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Heavy leptons from 8' decay
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We investigate the possibility of detecting a new heavy lepton at the pp collider through the decay
mode W —+Lvt. . We consider both the leptonic (L~ev, VL, ) and hadronic (L —+qgvL ) sequential
decays of the L. We present detailed calculations to show that the leptonic decay rate is exceeded,
for all kinematic ranges, by background contributions from 8'~e v, and 8'~~v ~e v, v,v decays.
On the other hand, the hadronic decay leads to a promising, distinctive signature: a large missing
transverse momentum balanced by two recognizable jets. Selective cuts can be imposed to remove
background contributions, and the remaining event rate is about 10%%uo of the 8'—+ev rate if the mass
of the lepton is below 50 GeV.

I. INTRODUCTION

8'—+ev, ,

8 ~vv —+ev, v v

(4)

namely, an isolated energetic electron accompanied by
missing transverse momentum (arising from the neutri-
nos). We devote Sec. II to a quantitative study of the
properties of the electron spectrum from the leptonic de-
cays of 8'bosons, with careful considerations of the back-
ground that were not addressed in a previous study.

In Sec. III we consider ways of optimizing the L lep-
tonic decay signal, Eq. (3), with respect to the back-

Qne of the crucial questions of particle physics is
whether or not there are more than three generations of
quarks and leptons. For example, does the sequence
(e,v, ), (p, v&), (r, v ) continue to a fourth weak-isospin
doublet (L,vt )? Experiments' at e+e colliders require
the mass of such a new lepton L to be greater than 20
GeV.

The discovery of 8'+—bosons at the CERN pp collider
offers the realistic possibility of searching for a new
sequential heavy lepton L„with mass less than M~, via
the decay W—+Lvl with the subsequent leptonic or had-
ronic decay of the L; that is

L ~8v~vL, pvpvL

L ~dQVI, SCVL

respectively.
We see, however, that the leptonic decay chain

8 ~LvL, ~ev, vI. VL,

has the same signature as the direct and the ~-initiated de-
cay modes of the W,

ground. Besides processes (4) and (5), we investigate the
background arising from heavy-quark production in
which one of the quarks decays semileptonically, for ex-
ample~

pp~bbX with b —+cev, .

We find that the L leptonic decay signal could be plagued
by serious backgrounds of this type as well as those in
Eqs. (4) and (5). We discuss possible lepton-isolation cuts
to suppress the bb background.

In Sec. IV, we turn to the hadronic-decay signature of
the L.

W~LvJ ~gqvL vL .

Taking color into account, we expect the total hadronic
decay rate to be 6 times that of a leptonic decay rate.
Since there is an energetic primary neutrino (vL ) and only
one secondary neutrino (vt ), we expect these events to be
characterized by high missing transverse momentum bal-
anced by two hadronic jets. Again we critically investi-
gate possible background contributions and propose ways
of optimizing the L signal. %'e find that the background
can be effectively eliminated and conclude that the had-
ronic decay mode offers a distinctive practical signature
for a new heavy lepton.

The experimental signatures of heavy leptons from 8
decay are similar to those associated with the W decay
into gauge fermions in supersymmetric theories. In a
wide class of supersymmetric theories there is the possibil-
ity of the decay chains

8'~ S'y~ev, yy',

W~ Wy~gqyy,
where the 8' and the photino y are the supersymmetric

29 2020 1984 The American Physical Society



HEAVY LEPTONS FROM O' DECAY 2021

spin- —,
' partners of the W and y, respectively. Although

we do not explicitly discuss supersymmetric modes, our
general considerations with minor modifications will ap-
ply equally to these 8'decay possibilities.

An abbreviated account of some of these results was
presented in Ref. 5.

II. LEPTONIC DECAYS OF O' BOSONS

W+

FIG. 1. The production and leptonic decay of an L+ heavy
lepton.

Here we present the electron distributions resulting
from W decays. The W partial widths for the leptonic
decay modes (3)—(5) are taken to be in the ratio

( W~e):( W~v ~e):(8'~L ~e)
=1:0.17:—,(1—,' r+ —,r )—(10)

with r =mL /M~ . The estimate of the W~L ~e
branching ratio takes account of the duvt. , scvt, and the
three primary leptonic decay channels of the L. We ig-
nore decay chains such as 8'—+L, —+v.~e and
8'—+I ~c—+e, which are smaller contributions and

which give very soft electrons. Although we frame the
discussion in terms of decay electrons, the results apply
equally well to muons. Indeed, since we will be emphasiz-
ing transverse momenta of around 10 GeV, the observa-
tion of muons may be preferred from an experimental
viewpoint.

To be specific let us calculate the e+ spectrum for
pp~ WX~e+X resulting from the three decay modes of
the W. We use the quark structure functions of Ref. 6
evolved in Q up to Q =s, where ~s is the center-of-

mass energy of the annihilating d and u quarks; we re-
peated the analysis using the structure functions of Ref. 7
and found essentially identical results. We include u, d, s,
and c sea-quark contributions in the nucleon, assuming an
SU(4)-symmetric sea. This gives the most conservative es-
timate for the W~ev background. In fact there is little
difference in the predictions of an SU(2)-symmetric u, d
sea and the SU(4) case, except for the height of a sharp
peak at backward angles (i.e., with the e+ antiparallel to
the p direction). We calculate all distributions and cross
sections in this paper using Monte Carlo techniques. Typ-
ically we use 10 shots, which corresponds to a numerical
uncertainty of about S%%uo in the predictions.

The amplitude for the sequential decay process of Fig.

du —+ 8'+ —+I.+v

is of the form

2
Mw'

[u(d)y"(1 —y )u(u)][u(v, )y (1—y )U(e)]
s —Mw +iMwI w

Pl +mL
X u(vt. )y„(1—y')

2 y (1—y')v(vL, )
PL —mL +iml I I

Mw
2s, —Mw

(1 lb)

where s and s, are shown in Fig. 1. Squaring and summing over the spin states, this can be reduced to
214G 4M 4

1 2 ~ex
(vL, dL uL.vvL, e — ml vt dv, u—vL, e) —1

(s —Mp ) +My I p

' —2

5(pL —mL ),
mL, I l.

(12)

o(pp~ W +—~e +—v) =0.56 nb (13)

where the particle labels are used to denote their four-
momenta. The initial spin and color averages give an ad-
ditional factor of —,', . We neglect the quark and electron
masses.

Contrary to what we might expect, we shall see that we
cannot make the approximation s=Mw in calculating
the 8'~ev background. The off-mass-shell effects of the
8' are important in kinematic regions where the cross sec-
tion is small. We multiply the cross section by a QCD-
motivated correction factor %=2 in the fusion subpro-
cess. The resulting cross section for W+— production with
e—+v decay, summed over both charges, is

do
2

~ exp( —25pr / s ),
dpi'

(14)

which represents the calculations of Ref. 8. The distribu-
tions arising from heavy-lepton decay are shown for vari-
ous lepton-mass values mI. The curve for the direct
8'~ev decay continues to rise with increasing p, z- to the

which is in accord with the observed cross section.
In Fig. 2 we show the electron distributions transverse

to the pp beam direction, with relative normalization
given by Eq. (10). The smearing due to the transverse
motion of the produced 8' is included according to the
approximate formula
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FIG. 2. The momentum distribution of the electron trans-
verse to the beam axis for pp~W~e at V s =540 GeV. The
curves labeled e, ~, and L correspond to the decay modes (4), (5),
and (3), respectively. The distributions labeled L(ml. ) corre-
spond to assuming three different values of the heavy-lepton
mass: mL, ——25, 40, and 55 GeV. The e curve, corresponding to
the direct 8'~ev decay, rises to a Jacobian peak at p,T—

2 M~,
we take M~ ——81 GeV. The normalization is chosen so that the
total cross section for process (4) is o.(pp ~8 ——+ev) =0.56 nb.

Jacobean peak at p,T-—,'M~-40 GeV which played a
valuable role in the discovery of the 8'boson.

From Fig. 1 we see that the I.-initiated p,T distribution
is masked by the direct 8'~e and 8'—+~—+e decays.
However, we can unravel these distributions and study the
angular spread of the emitted e+'s. The angular distribu-
tions are shown in Fig. 3, for various intervals of p, z, for
each of the three decay modes of the 8'+ boson. Inspec-
tion of the results shows that to optimize the I. signal-to-
background ratio we should choose the interval
8&p,T ~16 CxeV. The comparison is made in Fig. 4.
However, before embarking on a detailed discussion of the
leptonic decay signature of the 1. and of other possible

100

j I

e+v
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FIG. 3. The angular distributions of the emitted e+ for vari-
ous intervals of p, T for (a) pp —+ W+ ~e+, (b) pp ~8'+
~~+—+e+, and (c) pp~8'+~L+ —+e+ with mL, ——40 GeV. 8
is the angle between the incident p and the outgoing e+ in the
pp center-of-mass frame, Vs =540 CxeV. The normalization is
as for Fig. 2.

Cos8 (P,e+)
FIG. 4. The e+ angular distribution for the interval

8gp, T &16 GeV. We show the results for mL, ——25 and 40
GeV. The dotted curve represents the 8'-mass-shell approxima-
tion to the 8'~ev cross section.

background contributions, it is useful to gain some physi-
cal insight into the distributions displayed in Fig. 3.

The angular distribution of an L+ lepton, produced by
the process du ~I.+vl, has the characteristic asymmetri-
cal form

vL d L 'u cc ( I+cosl9)(1+Ul cosO), (15)

where Ul is the L velocity in units of c and 0 is the an-
gle between the L + and the incident d quark in the du
center-of-mass frame. In the limit mi /M~ ~0 (that is,
vI ~1) the lepton L+ is produced in a state of positive
helicity, whereas for a massive lepton both positive and
negative helicity states are populated. Equation (12) in-
corporates all the effects of this polarization on the L de-
cay distribution.

From Fig. 3 we see that for the direct W'+~e+v decay
the e+ angular distribution is sharply peaked in the for-
ward direction, relative to the p beam, for the relevant
range 8 to 16 GeV of p,T, essentially arising from Eq. (15)
boosted from the du to the pp center-of-mass frame.
Only as p, T approaches —,'M~ (i.e., 8~m. /2) does the
asymmetry disappear. On the other hand, for the ~+ and
I.+, the sequential decays weaken the e+ asymmetry, the
more so the more massive the L, +.

An interesting feature of the distributions shown in Fig.
3(a) is that the off-mass-shell effects of the &must be in-
cluded, as in Eq. (12), to obtain the correct structure of
the valleys in the cross section which occur for p, T (25
CzeV. The contributions in the dip region arise from vir-
tual W's at du center-of-mass energies t/s far below
M~. Even though the far-off-shell amplitude is
suppressed, there is a compensating feature in that the
Inain contribution to the angular distribution occurs for
p, T

———,V s and has no dip. This is well illustrated in Fig.
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TABLE I. The cross sections for 8'+ —+e+, 8'+~~+ —+e+,
and 8'+~L+~e+ for given (p,~,cosO) intervals of the outgo-
ing e, and for different mass values ml. (in GeV) of the heavy
lepton L. The normalization corresponds to o (pp ~8'—
~e —) =0.56 nb.

tOO

I
I

I

,. a) )O&p &156eV
100

Per
(GeV)

Interval

cosO mL, —— 25 40 55

Partial cross section o.(pb)
L

10

b

(8,16) (—0.9,0.2) 2.5 5.3
(10,15) (—0.9,0.2) 1.5 3.3
(15,20) (—0.8,—0.2) 1.0 1.4

3.7
2.2
0.9

3.8
2.3
0.9

1.8
1.2
0.8

4 by comparing the true distribution with the direct
8'~ev distribution calculated assuming the 8' remains
on shell, ~s =Mir (the dashed curve).

Finally, we note that the e distributions from W de-
cays are obtained from the W+~e+ distributions by the
substitution e (8)=e+(m —8).

cose (p, e+)

FIG. 5. The e+ angular distributions for a heavy lepton of
mass 40 GeV, together with background contributions, for two
intervals of p,r. The effect of the ~r &10 GeV cut on the
debris reduces the bb and cc backgrounds to well below the sig-
nal.

III. THE L LEPTONIC-DECAY SIGNATURE

In Fig. 4 we selected the p, z interval of the emitted e+
to maximize the I. signal relative to the background. This
"window" in p,z is the best that can be done; for larger
values of p, r the direct W~ev events will dominate a
possible I. signal, and for smaller p, z- there are many
more ~-initiated events. We see that the optimum angular
interval corresponds to —0.9 &cos0~0.2, where 8 is the
angle between the emitted e+ and the incident p beam.
The cross sections ho for this interval are given in Table I
for various lepton masses. For example, for a heavy lep-
ton L+ of mass mL, ——40 CxeV

b,cr(L) =3.8 pb,

ho(background) =7.8 pb .

Thus to identify such an L signal, at the 3-standard-
deviation level, requires a data sample with more than 10
8'—+e+v events.

However, there is another background to take into ac-
count. Namely, e's emitted from semileptonic decays of
heavy quarks (c,b, t) which are pair produced in pp col-
lisions. For example, consider

essentially eliminated by rejecting events with hadronic

P;I piTI &10Ge
We conclude that the detection of a heavy lepton L via

the observation of its decay electron requires a pp collider
experiment with an integrated luminosity in excess of
1000 nb '. If the mass is in the range 20 & ml. & 50 GeV,
then, in the optimum interval of p, z. and 8, the
8'—+I.~e signal is at the 3—4 pb level. Even then the
background due to 8'~~~e and 8'~e exceeds the sig-
nal. The proposed introduction of a microvertex detector
in the UA1 experiment should help suppress the r (and
also the bb) background by separating its production and
decay vertices in these events.

IV. HADRONIC-DECAY SIGNATURE OF THE L

W—+LvL —+ttdvL vL ol cs vL vL, (17)

Color enhances these decays so that the sum of the two
rates is

We have proposed that the hadronic decay mode of the
L serves as the best signature of a new heavy lepton at the
pp collider. The relevant decay chains are

pp —+bbX with b~ce+v, . (16) cr( W~LV~Qq Vv)= —,(1—, r + , r )—o(W—+ev)—(18)

A QCD fusion calculation9 gives a contribution in the
8 &p, z & 16 GeV interval some two orders of magnitude
above the I. signal. The calculation corresponds to a total
bb production cross section of 5.6 iub (mb ——4.6 GeV), as-
sumes a semileptonic branching fraction of 10%%uo and in-
cludes a b quark fragmentation function (see Sec. IV).
The bb background falls off rapidly with increasing p, z
as shown in Fig. 5.

To eliminate bb and cc events we note that the decay
electron is accompanied by hadronic debris from the
quark cascade decays [for example, the b and c decays of
Eq. (16)]. One way to suppress this background is to im-
pose cuts on the accompanying hadronic p~. For exam-
ple, we find that the heavy-quark background can be

with r =mL jMir [compare Eq. (10)]. Since now we
have an energetic primary-decay neutrino with only one
secondary-decay neutrino, these events have, on the aver-
age, much larger missing momentum than in the leptonic
decays of the L. We therefore have a distinctive signature
for the L of high missing transverse momentum (due to
Vi. vL) balanced by two (possibly overlapping) quark jets.
The calculation of the rate proceeds as for the leptonic de-
cay, with the amplitude for

du —+ W+ +L+vi —+(Qq vt. )Vi—
given by Eq. (11) with e ~q and v, -+Q. The missing-
transverse-momentum distribution for a lepton of mass
ml ——40 CxeV is shown in Fig. 6.
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FIG. 7. The distribution of the opening angle OqJ, as seen in
the pp frame, between the two jets emerging from
pp~ S'~LvL~JJvL, vt. , for different masses of the heavy lep-
ton L. The cuts to remove the background events have been im-
posed.

FIG. 6. The missing transverse momentum (p T) distribu-
tions arising from &~I-vL —+qgvL, vL, with mq ——40 CreV and
L=~, taking a ~~hadrons branching fraction of 65%. The
normalization is as in Fig. 2, and we sum over 8'—-initiated
events. The curves which rapidly decrease with increasing p T

are background contributions coming from the production and
subsequent semileptonic decay of heavy quarks.

We see from Fig. 6 that the p T distribution arising
from heavy-quark production falls off rapidly with in-
creasing p T, and that for p r &20 GeV/c the distribu-
tion comes mainly from I= and w-initiated events. This is
just the region where it should be feasible to experimental-

We also show in Fig. 6 possible background contribu-
tions from sequential ~ decay

8'~rv~ —+udv v (20)

D(z) =constant/Iz [1—1/z —e/(1 —z)] I, (21)

where z is the hadron/quark c.m. momentum fraction and
a=0.15(m, /mg ) which is consistent with c and b pro-
duction data.

and from heavy-quark production with one or more sub-
sequent semileptonic decays. We estimate heavy-quark
hadroproduction from the lowest-order QCD processes
qq, gg~cc, bb, tt (ignoring the possibility of flavor excita-
tion' and nonperturbative diffractive production). We
assume a top quark of mass 35 GeV. We allow for the
fu11 cascade decay of the heavy quarks and assume that
the charged leptons from the semileptonic decays are
identified if, and only if, p, z & 10 GeV and p„r & 4 GeV.
We take 10% branching fractions for each semileptonic
decay mode, except for ~ decay where we take I7%. The
heavy quarks are assumed to fragment into heavy spinless
or unpolarized hadrons, of the same masses as the quarks.
We include a fragmentation probability distribution of the
form"

)0—

O
C9

JD

5)

40)

55)

0.)

I l i I

0 20 40 60
MJJ (GeV)

FIG. 8. The invariant-mass {MJJ) distribution of the two jets
arising from 8'~LvL, ~JJvt. vt. for different masses of the
heavy lepton L. The cuts to remove the background events have
been imposed. The dashed curve is the possible remaining back-
ground contribution from Wg~vv, g —+(Zu)v, v g with psr & 8
GeV and X=2. The normalization is as in Fig. 2 and we sum
over W-initiated events.
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cr( W~Lv~JJvv)
cr( W~ev)

0.13 for mL ——25 GeV,
0.11 for mL ——40 GeV,
0.08 for mL ——SO GeV,
0.05 for mL ——60 GeV .

(22)

ly measure p z- reliably.
For the heavy-quark events the decay neutrino (or neu-

trinos) will be accompanied by other decay debris, whereas
for the 8'—+J vL signal the primary neutrino is unaccom-
panied. Thus, in a similar way to before, we can suppress
the heavy-quark background by imposing an isolation cut
on the missing transverse momentum. Subsequently we
require that g ~ pr ~

& 5 GeV, where the sum is over all

fragments within 20 of the p z- direction in the trans-
verse plane. We find that this cut suppresses the heavy-
quark background by an order of magnitude or more.

The two quark jets emerging from the decay of the
heavy lepton, shown in Eq. (19), are quite energetic and
should be recognizable. For the results we present below
we impose the requirement that pz(jet) &8 GeV/c for
both jets (together with the p~z. & 20 GeV and the isola-
tion cut). In Fig. 7 we show the prediction for the open-
ing angle in the pp center-of-mass frame between the two
jets for different masses of the parent lepton. The
invariant-mass (Mjz) distribution of the two jets is shown
in Fig. 8, again for various lepton masses. This M&J dis-
tribution offers an excellent signature for 8'—+L vL
events. The upper end point of the distribution is a good
indicator of the mass of the new lepton. Moreover, the
total event rate is healthy. After imposing all the cuts,
the integrated heavy-lepton signal relative to the total
8'—+—+ev rate is

That is, for a wide range of the mass of the lepton the
event rate is about 10% of the W signal.

It remains to eliminate the background from ~-initiated
events

or the crossed QCD processes. Thus in the construction
of MzJ we may be misled into taking the (ud) jet from r
decay together with the gluon jet. For these events the ~
signal will be smeared over a wide range of Mzj. To cal-
culate this background we use lowest-order QCD. The
spin- and color-averaged matrix element squared for rv, g
production

du —+8'+g —+w+v g

is given by

(24)

8'~~v —+udv v, .

From Fig. 6 we see that the ~ signal is comparable to the
L signal. However, for the hadronic decay modes we do
not have the same difficulty in distinguishing between L
and ~ decays that we had for the leptonic modes. The ud
system from ~ decay will be observed as a single narrow,
energetic jet [with typically 20 & p(jet) &40 GeV/c] of low
multiplicity, and should be readily recognizable. More-
over, the ~-initiated events will populate the MJ& &m re-
gion of the MJz plot and so, in principle, should give no
background to the L, distributions.

However, there is one part of the ~ signal that may
cause confusion. In a fraction of events the W will be
produced at large pr (say, p~r & 8 GeV/c) recoiling
against a visible parton jet, namely, via

12 2 6
1 s F W — —

1 ~ ~ 1 2 2[—r.d v, .d ru v, u+ —,—(u+s)v, d+ , ( +Is—)~. ]u5(W —M~ ),
12 3u t Mg I g

(25)

where the particle names are used to denote their four-
momenta, s, t, u refer to the subprocess du~8'g, and the
fermions are taken to be massless. Ignoring w-spin corre-
lations, we multiply by the r-decay factor

where dI, ~r Qv, q and 8., is the r~Qq v, branching
fraction, and then integrate over the phase space of all
final-state particles. With the cut

~ p ~z.
~

& 8 GeV/c we
find, with K =2,

o(pp~ W g~rv, g) =0.068 —nb .

The contributions from the crossed subprocesses
qg~8' +—

q and qg~8' —+q were found to give a much
smaller contribution. Constructing Mzz from the (qQ)
and g jets gives the ~ background curve shown on Fig. 8.
This is an upper estimate of this background since the ~
may often be distinguished as a single particle jet.

V. CONCLUSION

We have studied ways of using the 8'~L, vL decay
mode to detect new heavy leptons at the pp collider. We
investigated signatures arising from both leptonic and
hadronic decays of the L. The former, based on observing
high-pz electrons emitted from L —&ev, VL, is plagued by
backgrounds from both the direct W—+ev, decay and the
sequential 8'~~v —+ev, v,v, decay. The signal, which
integrated over the optimum kinematic range of the emit-
ted electron is about 4 pb, is never above the background.

On the other hand, the hadronic-decay signature of the
L is much more promising. The events have the distinc-
tive signal of a large missing transverse momentum bal-
anced by two reasonably energetic jets. After selective
cuts have been applied to remove background contribu-
tions, the event rate is about 10% of that for W +—~ev,
provided the mass of the new lepton is in the range 20 to
50 GeV.

After this paper was submitted for publication, we re-
ceived a paper by Gottlieb and Weiler' which makes ana-
lytic evaluations of 8'~L ~e decay distributions.
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