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1'HE SEARCH FOR NEUTRAL LEPTONS"*
MARTIN L. PERL
Stanford Lineor Accelerator Center, Stanford University, Stanford, CA 94305
Searches for naw neuiral Jeplons are reviewed. Some models for proposed neatral leplons are
described. Methods used jp past, present, and future searches are described. The Limits obtalned
by some completed searches are given,

Then the I? decays via the weak charged current thru a
physical W, Eq. 3a and Fig. 1a, or thru & virtyal W, Eq.

3b and Fig. 1b.
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1. INTRODUCTION

At presert we know of three kinds of neutral leptona: the
electron neuirine, the muon peutrine, and the tau peutrivo.
This paper reviews the search for additional aeutral leptons.
The method and significance of a search depends upon the
model used for the neutral lepton belng sought, Section 1
describes some models for the properties and decay modcs
of proposed neutral leptons. Past and present searches aze
reviewed io Sec. I1L. The limita abtained by some completed
searches are given, and the methods of searches in progres=
are des:ribed. Foture searches are discussed ip Sec, 1V.
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1. MODELS POR PROPERTIES AND DECAY
MODES OF NEUTRAL LEPTONS
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A. WITHIN THE STANDARD MODEL {el s, amyor T 2
=
1. No Mining. In the standaid model, the simplest case ! g
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mpe — Mg - > My 3a
© t (82) Incidently, in the standard mocde] the weak radiative
or corrections to mw aud mz place upper limits' oo jmge -
my-|. Figure 2 gives the 95% CL upper limit uaing ¢ =
mys = my- < Py B8 M3 /M cos® o = 1.02 2 0.02 (Ret. 2).
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* Work suppurted by the Department of Energy, contract
DE-AC03-76SF00515.

via the weak charged current use the decay modes in which
there are two charged particles, with or witt.oul peutrines
but without photons. This branching fracticn, B, is givea
in Fig. 8.
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Fig.- 2. Upper limits on [mgs — my-| from weak
radiative corrections to W and Z masees,
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Fig. 3, Some braoching fractions for the decay of an L® via
the weak charged current, L% — £~ + X. The £~ mass is set 1o

gero.

£. Mixing. There have been many discussions™* of the
possibility that a fourth generalion leptor doublet might
mix with one of the known lepton doublets

(L“cou‘-vsind) *
H Lgh L)'?
I-
L
{4)
LOsin g + vcosd . e
r P

Here £ = ¢, g, or r. The decay diagram is Fig. Ic, and
the decay amplitude ie multiplied by sin¢. Photonic de-
cays, Fig. 4, can also oceur, but their Gecay rates are much
smaller® than that described I Fig. 1c. The ope q decay
rate ie usvally amaller than the two 1 decay rate.

B. DEVIATIONS FROM THE STANDARD MODEL

1. Flavor-Changing Neutral Current Decsys. Av inter-
esting class of models allows decays thru a flavor—cbabging
peutral current. ln one example,* there is mixing between
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a weak isospin singlet neutral lepton

L9 ccad - veing (5a)
and a known doublet
QO 3
(L am¢+vcm¢) (s8)
t

Now there is no GIM mechanism and the decay sbown in
Fig. 1d will occur. Another example assumes a pair of aeu-
tral leptons L%, L% with a unique conserved lepton number,

and myzc > myw. Then, Fig. 1d,

L% — L¥ 4 pentral current decay modes {6)

To model these neutral current decayz we violate the
standard model, we assunie V — A coupling and assume de-
cay toru a virtual or real 29. Figure § gives some branching

fraciions.
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Fig. 5. Some branching fractions for the hypothetical decay

via a weak neutral current, L° — L% + X. The L mass is set
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2. Other Devigtions from the Siandard Model. Out of
the mapy other deviations from the standard model which
have been proposed, I'll give two examplea. A heavy neutral
lepton may be assigued the same lepton number a3 a knowa
charged lepion,” an E® amociated with tbe <=, or an M?
assoclated with the p~. The decay proceeds via a charged
current which might be right~handed.

Auotuer example consists of an L%, L~ pair with un-
cquventicnally strong coupling to a Higgs particle. Then
the decay conld be dominaled by the process in Fig. 6.

—)—z-—/>§ l-‘u«qum
Fig. 6.

Fizhhane et al.,® give otber examples which fit into a

generalized standard model.
(!, MODELS AND DECAY SIGNATURES

Maoy past, present, and future searches depend upon
looking fur special decay siguasures. Table ] gives an averview
of ducay signslures based on some of the models we have

IIl. PAST AND PRESENT SEARCHES
A. SEARCHES USING p, x, OR K DECAY

If a new neutral lepton, L%, mixes with the ¢ or g and
bas sufficiently small mam, it might be detected in decays

such as
p a0,

Ry )

K —+u
Two methods are used as Hlustrated by the work of D. A.
Pryman et al.?

They studied the decay
x* — e* + any neutral Jepinn (8)

in the course of measuring the decay rate for the conven-
tional process 5+ — ¢* + p,. The firet search metbed io-
valves looking for a peak in the e* energy apectrum corre-
spending 10 & non-zero mass L°, None was found, Fig. 7a
and curve A in Fig. Tb give 80% CL upper limite. The sec:
ond search methed involves the measurement of the ratio.

discussed.
Table I
Model Decay Signatures Remarks
LO
(L‘ ) i Mmge ~mp- > mw L'~ L™ +W* W decaye + new L~
0 IO — L™ + 4+ & | 2 charged patticies
(L') P mpe —mp- <ag
. L L +g+{ Large multiplicity
o_, + -
10 B [ % -t +/+ € 2 chwrged particles
- mixing with \¢
st +o+y Large multiplicity

changing neutral current

LPP—IL"+v+0b
I [+ 8+

L® LY+ q+¢

All neuiral particles

2 charged particles

Large multiplicity

L° stable

None

R Y




T(x* = e w}/Pls* — p'vy) (0}

This ratio will be greater than expected if there is an L?
with near-zero masa such that the decay s — ¢* + I°
givea the same e energy specirum as x* — e* 4 v,. Curve
B in Fig. 7b gives the upper limit from this method.
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Fig. 7. Upper limits on brancbiag ratio and
sin? dez.
Shrock!® summarises maty of the searches which have
used u,w, or K decays. All gave null results. Figure B, ab-
stracted from that summary gives some of the upper limits.

B. SEARCHES USING NEUTRINO BBAMS AND BEeAM
puMPs.

A vew peutral Jepton might be detected via a sindy
of the neut;*no-like products of a beam dump experiment,
Figs. 83 and b, or vla a study of the contenta of a neutrino
beam produced by meson decay, Fig. bc.

1. Neutrino Deam Dump Searches. Beam dump exper-
imentu consiat of the Interaction of a high intensity protan
or electron beam with a dense target, the removal within a
short dietanee of almost all strongly-interacting or
electromagnetically-Interacting particles by a dense shield,
and magnetic sweepicg from the ¢orward direction of muona.
Most 's and K's interact before decay, hence the domipant
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Fig. 8. Upper limits oo sin? 9,1

producte of the beam dump are neutrinos from D, 3,
or r decay. Unknown weakly~interacting neutral particles
from these latier decays would also exit the beam dump.

Figures Oz and Bb illustrate two search methods: locking
for an unexpecied interaction ix a massive neutrino delector,

or looking for decays in flight.
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Fig. 8.

In recent years a series of proton beam dump exper-
iments have been cartied out at the CERN SP8Y and a
single experiment was carried out at Fermilab!?. No def-
inite evidence was found for nop-copventional processea in




the beam domps or in the detectors. But there ja lack of
agreemeni on whether the ratio of », Hux to 4, fux is con-
ventional, If the dominant production mechanistn is D and
other charmed particle decays, then € — p universality pre-
dicts a ratio close 40 1. The CHARM experiment reparts
a smeller ratio. If there is indeed such an effect, could it be
connected to the existence of a unknown L°? Rosner'! has
discussed possible extensions of beam dump searchen.

The CHARM experiment bas als> looked for decays in
Bight!'1 via the processes

D* = ¢* + L'  (in beam dump target)

L~y +et+e”  (dowpstream of beam dump)
{10)

Figure 10 gives the upper limits.
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Fig. 10 Upper limite oo sin’ ¢.p.

Bjorken et al.,'* bave used au clectron beam dump ex-
periment at SLAC to look for axion-like bosons, photons,
and other neutral, penetrating particles.

2. Neutrino Beam Searches. The CHARM experiment!*
bas also used the CERN wide band peutrino beam to pearch
for the processes

vt ~etorpt+ L0
{11a)
Kt —=etorp*4+1L°
aod then

I’ wvoorvy+ et +e”

o)
a8 in Fig. 9c. Upper limits are given in Fig. 11 for 90% CL.
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Fig. 11. Upper limits.
C. SEARCHES USING e*e™ INTERACTIONS

1. General Search Methods, The process
et L0410,

(12}

as shown in Fig. 12, provides a general preduction method.

(] L°
e
o z L°
11-B4 4Bt A
Fig. 13.

17 L® does not it within bhe atandard mede), we may not
koow the production croas section. However, it is useful to €

define as a standard the croes section in the standard model

Frmausd = (G7a/96m)(a] + v])alo + vie)T()  (:3u)
In the etandard model the threshold factor is
T(8) = A3+ 61/4) (138)




wheze g is the velocity of the L% In uuits of . The number
of produced pairs per 100 p5=1 i

PEP (29 Ge¥) : pairs/100 pb~! = 30.T(5)
(39)
PETRA {42 GeV) : paire/100 pb™! = 59.T(5)

At present wmost PEP experiments bave accumutated about
200 pb~! of data, most PETRA experiments ahout 109 pb~1.
Hence each PEP o PETRA experiment could have about
60 T(5) produced pairs. However, be reality of L® searches
in existing detectors is that acceptances are ronghly 10% to
40% when the various cute are applied. Hence each PEP
or PETRA experiment could have about 6 T(8) to 25 T(A)
observed L°L° pairs summed overall decay modes. This ia
a emall signal in a backgrouad of 10¢ badronic events.

‘The search for pew neutral leptons in PEP and PETRA
data ie etill goiog oo b the sought sig
1 will review some of the search metbods being used and,

I are so amall,

where available, the limits sel by some searches.

2. Sesrches Depending on Mizing. If an L° mixes with
one of tbe kaown Jepton doubleis and decays throngh the
weak charged current,'t then

et - L4 29
L% = € + other particles (15)
L° —+ £ + cther particles

where £m ¢, u, or 7. In ihe £ or u case the signature will
be definitive.

The BRS collaboration' has applied this method to
106 pb~? of PEP data using the signature

P~ 42%4200
I’ — anything

(16a)
(163)

They find » few svepts with this elguature, but the expected
background Is «lso a few events. Thelr 80% CL upper limit
is

By < 0.08 10 0.20 pb )
in *he masa range of 1 -7 GeV /¥, where B; is the branching

fraction for {he docay in Eq 16a, From Fig. 3 and Eq. 13a
we expect By ~ 0.1 pb in the standard model.

The HRS collaboration is extending this sexrch, and
cther searches involving mixing are being carried out by
the Mark II collaboration, the MAC collaboratica and other
PEP and PETRA experiments.

8. Searches Using Docay Secondary Verlicea. Figure

13 givea the lifetime of neulral leplons decaying thru the
charged weak interaction

L* — I 4 agything (18)

in the standard model. The £~ maes is neglected. Existing

detectors at PETRA and PEP cac look for secondary decay

vestices over a range of Jasses and mixing parameters.
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Fig. 18. Lifetime for the decay L® — £ - anything
through the weak charged current. The curves are for the
indicated valves of sin? .

Using the Mark IT as an example, the minimum lifetime
is set by how well a pecondary vertex can be distinguished
from the L°LY production vertex on an event by event banis.
‘The rough rule is

T 202cm
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where T is the L° Jifetime. Hence

TRTx 167, (19a}
The maximum lifetime ia set by the need for the L to decay
withi the inper regions of the detector, bence

T S60em

The total energy of 29 GeV at PEP ylelds

T S10°% M sec. (108)
v fere M ie ihe L9 mass in GV /e?. The search region given
by Eq. 19 is indicated in Fig. 13. Within the standard
mode!, this region has definita aignificance. Outside the
standard model, for example

L" =+ v 4 anything , (20)

1be significance of the search region depends upon the model.

The Mark i Collaboration Is testing various L% models
by searching for decay secondary vertices in the following
types of events: 2-prongs -ersus missing momentum, 4-
prongs, 2-proungs versus Jei, a: d jet versus jet. This work is
In progress. The HRS Collaboration!® and other collabora-
ticns ars carrying out similar ssarchea.

4. Searches Using Small Multiplicity Events. U \he L°
has » mass of the order of 1 GeV/e? or smaller aud decays
through the weak charge! current, then the domivaat decay
modes contain two charged particles:

L®—a* 45
£d))
Lactsd +v

»s sbown in Fig. 3. Here the Itters represent an ¢, p, »
or K. Therelore it is interesting to starch for amall mass
uastable neutral leptone in the four charged patticle reaction
ettt —at 0 +ct 4 d7+ 20 neutrince (22)
Such a search has just been completed by the Mark Il
Collaboration.!® The major buckground is from r pairs

where there is a 1-prong decay opposite a 3-proag decay.
‘This background is efimipated by requiring that no combina-
tione of three particles has a small invariant mass. Another
powerful criterion, whi.n greatly reduces backgronnd from
ete™ - gteteteT, ete—ptpT, requires
B+ + B £ Byamy Epr + Ep- € By {23)
for at least one combination of a,b,z,d. Here E ia the en-
ergy of parlicle § assuming eero mars. No events were found
in the mass range
0.1 < mps <8 GeV/e? (24)
consistent with e* + ¢~ — L% + 19 aud the decay modes in
Eq. 21. The 0.1 lower limit is a criterica used to eliminate
£*e¢™ paim. Figure 14 gives the 90% CL upper limit on

"I’!hndnd (m Eq~ 135).
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Fig. 14. The 904 CL cpper limit on
G [Oandart Tor ete™ — LL° yielding 4
charg.d particle events.

5. Special Searches in ¢*e™ Interoctions. The JADE
Collaboration?® at PETR A has inoked for the e~-associated
E? lepton preduzed as in Fig. 15. The 95% CL lower limits
on m} are 24.5 GeV/c? a~uming V + A and 22.5 GeV/c?
assuming V — A, and based on the model in Ref. 20.
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4. PRESENT EXPERIMENTAL LIMITS ON THE NUMBER
OF DIFFERENT NEUTRAL LEPTONS
Direct o1 indirect measurements of the Z° width can

provide upper limits to the number of different peutral lep-
{on decay modes

AN A Al (25)

sssuming mgo Ie sufficiently small so that threshold effects
can he iguored. Table II gives the current limits on tha total
numbar of small mass L%, The small upper limit given by
the UAZ measurement of the mtlo e{pp — ZX)/o(fp —
ZX) may be caused by their e(pp — ZX) beizg anoma-
lously lasge.

Table II
Method Number of Ref.
Small Mass L™s
90% CL Upper limit
Z width < 8.2 GeV 24 21
UA2,00%ClL
Z width < 8.5 Ge¥ k14 2
VA1, 80% CL
(o(gp — 5X)/olpp — WX) 3 n
Uaz
alpp — EX)/(elpp — WX) 18 23
UAl
IV FUTURE SEARCHES

A. Non-CoLUIDER SBARCHES

Searches for L% will certainly coutinue using the meth-
ads described in Secs. IIIA and IIB: studies of p,x, K

and D decays; beam dump searches; and peutrino beam
nearches. It le doubtful that there wil] be mapy future
searches using the interactions of charged or meutral lep-
tons with fixed targets. {Sach searches are discomed in Ref.
6).

B. SEARCHES USING e'e” COLLIDERS

1. Energies Below and af the 2° Mass. The searche,
described in Sec. Illc will continue at PEP and PETRA.
Increased inztantaneous Inminosity and increased total lu-

ity will imp. the tivity of these searches.

The next sieps will vse the higher energy e*¢™ collidem,
TRISTAN, LEP, and the SLC. As the energy lncreases to-
wards the 29, the standard model production cross sectioa,
Eq. 13a, - creases as the energy squared. Equally importaat
is the increase of the mass range.

At the peak of the 2° resonance, which is in the LEP
and SLC energy range, the search for 1% jp definitive®
provided mps < mg/2. The standard medel croes section

for
AR T Y R A A (26)

is approximately 2 nb, ignoring threshold factors. LEP
and SLC will attain lumisosities in the range of 10%° -
10% em~2s~! at the 29, Hence 2 x 10% to 2 x 10° £ pairs
could be produced per year. If the L° is unstable, signa-
tures such as those summarized in Table 1 will enable®® the
discovery and study of the L°

i the £9 is stable or unstable, the 29 widtb will be Jarger
than =xpected (Sec. [[ID}, and a precise width measurement
can be undertaken.?® An alternate method®® requires the
collider energy Lo be set above the Z° peak, looking for the
reaction

P TR N L S (27)
This method seems to be the casier of the two.

2. Energies above the Z® Resonance. At encrgies above
the Z° rescnance, the standard model cross section for

AL TS -y o o (28)

o ~003/s pb (20)

where 2 is in TeV? aud threshold eflecis are ignored, uc

g




higher energy phase of LEP in designed to reach 1/ = 0.2 to
0.25 T¢V. There are a6 cte™ colliders nnder construction
which cao reach higher energy. At present it seems necessary
to use the hnear collider technology,?’ 2824 to reach ete—
energices in the range of /a = 0.5 to 4 TeV. In this very
bigh evergy range one might find lepton doublets with

mps —mg- > my (30a}

P L +w {308)
Theo Eq. 28 would yicid
etre = I P LW WS, (3)

a reactiop with a distinclive signature. The decay in Eq.
80D has $he width?™
2
= — |1 -— 1+ — 3
r §rv/2 mp: + mpes (32a)

where tbe [~ mase has been ignored and a standard gauge

coupling assumed. For o 5 myg,
T Grm}/8rvI 3 x 1077 m} Gev (328)

where my» is ia eV, Thus for very heavy leptone the decay
widih can be the same magnitude as the mass. Of course
the limitaticus associated with Fig. 2 apply to myo —my-
in the utandard model.

C. SEBARCHEs USING ep COLLIDER:

HERA, the ¢p collider®®3! now under construction, of-

fers 2 wopderful way to search for neutral lepions via
¢~ +p — E® + hadrons (33)
The cress section can be large™ and the signature is dis-

tinctive, the E° decay products and the hadrons exit the
reaction in di-i-rent directions. HERA can produce I

D. SEARCHES USING pp AND pp COLLIDERS

1. Production ond Search Methods. The geveral L9
production mechanism is the decay of real or virtual W's
or Z'v, these bosons having been produced through quark—
antiquark auuibilation:

prporp—g+f+z
g+ W or 2° (34)
W- L 412124 10
Diecussions uow i the L eratu=~""3% bave concentrated on
wo,—~ L +1, (35)

and emphasized the search for the L™ while assuming the
LS is stable and has small masa. In this case the signature
f~1 the process in Eq. 35 is the L™ decay products and
miesing momentum, which is net & geoeral aignature for an

L' search.

However the decay in Eq. 38 can have some usefu! sig-
natures depending on the model used for the L~ and L and
thir masses. For example, if the L is maseive, unstable,

aud decays to the L™

W- L~ +L*+C +5,, L=¢e p, ¢t

{38)
W™ oL + L +g+F, q=quark
The thresbold factor for the W~ decay is given in Fig. 16,
Even when my - +myo is close to myy, $he threshold factor is

greater than 0.2. Hence a large n .8 range can be explored.

The other real boson decay precess is
20, L2+ I° (3

The signature considerations are analogous 0 Lheze dis-
cuesed in connection with Eq. 26, the backs.ound conaid-

with masses up to about 200 GeV. H pp or pp collide: in
the 10 1o 40 T'¢V range are built, e~ rings can be added,
and the £? search extended to the TV mans range.

-b

are, of , very different, the backgronnd being
larger in the pp or P case.

The L° production processes involving virtual W' or
Z'a require wore complicated search procedures since the
conetraint of the boson mans ia not available.
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Fig. 16 The threshold factot in W= — L™ + I".

2. Searches ol the CERN gp Coilider and Tevatron I.
Searches for new laptous are just beginning at the CERN pp
Collider. The search rapge will certaibly extend up to the W
or Z mass, perhaps bigher. When ihe Tevatron | pp collider
begins operation, the search range will extend 1o several
bundred Ge¢V muss. Ouly experiment and experieace wili
tell us if therw is a3 L in these mass ranges which cen be
detected and showa to be a lepton.

At present scme events found by the UA1 Collaboration3
have the fortn

P4 p — jet + large missing transverse spergy  /RR)

The m’saing energy might be explaibed by a long lived
£° or an L? which decaye into neutrines, bence there have
been some proposals’” that thene eventa came from 29 decay
into new neutral Jeptons, It is cleacly just the beginning of
the large amount of research which will be done on neutral
leptons at fip eolliders,

8. Searches at Ultro-kigh Energy pp and pp Colliders.
Research and development work on pp and pp colliders in
the 10 to 40 TV range has begun in the United States’®
and in Western Eurcpe.?™40 The reaciicn

P+p— W +anything
(39)

| AR A

has been studled.? Figure 17 gives the 2% production cross

=10~

eection assuzning the L° has pegligible mass. The cross
seciton would be pimiiiar it the L° were massive and the
L~ had gegligible mass.

2
10 T T T T T T T

me TeV/cz)

-4 aqkisd

Fig. 17. The cross section for p+p — L* + L%+ anyihing
via Wyineas production.

Of particular iutercst is the application of Fig. 17 to the
proposed Superconducting Super Collider,! a pp collider of
up to 40 2eV total evergy. The L° search range extends
into the 1 T'eV masa range.
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