
PHYSICAL REVIEW D, VOLUME 63, 053001
t-channel production of heavy charged leptons

Shuquan Nie* and Marc Sher†

Nuclear and Particle Theory Group, Physics Department, College of William and Mary, Williamsburg, Virginia 23187
~Received 9 November 2000; published 19 January 2001!

We study the pair production of heavy charged exotic leptons ate1e2 colliders in theSU(2)L3SU(2)I

3U(1)Y model. This gauge group is a subgroup of the grand unification groupE6 ; SU(2)I commutes with the
electric charge operator, and the three corresponding gauge bosons are electrically neutral. In addition to the
standardg andZ boson contributions, we also include the contributions from extra neutral gauge bosons. A
t-channel contribution due toWI-boson exchange, which is unsuppressed by mixing angles, is quite important.
We calculate the left-right and forward-backward asymmetries, and discuss how to differentiate different
models.
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I. INTRODUTION

Many extensions of the standard model~SM! contain ex-
otic fermions. Strongly interacting exotics, such as hea
quarks, can be produced in abundance at the Fermilab T
tron or the CERN Large Hadron Collider~LHC!. However,
particles which are not strongly interacting, such as he
charged leptons, can best be produced at an electron-pos
collider. In general, studies of heavy charged leptons at s
colliders focus ons-channel production, through ag, Z, Z8,
etc. The phenomenology of exotic particles has been con
ered widely@1–8#. A good report can be found in Ref.@9#.

In this paper, we note that a model which arises fro
superstring-inspiredE6 grand unification models will allow
pair production of heavy charged leptons in thet channel.
We discuss this model, and study the forward-backward
left-right asymmetries at linear colliders. For simplicity, w
neglect mixing between extra particles~bosons or fermions!
and the normal particles of the SM, since such mixing ang
are generally small.

II. MODEL

There are many phenomenologically acceptable low
ergy models which arise fromE6.

~a! E6→SU~3!C3SU~2!L3U~1!Y3U~1!Y8

~b! E6→SO~10!3U~1!c→SU~5!3U~1!x3U~1!c

~c! E6→SU~3!C3SU~2!L3SU~2!R3U~1!L3U~1!R

~c8! E6→SU~3!C3SU~2!L3SU~2! I3U~1!Y3U~1!Y8

where U(1)c and U(1)x can be combined intoU(1)u in
model ~b!, reducing it to the effective rank-5 mode
SU(3)C3SU(2)L3U(1)Y3U(1)u , which is most often
considered in the literature. Models~c! and (c8) come from
the subgroup SU(3)C3SU(3)L3SU(3)R . The
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27-dimensional fundamental representation has the bran
ing rule

~1!

and the particles of the first family are assigned as

S u

d

h
D 1~uc dc hc

!1S Ec n N

Nc e E

ec nc Sc
D

whereSU(3)L operates vertically andSU(3)R operates hori-
zontally. ~Different symbols for these particles may be us
in the literature.!

The most common method of breaking theSU(3)R factor
is to break the3 of SU(3)R into 211, so that (uc,dc) forms
an SU(2)R doublet withhc as aSU(2)R singlet. This gives
model ~c!, the familiar left-right symmetric model@10#.
Model ~c! can be reduced further to an effective rank
model with U(1)V5L1R . Another possibility, resulting in
model (c8), is to break the3 of theSU(3)R into 112 so that
(dc,hc) forms anSU(2) doublet withuc as a singlet. In this
option, theSU(2) does not contribute to the electromagne
charge operator and it is calledSU(2)I (I stands for ‘‘in-
ert’’ !. Then the vector gauge bosons corresponding
SU(2)I are neutral. Model (c8) can be reduced to an effec
tive rank-5 model SU(3)C3SU(2)L3U(1)Y3SU(2)I .
Both of them will be considered in this paper.

At the SU(2)L3SU(2)I3U(1)Y3U(1)Y8 level, a single
generation of fermions can be represented as

S n N

e2 E2D
L

, S u

dD
L

, ~dc hc
!L , S Ec

NcD
L

,

~nc Sc
!L , hL , eL

c , uL
c

whereSU(2)L(I ) acts vertically~horizontally!. Note that ad-

ditional heavy leptons (E
N) and its conjugate (Nc

Ec
) form two

new isodoublets underSU(2)L .
©2001 The American Physical Society01-1
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III. CROSS SECTION PRODUCTION AND ASYMMETRIES

The relevant interactions for the processe1e2→E1E2

are

L5 (
f 5e,E

Qf f̄ agm f aAm1
g

cosuW
ēagm~Tea

3 2Qesin2uW!

3eaZm1
g

2 cosuW
Ēagm~122sin2uW!EaZm

1
gI

2A2
ēgm~12g5!EWIm1H.c.1

gI

4
@Ēgm~12g5!E

2ēgm~12g5!e#ZIm1 (
f 5e,E

gY8

Yf a
8

2
f̄ agm f aZm8 ~2!

wherea5L or R. Hereg, gI andgY8 are coupling constant
anduW is the electroweak mixing angle. For simplicity, w
will assume thatgI5g andgY85gY in our numerical results
it is straightforward to relax this assumption. The first tw
lines are couplings between fermions and standardg andZ.
The rest are couplings with extra neutral gauge bosons.
e1e2→E1E2 process can proceed vias-channel exchange
of a g, Z, Z8 or ZI , and can also proceed viat-channel
exchange of aWI . Each amplitude can be written as th
form of

Ci v̄eg
m~12aig5!ueūEgm~12big5!vE . ~3!

Note that theWI leads to at-channel process unsup
pressed by small mixing angles. This is unique to this mo
Note that if one considered production of the heavy char
leptons which form anSU(2)I doublet with the muon or the
tau, then the processes would be identical except that
t-channel process would be absent.

The differential cross section for this process is given

ds

d cosu
5

1

8ps
A1

4
2

mE
2

s
$D1~mE

22u!2

1D2~mE
22t !212D3mE

2s% ~4!

wheres, t andu are the Mandelstam variables, and with

D15 (
i , j 51

5

CiCj$~11aiaj !~11bibj !1~ai1aj !~bi1bj !%

D25 (
i , j 51

5

CiCj$~11aiaj !~11bibj !2~ai1aj !~bi1bj !%

D35 (
i , j 51

5

CiCj$~11aiaj !~12bibj !% ~5!

where theCi , ai andbi are given in Table I.
The forward-back asymmetry is defined by
05300
he

l.
d

he

y

AFB5

E
0

1 ds

d cosu
d cosu2E

21

0 ds

d cosu
d cosu

E
21

1 ds

d cosu
d cosu

~6!

and the left-right asymmetry is defined by

ALR5
sL2sR

sL1sR
. ~7!

Note that theCi , ai andbi will be somewhat different forsL
andsR due to the insertion of the projection operator in E
~3!. Both AFB and ALR at e1e2 colliders were studied in
Refs.@11,12#, but onlys-channel contributions were consid
ered.

IV. RESULTS

The electroweak partSU(2)L3U(1)Y has been measure
precisely. Let us first consider the rank 5 case. SettinggY8
50, we have two gauge boson mass parametersmWI

and

mZI
. We will assume that these masses are equal and

there is only one mass parameter remaining, which
choose to be near the experimental lower bound for dir
production@13#, mZI

5650 GeV. This is basically the sam
as assuming that the gauge bosons do not substantially
with each other. The numerical results for cross secti
forward-backward and left-right asymmetries are shown
Figs. 1–3. We have plotted the results forE1E2 and
M 1M 2 production, whereM is the SU(2)I partner of the
muon or tau~the only difference will be due to thet-channel
process!. For comparison, we also include the standa
model results for both a vectorlike heavy lepton and a ch
heavy lepton. Although we have assumed that theZI mass
(E,M mass! is 650 GeV~200 GeV!, it is easy to see how the
figures will be qualitatively modified if these assumptio
are relaxed.

In the rank 6 model, one has an additional mass scale

TABLE I. Coefficients appearing in Eq.~5!.

i Ci ai bi

1
e2

s
0 0

2
g2~124sin2uW!~122 sin2uW!

8cos2uW~s2mZ
2!

1

124sin2uW

0

3
2gI

2

16~s2mZI

2 !
1 1

4
29gY8

2

144~s2mZ8
2

!
2

1
3

2
1
5

5
gI

2

8~t2mWI

2 !
1 1
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additional coupling. If we assume that thegY8 coupling is the
same asgY and that the mass of theZ8 is (5gY/3gI)MZI

,
then one can recalculate the cross section, forward-backw
and left-right asymmetries. We find that there is not a s
stantial difference from the rank 5 case, except in the imm
diate vicinity of theZ8 mass.

V. CONCLUSIONS

How does one detect these leptons? The main de
modes depend sensitively on the masses and mixing an
Since theE and its isodoublet partnerN are degenerate in th
limit of no mixing, one expects theE→NW* to be into a
virtual W, leading to a three-body decay. Since the allow

FIG. 1. Total cross section for the processe1e2→L1L2 as a
function ofAs, for a heavy lepton of 200 GeV. The solid and dott
lines correspond to standard model production of chiral and vec
like fermions, respectively. The dashed and dot-dashed lines c
spond toL5E andL5M in theSU(2)I model, respectively, where
E andM are theSU(2)I partners of the electron and muon.

FIG. 2. AFB , the forward-backward asymmetry, for the proce
e1e2→L1L2 as a function ofAs, for a heavy lepton of 200 GeV
The solid and dotted lines correspond to standard model produc
of chiral and vectorlike fermions, respectively. The dashed and
dashed lines correspond toL5E andL5M in the SU(2)I model,
respectively, whereE andM are theSU(2)I partners of the electron
and muon.
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three-body phase space is very small, this decay will be n
ligible unless the mixing with the lighter generations is e
tremely small. In the more natural case, in which such m
ing is not very small, the two-body decaysE→neW and E
→eZ would dominate. A detailed analysis of the lifetime
and the decay modes can be found in Ref.@14#. There, it was
shown that the ratio ofG(E→eZ) to G(E→neW) is given
by the ratio ofuUEeu2 to uUEne

u2. This is very model depen
dent.

Certainly, the signature forE→eZ would be quite dra-
matic. Even if theZ decays hadronically or invisibly, the
monochromatic electron, plus the invariant mass of theZ
decay products, would allow for virtually background-fre
detection. The signature forE→neW is less dramatic, but
would lead toW1W2 plus missing transverse momentum
As discussed in Ref.@8#, requiring that theW’s decay lep-
tonically gives a signal ofl 1l 2, wherel 5(e,m). The back-
grounds, due toe1e2→t1t2, W1W2 and ZZ, can be
eliminated by calculating the invariant mass of the charg
fermion pair. The signal would be striking since it wou
consist of a pair ofl 1l 2 with approximately the same invari
ant mass.

Suppose these leptons are found. One would first learn
cross section. Unless one is in the vicinity of theZI reso-
nance, the cross section in this model would be somew
higher than the standard model. For example, at a Next L
ear Collider ~NLC! of As5500 GeV and luminosity of 6
3104 pb21/yr and for a heavy lepton of 200 GeV, one e
pects approximately 23104 SM vectorlike fermion pairs
produced per year, whereas one has 33104 E1E2 pairs and
53104 M 1M 2 pairs ~note that thet-channel process de
structively interferes!. In the vicinity of the resonance, o
course, the cross section can be much larger. As discuss
the previous paragraph, if the main decay is intonW, then a
very clear signature arises if bothW’s decay intoene or
mnm . This will occur approximately 5% of the time, givin

r-
re-

on
t-

FIG. 3. ALR , the left-right asymmetry, for the processe1e2

→L1L2 as a function ofAs, for a heavy lepton of 200 GeV. The
solid and dotted lines correspond to standard model productio
chiral and vectorlike fermions, respectively. The dashed and
dashed lines correspond toL5E andL5M in the SU(2)I model,
respectively, whereE andM are theSU(2)I partners of the electron
and muon.
1-3



n
b
it

ai
n
ll.

o

r

een
tical

en
, it
ous

his
ion

SHUQUAN NIE AND MARC SHER PHYSICAL REVIEW D63 053001
a few thousand such events per year. Necessary cuts o
transverse missing energy will reduce the number of usa
events, but it should still be several hundred per year, w
very low background. If the main decay is intoeZ or mZ,
then the signature is even more dramatic.

There is no forward-backward asymmetry for the p
production of SM vectorlike fermions, while the polarizatio
asymmetry for heavy SM chiral fermions is very sma
Therefore, combiningAFB with ALR would make it very
straightforward to distinguishE1E2 andM 1M 2 pairs from
SM fermions. The behavior of the asymmetries for each
these is very different at highAs.

An important point is to note that the statistical unce
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tainty, @(12A2)/N#1/2, is very small for this model. With the
approximate number of reconstructed events being betw
several hundred and several thousand, this gives a statis
uncertainty of between 1% and 10%. This will be ev
smaller in the vicinity of the resonance. From the figures
is clear that this uncertainty is small enough that the vari
models can be distinguished, even off resonance.
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