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ABSTRACT

_ This paper. explores the present experimental limits on the existence of a hy-
_pothetical force which would only couple to charged leptons; the neutral particle
carrying the force having a mass greater than several MeV/c?. We consider lim-
. its from data on g — 2, g, — 2, electron beam dump experiments, et + e~ —
et+e, et +e — put+p~,and et + e~ — 77 + 7. Our purpose is to provide
a basis for design of future experiments which would be more sensitive to the ex-

istence of a charged-lepton specific force or other unknown phenomena connected

to charged 1>eptons.
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1. INTRODUCTION

The known forces which act on leptons (electroweak and gravitational) also act
on quarks and other particles.- Similarly, proposed interactions involving leptons,
the Higgs particle interaction for example, are also proposed for quarks. Therefore
most searches for new forces have depended upon quarks partaking in that force,
even if a final lepton signature is required. Such searches are irrelevant for a new
force which acts only on leptons: a lepton specific force. In this paper we describe
some present experimental limits on the existence and properties of lepton specific
forces which couple only to charged leptons. We show that the limits are least
imposing when the mass of the pa_rticle carrying the force is larger than about 20
MeV/c?. This leads us to describe possible experiments which could probe further
into the questi?n of the existence of a force coupling to charged leptons. We have

two interests in such experiments.

‘One interest comes from puzzling over the peculiar properties of the known
~ lepton compared to the known quarks. Unlike the quarks, the two masses in a
lepton doublet are very different; indeed, the neutrino mass may be zero. Unlike the
quarks, there is no evidence for generation mixing: y lepton number conservation
holds to at least 10719, 7 lepton number conservation holds to at least 10~ to
1075, Might another peculiarity of the leptons be that there is a force associated
only with charged leptons? The latter might be related to the disparate masses
problem.

Our second interest comes from a desire to carry out precise and sensitive
measurements at high energy which do not involve complicated or poorly under-
stood properties of quarks. Such measurements must either not involve hadrons

or only involve hadrons in a well understood way. Some electron-positron collision



reactions meet these criteria and have been carefully studied:
et +e” set e
et e sttt L=y, T
Other reactions which meet these criteria are:
Y4polT b +p l=e, p -
e+p—olT+0 +e+p L=e, p
The comparison of the precision and sensitivity of different measurements re-
quires an hypothesis as to the unknown physical phenomenon which might be
revealed by increased precision or sensitivity. We use the hypothesis of a force

coupling only to charged leptons, and a model described next.

In this model the force is carried by a particle called A of mass my; A is neutral
and does not change lepton number, Sec. II. To get a feeling for the extent of

preéent limits, X is allowed to be a pseudoscalar or a vector particle.

In describing current limits on a lepton specific force we will sometimes make
use -of results from axion and Higgs particle search experiments. This is done in
Sec. IIT where the limits are recounted from the comparison of the measurements -
of ge — 2 and g, — 2 with theory. In Sec. IV we describe additional limits when m
is less than about 20 MeV/c?, these limits are obtained from electron beam dump
experiments. Additional limits for larger values of m) are obtained in Sec. V from

measurements on the reactions

et +e —et +e, ,u++;f, R

= 7 Our interest is in direct searches for a force carried by a A with a mass greater

than about 20 MeV/c?. Astrophysical considerations!] are not of use in this case,
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although very restrictive limits can be obtained for smaller values of m) (less than
about 1 MeV/c?). Therefore we do not discuss limits coming from astrophysical

observations or calculations.

We conclude in Sec. VI with a discussion of possible future experiments on the
existence of a charged-lepton specific force. The emphasis is on the region of large
my because this is the region where the limits discussed in this paper exercise the

least constraints.

II. MODEL, LIMIT PHILOSOPHY, LIFETIME

A. Model and Limit Philosophy

We take the A to be either a pseudoscalar or vector particle which couples

only to charged leptons. Using the subscript £ to represent a charged lepton, the

A-lepton vertex has one of the following forms

pseudoscalar: — 1 gag Vg5 Uy : (la)

vector: — 1 g Vg Yy U (1b)

We define ay¢ = g3,/47.

We do not have a fixed idea as to the dependence of the coupling constants gy,
on the nature or properties of the lepton £. Unlike the Higgs particle hypothesis
we do not connect gy, with the lepton mass, my. We do not assume relationships
inside a set of gy¢’s. Each limit is considered separately and presented on a graph

of the type of Fig. 1.



Our philosophy in this paper is to sketch out the approximate pseudoscalar
and vector limits on a) for various ranges of m). We can use approximate limits,
usually the 90% CL limit, because we are not testing a specific theory. Our purpose
is to find regions where limits on a lepton specific force are least constrictive, our

goal is to carry out search experiments in some of those regions.

There are two other spin and coupling possibilities: scalar and axial vector. We
have not reported on all possibilities because it would make too long and repetitive
a paper. With these other possibilities the limits are either less restrictive or about
as restrictive as the cases we discuss. A further simplification in our considerations
is that we assume there is only one A particle which couples to a specific lepton.
We ignore the possibility that two different /\’s couple to the same iepton, hence we

avoid the complication that effects from the two A’s weaken or cancel each other.

-B. Lifetime When m) > 2my

The ayp—my region of sensitivity of a particular search method usually depends
" upon the lifetime of the A, 7). The simplest case is when A couples to just one

lepton £ and my > 2my. Thenl?

2h AN
pseudoscalar: T = (1 - mzl ) (2a)
- aym) my
3h 4 —4m2\7/* om2\ !
vector: Ty = (1 - 2m£ ) ((1 + if) (2b)
axmy my my

where i = 6.6 x 10722 s MeV and m, is in MeV.

In most searches the crucial parameter is not 7y, but the decay length, L; =
eYx 7. Electron beam dump experiments in which the A is directly detected require

L4 larger than tens or hundreds of meters. Experiments which require the A to
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leave a production target before decaying require Lg larger than millimeters or

centimeters.

C. Lifetime When m) < sz

Suppose A couples to only one lepton, the charged lepton £, and my < 2my.

Then the dominant decay mode for the pseudoscalar is
A=y +7 (3a)

through a virtual £ loop. The lifetime isl3l

23, 2
L (m) (3b)

a?ayemy  \my

_ Comparing Eq. 3b to Eq. 2a, the lifetime is much larger because of the factor
_a_? (m[/m;\)z.‘
If ) is a vector it cannot decay to two v’s. The decay mode A — 3 will have

a lifetime longer than that in Eq. 3b by a factor of about 1/a.

III. LIMITS FROM g. — 2 AND g, — 2

A classic activity in atomic and particle physics is to search for new physical
Vphenomena»by comparing measurements of go — 2 and g, — 2 with calculations.
We need only copy the very useful formulas from Ref. 2. In this section we give
ayg versus my limits for the cases of A scalar or axial vector as well as the cases
we use throughout the paper of A pseudoscalar or vector. Using ap = (g9¢ — 2)/2

with £ = e or u, we define

- Aay = ag (measured) — ay (calculated) (4a)

and



Aag = g K(r)/2m (4b)

Here r = (my/my)%. The function K(r) depends on the nature of A\. The values

of K(r) at small and large values of r are instructive.

Limit as r = m$/m} — 0

pseudoscalar: K — %
vector: K -1
; (40)
scalar: K— ——
2
axial vector: K — 4in(r)

Limit as r = mi/m2 — oo

- - pseudoscalar: K — (1/r) In(r)

vector: K —2/(3r)
(4d)
scalar: K — —(1/r)In(r)
axial vector: K — —-10/(3r)
The limits on Aay are not symmetric. From Ref. 4
Aa, = (—1.11 £1.28) x 107*°
Aay, = (3.9+8.7) x 1077
The 90% CL limits are
Age < +0.53 x 1071
Age > —2.75 x 1071
(3)

— Aa, < +1.50 x 1078

Aa, > —0.72 x 1078



The limits on Aa, in Eq: 5 lead to the excluded regions in Fig. 1. When
my S my, the upper limit on «), is of the order of 2rAay, a drastic constraint on ayy.
This constraint weakens when m) > my, the upper limit increases approximately

as mf. As stated in Sec. II.A, we assume only one A couples to a lepton.

The limits on o), provided by Aag are a foundation on which we erect other
limits from other data and searches, Secs. IV-V. Note that although Aaq, is about
100 times larger than Aae, at large values of m) there is a stronger constraint on

ay, compared to oy, due to the effect of the muon mass.

IV. LIMITS FROM ELECTRON
BEAM DUMP EXPERIMENTS

A. 0<my <-2 Me

V'Ifwo electron beam dump experiments,[5’6] schematically described by Fig. 2
have been carried out at SLAC. A beam of 20 GeV electrons is dumped into a
_ target containing at least several radiation lengths. Directly downstream of the
target, a distance D, is a track-detecting and electromagnetic shower detecting,
thick plate chamber. The distance D is partially filled with shielding. In the
experiment of Rothenberg,[s] D was about 60 m, the detector consisted of four op-
tical spark chambers with thick aluminum plates, and the total number of effective
radiation lengths in the detector was about 9.4. In the experiment of Bjorken et
al.'®) D was about 400 m, the detector consisted of aluminum or iron plates in-
terleaved with multiwire proportional chambers, and the total number of effective
radiation lengths was about 4. In the former experiment, the physicists looked

forevents which might be neutrino interactions, these events consisting of one or

more charged particles. Electromagnetic showers of sufficient energy would also

9
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have been detected. In the latter experiment, the physicists specifically looked for
electromagnetic showers. Neither experiment reported any unexplained source of
electromagnetic showers.

We can interpret the null results of these experiments for our purposes by

noting that the A could be produced by the process, Fig. 3a,
e~ + nucleus — e~ + A 4+ nucleus or nucleons (6a)

analogous to electron bremsstrahlung. Some A’s which reach the detector and have

sufficient energy will interact with the material in the detector through the process,

Fig. 3b,

A + nucleus — et + ¢~ + nucleus or nucleons |, (6b)

anaiogous to photoproduction of eTe™ pairs.

‘An order-of-magnitude calculation shows that this is a sensitive search method
~ for A coupling to an e when my < 2m,. This mass restriction combined with the
ge —2 constraint in Fig. 1a means that the sensitivity of the beam dump experiment
need only be investigated for ay, < 3 x 107°. The lifetime for a pseudoscalar ),

Eq. 3b, is

7 (my < 2me) > 9. x 1078 s (7a)

We will only consider A’s with energy greater than 2 GeV, hence the decay length is
Dy(my <2m¢) > 5. x 10* m (7b)

This decay length 1s much larger than the target to detector distance in either

experiment. Thus both experiments are applicable. Although the experiment of
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Rothenberg et al.l® is in principle more sensitive than that of Bjorken et al.[6] we
will analyze only the experiment of Bjorken et al.,[8] because we have been able to
discuss the detector sensitivity. with one of the experimenters, L. W. Mo "]

No electromagnetic showers of greater than 2 GeV energy were found in 4
radiation lengths of the detector when a total of 30 coulombs of 20 GeV electrons
were used. We show here the calculation of the limit on a), for A being massless and
a vector. The pseudoscalar case and mass dependence are related to the massless
vector case using relations given by Tsai,l%! and is shown in Fig. 5.

An EGSBY shower simulation gives the number of \’s produced in the dump
that are within the detector acceptance to be 3.76 a)/a A’s per incident electron.

For C coulombs, the number of produced X’s is:

- : Ny ~ 2.3 x10'° C ay./a

_The shielding contains about 1300 radiation lengths, but since we are only con-
cerned with ay, < 1078 because of the go — 2 constraint, that is negligible at-
tenuation of A’s in the shielding. The probability that a A of 2 GeV or more en-
ergy produces a shower in an N,,q radiation length detector is (7/9) Nyaq (@re/).

Therefore the number of showers expected is
Naower = 23 % 101 C (1/9) Nyaa (are)? (84)
Taking the upper limit on Ngpower as 2.3, with C' = 30 and N,oq = 4
ay $24x1078 (8b)

Thius for my < 2me, our interpretation of these beam dump experiments decreases

the upper limit on a), from about 10~8 to about 2 x 10713,
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Once my, > 2m, the X lifetime becomes too short to use our interpretation of
this experiment. But at this boundary another set of search experiments can be
used, those connected with the possibility of the production of anomalous ete™

pairs in heavy ion collisions.

B. 2me<my S 15 MeV/c2

In the past decade there has been continuing but confusing evidencel®! that
there is anomalous production of ete™ pairs when heavy ions such as Th and U
collide. When the kinetic energy of the incident ion is about the energy required
to overcome the Coulomb barrier between the nuclei, there appear to be peaks
in the ete™ mass spectrum between about 1.5 and 1.8 MeV/c?. ‘A great deal of
theoretical and experimental research has involved the hypothesis that the ete”

pair are the decay products of neutral particle produced in the heavy ion collision,

which we call A.

One area of experimental research has looked for the A through the sequence:

e~ + nucleus’ — e~ + X + nucleus or nucleons (9a)

A—ette | (9%)

The reaction in Eq. 9a is the same as that in Eq. 6a and Fig. 3a. Tsail gives
the theory and cross sections for this reaction. The decay process, Eq. 9b, must
take place outside the production target, Fig. 4, setting a lower limit on the A
lifetime. As shown in Fig. 4, in these experiments the existence of the A would be

demonstrated by an excess of positrons in the forward direction.

~ TMost of the searches!%=12] have used electron beams. One search(!3] analyzed

data from a proton beam dump experiment, high energy electrons are produced in
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the dump through the sequence

p+ nucleon — 7° + ...
5 v+ (10)

v+ nucleus — et +e¥ 4 ...

The results of all these searches!!%=13] were null.

Davierl4] has combined the limits from Refs. 10-13 and from an earlier electron
beam dump search for axions.!®] We apply the same limits to a pseudoscalar A in
Fig. 5. We also show in Fig. 5 the excluded region from the beam dump experiments
discussed in Sec. IV.A. Thus the excluded region from Sec. IV.A is extended to
larger values of my, to about 15 MeV/c?. In a narrow range of my, the upper
limit on « Ae is Teduced to 10714, A new electron beam dump experiment has been
%robqsedw for Fermilab.

There is no calculation of the limits imposed by these experiments if A is

~a vector particle. In that case the A momentum spectrum is similar to the «

momentum spectrum from
e~ + nucleus — e~ + v + nucleus or nucleons (11a)
and the background from
v 4 nucleus — e~ + et 4 nucleus (11b)

is more serious. However Riordan'”} pointed out to us that the production cross
section for the reaction in Eq. 9a is larger for a vector A compared to a pseudoscalar
X. Riordan concludes(!”] that the a), — m) excluded region is about the same for

the two types of A\. Hence we use these beam dump limits, Fig. 5, for a vector A.

13
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The type of electron beam dump search discussed in this section becomes
less sensitive as m) increases above 15 MeV/c2. The production cross section
decreases.[®] Furthermore the decay length is proportional to m}z for fixed a),
and fixed energy, hence a thinner target must be used. Therefore other search

methods must be used for large values of m,.

V. LIMITS FROM ete~™ COLLISION DATA
A. et +e — et +e”

1. Vector A

The Feynman diagrams in Fig. 6 are for Bhabha scattering,

et e —met e (12)

—through both v and A exchange. If A is a vector particle the cross section is given by
the formula for 4 and Z° exchangel!8] with the Z°’s axial vector coupling parameter

set to 0.

In the barycentric system

do(ete™ — eTe™) ra? [

Q)
“dcosf f77+wf7.)\+w2f/\)\ y T = ae (13a)

. where fyy, fyx, and fyx are the contributions from the product of v — v, v — A,

and A — A amplitudes. Specifically

2 2 9 2 t2 2
s 4 u u +u] (135)

_fw:[ 12 +5t+ s2

s? + u? u? t2 + u?
i =2 [ () e+ 25 (et Rt () ()] 130
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32+u2 2 2u? 12 4+ u?
= [( 12 ) |Re|” + ?(Rth)real + (3—2> IRs|2] (13d)

where
t=—s(1 —cosf)/2

u = —s(14cosf)/2
(13e)
Ri =t/(t —m3 +iTymy)

R, = s/(s — mi 4+ iTymy)
We found that the most sensitive search for a non-zero x uses high energy ete™

storage ring data on the partial total cross section

C

o'(ete” — ete”) = / (d”(e+e_ - e+e_)) dcos 0 (14a)

dcos@
—c

where the limits of integration, ¢ depend on the experiment. The prime indicates

the cross section is for part of the cos @ range. From Eqgs. 13
o'(efe” —ete™) =0l + 200y + 2ol (14b)

. Suppose an experiment reports the upper limit

Ohneas(€F€™ = e*e™) — appp(ete™ — ete)

< 15
ogpplete” — ete™) ¢ (15a)
Then in our model
o) ol
z? (———,’\—’l> + (,LA <
Ty Tyy
gives the limit on z. Using
rg =0\ /0%y 5, T1= a;A/afW
(16)

2
— T2 Xpm + 71 Tlim = €

The sizes of r; and ry and hence the relation of the zy,,’s to € depends on

15



my. When |s — m/%l ~ myI's the s-channel resonance in R; dominates o', and
the deviation from pure photon exchange will depend on z2. Otherwise the vy — X

interference term, r1z in Eq. 16, is most important and the deviation depends on z.

In looking for a deviation from pure photon exchange it is crucial to examine
how the luminosity was determined in a measurement of ¢'(ete™ — ete™). The
use of large-angle ete™ — ete™ scattering to determine the luminosity negates
the search for a deviation. We have used the comparison of o'(ete™ — ete™) and
o'(ete™ — vv) of M. Derrick et al.'9 Using data from the HRS detector at the

PEP ete~ storage ring they give

o(ete™ — e+e—)] : , [G,(8+6— —ete™)].
o"(e+e_ - 77) measured 0"(6+6_ - 77) QED (17)

= 0.993 £ 0.009 £ 0.008

“where ¢ in Eq. 14a is 0.55, and QED means the theory is pure quantum electro-
dynamics calculated to third order in o. In our model A does not enter into the
reaction et + e~ — v+ in lowest order, hence we use Eq. 17 to set the deviations
allowed in et + e~ — et + e~ due to the presence of the A. Following our philoso-
phy of giving approximate, exploratory limits we add quadratically the statistical
and systematic errors to give a measure of the ailowed deviation. The 90% CL
limit is

e = 0.008 (18)

Using Eqgs. 13, 14, and 16 we obtain the limits on a), in Fig. 7.

The width of resonance at /s = 29 GeV is set mostly by the variation in the
beam energy of PEP over the course of several years’ data acquisition. We took

the variation in the /s to be £0.002 1/s. Values of a), as small as 1073 to4x 1073
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are excluded by the measurement of Derrick et all1%. At 29 GeV the aye limit
reaches below 107%, but these values are dependent on our uncertain estimation of

the experimental resonance width.

The limits on a), for my > 29 GeV might be further examined through the use
of ete™ — ete™ data from the PETRA or TRISTAN storage rings. But we have
not found published data that we could directly use, uncertainties in the luminosity
determination negate the advantage of the higher energy. This can certainly be

overcome by experimenters who have their own data from these storage rings.
2. Pseudoscalar A

When X is pseudoscalar or scalar the Bhabha scattering differential cross section

in the barycentric system is

- “do(ete — ete” ra?
e LR (19a)

Here

24w 2?2 242
f77=[ mt ot ] (198)
u u
f‘y/\ = - [—?(Rs)real + E(Rt)real] (196)
1
Pa =5 (IR + (B Ri)rear + 1 Bol?] (19d)

where the notation is described in Eq. 13e.

We again use the limit from Derrick et al.l!8], Eq. 18, and the analysis described

in Sec. V.A.1. The excluded regions of a), are given in Fig. 8.

- T "The excluded regions are smaller than the vector case, Fig. 7, because r; and

ro are smaller in the pseudoscalar case compared to the vector case. For example

17



set m) = 0, then -

pseudoscalar: ry = —0.107, ro =0.214

vector: A ry = 2.000, ro= 1.000>

The limits in Fig. 8 also apply to a scalar A.
B. et4+e —put+p, v +7"
1. Vector A

The s—channel reaction

ete—tt 0, L=u,71 : (20)

provides limits on
et = Gregae/4m

~ through the diagrams in Fig. 9. The barycentric differential cross section has the

simple form

do ra’B
dcosf

(2- 5%+ 3% cos? 0) (1 + 22(Rs)rear + z?|Rs|?) (21a)

where
T = Qreefay
(21b)
Ry =s/(s —m} +ilymy)
and 8 is vg/c.
~ ~The magnitude of do/dcosf is determined in part by the luminosity, which

in turn depends upon large-angle Bhabha scattering. As in Sec. V.A we define a
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partial total cross section o' obtained by integrating do/dcos @ within the range

—c¢ < cos < ¢. The limits on z are obtained from the ratio

Omeas(€7€™ = £H07) [0l ogs(eTe™ — ete)

abED(e“'e" — E"‘f—)/a'QED(e"‘e— — ete™)

pleTe” = ) =

An exact treatment of this ratio requires recognition that o),.,,(ete™ — e*e™) was
used to set limits on o), = gfe /4=, Tt is sufficient for our purpose to quadratically
add the errors in o!,,,,(eTe™ — eTe™) to the larger errors in o,.,,(eTe™ — £1L7)

and use the combined error €, where

Oeas(eTe™ — £1L7)

meas
=1
) ogep(ete™ — £+L7) te (22)
From Egs. 21 and 22
wlzim|R8|2 + 2% 1im (Rs)real = € (23)
We use the 90% CL limits
p: €, =0.038
(24)
T: € = 0.064

The €, value comes from the 29 GeV results in Refs. 19 and 20. The ¢, value
comes from the 29 GeV results in Ref. 21 and an additional uncertainty due to the
problem in understanding the 7 decay modes.[?2 When €y or €r are inserted in

Eq. 23 we obtain the limits in Figs. 10 and 11.

19



2. Pseudoscalar A -

If X is pseudoscalar there is no interference between the y—exchange and A-

exchange amplitudes,

do ra?p

dcos @ - 8

[((2— 8% + B? cos? ) + 2%| Rs|?) (25)
where the notation is given in Eq. 21b. The limit on a),, is given by

TlymT = \/E (26)

where

» r= R[22 4 g2

(26)

This is for the partial cross section for the range —c¢ < cosf < c.

The € values given in Eq. 24 lead to the upper limits on a),, in Fig. 10 and

_on ayer in Fig. 11.
3. " Discussion of aye, arer

The upper limits in Figs. 10 and 11 on

Qret = Gregne/4n (27)

do not set limits on gy¢ unless we know a connection between g), and gy¢. In the
special case of gy, = 0, the upper limit on a).¢ tells us nothing about gy¢. In
a model which copies the Higgs-particle hypothesis with gxy = (mg/me)gne, the
individual upper limits become are given by oy, = g& /47 = (mg/me)ares and

e = gL, /4T = (Mme/my)ree-

20



In Fig. 10 we compare the a),, upper limit, solid curve, with the upper limit
on \/ae Gk, dash curve. The a), limit is obtained from e*e™ — eTe™, Sec. IV.A;
the a, limit is obtained from g,—2, Sec. III. For much of the range of m) < 29

GeV, the , /@y, upper limits are smaller than the aye, upper limit.

VI. SUMMARY AND DISCUSSION

In the spirit of our model we discuss separately the e, g, and 7. We remark
on the limits given in this paper, we point out other existing data that can be

examined, and discuss possible future experiments.
A. Electron Specific Forces

1. Remarks on Limits and Use of Other Data

Figures la, 7, and 8 summarize the limits on the A — e system. When m)
-—is gre:ater thah about 200 MeV/c?, the smallest upper bound on a), comes from
ete” — eTe™. Depending on the properties assumed for A, the upper bound lies
between 1072 and 1075 for most of the m) range. Smaller upper bounds occur of
course at the resonant mass for the data we used, my = 29 GeV/c%. But such a

bound has little use because it only applies to an m) mass range about 0.1 GeV/c?

wide at 29 GeV/c?.

The increased sensitivity of the ete™ — ete™ cross section at the resonance
my = F¢n might be used over a broader mass range by analyzing data acquired
during energy scans. For example, the energy range from about 3 to 6 GeV was
scanned at SPEAR,?? and from about 30 to 46 GeV was scanned at PETRA.1®
Touse such scan data close attention must be paid to how the large angle Bhabha

scattering was normalized. We have not made such a study.
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We are studying?* data from PEP on the reaction
et e set+e  +et+em » (28a)

looking for the process
et +e  set+e  + A
(28b)
A—et e
through detection of an ete™ mass peak at m). Figure 12a shows one of the

Feynman diagrams for this hypothetical process.

2. Possible Future Experiments

A )\ search method analogous to that in Eq. 28b uses electroproduction on a

proton

e +p—e +p+A

(29)
A—et e
Figure 12b shows one of the Feynman diagrams. Again the A would be detected by

an ete™ mass peak. In an ep fixed target search using an e~ beam of energy Fpeqm,

the mass range is limited by m) < \/2Ebcam Mproton- 1his limit is smaller than the
my < Eegn limit for the eTe™ — eTe™\ process in a storage ring. However the ep
fixed target search experiment can be designed(?®! for a higher effective interaction
rate and hence greater sensitivity. The search can also be carried out at the HERA

ep collider now under construction.

In thinking about possible methods to search for a A coupled to an e, one can
consider a deliberate energy scan of the ete™ — eTe™ cross section, looking for
theresonance at E.;, = m). The scanning could be done in an ete™ collider or in

a fixed target experiment. Unfortunately such a scanning search at existing e*e™
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storage rings would be a long experiment and could not be justified at this time.
The mass range in a fixed target scanning search is limited to my < v/2Epcqmme,
about 220 MeV/c? for the 50 GeV e~ beam at SLAC. We have not investigated

whether such a search could extend into the unexplored regions in Figs. 7 and 8.
B. Muon Specific Forces -

1. Remarks on Limits and Use of Other Data

If the X couples only to the g, our only limits on ay, come from g, —2, Fig. 1b.
As discussed in Sec. I11, the larger size of m, compared to m, leads to the limits
imposed by g, — 2 extending to larger values of m). Comparing Fig. 7 for o),
with Fig. 1b for a),, one sees that most of the aj. — m) region excluded by

ete™ — eTe™ is excluded for ay, —m) by g, — 2.

The study-of the p p~ mass spectrum in muon trident production

pE+ NS pT+ N+t 4 (30a)

also provides a way to search for a muon-specific force. One would look for the s

process
pE+ NS uE N+
(300)
A—pt +pu”
which would occur through a diagram similar to that in Fig. 12b with all €’s

[26] has brought to our attention a study[®”l of the ptu~

replaced by u’s. T. Sloan
mass spectrum from the reaction in Eq. (30a), the data having been obtained by
the European Muon Collaboration.?”] There are no unexplained peaks in the

+

7 p~ mass spectrum. The upper limits which this null result imposes on a), has

not been calculated.
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We have already noted in Sec. V.B.3 that we learn little new from ete™ —
ptp~ compared to the joint limits from ete™ — ete™ and g, — 2. This assumes
our model in which |a)ye,| = \/@e,|. There may be more complex models which

do not have this equivalence.

We are studying[24] data from PEP looking for the process

et +e et +e 4+
(31)
Ao pt
This could take place through a Feynman diagram analogous to that in Fig. 12a.

2. Possible Future Experiments

If the precision of the g, — 2-measurement is improved, then the unexplored
~ region of ay, —my in Fig. 1b can be entered. The initial work leading to such an

Jimprovement has begun.[28!

Another way to extend the search for a A which couples only to the p is to
study the process in Eq. 30a with increased statistics compared to Ref. 27. We
have not studied the sensitivity which could be achieved.

Other possible future expelriments could explore the product a).a)y,. Extend-

ing the discussion in Sec. VI.A.2, one could look for the process

e +p—e +p+ A

(32)
A—pt
Or a deliberate energy scanning search could be made for a resonance in
et e - ut 4 (33)

— T From a broader viewpoint, there are still unresolved experimental questions

concerning the production of muons when a high-energy e~ beam dissipates in a
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thick target. We refer to the work of Nelson and Kasel?9l and of Nelson, Kase and
Svensson.[3% We do not know if the experimental results of these authors3) have
anything to do with the speculations in this paper. However a new high-energy

study of
—_ + - o
e +p—u+pu +...
would help clarify those results.

C. Tau Specific Forces

1. Remarks on Limits and Use of Other Data

The upper limit on @), from ete™ — 7177, Fig. 11, gives an upper limit on

the ay, only if one assumes a relation between e and gy,. If the A couples only

~ to the 7, there are two ways a A-7 coupling could affect existing = data: (a) The
“A-7 coupling vs;ould add to the 7—y—7 vertex a correction term proportional to ay,.
"The measurements of o(ete™ — 7177) then limit the size of ay,. (b) If my < rﬁ,-

there would be an effect on 7 decays proportional to ayr. These two types of limits

require some discussion of 7 physics and data and will be presented elsewhere.

2. Possible Future Experiments

We have no suggestions on how to better explore the limits on a), if the A
couples only to the 7. Indeed little more can be done even if the A also couples to
the e. One cannot get much sensitivity from a search using

et+e  set e+

(34)
Aot 47T

?

there will not be a 77~ mass peak even if my > 2m,. The 7 remains a challenge

to experimenters.
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FIGURE-CAPTIONS

. Upper limits on o), set by g¢ — 2 measurements for (a) £ = electron and (b)

¢ = muon. A = axial vector, V = vector, P = pseudoscalar, S = scalar.
Schematic of electron beam dump experiments which set limits on o), and
m) when m) < 2me.

Diagrams for (a) e~ + nucleus — ¢~ + A 4 nucleus or nucleons and (b) A +
nucleus — et + e~ + nucleus or nucleons.

Schematic of electron beam dump experiments which set limits on «), and

m) when my > 2me.

. Excluded regions of a), versus m) from considerations in Secs. III and IV.

V = vector, P = pseudoscalar.

. Feynmar; diagrams for the process e¥ + e~ — et + e~ taking place through

v and A exchange.

Limits on ay, for a vector A from ete™ — ete™ at 29 GeV and g, — 2.
Limits on o), for a pseudoscalar A from ete™ — ete™ at 29 GeV and g. — 2.
Feynman diagrams for et + e~ — put +p~, 7t + 77,

In (a) A pseudoscalar and (b) A vector the solid curve gives the upper limit

on a,\;u' from ete™ — ptu~. The dash and curve gives the upper limit on

A/ e YN u-
The curves marked pseudoscalar and vector give the upper limit on ae, from

+

ete™ — 777~ for A pseudoscalar and A vector.

Examples of Feynman diagrams for (a) e? +e~ —e+e+ A, A — et +e7;

and (b) e +p—e  +p+ A Aoet +e .
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