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The decays Z ~LL and Z —+v&v4 are promising sources of a possible fourth-generation charged
lepton and its neutrino, both of which may be heavy. We give expressions for the rates and differen-
tial distributions, including production and decay correlations, for e+e and pp production via real
or virtual Z . We evaluate the different leptonic and hadronic signatures in e+e collisions and

present rates for dileptons from LL production in pp collisions.

I. INTRODUCTION

With the energies now available or soon to be available
at pp and e+e colliders, it is feasible to search for possi-
ble fourth-generation quarks and leptons. ' For the case
of a charged heavy lepton L, it is feasible to detect L and
measure its mass through 8' production with JF~Lv de-
cay at pp colliders. In the present paper we consider
complementary ways to detect L leptons, via real or virtu-
al Z production with Z &LL dec—ay, which offer in-
teresting new signatures that can be pursued primarily at
e+e colliders. We give cross-section expressions includ-
ing full production and decay correlations, for L leptonic
and hadronic decays (see also Ref. 9). Our general con-
siderations apply equally to Z ~v7 which can serve as a
calibration. We also discuss heavy fourth-generation neu-
trino production via Z —+v~v4, with charged-current v4

decay, for which the same matrix elements can be adapt-
ed.

It is already known that the L mass is greater than 22
GeV from e+e collider experiments. ' The decay rates
in the channels L —+evv, pvv, ~vv, udv, csv are in the ap-
proximate ratios 1:1:1:3:3,hence the two primary classes
of decays L~l+pT (l =e or p and pT ——missing energy-
momentum of neutrinos) and L ~q~qq+pT
(q&, q2

——quark jets) are in the ratio 12:33. The signatures
for Z ~LL fall in the following three distinctive
categories, in the approximate proportions 6:33:45.

(i) l&lz+pz, a pair of opposite-sign leptons (which may
have different flavors) along with missing energy-
momentum from neutrinos.

(ii) lq&q2+pT, a single charged lepton with up to two
hadronic jets plus missing energy-momentum.

(iii) qtq2q3q4+pT, up to four jets.
In the case of a c-quark jet, semileptonic charm decay

can give an additional lepton accompanied by hadrons. It
is naturally understood that the hadronic jets arising from
individual quarks may sometimes overlap to form broader
Jets; in the case of' ~ decay the q~q2 give a single narrow

hadronic jet.
In the following sections we give formulas for the dif-

ferential distributions of leptons and quarks resulting
from LL production via Z and y* intermediate states,
and explain how these formulas can also be applied to
v4v4 production.

II. PRODUCTION OF LL IN pp
AND e+e COLLIDERS

We consider the production of pairs of heavy charged
leptons through the subprocesses

ff~Z, y'~LL,
where f stands for the electron or any of the light quarks
u, d, or s in a hadron beam. The amplitude for this pro-
cess is

2

u(f )y„u (f)u (L)y"u(L )
S

8 Grenz'+ Dz(s)u(f )y„V2

X (gf —gf y )u(f)u(L)y"(g —g y )u(L ) .

Particle labels are used to denote four-momenta,
s=(f+f) is the subprocess c.m. energy squared, Dz is
the propagator factor

Dz(s) =(s Mz +iM—zl z)
and the Z couplings to fermions in the standard model
are

t

gv' —,(T3 —2Q ——xw) g„' =
2 T3 .

Here, T3 and Q' are the third component of weak isospin,
and the electric charge of the associated quark or lepton i.
The total cross section is given by
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cr= [Ci(1 m—L Is)+3C2mL Is],
12m

where

P=(1—4m@ Is)'i

Ci =
I Gvv I

'+
I G~A I

+ I Gav I + I Gvs I

'
C2= IGvvI + IG&vI —IG&a

I
IGv~ I

e Qf Qr 8GFMz Dz (s ) . r
Gvv= - + ~ gPgv ~~2

(3)

(4)

(5)

(6)

(7)

SGFMz Dz(s)

SG,M, 'D, (s) f,
gdgv ~

SGFMz Dz(s)
glgw''

GAV

GVA =—

(9)

(10)

This cross-section formula reduces to the result of Ref. 6
for the case of e+e ~LL.

Total cross sections for LL production in pp colliders
have been presented in Ref. 1 for two sets of parton distri-
butions, at c.m. energies of 0.54, 2, and 20 TeV. The
cross section at 0.54 TeV varies from 20—50 pb for a
heavy lepton of mass 20—45 GeV. Branching fractions to
different decay modes and experimental acceptance cuts
recluce this signal to the 1 pb level, making detection of
LL from Z decay difficult at the CERN collider. The
cross section for LL production at a 2-TeV collider is an
order of magnitude higher for the same range in mL .

An e+e collider operating at Z resonance could be a
prolific source of heavy-lepton pairs, provided that
mL (mz/2. Figure 1 shows a plot of the ratio

cr(e+e ~L +L )R=
o(e+e ~p+p )

for different choices of mass of the heavy lepton L, versus
the center-of-mass energy Vs. The dip in the curves at
the Z resonance is caused by the mass sensitive term in-
volving C2 in Eq. (3). At the Z resonance, the y* and
Z production mechanisms decouple, the interference
term going to zero, and the Z contribution dominates.
The production rate of LL pairs for e+e machines
operating at the Z resonance is very sensitive to m~, and

can indeed be used to determine mL if the LL events are
readily distinguishable from background. An independent
measurement of mL can be made from the sharp rise in
event rate as the c.m. energy rises above LL production
threshold.

The preceding formulation applies equally to the pro-
duction of Dirac neutrinos via ff +Z ~—v&v4 setting
QL,

——0 and T3 ——+ 2 for L =v4. For the case of a Ma-
jorana neutrino, gv ——0, gA

——T3, and the right-hand side
of Eq. (3) must be divided by 2 for identical-particle phase
space. Figure 2 shows the cross-section ratio
o(e+e ~v&v4)I o(e+e ~p+p ) versus V s for several
values of the v4 mass.

An unexplained event" observed at DESY PETRA by
the CELLO collaboration at vs =43.7 GeV has the pos-
sible interpretation of e e ~v4v4 production with
v4~p+jet decays (see also Ref. 12). The event contains
p+ and p with two jets that are approximately back-to-
back with the muons. The invariant masses of the p plus
opposite jet systems are about 20 GeV, which would im-
ply a v4 mass of that magnitude. Figure 3 shows the ex-
pected v4v4 cross section at ~s =43.7 versus v4 mass; the
cross sections are suppressed by the threshold kinematics,
especially for the Majorana case because the axial-vector
coupling is P wave. The luminosity of the data taken
near this energy is 3.9 pb ', for a v4 mass of 20 CreV
about 1.3 events are expected for a Dirac neutrino as com-
pared to 0.2 events for a Majorana neutrino.

III. RATES AND SIGNATURES
FOR Z —+LL CHANNELS

Calculation of distributions of detectable final-state
particles from Z ~LL (or v4v4) requires knowledge of
the matrix element squared of production and decay, re-
taining the intermediate heavy-lepton helicity informa-
tion, as illustrated in Fig. 4 for leptonic LL decays. This
calculation is long but straightforward, and details are
given in the Appendix. The results are general, and can
be adapted for production through y* or Z, for LL or
v4v4 production, and for both leptonic and semileptonic
decays. In the following subsections we discuss the nu-
merical rates and distributions for different channels.
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FIG. 1. Ratio of LL to pp events for various L masses and
c.m. energies in e+e collisions.
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FIG. 2. Ratio of v4v4 to pp events for Dirac (solid} and Ma-
jorana (dashed} neutrinos as a function of c.m. energy in e+e
collisions.
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FIG. 3. Expected cross sections for e+e ~Z~v4v4 for
Dirac (solid) and Majorana (dashed) neutrinos as a function of
neutrino mass at V s =43.4 GeV.

Process

pp ~Z~rv-~l+l +p;

pp ~Z~LL ~l+l +p'z-

pp ~Z ~LL ~l+l +pz.

pp~Z~~~~l+l +pT

pp ~Z~LL ~l+l +p'T

pp ~ZOLL ~l+l +pT

Vs
(GeV)

630

630

2000

2000

2000

PP1I

(Ge&)

25

40

1.78

40

~ee

(pb) (pb)

0.55 1.32

0.15 0.46

0.07 0.15

7.16 7.16

2.14 2.14

0.67 0.67

TABLE I. Total expected cross sections for the production
and decay of heavy leptons via Z decay at pp colliders. The re-
sults for the CERN energy of Vs =630 GeV include experi-
mental cuts and measurement resolution in accord with the
UA1 detector (see Ref. 13). The results for the Tevatron energy
Vs =2000 GeV include no cuts or resolution. The results for

pp ~Z~LL ~ep+pT are expected to be o.,„=o.„+o.». The
cross sections include a factor E =2.

A. Dilepton signals

pp collisions Tab. le I gives total cross sections for
dilepton production in pp collisions via heavy leptons
from Z decay. Our results for the CERN collider energy
V s =630 GeV include full experimental cuts and momen-
tum resolution smearing for the UA1 detector, as defined
in Ref. 13. We include an empirical @CD-motivated fac-
tor of K=2, and convolute the subprocess with Duke-
Owens I parton distributions. ' These signals are at the
fraction of a pb level, and likely too small ever to be seen
at CERN.

Also included in Table I are results for the Fermilab
collider at Vs =2 TeV. These calculations include no
cuts or resolution smearing. Cross sections at the Fermi=
lab Tevatron energy are about an order of magnitude
higher than those at the CERN. energy. Owing to the
smallness of the pP cross sections, we do not present the
corresponding lepton distributions.

e+e collisions. An e+e machine operating at Z
resonance could be a copious source of heavy leptons.

The reaction Z ~LL, with each L, decaying leptonically,
should provide a very clean signal. The expected rate of
the leptonic channels into e and p is about 5% of the total
LL signal. The ee, pp, ep opposite-sign dileptans would
occur in the ratio of 1:1:2. There would be no accom-
panying hadronic activity. The trigger leptons would be
acollinear, distributed in dilepton opening angle 60~ ac-
cording to Fig. 5. The peak in the opening angle distribu-
tion between leptons in L,L production depends on the L
mass. Dileptons from the background process Z —+sr

)0

CD

Q

4Q 80 f20 )60

FIG. 4. Feynman diagram illustrating Z ~LL production
of fourth-generation charged leptons, and their subsequent semi-
leptonic decays.

FIG. 5. Distribution in dilepton opening angle from the reac-
tion e+e ~Z —+LL, where each L decays leptonically at c.m.
energy V s =94 GeV =mz. Also shown is the background con-
tribution from Z'~~7-.
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should be nearly back to back. Figure 6 shows the distri-
bution in the component of the lepton distribution normal
to the plane containing the beam and the other lepton, ob-
tained with the r, L (25), and L (40).

B. l-jet (s) signal

pp co/lisions W. hen one L decays leptonically, and one
hadronically, the signal is an isolated electron or muon,
one or two jets (depending on the jet-counting algorithm)
and missing transverse momentum. Cross sections for
this signal are about a factor of 6 larger than the dilepton
signal, due to larger branching fractions. Detection of
such events will be hampered by large backgrounds from
heavy quark production, and by the Z —+~~ contribution
from events where the Z is accompanied by substantial jet
energy.

e+e collisions. Prospects for detecting lepton-plus-jet
events from Z~LL are much better at e+e colliders
because of rate, improved jet resolution, and greatly re-
duced background problems. The decay L +vi qQ p—ro-
duces two narrow jets. Figure 7 gives the opening angle
between these two jets for heavy-lepton mas'ses of 25 and
40 GeV. The invariant mass of these two jets can be used
for I. mass determination, as the dijet mass is always
bounded by IL. Figure 8 compares the mJ& distributions
obtained with the r, mL, (25), and mL, (40 GeV), for an
e+e machine operating on the Z resonance.

A background process is Z~QQ where Q=b or c,
with one Q decaying semileptonically. Here the trigger
lepton will be accompanied by hadronic debris. Lepton-
isolation cuts can be used to suppress this background.

lo"
400 80 l20 l60

ZLHJJ (d8gf888)
FIG. 7. The jet-jet opening ang1e for jets produced in the re-

action e+e —+Z —+LL~lqg+p'z, for e+e annihilation at
Z resonance.

C. Four-jet, missing-energy signal

The last charged-heavy-lepton signal to be considered is
where each L of the LL pair decays hadronically, which
occurs 44%%uo of the time. In this case there will be up to
four jets distributed in 4m sr, accompanied by missing en-

ergy. In general, correlations between the different jets
will be hard to determine.
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FIG. 6. The component of lepton momentum normal to the

plane containing the beam and the other lepton in the reaction
e+e ~Z ~LL —+I+I +@~, for an e+e machine operating
at Z resonance.
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FIG. 8. The jet-jet invariant mass from the two-quark jets in
the reaction e+e +Zo +LL~lqg+pr, —at Z —resonance.
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D. l—I—two-jet events fmm Z —+vqv4

The observation of an event with two muons and two
jets by the CELLO collaboration" could possibly be a sig-
nal for fourth-generation neutrinos produced via
e+e —+Z —+v4v4, each vz decaying to a muon plus a jet.
The cross section for v4 production at the c.m. energy
v s =43.4 GeV of the CELLO event has been given in
Fig. 3; the rate also depends on the branching fraction.
The predicted energy distribution of muons and jets from
this process are shown in Fig. 9 for a vz mass of 20 GeV,
along with the energies of the particles in the CELLO
event. The muon energy distribution peaks around 6
GeV, compared to 15 GeV for the jet energy. This re-
flects the three-body nature of the v4~pqg decay, and to
a lesser degree the effect of the virtual W boson propaga-
tor. In the CELLO event, the two jets are less energetic
than the two muons. Also, both jet masses are small, in-
habiting the m„„-0—5-GeV region of Fig. 9(b). Thus the
CELLO event is in an unfavored part of phase space, but
more events of this type would be needed to rule out the
Z —+v&v4. interpretation.

IV. CONCLUSION

The decays of the Z boson are a promising source of
heavy fourth-generation charged leptons and neutrinos,
provided their masses are less than —,Mz. The L signal at

pp colliders is very low, but the signal of acollinear lepton
pairs with pr would be distinctive. The production of l.
pairs at e+e colliders operating on Z resonance would
be copious, and the various dilepton and lepton-plus-two-
jet signals would be easily recognizable against standard-
model backgrounds. Finally, the configuration of the
CELLO p —p —two-jet event compares unfavorably with
the Z ~v4vq explanation, though more events are needed
to make a definitive statement.
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APPENDIX

In this appendix, we present the calculation of the cross
section for pair production and decay of heavy leptons.
The process considered is

qq~Z —+LL

+ vI +ev

5 10 15

m(jet) (Gev)
20

FIG. 9. Distributions in (a) 1epton and jet energy and (b) jet
invariant mass for the reaction e+e ~zo—+v4v&~ll+2 jets at
Vs =43.4 CieV. Also shown are the particle energies and jet
masses of the ppjj event observed by CELLO.

corresponding to the diagram in Fig. 4. It applies equally
to L —+vqq' decays in one or both of L and L, with ap-
propriate substitutions.

The amplitude for this process is given by

4G~'Mw'Mz'
D~(8'i )D~(W2 )Dz(s)DI (l. )Di(l. )[u(v, )y„(l y5)u(e)]—[u(p)y„(1 —ys)u(v&)]

&& Iu%&y~[u;(1 y5&+b;(1+—ys&]u(e)]

)& {u(vr, )y"(1—ys)(E+mL, )y [af(1 y5)+bf(1+ys)—](g —ml )y"(1—ys)u(vL )], (A2)
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where

gv+g~ gv —R~a=
2 '

2
b=

and particle labels are used to denote four-momenta. The squared matrix element is then

I~ I'=
I
G I'S'[v„el„„ls,v„] Ia [e elm;+b '[e e]u; jT""""'

where we have defined

[X~3 ]aa' x 3 g aa'+ Xa3' a'+ xa'3a+~~aa'pyx 3'P y

3 4 2

G = D~( ~~ )Dg ( W2 )Dz(& )Dr. (L )DL )(L )
4GF Mg Mz 2 2 ~ 2

2

(A4)

(A5)

T= 2 I
C(g+m~)A(g m, )8—

SPII1S

with

C=u(vr )y"(1—yg),

y [af(1 y&) +bf (1+y5)]

8=y"(1—y5)u(vr ) .

The evaluation of T can be broken up into smaller pieces using two Fierz transformations as in Ref. 9,

I
C(g+m)A(g —m)8

I

=—ITr[(g+m)A(E —m)A][C(g+m)C][B(g m)8—]

(A6)

(A7)

+g Tr[yzya(E+m)A(E m)A—][C(g+ m)y&y&C][8(g —m)8]

+g'P Tr[(g+m )Ay5yp(g —m )A][C(g+m )C][8(g—m)y5y 8]
+g gP Tr[y~y (E+m)Ay&yp(E —m)A][C(g+m)ysyrrC][8(E —m)y~y 8]j, (AS)

where

I, I.~ap gap+
m

~
po' gpcT+

m

I
—L [vL, ,L ] +m, '[v„(~)] ' j,

mL
(A10e)

Tz( =[L vr. ]"", (A10f)

T31p=mL Iay [L (p)] —by [(p),L] "'—2iafbfe"~'&g

(A10g)

A =yoA yo.
T32 =[vr. L] (A10h)

This expression is valid only for L and L on mass shell,
which we assume. Evaluation of the traces in Eq. (AS) is
lengthy but straightforward. We obtain

T= , S (T"„T, T",g+T—T T"g

+ TA,A, 'Tw'TPy'P + TA,A,
' Tw'any'P )

where the tensors Tpj are

T)) ay [L,L] +bf [L——,L] —2mr afbfg

t L[L»r. ]""+—mL, [(p),v ]r"", (A10i)
mL

Te~ p™rI —ay [(a),(p)] —by [(p),(a)]" j

2afby fap—
Tgp ——

t L[vr, L] +mL [—vL, (a)]~ j,
mr

(A10j)

(A 10k)

TP4(P= — [ LP[L,vr y'" +mL—[(p),vr y'& j, (Alol)
mL

(A10a) and
r I

T 12 [vr. L ]
TPi( =[L vr, ]""

T2(~ ——mr I
—af [(a),L] +bf [L,(u)]

+2aybyie r Lr j,

(A10b)

(A10c)

(A10d)

f = (LxL" +L xL )+ (L Lr LLr„)—
gp (L L +L L ) ga(Lp—L +L Lp)—
g(LpL LpL")+—L L(g~p —+g gp)

+g" (LaLp+LaLp L.Lgap) . —
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In the above expressions the notation is

[x(~)]AÃy[xy]AA

To obtain the final expression for the squared matrix ele-
ment, we use the following contractions:

[x,y] gg ~= —2x y,
ie ~~ Lp[x,y] =2(x y L x.—Ly )

The squared matrix element then reads

~

~
~

z=
~

6
~

286 (x)+xq+x3+xg)
4

(A12b)

(A12c)

(A13)

[w,x] ~[y,z] ~=4m.yx z, (A12a)

x& ——[(a; ay +b; by )q L q L+(a; by +b; ay )q L q.L+(a; +b; )aybymz q q J[v, .L vz e][p, tv„L],
x2 [(a;——by b; ay—)( —v& L q L+mr q v&)q L+(b; by a; ay—)( —v„.L q L+mz q v„)q.L

+(a b; )ay—byml (q.L q vz qL q.v—z)J[v, LvL .e](p vI ),
x3 ———[(a; by b; ay )(v—, .L q.L ml q v, —)q L+(b; by a; a—y )(v, L q.L mz q v,—)q L

+(a; b; )ay—byml (q Lq v, qLq. v,—)J[p vr. v& L](vL, e),
x4 ——(vt e)(p vL, )I(a; ay +b; by )[q L q L v, L v& L mL (q—v, q L v&.L+q L q v&v, L)+mr q v, q vz]

+(ai by +bi ay )fq'L q'L ve'L v~ L mL, (q'veq L v~ L+q'L q vive'L)+mr. q'veq'VpJ

+(a; +b; )aybyml [v, v&(q.L q L+q L q L)+L L(q v, q v&+q. v, q.v&)

—v~ 'L (q ve q 'L +q vq q L )—vq L (q vpq L +q v~q L )

qq(L. L—v, v& v&.L v, L—)JI,
and

(A14a)

(A14b)

(A14c)

(A14d)

I
G

I

'=8G~'~w'~z'
I
Dw(~i')

I

'
I
Dw(~2')

I

' IDz(s)
I

'
mIIL

5(L ml )5(L— mL ) . — (A15)

The term x
&

is just the product of production and decay-
squared matrix elements; it integrates to the total cross
section. In the terms xz and x3, one decay of L or L fac-
torizes, while in the term x4, there is no factorization of
production and decay. The terms x2, x3, and x4 each in-
tegrate to give no contribution to the total cross section.

Equation (A13) can be easily adapted to heavy-lepton
production through a virtual photon by the following sub-
stitutions in Eq. (A15):

326,'Wz' e',
i,fgv ~Qi y ~

i f o

( Dz(s)
~

~1/s

(A16)

where Q;y is the charge of the initial/final fermion in
units of e.
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