PHYSICAL REVIEW D VOLUME

17, NUMBER 7

1 APRIL 1978

Electron-type neutral heavy lepton and the ¥ -boson mass

Kazuo Fujikawa
Institute for Nuclear Study, University of Toyko, Tanashi, Tokyo 188, Japan
(Received 3 March 1977)

We comment on the experimental implications of the possible existence of an electron-type neutral heavy
lepton E ° with a mass around 10 GeV at the next generation of e *e ~ colliding machines with /5 = 30-40
GeV. The ep decay signal from E%—e = 4+ p* 4 v, following the weak production e *e ~—¥, + E s
almost comparable to the ep signal from the conventional charged heavy leptons produced via one-photon
annihilation. (This is so because the small leptonic branching ratio enters only once for E° decay). The
collinearity angle distributions of eu signals from these two processes are quite distinct. The eu cross
section via E ° production is rather sensitive to the mass of the W boson. The invariant-mass spectrum of e
and the energy spectra of e and p also show characteristic behaviors.

I. INTRODUCTION

There exist several experimental indications®?
of the possible existence of leptons and quarks
beyond the standard four leptons and four quarks.
One of the interesting schemes to unify these in-
creasing numbers of elementary fermions is the
idea of vectorlike currents®* (but not necessarily
purely vectorial currents).

In the present note, we comment on the experi-
mental implications of the possible existence of
an electron-type neutral heavy lepton E°, which is
required by the class of models to realize the idea
of vectorlike currents (or left-right symmetry at
short distances). Apart from these theoretical
speculations, this neutral heavy lepton is interest-
ing because it would give rise to a quite prominent
e signal at the next generation of e*e” colliding
machines, PEP and PETRA, with Vs=30-40 GeV
if the mass of E° is not so large (say <10 GeV).°
This process would provide one of those few weak
processes which can compete with the dominant
electromagnetic processes at these energies.

This is so because the small leptonic branching
ratio enters only once for E° decay and, conse-
quently, eu signals are relatively enhanced.

In the following we make these observations
made in Ref. 5 more concrete by presenting a de-
tailed calculation of various distributions.

II. ex SIGNALS AND THEIR DEPENDENCE ON THE W MASS

We use a general phenomenological charged
weak current for the neutral lepton E° in the pres-
ent study, namely

J, () =E%x)y,[(1 +75)cosd +(1 =y;)sindle(x) , (2.1)

where 6 is a parameter which characterizes the
structure of the weak current; 6=0 and 7/2 cor-
respond to right-handed and left-handed currents,
respectively. We are interested in the production
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process®®
et +e” - E°+7, : (2.2)

via t-channel W exchange shown in Fig. 1. We
assume that the neutral current is approximately
“diagonal” and it does not contribute much to (2.2).
As for the coupling constant of the W boson to
charged weak lepton currents, we normalize it for
5 =0 (i.e., right-handed current) at the value given
by the model of Fritzsch, Gell-Mann, and Minkow-
ski.* In this case the total production cross sec-
tion of E° in Fig. 1 is given by®*®

G m2><M2>2
G(Sam;Myé)" % (1"' s S T(s,m,M,G),

(2.3)
where

T(s,m,M,d)

1

= 2 — 2
= O s =) [cos?5 s(s - m?)

+5in25 (s +M2) (s + M? = m?)]

2 2 2
—sin26[<zs+2M —m‘>ln<M2 +S=m >_1}.

s - m? M
(2.4)
In Eq. (2.3)
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FIG. 1. E° production via {-channel Wexchange in
e*e” annihilation.
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s=4E? with E = incident electron energy,
M =mass of the W boson,
m =mass of E°,
G =Fermi constant.
We also define the cross section

oo(s)=o(s,m, M=o 5=0)
:ﬁ(l_@-)z, , (2.5)

27\ s

which corresponds to the cross section with an in-
finitely heavy W boson coupled to the right-handed
heavy-lepton current. In Fig. 2, we show o,(s) in
units of the muon pair production cross section
o(u 1) =4ma?/3s. See also Ref. 6. We see that
a,(s)/o(1 1) is about 6-20% for Vs =30-40 GeV.
In Fig. 3, we show the cross section (2.3) in
terms of o,(s) in (2.5). We used M =50 GeV in this
calculation. This graph shows the dependence of
the cross section on the W-boson mass and also
on the structure of the weak current. The right-
handed current gives rise to a considerably larger
cross section than the left-handed current (this is
the same effect as the famous factor-3 difference
in vN and TN scattering). The effects of the finite
W-boson mass is about 20% when one varies Vs
from 30 to 40 GeV. It may therefore be possible
to detect the effects of the finite W-boson mass
in this process, although it would be difficult to
determine the value of the W mass itself.
- When one compares two processes

e +e”~E%+V,~e” +pt 47, +y, (2.6a)
and ‘
et te ~L+L—~e+p v +T+ Ve%vu, (2.6Db)
the ratio of the e signals is given by
1
—r T T T T
s
P o(Mw==c) mp=10 GeV

0 1 " 1 . 1 L 1 2 1
10 15 20

/312 (GeV)
FIG. 2. The cross section (2.5) in units of the muon
pair production cross section oi)=4n1c%/3s. The mass
of E* is taken at 10 GeV.
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FIG. 3. The cross section (2.3) in terms of 0 in (2.5).
The mass of EY is taken as 10 GeV. This graph shows
the effects of the finite W mass.

_[o(E®) +0(E)] B(E° ~ e + u* +v,)
" 20(LL)B(L—vy +p +7,)?

, 2.7

where B(E®~ e+ +v,) and B(L-v, +u +7,) are
the branching ratios for the corresponding leptonic
decay modes.

If one identifies the U particle® with the heavy
lepton L - .

CB(L=vy+p+7,)=2. (2.8)
On the other hand, a good guess of B(E®~e+1 +v,)
is

BE°~e+u+v,)={%~% (2.9)

if the mass of E° is around 10 GeV. This estimate
in (2.9) is made by counting the number of funda-
mental fermions expected in E° decay.

Combined with Fig. 2 (i.e., for the right-handed
current), the ratio R in (2.7) is estimated at®

R =(20-60)% (2.10)

for Vs =30-40 GeV. Although there are several
uncertainties in this estimate of R, it is neverthe-
less encouraging that R is quite large at PEP and
PETRA energies. We note that the production
cross section of E° is not sensitive to the mass

of E° as long as it is less than about 20 GeV. On
the other hand, it strongly depends on the total
incident energy in e*e~ annihilation.

III. COLLINEARITY-ANGLE DISTRIBUTION OF eu

One of the most characteristic distributions

‘which may allow us to distinguish two processes
.in (2.6) is the collinearity-angle distribution be-

tween e'and p. The collinearity angle is defined
by

cos6== (P, )/ D, [ 1D, 1. ®3.1)



Ve
FIG. 4. Definition of the collinearity angle 6 in E°
production.

One can expect that cos 6 is concentrated near
cos@=1 for LL production, and cosé is mainly
distributed in the region cosf <0 for E° production.

To show those characteristic features more
quantitatively, we calculate the collinearity-angle
distribution for E°® production in Fig. 4. For the
vight-handed heavy-lepton curvent [i.e., 5§=0 in
(2.1)], which is the most probable case if E° should
exist, we obtain the normalized distribution

dr _<1g_ 1
dcosf \ 7 /(1 —=cosh)?

1 m™
xf dcoself dyp F(cosd, ), (3.2)
-1 .

where

F=(10y% = 13y +22) + (10y°® — 1842 +9y—1)1n<l—§>
(3.3)

with

2/%(1 = Bcosg))(1 - Becosb,)

yE 1-cos# ’

cosf,=cosfcosh, +sinfsind, cosy ,

and B and y are the Lorentz factors for E%y
= (s +m?)/2mVs ]. The function F in (3.3) can also
be written as

11 3 1 3

Foe— — 4+ —— —1——+ + -1—+'O—1—
T 60 9% 140 y* 140 5 7252 9% 56 37 y")

for y>1,

In the calculation of (3.2), the masses of e and p

are neglected. We also integrated over all the
kinematically allowed values of , and P, with fixed
cos#. This corresponds to the detector system
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FIG. 5. Collinearity-angle distribution (3.2) in E°
production. The mass of EV is taken as 10 GeV.

with a rather small energy cutoff and approximate-.
ly 47 solid angles. We also neglected the effects
of the finite W-boson mass.

The distribution is shown in Fig. 5 for m =10
GeV. As is expected, the cos@ distribution spreads
over the wide angles. This behavior is in sharp
contrast to the case of charged-heavy-lepton pair
production, where the cos@ distribution is limited
within’

cosfz1—4/p%? (3.5)

with 8 and y the Lorentz factors for the charged
heavy lepton. If one uses my = 2 GeV at Vs =30
GeV, (3.5) gives cosg=z £,

It would therefore be quite easy to distinguish
the two processes in (2.6), although there may ap-
pear several other background processes in the
actual experiment.

IV. INVARIANT MASS OF eu AND
THE ENERGY SPECTRA OF e AND u

Another characteristic property of E° decay is
that the invariant mass of the ey system is inde-
pendent of the incident energy of the colliding beam.
This is apparently not the case for charged-lepton
pair production.

After a simple calculation, one obtains the
normalized invariant-mass distribution for E° de-
cay,

2
Z—arc‘ =24x(1 - x2)? (x"‘coszé + 1+2x sin26>, (4.1)

with x=m,,/m, m=mass of E°. This is shown in

" Fig. 6.

For the sake of completeness, we also present
the energy spectra of e and u in the E° production.
The muon spectrum is given by
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FIG. 6. Invariant-mass spectrum of the ei system
given by (4.1). The invariant mass me'l is normalized
by the E? mass m.

dr_ 4 2k Vs m?
@ 7“F< -—>f Ty ks
4 z~/’§k>]
T;F( ) E(l )
2
fori%zkzo, (4.2)
where )

F(x)=cos®8(x +3 x% - 5x3) +6 sin®6(5x2 - 1x3)  (4.3)

and m is the mass of E°. The electron spectrum
is given by :

ar_ 4 1 2k> for E . m?
ar ¥s C\l-75) for 5=k>375
_ 4 2k 2J§k>] _m?
‘TE‘[G(I'TS,")‘G(I' mr )] s R0
(4.4)
where ‘
Glx)=x+5x2-%x%. (4.5)
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FIG. 7. Muon and electron energy spectra in E° decay.
The mass of E® is taken as 10 GeV.

The electron spectrum is independent of the struc-
ture of the weak current (i.e., independent of 5). .
The energy spectra (4.2) and (4.4) are shown in
Fig. 7.

The scaling property of the lepton energy spec-
tra emphasized in Ref. 8 also appears in the high-
energy part of (4.2) and (4.4). In fact, in the pres-
ent case the scaling holds in terms of the simple
Feynman variable x=2k/Vs as

2
(‘g 2F(1-2) for 1> x> (4.6)

Note added in proof. The production of E° in
e*e” annihilation has been also discussed by
Ahmed Ali, Phys. Rev. D 10, 2801 (1974).
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