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Production of qqq̄q̄ final states in e2e2 collisions in the left-right symmetric model
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We consider the reactione2e2
˜qqq̄ q̄ as a test of lepton number nonconservation in the framework of the

left-right-symmetric electroweak model. The main contributions to this process are due to Majorana neutrino
exchange in thet channel and doubly charged Higgs boson (D22) exchange in thes channel with a pair of
right-handed weak bosons (WR) as an intermediate state. We show that in a lineare2e2 collider with a
collision energy of 1 TeV~1.5 TeV! the cross section of this process is 0.01 fb~1 fb!, and it will, for the
anticipated luminosity of 1035 cm22 s21, be detectable below theWR threshold. We study the sensitivity of the
reaction on the masses of the heavy neutrino,WR , andD22. @S0556-2821~99!05813-0#

PACS number~s!: 12.60.Cn, 13.10.1q
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I. INTRODUCTION

The electroweak model with left-right~LR! gauge sym-
metry SU(3)c^ SU(2)L ^ SU(2)R^ U(1)B2L , proposed in
@1#, is one of the most popular extensions of the stand
model ~SM!. It gives a better understanding of parity viol
tion than the SM and it maintains lepton-quark symmetry
weak interactions. Parity is broken spontaneously in it, a
embedding of the model into the SO~10! grand unified
scheme@2# can be implemented consistently when the sc
of the discrete LR symmetry breaking is more than 1 TeV
so.

Perhaps the most important property of the LR mode
its ability to provide, in terms of the seesaw mechanism@3#,
a simple and natural explanation to the smallness of
masses of the ordinary neutrinos. This results from the m
ing of the ordinary left-handed neutrinos with right-hand
neutrinos, which quite naturally achieve a Majorana mas
the order of 2–3WR masses@4#. The ordinary neutrinos are
predicted by this model to be very light, but—in contra
with the SM—not exactly massless, Majorana particles. T
recent observation by the SuperKamiokande experimen
atmospheric neutrino oscillations@5# confirmed that at leas
some of the neutrino species do have mass, giving an a
tional argument in favor of the LR-symmetric model.

An essential ingredient of the LR model are the trip
scalars. They are needed to break the LR symmetry
consistent way so that at low energies the model reprodu
the SM interactions and at the same time gives rise to
seesaw mass mechanism of neutrinos. Their interactions
fermions break the lepton number by two units,uDLu52, as
do the Majorana mass terms of neutrinos they give rise
The e2e2 collisions give the most pure environment
study theuDLu52 interactions, because the correspond
SM background is suppressed as the lepton number is
served in the SM. In the literature different observab
lepton-number-violating processes, including doubly char
Higgs boson production@6#, vector-boson pair, and triple
0556-2821/99/60~5!/055002~11!/$15.00 60 0550
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production for electron-positron and electro-electron coll
ers @7–9#, have been investigated.

In the present paper we will study the lepton-numb
violating process

e2e2
˜qqq̄q̄, ~1.1!

with various quark flavor combinations. This process, as
breaks lepton number, is forbidden in the SM. One wo
expect to obtain indirect evidence of the LR model via th
process well below the threshold ofWR

6 , the gauge boson o
the right-handed interactions, and other new particles p
dicted by the model.

According to existing plans the Next Linear Collide
~NLC! will operate at energies up toAs'1 –2 TeV, and it is
assumed to have a luminosity of the order of 1035 cm22 s21

@10#. We will show in this paper that with this kind of equip
ment it will be possible to detect the reaction~1.1! for a
reasonable choice of the parameters of the LR-symme
model and obtain quite strong mass constraints for the n
gauge and Higgs bosons of the model.

The organization or this article is as follows: in Sec. II w
give the description of particle content, Lagrangian and g
eral properties of the LR model; in Sec. III we derive th
amplitudes of the reaction~1.1! and discuss the correspond
ing reactions with a leptonic final state; in Sec. IV we pres
the numerical results of our calculations; in Sec. V we d
cuss the SM background; and Sec. VI is devoted to the c
clusions.

II. DESCRIPTION OF THE MODEL

In the LR model quarks and leptons are assigned to
following SU(2)L3SU(2)R3U(1)B2L representations@11#:

QiL5Fu

dG
iL

5S 2,1,
1

3D , QiR5Fu

dG
iR

5S 1,2,
1

3D , ~2.1!
©1999 The American Physical Society02-1
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C iL5Fn

eG
iL

5~2,1,21!, C iR5Fn

eG
iR

5~1,2,21!,

~2.2!

where i is the flavor index. In addition to the SM particle
each family contains a right-handed neutrino. The gauge
tor differs from the SM due to presence of right-hand
gauge bosonsWR andZR . The scalar sector should conta
essentially more particles than in the SM. In order to gen
ate fermion masses one needs the Higgs bidoublet with
following quantum numbers:

F5S f1
0 f1

1

f2
2 f2

0 D 5~2,2* ,0!,

and with the vacuum expectation value~VEV!

^F&5
1

A2
S k1 0

0 k2
D .

This is, however, not enough to accomplish the spontane
symmetry breaking of the gauge group SU(2)L3SU(2)R
3U(1)B2L into the SM symmetry, but some other Higg
field with nonvanishingB2L is needed. There are sever
alternatives for the additional Higgs multiplet@12#, but if one
wants to generate neutrino masses through the see
mechanism, the triplet Higgs fieldDR , sometimes also called
a Higgs-Majoron field, is needed:

DR5S DR
1/A2 DR

11

DR
0 2DR

1/A2
D 5~1,3,2!, ~2.3!

with the vacuum expectation value

^DR&5
1

A2
S 0 0

vR 0D . ~2.4!

If one imposes an explicitL↔R symmetry, the correspond
ing left-handed Higgs-Majoron field should also be intr
duced:

DL5S DL
1/A2 DL

11

DL
0 2DL

1/A2
D 5~3,1,2!, ~2.5!

with the vacuum expectation value

^DL&5
1

A2
S 0 0

vL 0D . ~2.6!

As far as masses of neutrinos and gauge bosons are
cerned, the presence of the left-handed Higgs-Majoron fi
is not, however, essential.

The most general potential describing self-interactions
the scalar fields introduced above can be found, e.g., in@12#.
There exist severe phenomenological bounds on the pa
eters of this potential, particularly from the limitations on t
flavor-changing neutral current~FCNC!. Since the choice
05500
c-
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he
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f

m-

vL5k250 satisfies these bounds@12#, we will restrict our-
selves in this paper to this case. This choice means in
ticular that we do not allow any mixing between charg
vector boson fieldsWL and WR . Then the masses of th
charge vector bosons are given by the expressions

MWL

2 5
1

4
gL

2k1
2 , ~2.7!

MWR

2 5
1

4
gR

2~2vR
21k1

2!. ~2.8!

In the case of explicit left-right symmetry the gauge co
plings of both SU~2! groups should be equal (gR5gL
.0.64). Without this symmetry the internal consisten
within the model requires neverthelessgR>0.55gL @13#. The
experimental value of the left-handed charged boson mas
MWL

581 GeV, while the lower bound from the Tevatron

MWR
.650 GeV@14#.

As for the fermion masses, they come from the Yuka
interactions of quarks and leptons:

2LYuk5C̄L
i ~ f i j F1gi j F̃!CR

j 1Q̄L
i ~ f i j

q F1gi j
q F̃!QR

j

1hR,i j C iR
T Cs2DRC jR1hL,i j C iL

T Cs2DLC jL

1H.c., ~2.9!

where F̃5s2F* s2 and i , j are flavor indices. This yields
the usual quark 333 mass matrix and charged lepto
masses, while for the neutrino one obtains the seesaw m
matrix

M5S mL mD

mD
T mR

D . ~2.10!

The entries are 333 matrices given by mD5( f k1

1gk2)/A2, mL5A2hLvL andmR5A2hRvR . We will also
ignore possible mixing between the lepton families, so t
these matrices are assumed diagonal. The natural se
condition impliesmDi'mli , wheremli is the charged lepton
mass, while the evident phenomenological left-right hier
chy impliesvR@k1 and hencemRi@mDi . The ensuing neu-
trino masses aremn1i

.mDi
2 /mRi andmn2i

.mRi . The mixing

angleh between left-handed and right-handed neutrino sta
is given by

tan 2h i5
2mDi

mRi
. ~2.11!

Since it is natural that the scale of the right-handed neutr
masses be of order 1–3MWR

@4,7#, the following values of

the mixing angleh are reasonable:

h1'
me

mR
50.531026,
2-2
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FIG. 1. Feynman diagrams fore2e2
˜m2m2m2m1 in the LR model.
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mR
51024,

h3'
mt

mR
5231023.

We will use these values in the following calculations.

III. FEYNMAN AMPLITUDES

Let us first give the arguments that make us to cons
the reaction~1.1! particularly suitable for testing the LR
model. First of all, the final state particles are all light, so th
there is no kinematical suppression for the process, in c
trast with, e.g.,WR pair production. Consequently, one ma
expect to detect evidence of the LR model through this
05500
r

t
n-

-

action well below theWR threshold. The same is true, o
course, for the leptonic final states, for example, for the
actione2e2

˜m2 m2 m2 m1. Reactions with ordinary neu
trinos in the final state are not very useful as invisibility
neutrinos makes them not easy to distinguish from the ba
ground processes. Also, reactions with final state electr
are not that good because of the possible mix-up of the in
and final state particles.

In Figs. 1 and 2 we show Feynman diagrams for the
actionse2e2

˜m2 m2 m2 m1 and e2e2
˜b b t̄ t̄ , respec-

tively. The reason for our studying the four-quark final sta
instead of the four-lepton final states becomes evident fr
these diagrams. One can see that the reaction with lepton
the final state does not involve charged vector bosons
intermediate states but is quite sensitive to the structure
the neutral current sector, while the reaction with quarks
the final state involves charged vector bosons, particula
2-3
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FIG. 2. Feynman diagrams fore2e2
˜bb t̄ t̄ in the LR model.
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the right-handed bosonWR , but not the neutral ones. Ther
is a variety of extensions of the standard model where
has extra neutral gauge boson~s!, such as the superstring
inspired E~6! models@15#, but no new charged gauge boson
in contrast with the LR-model. Hence the reactions li
e2e2

˜b b t̄ t̄ that involve charged currents but not neut
currents offer a more unambiguous test of the LR-symme
model than the leptonic processes.

Consequently, we have chosen the processese2e2

˜q q q̄q̄ for our further investigation. We prefer final state
with b quarks as theb jets are relatively easy to identify in
experiment~the same should be expected fort jets! @16#.
From this point of view, the best process for a study wo
be e2e2

˜b b t̄ t̄. However, as will be seen from our nu
merical results, it will possible to measure the cross sec
also for the four-jet reactions with nob jets, as well as for the
reactions with a singleb jet.

The Feynman graphs for the processe2e2
˜b b t̄ t̄ are

presented in Fig. 2. Some of these diagrams may be sa
neglected without any substantial effect on our numer
results. First of all, since the left-handed electron neutrino
very light (mn1

,1 eV! compared with the right-handed on
~for which the seesaw mechanism in its simplest form i
plies mn2

.122 TeV! and with the collision energy, ampli
tudes 2, 3, 6, and 7 in Fig. 2 have, in comparison with, s
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diagram 9, an extra overall factor ofmn1
/mn2

or mn1
/As due

to the lepton-number-violating neutrino propagator and th
may be therefore ignored. Diagrams 4, 5, and 8 contain,
to neutrino mixing, a small parameter sinh1 in the en2WL

1

vertex,

Len2WL
.sinh1

gL

A2
WLm

1 C̄eLgmCn2L
1H.c., ~3.1!

and also their contribution can be neglected. Hence there
only two amplitudes, corresponding to diagrams 1 and
which are relevant.

The following Lagrangian vertices give rise to diagrams
and 9:

hR,11D
22CeL

T CCeL1H.c., ~3.2!

wherehR,11 is defined in Eq.~2.9!,

2
gR

2

A2
vR•D22WR

2WR
21H.c., ~3.3!

which originates in the kinetic term of the Higgs-Majoro
field, and
2-4
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2
gR

A2
VtbWmR

1 t̄ RgmbR . ~3.4!

The total amplitude is then

Mss8rr 8qq85es
T~p1!Tmm8es8~p2!S i

gR

A2
VtbD 2

1

A2
@ t̄ rg

mgRbq• t̄ r 8g
m8gRbq81 t̄ rg

mgRbq8• t̄ r 8g
m8gRbq#.

~3.5!

Herees ,bq , t̄ r denote the electron,b and t̄ four-spinors with
the corresponding spin indices;gR[(11g5)/2, Vtb is the
element of the right-handed Kobayasi-Maskawa mat
Tmm8 contains the contributions from different channels:

Tmm85Tmm8
s

1Tmm8
t

1Tmm8
u . ~3.6!

The s,t,u indices correspond to the Mandelstam variable
one treats charged bosons involved in the considered F
man diagrams as a final state particles~in other words, each
of the twob, t̄ clusters is treated as a single particle!. Then,
in correspondence with@7#, we have

Tmm8
s

5hR11~11g5!
iC• i

k22MD22
2

3~22i !
gR

2

A2
gnn8Pmn~k1!Pm8n8~k2!, ~3.7!

Tmm8
t

5S igR

A2
D 2

gngR• iC21
p”1m

p22m2

3gn8gRPmn~k1!Pm8n8~k2!, ~3.8!

Tmm8
u

5S igR

A2
D 2

gngR• iC21
p”1m

p22m2
gn8gR

3Pmn~k2!Pm8n8~k1!. ~3.9!

Herek is the four-momentum of the doubly charged Higgsp
is the four-momentum of the Majorana neutrino,k1,2 are the
four-momentum of the charged bosons, and

Prl~q!5
2 i

q22MWR

2 1
i

2
GWR

MWR

S grl2
qrql

MWR

2 D
is the Breit-Wigner form of massive vector boson propaga
~this is the form form the propagators are used byCOMPHEP

@17#!. For the ‘‘t-channel’’ amplitude one hasp5p1
2k1 , p1p25k2, while for the ‘‘u-channel’’ amplitude the
momentum conservation law impliesp5p12k2 , p1p2
5k1.
05500
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We estimate the width of the right-handed boson to
GWR

'GWL
MWR

/MWL
and that of the doubly charged Higgs

Majoron field GD22'0.053MD22. For the right-handed
neutrino we assumeGnR

'7270 GeV for mn2
; 1–2 TeV,

but the width has not much effect on our results since
right-handed neutrinos are far from their pole in our case

IV. NUMERICAL RESULTS

By means ofCOMPHEP@17# we have derived the square
matrix elements fore2e2

˜bb t̄ t̄ and computed the ensu
ing the cross sections at the collision energiesAs51 TeV
and As51.5 TeV. The results depend on a number of u
known parameters of the LR model, the most important o
being the masses of the right-handed bosonWR and doubly
charged Higgs-Majoron fieldD22. As was discussed before
we consider theory withoutWL-WR mixing and neglect smal
effects of the seesaw mixing. We restrict ourselves to
manifestly left-right symmetric case, implying that the le
and right-handed interactions have the same coup
strength, i.e.,gL5gR , and that the Kobayasi-Maskawa mix
ings of the right-handed charged currents are exactly
same as those of the left-handed ones, in particularVtb

R

5Vtb
L [Vtb .

We evaluate the values of the gauge coupling constan
the linear collider energy scaleAs through one-loop massles
renormalization group equations of the SM without t
Higgs boson contribution:

g2~s!5g2~MZ
2!S 11

g2~MZ
2!

16p2

10

3
log

s

MZ
2D 21

,

g82~s!5g82~MZ
2!S 12

g82~MZ
2!

16p2

20

3
log

s

MZ
2D 21

,

~4.1!

which are related toe and sinuW as

e25
g2g82

g21g82
, sin2 uW5

g82

g21g82
. ~4.2!

Here MZ is the neutralZ-boson mass. We do not take int
account in these equations the additional particles of the
model, making the assumption that they are effectively
coupled due to their large mass. The effects of any poss
light Higgs particle are also neglected since they are anyh
relatively small. At the energy scale of order of the SM ne
tral Z boson mass (As5MZ591 GeV! we use the standard
electroweak input@18–20#.

In Fig. 3 we show the energy dependence of the to
cross section of the processe2e2

˜bb t̄ t̄ for various values
of masses of the triplet HiggsD22 and the right-handed
neutrinon2. In all the cases the right-handed boson mas
taken to beMWR

5700 GeV. We remind that the prese
experimental lower bound from the Tevatron measureme
is MWR

.650 GeV@14#.
2-5
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FIG. 3. Energy dependence of the full cro

section for the processe2e2
˜bb t̄ t̄ for differ-

ent values ofD22 mass (M[MD22) and right-
handed neutrino masses:mn2

51 TeV ~left upper
picture!, mn2

51.5 TeV ~right upper picture!,
mn2

52 TeV ~lower picture! ~see comments in the
text!.
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The plot Fig. 3a presents the cross section for the cas
the right-handed neutrino massmn2

51 TeV and for three

different values ofMD22 ~600, 1000, 1500 GeV! as indi-
cated in the figure. The characteristic behavior of th
curves is that they all have a resonance atMD225As and the
cross section grows by several orders of magnitude above
WR threshold. The value of the cross section at the resona
is determined by theD22 width and depends on the assum
tion we made on it in the previous section, while the grow
above theWR threshold is easy to understand since the ph
space above the threshold contains the poles of the cha
right-handed boson propagator.

In the plot in Fig. 3b presents the cross section in the c
mn2

51.5 TeV for the triplet Higgs boson mass valu

MD225400, 800, 1200, 2000 GeV. A comparison with Fi
3a, shows that the increase in the right-handed neutrino m
makes the cross section larger. The reason for this is o
ous: the amplitude represented by diagrams 1 and 9 of F
increases with the growth of Yukawa coupling of the ne
trino hR,11.

As we keepMWR
and gR fixed, also the the VEVvR of

the Higgs triplet is fixed, and so the increase of the rig
handed neutrino mass is solely due to a corresponding
crease of the Yukawa couplinghR,11. This makes the contri-
bution of the diagrams 1 and 9 larger than in the case of
05500
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3a. On the whole, the intimate relation of the neutrino m
and lepton-number-violating couplings in the LR model
directly reflected in the behavior of the cross sections.

In Fig. 3c we present the cross section formn2
52 TeV

for three different values of the triplet Higgs mass,MD22

5800, 1200, 1600, 2000 GeV. In all casesMWR
5700 GeV.

The valuemn2
52 TeV, whenMWR

5700 GeV, corresponds

to a value of the coupling constanthR,11 close to unity. Going
beyond this to higher neutrino masses would not yield r
able results due to the unitarity bound.

Given the cross sections, it is interesting to study w
will be the sensitivity of the NLC in testing the central p
rameters of the LR model through the reaction~1.1!. In the
following we will present the contours in theMWR

-MD22

plane corresponding to various event rates ofe2e2

˜bb t̄ t̄ . We consider the collision energies 1 TeV and 1
TeV and the anticipated luminosity of 1035cm22 s21 appro-
priately scaled with the collision energy~we consider the
luminosity to be approximately proportional to the collisio
energy!. At the collision energyAs51.5 TeV the process
with the cross sections50.01, 0.1, and 1 fb would produc
30, 300, and 3000 events per year, correspondingly.

In deriving the contours one cannot use the compu
cross sections as such but has to impose several phase
2-6
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cuts to make quark jets unambiguously identified. Follow
the arguments of@16# we apply the following cuts: Eachb jet
should have energy more than 10 GeV; eacht jet should
have energy more than 190 GeV; the opening angle betw
two detected jets should be greater than 20°; the angle
tween each detected jet and the colliding axis should
greater than 36°; the total energy of the event should
greater than 400 GeV.

In Fig. 4 we display theMWR
-MD22 histogram of the

cross section ofe2e2
˜bb t̄ t̄ and the contour levels corre

sponding tos50.015 0.15, 1.5 fb for the colliding energ
As51 TeV and right-handed neutrino massmn2

51.5 TeV.

The histogram has the evident resonanse behavior inMD22,
when MWR

is kept fixed, while the increase of the charg

boson mass withMD225const causes the decrease of t
cross section. This happens because the gauge couplin
mains fixed and hence the inrease of charged boson m
leads to the increase of the Higgs-Majoron VEV whi
should be compensated~since neutrino mass is also fixed! by
the decrease of the Yukawa couplinghR,11.

As can been seen from these contours, near theD22 reso-

FIG. 4. Cross section for the processe2e2
˜bb t̄ t̄ and con-

tours corresponding to the sensitivity levelss50.015 fb~30 events
per year!, s50.15 fb~300 events per year!, s51.5 fb ~3000 events
per year!, for the energyE51 TeV, and right-handed neutrino mas
mn2

51.5 TeV.
05500
g

en
e-
e
e

re-
ss

nance the process will be sensitive to values ofMWR
that are

much above the present lower limit of 650 GeV obtain
from direct searches at the Tevatron and that also exceed
collision energy, assuming that some tens of annual ev
are enough for the signal. Away from resonance, the bo
one could obtain onMWR

is about 700 GeV, i.e., no improve
ment to the present bound. The constraint on the mass o
doubly charged Higgs fieldD22 is generally stronger than
that on theMWR

.
As the cross section is proportional to the mass of n

trino, the largermn2
, the more stringent are the ensuing co

straints. This is demonstrated in Fig. 5 wheremn2
52 TeV.

Increasing the collision energy will, of course, lead
more restrictive bounds. In Figs. 6 and 7 we present
sensitivity contours forAs51.5 TeV with the masses of th
right-handed neutrinos 1 and 1.5 TeV, respectively. T
achievable limit forMWR

is now about 1.5 TeV at the triple
Higgs resonance and outside the resonance about 1 Te
considerable improvement to the present bound. The orde
magnitude of the cross sections obtained is just the sam
in Ref. @8# for thee2e2

˜WR
21qq with the summation over

FIG. 5. Cross section for the processe2e2
˜bb t̄ t̄ and con-

tours corresponding to the sensitivity levelss50.015 fb~30 events
per year!, s50.15 fb~300 events per year!, s51.5 fb ~3000 events
per year!, for the energyE51 TeV, and right-handed neutrino mas
mn2

52 TeV.
2-7
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all possible quark flavors. This means that taking into
count full ‘‘off-shell’’ contributions for theWR’s one com-
pensates the decrease factor of order 2–3 coming from
cuts introduced and factor of 9, relating the cross sec
with b,b, t̄ , t̄ final jets to the cross section with all possib
quarks in the final state@see Eq.~4.4! and discussion below#.
In contrast to@8# we claim~as it can be seen from Figs. 4–7!
that away fromDR

22 resonance the cross section is not ve
sensitive to theDR

22 mass and hence, if themn2
is fixed, the

limitation on theMW
R
2 remains the same for a wide range

MD
R
22.

In Ref. @8# all final state fermions were taken to be mas
less. Let us investigate the influence of the top-quark m
on results obtained. Consider the case when the final s
quarks are light. As one would expect, the results are v
similar to the heavy quark case considered above.
checked this byCOMPHEP calculations and found that th
relative difference in the cross section is of the order
mt /As, i.e., 20–25 %. If we impose, for the counterparts
the top quarks, thec quarks in the reactione2e2

˜ss c̄ c̄,
the cutEc̄1,2

.190 GeV, which is very effective in diminish
ing the SM background~see below!, the cross sections diffe

FIG. 6. Cross section for thee2e2
˜b,b, t̄ , t̄ and its contour

levels ats50.01 fb~30 events per year!, s50.1 fb ~300 events per
year!, s51 fb ~3000 events per year! for the energyE51.5 TeV,
and the right-handed neutrino massmn2

51 TeV.
05500
-

he
n

-
ss
te

ry
e

f
f

not more than 12%. Accordingly, we have these approxim
tive relationships among the heavy and light quark cases

s~bb t̄ t̄ !'s~ssc̄c̄!'s~ddūū!. ~4.3!

Assuming that the Kobayashi-Maskawa matrix elements
the right-handed currents are the same as for the left-han
ones, the greatest nondiagonal element isuVusu'0.221. This
will yield a suppression factor of 431022 to the cross sec-
tion s(ssc̄ū) as compared with the cross sections above t
contain only diagonal currents, and for the other nondiago
processes the suppression is even stronger.

In addition to the relationship~4.3! one can immediately
write down the following approximative relation:

2s~bb t̄ t̄ !'s~bs t̄c̄!'s~bd t̄ū!'s~sdc̄ū!.

The factor of 2 in front of the cross section ofe2e2

˜bb t̄ t̄ originates in the identity of the final state quarks a
antiquarks. We have checked also these relations
COMPHEP.

FIG. 7. Cross section for thee2e2
˜b,b, t̄ , t̄ and its contour

levels ats50.01 fb~30 events per year!, s50.1 fb ~300 events per
year!, s51 fb ~3000 events per year! for the energyE51.5 TeV,
and the right-handed neutrino massmn2

51.5 TeV.
2-8
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In conclusion, we have the following relations betwe
the cross sections of the reactions with no, one, and twb
jets in the final state:

s~0b!'s~1b!'4s~2b!. ~4.4!

This relation may be very useful as a test of the LR mod
We show the sensitivity contours for the processes with
final stateb jet and with no final stateb jets in Figs. 8 and 9,
respectively. In correspondence with Eq.~4.4! they will yield
more severe restrictions for theMWR

mass than the heav
quark final state and would give an essential improvemen
the present bound.

V. SM BACKGROUND

The main SM background of the reactione2e2
˜bb t̄ t̄

is due to the processe2e2
˜nenebb t̄ t̄ , which has the same

visible particles in the final state.~In the case of light quarks
in the final state one has the analogous background proc!

Furthermore, since it is not possible to distinguishb and b̄

FIG. 8. Contour levels ats50.015 fb ~30 events per year!, s
50.15 fb ~300 events per year!, s51.5 fb ~3000 events per year!
for the processes with oneb jet or with light quarks only in the final
state ~see comments in the text! for energyE51 TeV, and the
right-handed neutrino massesmn2

51 TeV ~top!, mn2
51.5 TeV

~middle!, andmn2
52 TeV ~bottom!.
05500
l.
e

to

s.

jets from each other, the SM processe2e2
˜e2e2bt b̄ t̄

~and analogously for the other quark combinations! is an-
other important source of background.

To analyze these processes we first note that qu
antiquark pairs can be produced only fromW,
Z, or Higgs lines. Therefore one can start with cons
ering the processes e2e2

˜e2e2W1W2, e2e2

˜e2e2ZZ, e2e2
˜e2e2ZH, e2e2

˜e2e2HH, e2e2

˜neneW
2W2, which were analyzed in@21#. The first reac-

tion has the largest cross section: atAs51 TeV about 800 fb
and atAs51.5 TeV about 1100 fb. All the other process
are at least 50 times smaller and may be neglected her
we use for a conservative estimation the so-calledproduct
3decay ~or narrow width! approximation@16#, which as-
sumes that the intermediateWL

6 bosons are mostly on shel
we will get for the background values of the order of 50–
fb, which is inconveniently high in comparison with our sig
nal. However, if we impose a cut of 50 GeV on the energ
of the final state electrons~whose energy we assume to b
possible to determine as missing energy allthough parti
themselves may not be distinguishable from the beam

FIG. 9. Contour levels ats50.01 fb ~30 events per year!, s
50.1 fb ~300 events per year!, s51 fb ~3000 events per year! for
the processes with oneb jet or with light, quarks only in the final
state~see comments in the text! for energyE51.5 TeV, and the
right-handed neutrino massesmn2

51.5 TeV ~top! andmn2
51 TeV

~bottom!.
2-9
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ticles!, the cross sections(e2e2
˜e2e2W1W2) dimin-

ishes by three orders of magnitude and yields a backgro
at 1 TeV on the 0.1 fb level and at 1.5 TeV on the 0.03
level. There is a further suppression in the case of thebb t̄ t̄
due to the fact the intermediateWL bosons should actually b
away from the pole as the invariant mass of its decay pr
uctsb, t̄ should be greater thanmt . This yields all together
an eight orders of magnitude suppression of the backgro
making it fully harmless.

The situation will the same for light quarks if one appli
the corresponding cut on the two-jet invariant mass, i
s.mt

2 . Thus by means of the cut combined with the me
surements of the missing energy it is possible to make
SM background about seven orders of magnitude sma
than the investigated process.

Even without measuring the missing energy associa
with the electrons, imposing just the cut on the invaria
mass, it will be possible to make the SM background fo
orders of magnitude smaller than the investigated signal

Thus we can conclude that thee2e2
˜qqq̄ q̄ processes

in the LR-symmetric model may be well observed above
SM background.

VI. SUMMARY

The main results of this paper can be summarized as
lows. It is shown that the reactione2e2

˜qqq̄q̄ may be
observed at NLC for a wide range of reasonable param
values of the left-right symmetric model and already bel
theWR threshold. For the collision energyAs51.5 TeV and
luminosity 1035cm22 s21 the lower limit for the mass of the
tt.

n

.
d

05500
nd

-

d,

.,
-
e

er

d
t
r

e

l-

er

right-handed gauge boson one could reach isMWR
*1000

GeV. Near the doubly charged Higgs (D22) resonance the
lower bound onMWR

may reach, and even exceed, the va
of the collision energy. As the lepton number violation a
neutrino masses are intimately connected through the M
jaran mass terms, the strength of thee2e2

˜qqq̄q̄ process
increases with the growth of the mass of the right-hand
neutrino. The ‘‘nondiagonal’’ processes, i.e., the reactio
where theq̄q pair or pairs in the final state mix with fermio
families, are essentially suppressed, while all the ‘‘diagon
processes have approximately the same probability. Pro
e2e2

˜bb t̄ t̄ being identified asb tagging is possible. Pro
cesses involving only light quarks or containing just oneb jet
are approximately related to this cross section by Eq.~4.4!.

The SM background can be suppressed to the level of
orders of magnitude below the process rate if the proper
in the phase space are applied, and it can be made even s
orders of magnitude below the signal level if the full ener
of the event can be reconstructed with an accuracy of
GeV.
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