during the preparation
equal to 10 TeV. From these two figures we conclude thaof this work.

In this paper we propose that the process hatittadron
—W?*W~™X can be viewed as a possible source for heavy
exotic quark searches. Our main result is that\far A cou-
Plings between exotic and standard quarks we can use lead-
ing order diagrams for the high energy region. The unitarity
8ndition is naturally satisfied for the vector singlet model.
or the vector doublet model and for the fermion—mirror-
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