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Extending limits on neutral heavy leptons
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Neutral leptons corresponding to "right-handed neutrinos" are expected in many grand unified
theories of the electroweak strong interactions. At present, the experimental limits on the masses
and mixings with ordinary neutrinos of these leptons are very poor for masses above about 1 GeV.
Suggestions are made for extending these limits, in experiments involving the production of b

quarks, 8' and Z bosons, and any heavier gauge bosons that might exist, and via high-statistics
studies of neutral-current neutrino interactions.

I. INTRODUCTION

All the observed particles except neutrinos have both
left-handed and right-handed versions. The neutrinos
have been observed only in left-handed form. It is not
clear whether this stems from a fundamental handedness
of the weak interactions alone, or reflects some basic
asymmetry in the spectrum. From the standpoint of
theories which seek to unite quarks and leptons, the latter
point of view appears most plausible. Thus, in the sim-
plest of such "grand unified theories" (CPUT's), based on
the group SU(5), ' the simplest representations containing
all the known charged fermions only can accommodate a
left-handed neutrino. If these representations are com-
bined into a single irreducible representation of a higher
group, such as SO(10), a natural place for the right-
handed neutrino arises, but its mass is by no means
guaranteed to be the same as that of its left-handed
partner. Indeed, there are both theoretical and experimen-
tal arguments that if such a neutral lepton exists, it must
be relatively heavy.

In this paper, we explore the present limits on neutral
heavy leptons which may undergo small mixings with the
ordinary neutrinos. We find that these limits tend to be
rather strict only for masses below about a GeV, implying
mixings that are quite small. For masses above about 1

CxeV, the limits deteriorate. We suggest several types of
experiment for remedying this situation.

The study of neutral heavy leptons began in earnest
about 10 years ago. Since then, there has been a good
deal of effort devoted to the study of their properties and
corresponding experimental searches. Thus, in some
sense, we are reopening an old question. We do so because
of the large number of experimental possibilities that have
appeared in recent years for extending the range of
searches for such objects. High-statistics neutrino experi-
ments, production of b quarks, and studies of 8' and Z

(and any heavier gauge boson) decays all can play a signi-
ficant role in such searches. The possibility of multi-TeV
hadron-hadron collisions in principle can even extend
these searches up to lepton masses of many TeV, as we
shall show. In planning multipurpose detectors for
present and future colliding-beam machines, it is impor-
tant not to miss possible signatures of neutral heavy lep-
tons.

Our discussion will focus on neutral leptons which mix
with neutrinos essentially instantaneously as a result of
the large mass difference between the species. Thus our
treatment is complementary to the study of neutrino oscil-
lations. We shall be concerned primarily with direct
searches for heavy leptons that do not depend on their
having Majorana masses. As has been pointed out in Ref.
6, a number of interesting consequences (such as neutrino-
less double-13 decay and wrong-sign leptons) are specific to
the presence of Majorana masses in the theory.

We shall present a number of analyses which are meant
primarily to indicate possibilities for useful experiments.
They should not be taken as substitutes for detailed Monte
Carlo calculations based on specific apparatus.

In Sec. II we present a simple model for mixing of neu-
tral heavy leptons with ordinary neutrinos. This model
contains the essential features of several descriptions of
neutrinos already in the literature. The model involves
both neutral- and charged-current couplings of the neutral
heavy leptons. A variant with only charged-current cou-
plings is also discussed briefly. Universality of electron
and muon neutrinos constrains the mixings to be small,
corresponding to less than 10%%uo in amplitude. The mix-
ings can be larger for the ~ neutrino. Lifetimes and
branching ratios are estimated and general experimental
signatures are noted.

Present mass and mixing limits are described in Sec.
III. These are based on such experiments as direct low-
mass searches' (e.g., in kaon decays), the absence of for-
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ward neutral decaying particles in neutrino beams from
conventional sources or beam dumps, "and high-statistics
neutrino experiments. Stringent limits on mixing parame-
ters come from searches for charmed-particle semilepton-
ic or leptonic decays to heavy leptons. Analyses in terms
of b production can extend these limits upward in mass
for certain ranges of mixings. The kinematic limit for
such decays defines the maximum mass for which such
searches are sensitive. We then go beyond present experi-
ments to suggest extensions of the range of mixing and
mass parameters for which useful bounds on heavy neu-
tral leptons can be set. An "ideal" beam-dump experi-
ment for production of hadrons containing b quarks is
described. Other sources of b quarks (e.g., in e+e an-
nihilations) also can be useful in setting limits. We also
describe how the decays of 8' and Z bosons can help to
search for heavy neutral leptons, and mention some possi-
bilities at multi- TeV colliding-hadron machines if new
gauge bosons can be produced.

Our conclusions and a discussion of some alternative
suggestions for heavy-lepton searches are contained in
Sec. IV.

II. MIXING OF LIGHT
AND HEAVY NEUTRAL LEPTONS

By contrast, the substitution (2.3) will lead to both
charged and neutral currents connecting the new heavy
leptons with the familiar, lighter ones. Some of the
bounds we shall obtain depend on the existence of these
neutral currents.

We do not consider mixing of the known isodoublet
neutrinos with higher isodoublet states (sequential lep-
tons). We would expect the first evidence for such new
states to come from decays of their corresponding charged
lepton partners, from neutrino counting via measurement
of the Z total decay width, or (for massive states) direct-
ly in Z decays. (See Thun, Ref. 5.)

We shall also not concern ourselves with the possibility
of mixing among light neutrinos, in the absence of any
present evidence for neutrino oscillations. The mixing
(2.3) also will lead to oscillations, but of undetectably
short wavelength for the masses of N, we shall consider.

S. Specific mixing models

1. Massiue-neutrino model

We shall consider for simplicity a version of the model
first suggested in Ref. 3 in which each light neutrino
mixes only with a single heavy lepton. Then the neutrino
and heavy lepton are eigenstates of the mass matrix

A. Assumptions

In the standard picture of electroweak interactions, the
charged and neutral weak currents involving neutrinos are
of the form

0 pg
& =~~p~&

(we assume M& &&p;), with

(2.4)

~CC +eL j eL ++@LE pL ++~L V +L

~NC veL Y veL +vpL Y vIJ,L +v~L Y vrLP P P

(2.1)

(2.2)

&jL, ~~gL, &iL(1 —g I U;a
l

'/2)+ g &iaNaL (2.3)

Here the sum is over heavy-lepton species a. The weak
eigenstate is now ~;I, mass eigenstates are v; (light) and
N, (heavier). As we shall see presently, weak universality
constrains the U;, .

The model (2.3) in which light neutrinos simply mix
with heavy ones will be considered for the rest of this pa-
per. Here we would like to simply point out some other
alternative possibilities at the outset.

In a model in which a neutrino mixes with another iso-
doublet, one can expect a suppression of flavor-changing
neutral currents analogous to that which holds for quarks.

The neutrinos are weak isodoublet members.
In many grand unified theories of the electroweak and

strong interactions, additional heavy neutral leptons occur
which are primarily isosinglets under ordinary weak
SU(2). However, these can mix with the light neutrinos in
such a way that the fundamental weak isodoublets enter-
ing into (2.1) and (2.2) acquire some admixture of the
heavy states. This happens in two types of models of
which we are aware, one with light (but not massless) neu-
trinos and the other with strictly massless neutrinos.
In either case, a simple approximation to the charged and
neutral currents may be obtained by replacing v;L
(i =e,p, r) in (2.1) and (2.2) by

1 —p; /2M~

—p; /M~ (mass =p; /M~ ) (2.5)

p; /M~
N~-

1 2 p (mass =M~ ) .—pi. 1
(2.6)

Here p; is a Dirac mass, while Mz is a Majorana mass.
l

The mixing parameters U~, in Eq. (2.3) are thus

U;~ =- —p; /M~ .
l l

(2.7)

p, =(m„ /3)3 —+'=0.5—5 MeV,

p„=(m, /3)3+—'=150—1500 MeV,

p, =(m, /3)3 +—'=2. 5—25 GeV,

(2.8)

(2.9)

(2.10)

where we have arbitrarily taken m, =25 GeV. (In the
model of Ref. 6, the value of p is the corresponding

The inverse proportionality of U to the heavy-lepton mass
is a general feature which may prove important in
evaluating the quality of a given search experiment. The
mass p; is a typical Dirac mass. In grand unified theories
it is often related to the corresponding mass of an
I3~—+ 2 quark (u, c,t ), divided by =3 to account for
renormalization-group corrections. ' Thus (given a fac-
tor of 3 uncertainty in such estimates), we would take
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charged-lepton mass. ) Given present bounds on neutrino
masses' ' IO

m(v, ) &60 eV, m(v&) &0.5 MeV,

m(v, ) &250 MeV,

we would then predict

( U,~ (
&10,

( Up~ (
&3)&10

/U~ /&10

and, correspondingly,

MN &4 GeV, MN &45 GeV,

MN &25 Gev .

(2.11)

(2.12)

(2.13)

lO

i

lul',

l0 !00
N!, {GeV)

!000

The limits (2.12) are compatible with weak universality
for the observed neutrinos. The limits (2.13) suggest that
heavy leptons could be observed at present accelerators.
Of course, if the muon and ~ neutrinos are long-lived
enough that their masses must satisfy cosmological upper
bounds' of order 100 eV, the corresponding X& and N
must be much heavier. Then, only X, would be accessible
in laboratory experiments, and its mixing with v, accord-
ing to Eq. (2.12) would be quite small.

The absolute values of
(

U
~

tmplied by (2.7)—(2.10)
are shown in Fig. 1(a). Also shown are the bounds based
on Eqs. (2.11) and (2.5)—(2.7), which imply

( U( Mz
=m„&m„(max) for each neutrino flavor.

The papers of Ref. 3 treated the case of very heavy
N s, M(N~)) 100 GeV or much heavier. In Eq. (2.13),
we have relaxed these bounds somewhat. Moreover, it has
recently been suggested' that X; could be even lighter
than the bounds (2.13), on the basis of freedom of the Yu-
kawa coupling giving rise to p;. If this were true, the cor-
responding mixing parameters could be smaller than in
Fig. 1(a).

2. Massless-neutrino model

(U(~ IO

!0

N(N{GeV)

!00

FIG. 1. Boundaries of allowed regions of ! U! (mixing
strength) and M& for heavy neutral leptons in specific models.
Lines with ! U! -M~ correspond to allowed ranges of
Dirac mass scale p. (a) Model of Gell-Mann, Ramond, Slansky,
and Yanagida (Ref. 3). Lines with

! U! -M~ ' correspond to
experimental upper limits on neutrino masses. (b) Model of Ref.
9. Horizontal lines correspond to bounds based on universality
for processes involving v„(!U! 2&0.8%) and v,(!U! 2

&10% anticipated). Vertical lines correspond to bounds on N
masses [Eqs. (2.24) and {2.25)].

2
Q) Q)

~eL =+eL 1
2 ++2L

2MN MN
(2.14)

The (light) neutrinos can be strictly massless as a result
of some discrete symmetry. Heavy neutral leptons are
still present in such models. They can acquire Dirac
masses as a result of mixing with additional weak iso-
singlets introduced for the purpose. ' This behavior has
been investigated in a model for three generations, with
the result ' [see Eq. (2.3)]

Q 2~L —-VL
2MN

2
Q3 Q2

2L+X
N3 N2

Q3
+N

N3

(2.16)

The parameters a; have been estimated in terms of Dirac
masses of u, c, t quarks:

Q]
MpL =VpL 1

2MN

2
Q2 Q]

+&iL
a& —[(m„m, )'~ /3]3 +—'=10—100 MeV,

a2 —[(m, m, )'~ /3]3 +—'=0.6—6 GeV,

as —[(m, —m, +m„)/3]3+—=2.5—25 GeV .

(2.17)

(2.18)

(2.19)
Q2

+N
N3

(2.15) The mixings (2.14)—(2.16) imply violations of weak
universality for processes involving light neutrinos. These
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are discussed from a model-independent standpoint in the
next subsection. The results are

g I U„tv I
&0.8% (2cr level) . (2.28)

g I Uex. I'&4 3%

g I U„ I'&0.8%,

X I
U,~ I'&10% (anticipated) .

(2.20)

(2.21)

(2.22)

2. r lifetime

The prediction of weak universality is

r',""'=(2.8+0.2) 0& 10 ' s, (2.29)

The ranges (2.17)—(2.19) and the bounds (2.20)—(2.22)
then lead to the allowed regions of

I
U

I
and M~ shown

in Fig. 1(b). The corresponding bounds on lepton masses
are

M~ )0. 1 GeV (improved below),

M&, )2 GeV (anticipated),

M~ )8 GeV (anticipated) .

(2.24)

(2.25)

C. Model-independent universality constraints

In the two models presented in Sec. IIB, the coupling
of the ith light neutrino v; to the charged and neutral
weak currents is diminished by a factor 1 ——, g, I

U;,
I

as noted in Eq. (2.3). In Ref. 9, constraints on this pa-
rameter arising from weak universality have been present-
ed. These are now summarized and, where appropriate,
extended.

These results, in contrast to Eq. (2.13), are open to a much
wider range of tests based on present experiments. Notice
in Eqs. (2.14)—(2.16) that just as in the massive-neutrino
model, the mixing parameters U;, are inversely propor-
tional to the heavy-lepton masses M& . The bound (2.23)

a

will be replaced by a stronger one () 1 GeV) presently.
The possibility of a variety of neutral heavy leptons in the
1—10 GeV range suggests a large number of possible ex-
perimental tests. While many of these have been em-
phasized previously, ' some of the relevant experiments
are just now becoming possible.

where the error comes from uncertainties in the experi-
mental v ev and v pv branching ratios. A new mea-
suremeni gives

r'" '=(3.20+0.41+0.35) &&10 '3 s . (2.30,'

Deviations from weak universality may be gauged from
theor

a
(2.31)

Present comparison of (2.29) and (2.30) only constrains
g I U~~

I

to be less than about 30%. Let us anticipate
a

improvements in this figure such that

& 10% (anticipated) . (2.32)

In what follows, we shall use this estimate, keeping in
mind that it has not yet been attained. Precise r lifetime-
measurements thus continue to be of considerable impor
tance.

3. Comparison of m. ~ev and m ~ijv

(2.33)

Experimentally

Lepton masses, radiative corrections, and neutrino mix-
ings combine to give the prediction

1 —X IU.b I'
R—: = (1.233 X 10 )1(~~pv) 1 —g I U„tv

1. Comparison of ~~0~ ~Nev and p~evV 8 =(1.218+0.014) && 10 (2.34)

If V„d denotes the charged-current matrix element be-
tween u and d, this comparison implies' —0.035& g I U„bt I

—g I
U,zy I

I V„d
I
/(1 ——, Q I U„~ I

)=0.9737+0.0025 . (2.26)

& 0.011 (2cr) . (2.35)

I V„~ I
&0.9748 (2o level), (2.27)

which, when combined with Eq. (2.26), leads to

Unitarity of the Kobayashi-Maskawa matrix and infor-
mation on s,b decays and charmed-particle production in
neutrino reactions provides an upper bound on

I
V„d I.

This bound has improved somewhat as a result of recent
data. The new ingredients since the analysis of Ref. 9 in-
clude measurement of the b lifetime, which we may use
to conclude

I
Vb,

I

&0.065, and the improved limit
I

Vb„ /Vb, I
&0.15 coming from the study of leptons in b

decay. The result is

Combining (2.35) with (2.28), we find only

g I
U, I'&4.3% (2.36)

D. Lifetime estimates

In Fig. 2 we show typical decay mechanisms for a neu-
tral heavy lepton. Both charged and neutral weak
currents can contribute. The rate for any given process
scales as M& .

In Ref. 9 a rough attempt was made to estimate the rate
at which new decay channels open up as M& increases.
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(0j
similar fashion one would find @=5 for r decays: 1 for
ev, 1 for pv, and 3 for ud. ) Thresholds were estimated
crudely (with arbitrary weights 0, —,, or 1). The resulting
estimate of 4 from 2 to 50 GeV was fit with a power law:

Z, I/, , X) S), Pj I/),

dU UU, dd, '

FIG. 2. Typical decays of a neutral heavy lepton via {a)
charged current and {b) neutral current. Here the lepton l;
denotes e, p, or ~.

T 5
~N MN=Q

I
&w I'

Mp
(2.37)

where the effective number N of unit-strength charged-
current channels may be calculated straightforwardly. (In

I

The total decay rate from charged- and neutral-current
processes may be expressed in terms of I „=4.55
X10' s-':

4(Mz) =No(Mx/I GeVP . (2.38)

Ma Mc MDI=I)
Mg Mg 'M~ (2.39)

where

The power law obtained in Ref. 9 corresponds to
p=0. 3. Here we calculate the opening of new channels
more precisely with the help of exact matrix elements and
phase space for three-body final states produced in
charged-current and neutral-current decays. These matrix
elements and phase-space factors lead to the following
finite-mass suppression factors I for the decay process
3~B+C+D:

(i) A Band C D-coup-lings left-handed:2~

(1—z)
Iz(x,y,z)=12 J (s —x —y )(1+z —s)I[s —(x —y) ][s—(x+y) ][(1+z) —s][(1—z) —s]j'~

(~+y)2 5

[Note that I(0,0,0)= l. ]
(ii) A Band C D-coupling-s right-handed:27

Mg MD MgI=Ii 7

Mg Mg Mg

(2.40)

(2.41)

(iii) A-B couplings right-handed and C Dcouplings -left-handed (or vice versa):

Mg Mc MDI=Ip
Mg 'Mg Mg

(2.42)

where
2

Iz(x,y,z) =24yz I, (1+x —s) I [(1+x) —s][(l—x) —s][s—(y+z) ][s—(y —z) ]
j'~2 .

(y+z)2 S
{2.43)

We consider three limiting cases, in which the heavy
lepton mixes primarily with v„v&, or v. In all cases
charged-current decays contribute exclusively to some
processes, neutral-current decays exclusively to some oth-
ers, and an interference between charged- and neutral-
current decays occurs in still others. For example, a neu-
tral lepton mixing exclusively with v, decays to v, e+e
via both charged and neutral current. This interference is
taken into account in calculating total rates.

The assumed masses, in addition to those measured for
the charged leptons, are m„=md ——10 MeV, m, =0.15
CxeV, m, =1.5 GeV, mb ——5 CxeV, and m, =25 GeV. We
take sin 8~——0.22 in calculating neutral-current decays.

The resulting factors +; for heavy leptons mixing with
light neutrinos v;(i =e,pr) are shown in Fig. 3. A best fit
to the form (2.38) yields

4,(M~)=6.95 (M~ /1 GeV) '
@p(M~)=6.41 (M~ /1 GeV) '
C&,(M~) =2.66 (M~ /1 GeV)

The corresponding lifetimes are predicted to be

r~ ——{4.15X 10 ' s){M~ /1 GeV) '
~

U
~

(2.44)

(2.45)

(2.46)

(2.47)

rz ——(4.49&&10 ' s)(M~ /1 GeV) '
~

U i, (2.48)

r~ ——(1.08X10 " s)(M~ /1 GeV) '
~

U
~

(2.49)

We restrict the discussion to MN &50 GeV. Above this
value, 8' and Z propagator effects begin to be important,
and for M»M~, Mz decays to real 8"s and Z's dom-
inate, with rates
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20 GpMg
r(m wI)= M„

I
U» I'4n.2

1+—,, (2.50)
2 Mg

GrMz'r(&~»r)= Mx I
Uw

I

Sm 2

I, pI

M1— 1+—,. (2.51)
2 M,

20

IO

M, (GeV)

IOO

B(X~l+l 'v)=0 2, .

B(X~neutrinos)=0. 2—0.1,
B(N~l + hadrons) =0.4—0.5,
B(&~v+ hadrons)=0. 2 .

(2.52)

(2.53)

(2.54)

(2.55)

The decay mode (2.54) is useful in principle for recon-
structing the mass of X. For low-mass leptons, Table I
gives a more detailed breakdown.

As an illustration of the range of lifetimes one may ex-
pect, we show in Fig. 5 contours of fixed r& from Eq.

2
P

(2.48) as a function of
I

U
I

and M&. These may be
compared if desired with Figs. 1 to see the enormous
range of possibilities allowed in specific models.

Thus the approximate forms (2.47)—(2.49) are no longer
valid for very-high-mass neutral leptons X.

The branching ratios of heavy leptons into various final
states are shown in Fig. 4. Typical values are

IO

M„(GeV)

100 0.3

02 — x
6 o

—0.2 I

20 ~ I
— x
(0)g'g 'V

l I

1 10

M (Gev)
0.6

B es,
—0.1—

10

MN(GeV)
Q.4

0.55

(b) vvP
I

100 100

y II(—03—
X

IO

M, (GeV)
IOO

0
Q4%

(C) g+hodrons
I ~ }

10

M~(GeV)

—0.2- ~ 6
~ ~ pX

0 pa

(d) &+hadrons

100
'

1 10

MN(GeV)

100

FIG. 3. Effective number of channels N for decays of neutral
leptons, as function of neutral lepton mass M~. (a) @,: lepton
mixed with v, . (b) @„: lepton mixed with v„. (c) @: lepton
mixed with v .

FIG. 4. Branching ratios of neutral heavy leptons mixed with
v, (open circles), v„(solid dots), or v (crosses). (a) To charged
leptons; (b) to neutrinos; (c) to charged lepton + hadrons; (d) to
neutrino + hadrons. Irregularities are due to opening of
specific channels.
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TABLE I. Branching ratios into specific final states for low-mass neutral heavy leptons, in percent.

Lepton
m(X) (GeV)
Final state

p e+v
e e+v
P P V

VVV

I +hadrons
v+ hadrons

0.5

11.4
9.0
0.8

15.8
47.2
15.8

13.2
8.1

1.5
14.4
43.0
19.9

13.6
7.9
1.7

13.9
41.8
21.1

0.5

13.6
2.4
5.5

19.0
40.5
18.9

13.8
1.9
7.3

15.0
41.2
20.8

13.8
1.8
7.7

14.1
41.3
21.3

0.5

0
5.8
2.4

46.0
0

45.7

0
4.9
3.9

38.3
0

52.9

0
4.6
4.4

36.2
0

54.8

(Mg /Mg„) ) iUi (2.56)

Bounds on M~ depend on the processes assumed, but
R

one cannot in the present case use any bounds based on
lepton —light-neutrino charged currents. A bound based
on the KL -Ks mass difference implies

M~ ) 1.6 TeV, (2.57)

and hence the decay via WR only has a chance of predom-
inating if

In left-right symmetric models there is another poten-
tial source of N decay, which involves the exchange of a
right-handed 8'. The N then couples to a charged lepton
with full strength, so there is no mixing factor

~

U
~

in
the decay rate. On the other hand, the rate is suppressed
with respect to that for an ordinary weak charged-current
decay by the factor (M~ /M~ )". The W~ can couple
with full strength to right-handed quark pairs: (u, d)g,
(c,s)z, (t,b)z. Thus the effective number of open chan-
nels is not very different from that illustrated in Figs. 3; it
is three for each fully open quark isodoublet channel.

The decay of N via a right-handed F then predom-
inates over its decay via mixing with a left-handed neutri-
no if

1.6 TeV

4

(2.58)

If there are two different types of heavy lepton %& and
N2, coupled via 8'& to charged leptons I& and l2, decays
of the form

N) ~l)N2l2 (2.59)

also may occur via 8'z exchange. These could give rise
to interesting multilepton signatures, as discussed in Sec.
III D.

E. Experimental signatures of a neutral heavy lepton

Figure 5 shows that detectable path lengths are possible
for quite a wide range of possible parameters. These
paths range all the way from submillimeter tracks to hun-
dreds of meters, depending on masses and mixings. In
Sec. III we shall discuss specific experiments sensitive to
these possibilities. Here we give a brief overview.

Since a neutral heavy lepton decays by mixing with
light neutrinos, its decay products must contain either a
charged lepton (if it decays via the charged current) or a
neutrino (if it decays via the neutral current). The weak
current then materializes into a lepton pair or a quark
pair, as illustrated in Fig. 2.

For 1 &M& &2 GeV, one can expect the weak current
to give rise to a restricted class of hadronic final states,
just as in ~ decay. Thus we might expect to see

N~l ud (2.60)

appearing in the forms

N~l m+

(2.61)

1 10

M, (Gevj

FIG. 5. Contours of fixed lifetime of a neutral heavy lepton
mixed with v„[Eq. (2.48)]. Predicted lifetimes of leptons mixed
with v, or v, differ by less than a factor of 2 from these values
over the range 1 &M~ & 50 GeV.

For heavier N, exclusive final states will become harder to
reconstruct as the number of different channels grows.
However, calorimetric methods based on jet reconstruc-
tion could in principle measure even very high effective
masses.

A neutrino beam can produce heavy neutral leptons via
a neutral-current interaction. These can then travel some
distance from the interaction point, or be detected im-
mediately. Events can be scanned for secondary vertices,
for unusual leptons or lepton energies, or even for decay
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leptons from upstream interactions. Some possibilities are
summarized in Table II.

Heavy quarks such as c and b can decay semileptoni-
cally via the charged weak current to a neutral heavy lep-
ton and a charged lepton. Thus one might examine events
with c or b production for secondary vertices or unusual
leptons. As we shall see, only a restricted set of mixings
may be possible for heavy leptons that can be produced in
c decays. A dedicated experiment with many b quarks
produced could set some very useful limits on neutral
heavy leptons in new regions of mass and mixing.

If 8' or Z bosons decay occasionally to neutral heavy
leptons, one might see signatures very similar to 8'~lv
or Z —+vV except for the presence of secondary vertices.
This also holds for heavier 8"s and Z's if they exist, with
the added possibility of full- or nearly-full-strength cou-
plings to eX or NÃ for some varieties of such 8"s and
Z's.

III. PRESENT AND FUTURE MASS
AND MIXING LIMITS

A. Leptons from m., K decay

The absence of %coupled to p or e in ~, K~pX, or m,
K—+eX has been demonstrated directly in dedicated
search experiments' and indirectly via the absence of de-
cays downstream of accelerator neutrino sources. If any
neutral leptons exist with masses less than Mx —M~ (I =e
or p), their mixings with v~ must be extremely small: typ-
ically

~

U
~

(10 —10, depending somewhat on the
mass. Such small values are implausible in the specific
models illustrated in Fig. 1, though they could arise in the
version of Ref. 16.

B. Exotic ~ decays

TABLE II. Neutral heavy lepton signatures in neutrino
neutral-current events.

Path length
from primary

vertex Signatures

Some time ago it was suggested that the decays
+v~e —or r~v~p could be used to search for new

neutral leptons coupled with full strength to electrons or
muons. A search ' excluded such leptons up to about
1.2 GeV in mass. However, the statistics were too limited
to exclude neutral leptons coupling with reduced
strengths. A more recent search for unexpected ~ decay
modes involves final states without v, . If r~N, +. . . ,

and X decays via mixing primarily to v„ there will still

appear a v, in the final state. Thus this search cannot
help set limits except under special circumstances for the
present class of models.

C. Beam-dump production of c and b quarks

Neutral heavy leptons can be produced in hadronic in-
teractions from the decays of c and b quarks: e.g. ,

D+' ~[S=—1]+N+ (lepton)+,

D +,F+~—N+ (lepton) —,
8 ~[charm]+N+ (lepton)

(3.1)

(3.2)

(3.3)

Many of the experiments we shall discuss were per-
formed at an incident proton energy of 400 GeV. For this
energy, the cross section for charm production has been
measured to be

o(p+ nucleon~DD+ . ) =27+4+5 pb (3.4)

d o'/dp -(1—x) e, m~=(pq +mD )'r infor
GeV.

The cross section for hadronic F production has not yet
been measured. In analogy with strange-particle produc-
tion, we might guess that it is about ~p of that for D pro-
duction. As we shall see below, even at this level I 's

could be a potential source of useful information on heavy
leptons.

For an estimate of hadronic B production, we scale the
cross section for charm production at a lower value of
Ks.

o(BB;v s )=.ma mz
0- DD; Vs

Ply
(3.5)

We assume, as in Ref. 33, that the charm cross section
behaves as s ', so that

o(88;v s )=(mn /m~) o(DD;v s ) . . (3.6)

A slightly more pessimistic estimate results if we replace
(3.5) by the assumption that cross sections scale as
I I, /M, where I I, is a two-gluon hadronic width. If I ~
varies slowly with M (as is true for the three gluon widths-
of g and Y), the power in (3.6) could be as large as 5.6.
We then estimate (at pI ——400 GeV/c )

cr(B)+o(8)& 10 ' cm (3.7)

Several beam-dump experiments are sensitive to X at a
useful level. We first estimate the rates for charm and b
production and for charm and b decay into a neutral
heavy lepton.

1. Production rates

Too short
to detect

Within
detector

Outside
detector

Unusual lepton from primary vertex.
Unusual lepton energy distribution.

Secondary vertex containing
a lepton.

Looks like a neutral-current event.
May see decay leptons in detector
from upstream interactions.

Halzen ' has obtained the estimate 10 cm for the
nondiffractive component of B production. We shall
present results for both 10 ' cm and 10 cm in the
absence of a firm measurement of this quantity.

2. Charm and b decays to N

The cross section (3 4) was obtained from the semilep-
tonic decays of charmed particles under the assumption
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l.O

0.8

rD+=(8.2+I'o) && 10 s

+ =(2.5+o'7) X 10 s

(3.12)

(3.13)

B(D+ +N—e+)=(1.57X10 )!U
l

(M~/1 GeV)

X(1—M~ /mD )

B(F+~Ne+)=10 '
l U! (M& /1 GeV)

(3.14)

We assume central values. Then, for mz ——1.97 GeV,

0.2 &((1 M~ —/mF ) (3.15)

0.2 0.4 0.6 0.8

M„ {GeV}

I.O

FIG. 6. Kinematic factor I&(m, /m„M~/m„mI/m, ), de-
fined in Eq. (2.40), entering into semileptonic branching ratio
B(D~[S= —1]M+). Solid curve, l =e; dashed curve, 1=p.
We have taken m, =0.15 GeV, m, = 1.5 GeV. Conventionally
one often sees m, replaced by m& and m, by an incoherent sum
of m~ and m +. For our purposes the results are similar.

that DD production dominated, and that the average
semileptonic branching ratio was that measured in e+e
annihilations at the f" (Ref. 37):

BsL(D) =8.2+1.2%%uo (3.8)

The rate for the process (3.1) may be related to that for
ordinary semileptonic decay via the kinematic factor
I((m, /m„M~ /m„m( lm, ), defined in Eq. (2.40) and
plotted in Fig. 6. Then

B(D~[S= —1]Nl+)

I, (m, /m„M~ Im„m( Im, )=BsL(»
I&(m, /m„O, m(/m, )

(3.9)

The purely leptonic decays of D+ and F+ are potential
sources of more massive neutral leptons. The estimates of
these branching ratios follow standard methods. ' Here
we assume that N mixes with v, . For mixing with vz, the
kinematic limit on the highest accessible N mass is simply
about 100 MeV less. We find

1(D+ Ne )=
l

U
l

l (X pv)( f If )

MN mD 1 MX ImD2 2 2-2
X (3.10)

Vl p UEg 1 —Pl p /Pl Ir,

1 (F+ Ne+)=
l

U
l

cot Ocl (E pv)(f If )

M~ mF 1 —M~ ImF2 2 2'2
X (3.1 1)

2~~ 1 —m 2j~~2

As a conservative estimate we take fD ——f~ ——fz. The
measured lifetimes of D+ and F+ are

B(B~[charm]l N)

I)(m Imb, m( Imb, M~ Imb)
=BsL(B)

l
U

lI((m, /mb, m( /mb, O)

(3.16)

-1
!0 ~.F -Ne

IO

tS=-1 Ne

IO 0.5 I 0 l.5

M„{Gev}

FIG. 7. Comparisons of predicted branching ratios for semi-
leptonic and leptonic charmed particle decays to heavy leptons,
in units of mixing strength ! U!

The semileptonic and leptonic branching ratios (3.9),
(3.14), and (3.15) are compared with one another in Fig. 7.
For Mz above 0.8 GeV, leptonic decays of D+ provide an
intrinsically larger branching ratio. However, since D+
production is certainly no more than half and probably
more like a third of hadronic D production, the advantage
of the leptonic decays probably is only felt for M& above
about 1 GeV. For 1(M~(1.7 GeV, the F+~%e
branching ratio is larger than that of D+ —+Re+ by about
the same amount that one might expect F+ production to
be suppressed. Hence F+ production, once measured, is
likely to add statistical power to a heavy-lepton search,
and will allow the mass range to be extended by about 100
MeV.

The branching ratio of B (hadrons containing b quarks)
to heavy leptons in Eq. (3.3) may be estimated from the
integral I&(m, /mb, m(!mb, M& /mb) in Eq. (2.40), plot-
ted in Fig. 8. For future reference we also show the aver-
age value of p~/M& in the B center of mass. When
M~ ——0, the process (3.3) corresponds to b &ce V„—
which is measured to have a branching ratio of
11.6+0.5%%uo —=BsL(B). Then
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0.5

0.4

0.3

0.2
&p /Mq& B (8)

0.I

0
2

MN(QeV)

0

FIG. 8. Kinematic factor I~(m, /mb, mI!mb, ~~/mb) enter-
ing into semileptonic branching ratio B(B~[charm]IN) (solid
curve), and average value of p&/M& in 8 center of mass
(dashed curve).

M„(GeV)

FIG. 9. Average semileptonic branching ratio of 8 mesons to
neutral heavy leptons N, in units of mixing strength ! U!

The result is shown in Fig. 9. The absence of any detect-
able b~u coupling prevents us from making an estimate
of leptonic decays of bu mesons, but such decays will be
quite rare and probably of no use in setting bounds on
neutral heavy leptons.

3. General experimental considerations

After the heavy lepton is produced via charm or b de-
cay, it travels a distance

L =pxc~x /M (3.17)

with r~ estimated via one of Eqs. (2.47)—(2.49). The life-
time r~ depends on the mixing strength

~

U ~, and can be
quite long for small

~

U
~

. This can help in detection.
The beginning of the decay region is assumed to be a

distance I, from the point of production, and the length
of the decay region is h. Then the probability I'd that X
is observed to decay between 11 and I1+6 from the target
1s

a/L )— (3.18)

A specific experiment with angular acceptance e~ thus
will set limits on

~

U
~

and M& corresponding to a fixed
value of

o(D or B)B(D or B~N)
X B(N~ detected mode)Pden . (3.19)

There have been several beam-dump experiments sensi-
tive to heavy-lepton production in the past few years. '

Some of them are summarized in Table III. The most re-
cent in this table has quoted a limit on D decay to a heavy
lepton based on the process D ~Ne+. In what follows we
shall present an independent analysis of this experiment,
extending it to the case of 8 production. We hope that
this illustrative example can encourage the analysis of
some of the other experiments in Table III in terms of

TABLE III. Comparison of some experiments capable of setting limits via charm and b production
on heavy-lepton masses and mixings with light neutrinos.

Experiment

Fermilab, 197S
(Ref. 41)
Fermilab, 1976
(Ref. 42)

Fermilab, 1978
(Ref. 43)
Fermilab, 1979
(Ref. 44)

Fermilab
(Ref. 45)
Fermilab, 1983
(Ref. 46)

CERN, 1983
(Refs. 47 and 48)

Protons
on target

3.5~10"
(3OO GeV)

(3OO GeV)
2.8~10"

8 && 10"
(4OO GeV)
2.6~10"
(400 GeV)
2.7&& 10"
(4OO GeV)
2.4X 1O"
(400 GeV)

Path length l~ to beginning
of decay volume

400 m

590 m

6.2 m

700 m

210 m

56 m

480 m

Length 5 of
decay volume

9.2 m

235 m

35 m
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charm and B decay, as well as stimulate further searches
in beam dumps.

o(D+ )+cr(D )= 18 pb . (3.20)

4. The CHARM experiment

In Fig. 10 we reproduce the limit quoted by Winter on
a neutral heavy lepton X mixed with v„on the basis of
the decay D~eX, X—+e+e v, . The lower curve corre-
sponds to long-lived leptons, while the limitation set by
the upper curve arises when the leptons decay before
reaching the detector.

We now present a parallel analysis of the CHARM
(CERN-Hamburg-Amsterdam-Rome-Moscow) experi-
ment, both in terms of D+~Ne—+— and in terms of
B~(charm)e —+N. Our results from D~Ne do not ex-
clude quite as large a region of the

I
U

I
-Mz plane as

that shown in Fig. 10, but are qualitatively similar. We
thus feel that our estimates based on b production may
err, if at all, on the conservative side.

The quantities required for the D~Ne analysis include
(a) the D production cross section and x,p distribution,
(b) the branching ratio B(D~Ne) as a function of M~,
(c) the branching ratio B(N—+e+e v, ) (since the e+e
final state is what is searched for), (d) the angular accep-
tance en, and (e) the probability that a lepton traversing
the detector will decay within it. For analysis in terms of
B production, the quantities (a) and (b) are replaced by
(a') the b or b production cross section, and (b') the
branching ratio B (b~cNe ). We shall also describe the
limits that might be obtained from an "ideal" beam-dump
experiment.

(a) D production— . Some D mesons are produced
"directly"; others occur via cascades from D*. We shall
assume that o(D, direct)=o(D*). Then since D* decays
favor D by a known amount, we find cr(D+ or
D )=(D or D )/2, and with the help of (3.4) we esti-
mate for protons at pL ——400 GeV that

=10 (3.21)

As noted earlier, charmed particles leading to direct lep-
tons appear to be produced with a distribution

d o./dp -(1—x) e
(3.22)

mz =(pi +mD )'~ in GeV .

We shall thus take the average D produced at pl ——400
GeV to have pz ——67 GeV in the laboratory. The mz dis-
tribution will enter into our calculation performed below
of geometric acceptance.

(b) D~Ne branching ratio. We assume for present
purposes that X mixes primarily with v, with mixing pa-
rameter U. (Similar arguments apply to the mixing of N
with v&, but the kinematic limit on the highest accessible
N mass is simply about 100 MeV less. ) The branching ra-
tio of interest is then that given by Eq. (3.14) and shown
by the dashed curve in Fig. 7.

(c) N~e+e v, branching ratio. Again, we assume
here that N mixes primarily with v, . The above decay
then occurs via both charged and neutral currents. Tak-
ing account of the contribution of both of these, we
find ' (for M& »2m& and sin 8~——0.22)

I (N, ~e+e v, )/I (N, ~epv)=0 S7 . .

The branching ratio to p+p v, is much less:

I (N, ~p+p v, )/I (N, ~epv)=0. 13 .

(3.23)

(3.24)

If N mixes primarily with v&, the above two estimates ap-
ply, respectively, to the p+p vz and e+e v& final states.

The total X, decay rate and e+e v, branching ratio
were estimated in Sec. IID. Referring to Table I, we see
that for the mass range of interest the branching ratio to
e+e v, is about 8%. We shall assume this number in
what follows. If only charged currents contributed to N,
decay, this number would be about 20% instead, and the
bounds would only be stronger.

(d) Geometric acceptance From the .parameters given
in Ref. 47, one sees that the detector subtends 9.6% in az-
imuth, and a polar angle ranging from 0~=7.3 mr to
02=13.5 mr. The total solid angle is then 3.9)&10 sr.
We assume that the average angle at which X is emitted is
that of its parent particle, the D. Using the p distribu-
tion (3.22), and an average D momentum of 67 GeV, we
find that the polar-angle acceptance is 0.19, and hence the
angular acceptance is

In the CHARM beam-dump experiment the total number
of D +p—roduced is then

18&10 cmN(D+)+N(D ) = X(2.4&& 10' )4/ 10 26 cm2

I I I I I I I I I I I I I I II &n =&eep-( —,
'

)(+() )=2% . (3.2S)

IO IO

M„(MeV~

IO

FICx. 10. Limits from leptonic decay of the D quoted in Ref.
48 on a heavy lepton N coupled to e with strength U,~.

We shall assume a constant figure of 2% in what follows.
(e) Longitudinal detection probabili . Here we need

p~. Assuming a D of momentum (pD) =67 GeV, andfl t

standard two-body kinematics, we find that a uniform
D~Ne decay distribution in the center-of-mass angle
leads to a uniform distribution in longitudinal momen-
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turn. We calculate an average X momentnm ranging
from about 33 GeV for very light N to nearly 67 GeV for
X near the kinematic limit:

(3.26)
Mg)

The longitudinal acceptance of the detector is the prob-
ability I'd that N decays within a distance between
l1 ——480 m and l1+A=l1+35 m from the target, where
Pd is given by Eq. (3.18).

The resulting region of parameters excluded by the ab-
sence of a detectable decay %~e+e +. . . is shown by
the solid curve in Fig. 11(a). The experiment is sensitive
up to near the kinematic limit. As mentioned earlier, in-
formation on F production could add to an extension of
the excluded region.

A small additional region of small
~

U,& ~

may be ex-
cluded by considering D semileptonic decays. The total
number of D's in the experiment is about 3X10' . The
average momentum of N is taken for simplicity as 25
GeV; it is lower than for two-body D decay. The exclud-

10—31 2

o(8)+o(8)=.
10-32 cm2

for 400-GeV protons on nucleons. This leads us to expect

10 "to10 "cm
N(8)+N(8) = X(2.4X10 )

4)& 10 cm

(3.27)

ed region is bounded from below by the dotted curve in
Fig. 11(a).

(Note added in proof. If analyzed in terms of the se-
quence D —+Np[strangej, N~e+e vz, the CHARM ex-
periment may exclude a similar, but slightly smaller, re-
gion of

~ U&~ ~

. The slightly weaker bounds follow
mainly from the somewhat smaller value of
B(N„~e+e v„) in comparison to 8(N, ~e+e v, ) (see
Table I).)

Now we estimate what improvement in bounds, if any,
follows from analyzing the CHARM experiment in terms
of b decays.

(a') 8 production As mentioned earlier, we shall take
two possibilities:

1012

6&& 10"
(3.28)

(b') b +cNe b—ranching ratio This q.uantity has been
estimated above (Fig. 9).

(d') Geometric acceptance Here. we continue to assume
the 2% figure discussed above.

(e') Longitudinal detection probability. The average
momentum p& of N in the 8 center of mass has been
computed and is shown in Fig. 8. The average laboratory
momentum of N is then

l l l l

0.5 0.7 1 l.5 P.

M I', Qe/', I

, U,

I

l l

0.5 0.7 t.5
MN (GeV j

FIG. 11. Reanalysis of the experiment described in Refs. 47
and 48. (a) Solid curve, D~Xe. Dotted curve, D semileptonic
decay. Dash-dotted curve, B semileptonic decay, o.(B)
+u(B)=10 ' cm . Dashed curve, B semileptonic decay, o.(B)
+o(E)=10 cm. . The bounds apply to

~
U,~ ~

. Somewhat
weaker limits apply to

~
U„~

~

. (b) Similar figure as (a), for 8
~(charm)v. X. The solid curve corresponds to o.(B)+cr{B)
=10 ' cm, and the dashed to 10 cm . These bounds apply
to

/
U,~ [2.

(3.29)

We now assume that 8 (m~ ——5.27 GeV) is produced with
the same average laboratory momentum as D, pl ——67B

GeV. The average momentum of 2V then ranges from
about 20 to 30 GeV for the masses of interest to us.

The dashed-dotted and dashed lines in Fig. 11(a) indi-
cate the excluded regions for o(B)+o.(B)=10 ' cm and
10 cm, respectively. A smaller range of U

~

is ex-
cluded than in the D~Xe analysis, except for X masses
beyond the D~¹kinematic limit (if a=10 .

' cm ).
Even here, the limits are poor because many potential
neutral lepton decays occur before the detector.

The decay 8~(charm)Nr is also kinematically al-
lowed. We show in Fig. 11(b) the limits on

~

U
~

and
Mz obtained by analyzing this experiment in terms of
such a decay. A small but hitherto unexplored region is
excluded.

An "ideal dump" experiment may be imagined with all
other parameters the same as in the CHARM experiment,
except l1 reduced to 50 m, geometric acceptance e~ in-
creased to 10%, and beam momentum doubled (to 800
GeV/c). Other average momenta (of D's, 8's, and N's)
also are assumed doubled. The ranges of

~

U
~

and M~
that can be excluded in such an experiment are shown in
Fig. 12. Useful limits can be obtained up to M~ ——2.5—3
GeV for values of

~

U
~

down to about 10 . There will
still be an interesting region of larger

~

U
~

which must
be excluded by other means, however.
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IO
I I l I I

0.5 0.7 'I (.5 2
M (Gev)

FIG. 12. "Ideal" beam-dump experiment with same parame-
ters as those for Refs. 47 and 48 except: l&

——50 m, e~ ——0. 1,
pL ——800 GeV. Variation of cross sections between 400 and 800
GeV is ignored. Curves as in Fig. 11(a).

5. Brief discussion of other beam dump exp-eriments

We have dwelt on the CHARM experiment as the most
recent and statistically powerful of those listed in Table
III. However, others may be able to fill in some of the re-
gions in Fig. 11 not covered by the CHARM experiment.
The crucial ingredients are a short path lenth l& between
the target and the beginning of the decay region, and large
geometric acceptance. Thus, because of its short initial
decay length l~, even the relatively low-statistics experi-
ment of Ref. 43 may be able to provide useful informa-
tion in the range

~

U
~

—10, M& up to —1.8 CxeV.
The experiment of Ref. 45, with a very long observed de-
cay length 6 and an initial path length l~ less than half
that in the CHARM experiment, also may be able to fill
in some gaps. So may the experiment of Ref. 46, with
l) ——56 m.

D. High-statistics neutrino experiments

Neutrino beams can produce heavy leptons via the neu-
tral weak current. The production probability is just that
of an ordinary weak current times the square of the mix-
ing parameter

~

U
~

(times a threshold factor).
In a high-statistics neutrino experiment one might ex-

pect several million neutral-current events. An upper lim-
I

it of several distinctive heavy-lepton signatures would
then correspond to a

~

U
~

limit of 10 up to masses
where threshold effects become important. At

~

U
~

=10, the expected lifetimes range from -10 s
(at M~ ——1 CxeV) down to very small values (10 '3 s at
M~ ——30 GeV), as illustrated in Fig. 5 for N&. If

~

U
~

is larger, lifetimes can be even shorter. Thus one must be
ready for all possibilities noted in Table II: decays too
short to observe, observable within the detector, or occur-
ring beyond the detector.

1. Decay path too short to obserue O. ne must infer
heavy-lepton production from unusual event signatures.
In the class of models considered here, the decay of the
heavy lepton always gives rise to a "right-sign lepton": ei-
ther a charged lepton or a neutrino. Additional leptons
often are present, however. These will be harder on the
average than leptons from the decays of hadrons produced
at the hadronic vertex. In the models of Ref. 3, X, by vir-
tue of being a Majorana particle, decays equally to leptons
of either sign.

(Note added in proof. An experiment by the CDHS
(CERN-Dortmund-Heidelberg-Saclay) group [M. Holder
et al., Phys. Lett. 748, 277 (1978)] is capable in principle
of setting useful limits on such Majorana neutrinos. A
crude estimate excludes the range M& (3 GeV,

~
U„~ ~

&10 —10 . )
The study of dimuons in neutrino events has a long his-

tory. The earliest dimuon events were recognized as a
sign of charmed-particle production. Indeed, most if not
all of them appear to be due to charm. This source of
dim uons is analyzed exhaustively in a recent high-
statistics study, ' containing reference to earlier work.
What is not quoted in Ref. 51 is an upper limit on the
number of dimuons that could be due to decays of heavy
leptons.

The distributions in azimuthal angle P between p+ and
p for v and v events should be peaked at 180' for charm
production. We estimate by eye, taking the Monte Carlo
calculations of Ref. 51 at face value, that no more than
10% of v dimuon events and 7%%uo of v dimuon events
could be associated with a flat P distribution, and hence
could come from other sources. This, however, does
not provide a particularly stringent bound. Since
o'(p p+)/o(p )=0.6%%uo for neutrinos and o.(p p+)/
a( p+) =0.6%%uo for antineutrinos, and since cr(NC)/cr(CC)
=0.3 for neutrinos and 0.4 for antineutrinos, we estimate

(0.6%%uo)(10%%uo)/0. 3=2)&10 ' (v), (3.30)
o( heavy lepton)B( lepton~@+p + . )/o(NC) &

(0 6%)(7%)/0 4 10 3
( ) (3.31)

Since we estimate (for a lepton mixing with v@) B( lepton —+p+p + . ) —=8%, the antineutrino limit can only set a re-
striction of

~

U
~

& 10, which we anticipated anyhow on the basis of universality. Nonetheless it is reassuring to see
that such a limit can be obtained independently. A more precise analysis may be able to strengthen the bounds some-
what.

The production of neutral heavy leptons in neutrino interactions is subject to threshold suppression. For neutrinos on
quarks of left-handed (LH) or right-handed (RH) helicity, the suppression factors for production of massive states are,
respectively,

0
dX dg M~&

d20-

dX dP M~=0

(1—M~ /xs) (LH quarks)

2

(1—M& /xs) 1 —y — /(1 —y) (RH quarks),2 2 M~
XS

(3.32)

(3.33)
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where s is the square of the c.m. energy, s =m~
+2m&E" . We may estimate the effect crudely by as-
suming that only left-handed valence quarks contribute to
X production. (Their contribution indeed is the dominant
one. ) We assume an average structure function

v+( hadron) ~X

l, m, l,
xq(x)-x'~ (1—x)

The threshold factor is then

(3.34)

o(E",M&)

~(E'„",0) f(o) ' (3.35)

where r=M~ /s, and
r 2

f(r)= J dx 1 —— x'~ (1—x)
7 X

(3.36)

The result is plotted in Fig. 13. Neutrino experiments at
present energies are not very efficient in producing heavy
leptons much above 5 CxeV in mass.

One phenomenon in neutrino interactions for which
standard models are unable to account is the observation
by several groups of same-sign dileptons. ' In Ref. 9 we
discussed one possibility for producing these with the help
of a neutral heavy lepton, via

v+( hadron) —+p, F++. . .

(I+j'I —+ (3.38)

1/2L (l ((L),
1 (l ))L). (3.39)

The production probability is proportional to U
I

Thus a measure of efficiency in detecting a decay within a
given detector is the function

This decay of N~ could dominate if a right-handed 8'
were sufficiently light, as mentioned in Sec. II.

2. Decay observed within detector. Suppose the detector
has length l, and the proper path length for the lepton's
decay is L, . Then, given a uniform longitudinal distribu-
tion of production points within the detector, the proba-
bility that the decay distribution is also observed within
the detector is

G(
I

UI')—=
I
UI'~p~= IUI' 1 ——(1—e '")

(3.37)

as part of a multilepton event. Another possibility would
involve the sequential decay of one heavy lepton to anoth-
er, e.g., via

(3.40)

which behaves as
I

U
I

for large Mz (small L) and
I

U
I
1/(2L)-

I
U

I

for small M~ (large L). Contours
of equal G(

I

U
I

) for /=10m, pz ——50 GeV, are plotted
in Fig. 14. Such an experiment sensitive at the

I

U
I

=10 level for high M~ will only be sensitive at
the

I
U

I
=10 level for M~ ——1 GeV.

Searches for secondary vertices are particularly simple

I I I

0 IOO 200
E, (Gev j

I I

0.5
I I I

IO 202 5

M I', GeV', I

FIG. 13. Threshold factors for production of heavy leptons,
as functions of neutrino laboratory energy E„. Curves are la-
beled by M& in GeV.

.FICi. 14. Contours of equal G(
I

U
I

)—:
I

U
I P~, d for detec-

tor with l =10 m, p~ ——50 GeV/c. Here we have assumed Eq.
(2.48} for the N lifetime. Curves are labeled by values of G.
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in bubble-chamber experiments, and have been per-
formed. (We thank J. Lys for discussions on this point. )

The total event sample in such experiments makes it un-
likely that limits of better than

~

U
~

& 10 " will be set,
however.

As an example of the limitations one might encounter
in a practical high-statistics neutrino detector, let us imag-
ine a detector of length l to be sensitive to decays taking
place at least l& from the primary vertex. Then the sensi-
tivity of the experiment depends on

I

Q

IQ

'Q

1~~ —I/L——(e —e )
I

(3.41) Q

[which reduces to (3.40) when l&
——0]. In Fig. 15 we plot

contours of this quantity times the threshold factor
f(~)/f(0) defined in Eq. (3.36), for a nominal neutrino
energy E =100 GeV, with l& ——10 cm, i=10 m, p& ——50
GeV. The contours of

~

U
~

Pzd f(~)/f(0)
=(10,10 ) are appropriate to experiments in which
one neutral lepton candidate is detected in at least
10,10 ) neutral current interactions. The corresponding
highest neutral lepton masses accessible are about (3,5)
GeV.

3. Decay path significantly longer than detector. Neu-
tral current interactions of neutrinos in the shielding
upstream of the detector can give rise to decay events in
the detector. These will be characterized by a limited to-
tal effective mass and a relatively symmetric behavior of
any charged leptons with respect to other tracks. If Mz
is sufficiently low, it makes sense to try to reconstruct
such possibilities as those listed in Eq. (2.61). Other sig-
natures would be isolated dilepton events with limited to-
tal effective mass. A single event of this type has been re-
ported in one experiment, but not confirmed in a larger-
statistics sample.

We have assumed throughout most of this discussion
that muon neutrinos are the most prevalent. It is conceiv-
able that they can mix with more than one flavor of neu-
tral heavy lepton, as in the model of Ref. 9. If beams of ~
or electron neutrinos can be produced, the neutral heavy
leptons they can produce may be different. The relatively
weak limits on mixing of v with other states make this
possibility particularly appealing for ~ neutrinos.

E. Experiments with incident charged leptons on nucleons

An experiment to search for heavy leptons in the reac-
tion

I

—6

0.5 to

FIG. 15. Contours of equal 6 =
~

U
~

P~ Xd(thresh ldofac-
tor) for a detector with l~ ——10 cm, 1=10 m, p~ ——50 GeV/c.
Equation (2.48) is taken for N lifetime. A neutrino energy of
E„=100 GeV is assumed in calculating the threshold factor
(3.35).

p+ ( nucleon) ~( heavy lepton)+ (3.42)

was described in Ref. 57. Experiments of this type are of
considerable interest in searching for weak couplings of
right-handed type, but do not set a very stringent limit on
left-handed leptons. The reason is very simple: fast
muons are produced from X or m two-body decay and are
highly polarized. The p+ are mostly left-handed and the

p are mostly right-handed. This helicity disfauors weak
interactions of V—A type.

The experiment of Ref. 57 can rule out a neutral heavy
lepton between 1 and 9 GeV if it is coupled with full
strength to the right-handed current. The predicted cross
section (times a 10% branching ratio assumed for ppv) is
equal to the 90%%uo confidence limit experimental upper
bound at 1 and 9 GeV, and exceeds it within this range by
at most a factor of 2, around M~=4 GeV. The p, + beam
is ) 80%%uo left polarized, so ( p+ )~ /( p+ )L & —„'. The cor-
responding cross section for production of N would be
bounded by

o(p, ++(nucleon)~N (via LH current)+ . )/o(p++(nucleon)~N (via full-strength RH current)+ )
r

1 (1 &M~ &9 GeV),
U

(M =4 GeV),
(3.43)
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ep —+X, + - . . (3.44)

then can produce %, with a rate (M~ /M~ ) times that
4 L R

for ep~v, X. If 10 events of the latter can be obtained,
an experiment observing one event of the former would
correspond to Mw —10Mw —800 GeV. Such a value is

not excluded by present direct experiments, though there
are indirect suggestions that Mw ) 1—2 TeV, and there
is some difference of opinion as to whether this low a
value is plausible in grand unification schemes.

F. Production through b decays in e+e annihilations

so one cannot set a useful bound on
~

U
~

Dedicated searches in ep colliders could be a much
more powerful source of information about heavy neutral
leptons. Both longitudinal polarization states of e will
presumably be available. It appears feasible to collect a
sample of at least 10 ep —+v, + . events in an experi-
ment with Vs &200 GeV of moderate duration. One
could then set bounds of order

~
U,~ ~

& 10 if an ex-
periment were sensitive to % at the single-event level.
This would be possible if secondary vertices could be
detected. The X is likely to emerge from the collision at a
wide angle with at least several tens of GeV of energy (in
a typical configuration based on 30 GeV electron and 800
GeV proton energy). Its path length then exceeds a few
cm, for

~

U
~

=10, up to M&-several GeV. For
larger M& masses one would have to infer the existence of
N indirectly.

If a right-handed W exists, it couples to (charged
lepton)+ % with approximately the same strength that the
left-handed W couples to (charged lepton)+v. The reac-
tion

250
~

U
~

P~ &2.3 (90%%uo C.L. ) (3.47)

we find the contour shown in Fig. 16. Values of
~

U
~

above about 10 could be excluded by a search based on
present data. Some improvement at the lowest masses
( —1 GeV) would follow from extension of b, . An in-
crease in statistics would lead to a decrease in the upper
limit on

~

U (the lower branch of the curve), particular-
ly for the largest masses, for which the

~

U upper
bound is inversely proportional to the number of 8's pro-
duced. This search fills in the large U

~

region to
which beam-dump experiments are insensitive (Figs. 11
and 12).

G. Production through 8'and Z decays

The decays 8 ~l +% or Z~v+X can proceed via
mixing of N with the light neutrinos in the class of
models considered here. The rates for these processes
then will contain a factor of

~

U in comparison with
the rates W~l+v (branching ratio =8%) or Z~v+V
(branching ratio =6%). Both Z —+v+X and Z~X+v
are allowed. Thus we expect

r

M 2

B(&~I+X)=0.08
i

U
~

1—
Mw2

1+
2M 2

(3.48)

L =(p~/M~)(1. 3 mm)(M~/1 GeV)
~

U ~, (3.46)

for X in the mass range of interest. We estimate
(p~ /M~) from Fig. 8 since the B's are nearly at rest
Demanding (if no events are seen)

Electron-positron annihilations provide copious sources
of b quarks at the Y"' and at higher energies in the con-
tinuum. As an example of what can be learned about neu-
tral heavy leptons from the decays of b quarks, let us con-
sider an actual situation based on the CLEO detector at
the Cornell Electron Storage Rings (CESR).

The total sample of B+Bat the Y"'(45) is 8.4&&10 . '

The semileptonic branching ratio B(B~(charm)lN) is es-
timated to be )3X10

~

U
~

for M& &1.8 GeV. At
this mass we estimate that

B(N ~1 +3 prongs )=11%— (3.45)

by analogy with ~ decays. ' Then, taking into account
of a further track detection efficiency factor, we expect to
be able to observe about 250

~

U
~

I'~ heavy leptons de-
caying in the easily observed l —+(3 charged particle)
mode, where P~ is the probability that the decay occurs in
the detector. We assume this figure independent of X
mass, taking the change in 8 semileptonic branching ratio
to be compensated by a change in the I +—+3 prong ratio
(3.45). (The 1 —+3 prong signal may be very weak below
M& —1 GeV, however, if the mass distribution of charged
pions in multiprong r decays is any guide. )

The minimum and maximum decay distances are taken
to be l

&

——3 mm and I
& +6= 8 cm. (Decays outside the

beam pipe are harder to observe. ) The proper path length
is approximately

2

0
l.o l.25 l.5

V' I', GegI

l.75

FIG. 16. Limits obtainable on heavy-lepton mass and mixing
from B production at the Y"'(4S), based on a sample of
84)&10 8+8, l~ ——3 mm, l~+6-=8 cm, and detection in the
(charged lepton) + (3 charged hadron) mode.
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Members of this multiplet carry a distinct charge 7 de-
pending on their SU(5) content:

+=3 (d,e,v, )L,
10: X= —1 (u, u, d, e+)I, (3.50)

1: X= —5 (X)1. .
While the unmixed neutral lepton X has no electroweak
charge, it does have 7&0. The gauge boson coupling to X
[belonging to SO(10)/SU(5)] need only be heavier than
about 200—300 GeV, depending on the Higgs structure as-
sumed. Let us call this gauge boson Z2.

Once the Z2 has actually been produced, its decay to
XX occurs with branching ratio 5 /[5 +5(3 )

+10(1 )]=0.3 per generation. Even if only one of the
three PAN channels is open, one expects a spectacular Z2
decay signature 10% of the time.

Another source of N can be a right-handed 8' which
also arises naturally in SO(10). Indeed, we expect

B ( Wg ~1%)=B ( Wl ~iv) =—,', (3.51)

We have estimated the production of 8'z and Z2 at
multi-TeV pp and pp colliding-beam machines. The had-
ron structure functions assumed are taken from a forth-
coming review of the physics possibilities of such
machines. The 8'z couplings are estimated by assum-
ing g& ——gL, while the Z2 couplings are estimated as in
Ref. 66 but with Zo-Z2 mixing ignored. [The U(1)z cou-
pling is assumed to have the same strength as U(1)z, cor-

responding to case (Al) of Ref. 66.] The results are
shown in Fig. 17. For a pp experiment at E, =40 TeV,
sensitive at the o.B=10 cm level, one can envision
production of 8'~ up to more than 8 TeV, and hence of
X up to nearly this mass if a suitable 8'z were to exist.
The Z2 is harder to produce than the 8'z and, in fact,
also harder to produce than a massive boson coupling like
the Zo of the standard model. First, its couplings to u

quarks of both helicities are proportional to the small
charge

~

X
~

= 1 [as seen in Eq. (3.50)]. When Zz does not
mix with Zo [M(Zq)))M(ZO)], one expects
I (Zq —&dd ) =5I (Z2 —+uu ). Since u quarks can be es-
timated to account for over 4 of Zo production at the
CERN SPS, this is a notable handicap for Z2 production.
Second, the U(1)z coupling is estimated to be quite weak
in grand unified theories, gr /4'�( 6', [to be compared
with gz /4m = 3', for weak SU(2)].

IV. CONCLUSIONS AND DISCUSSION

We have presented a variety of experimental tests for
neutral heavy leptons mixing weakly with ordinary neutri-
nos. The most promising of these for low lepton masses
involve extension of previously obtained beam-dump lim-
its. ' It seems possible with ideal experiments to ex-
clude mixings above

i
U

~

=10 —10 and masses

below about 3 GeV. Searches in high-statistics neutrino
experiments are capable of pushing to higher masses if
short tracks can be detected, or if a clear-cut neutral-
lepton signature is obtained via reconstruction of lepton-
hadron effective masses. New neutral leptons also can be
produced in ep interactions and in e+e annihilations to
heavy quarks such as b and t. The most promising tech-
niques for higher-mass leptons, however, involve decays
of 8"s and Z's. If they exist at low enough mass, any
further gauge bosons that might exist, such as the right-
handed S' or additional Z's, also are quite likely to pro-
duce new leptons in their decays.

We have concentrated on direct searches for new neu-
tral heavy leptons, omitting some very interesting indirect
tests. Foremost among these is the study of neutrinoless
double-P decay. ' Others involve searches for rare pro-
cesses such as prey. The later paper of Ref. 6 contains
a good discussion of several of these tests.

We have bypassed the interesting possibility that, while
astrophysical arguments permit only a few flavors of neu-
trinos (probably (4) to be light, ' heavier isodoublets
are permitted. They are even allowed to be stable if their
mass exceeds about 2 GeV. ' The decays of Z's into
pairs of such objects is an excellent way to search for
them. ' Sequential charged and neutral leptons (weak iso-
doublets) also may show up prominently in W decays.

The importance of discovering the right-handed partner
of the neutrino cannot be overemphasized. At the same
time, however, we do not have at present much of a
guarantee that this particle exists at any specific mass
below 10' GeV. Present limits lie around 1 GeV. The
chance that these limits can be extended to 10 GeV in the
next 10 or 20 years at least covers part of this distance
(less discouraging if we view it on a logarithmic scale).
The companion effort to push down limits on (light) neu-
trino mass is, of course, very closely related to this ques-
tion, and is receiving vigorous experimental attention at
present.
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