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from an earlier analysis of this experiment. The
zero at t = —1.3 GeV' may be associated with the
NSWSZ for f ' which has been observed here from
the present analysis.
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We consider the information available about nonelectromagnetic lepton interactions in
experiments which are relatively insensitive to the loop structure of the underlying the-
ory. Further experiments which would clarify the role of exotic interactions are proposed
and discussed.

Recent theoretical and experimental developments have once again focused attention on the question:
What is the precise nature of the interaction between electrons, muons, and hadrons~ Almost all
gauge theories augment the conventional electromagnetic interaction between these particles with ad-
ditional interactions. Furthermore, recent experimental results indicating (a) a nearly constant cross
section in e'e annihilation into hadronsm and (b) deviations from Bjorken scaling in deep inelastic .

muon-hadron scattering' have invited the speculation that exotic (i.e. , nonelectromagnetic) interac-
tions may be coming into play at newly available energies.

In this note we report on a systematic study of the information available about exotic lepton interac-
tions in "tree experiments. " (By "tree experiments" we mean experiments which are insensitive to
the loop structure of the underlying theory. ) We restrict ourselves to energies well below the masses
of all intermediate vector bosons; this permits us to encompass a variety of theoretical proposals in
a compact phenomenological interaction. We determine the consequences of this interaction for (a) atom-
ic spectroscopy, (b) e e annihilation, and (c) deep inelastic lepton-hadron scattering. While our anal-
ysis leads us to tilt towards the view that exotic lepton interactions are unlikely to play a significant
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role in (b) and (c) at present energies or to provide a safe avenue of escape for the notion of "preco-
cious asymptotic freedom, " its confrontation with recent experiments does not allow us to make any
categorical statements. Novel and precise experiments, of the type discussed below, must be carried
out before the matter is fully resolved.

Phsnomenological Parametrization. W—e postulate the effective (V, A)-type interaction

ff + F /»~~2)Z(~;, '"0;r'4, 4, 1,4, + ~;,"%r'4; &, 1 p~s& + """&~'~.&' »&».& '»

the summation being over e, p, and all the quarks required to meet the needs of weak-interaction theory
and hadron spectroscopy. GF and e are the Fermi and the fine-structure constants, respectively.

The theoretical values of the parameters & can be quickly read off in any gauge model, from the ex-
pression for the neutral current. Thus, in the popular quartet charm model"'

e, , "=&(r,—4Q sin $);(r, —4Q sin $),, e, , = —f(v~ —4Q sin'(), (T,), , e, ,""=g(7',),.(~3), , (2)

where Q is the electric charge, $ is the Salam-Ward-Weinberg angle, ' and T~ =+ 1 for P and P', —1 for
~, A. , e, and p, . Also

f =mn(m~2/m~'cos'g) =we (for one Higgs doublet).

In the "purely elastic" variant of a triplet charm model, '"
(4)

Here Rm = [(1 —2 sin~))m~/mz cos$] can be bounded experimentally'. R2 & 0.48.
In relating the parameters & to physically observed quantities, we shall make free use of the naive

— but highly successful —quark model' for protons and neutrons as well as the quark-parton picture of
high-energy dissociation. 'o This is within the spirit of one of the objectives of this study, namely, to
see if exotic lepton-hadron interactions can rescue asymptotic freedom, since the quark-parton picture
provides a pedestrian handle on asymptotic freedom, which is adequate modulo logarithmic correc-
tions. "

Atomic sPectroscopy. " The deriv—ation of atomic level shifts, resulting from the interaction of Eq.
(1), is quite straightforward W.e merely state the results. '3

(i) Hyperfine splitting in muonium:

~('S ) —M'('S ) = —64k.e, " n rn '/M '

where

y = G ~ '/16''o '~2 = 1 0 '

Equation (5) corresponds to

4 v = —0.005m, jIf" MHz.

If we require that this b, v be less than the limits of disagreement between conventional theory [quantum
electrodynamics (QED)] and experiment, we obtain the bound

AA[

(ii) Shift of nS levels in hydrogenic atoms:

a&(nS) = (16Z'/n')A[Z(2e, ~ +e,„" )+ (A -Z)(s~ +2m,„")]o'~,'/~ ~

Most important is the shift of the 2S level in atomic hydrogen,

hv(2S) =1.6X10 ~(2e,~ +e« ") MHz.

The agreement between conventional theory and experiment will tolerate a 4 v & 10 ' MHz. Hence

(-, (2e„"'+e,„' )~ (200.

(iii) Hyperfine splitting in hydrogen:

ZII Vhf~/Vh f
——12A. (m, /I )[e,~""(1+ g„)+ s,„""(1—g„)]/(1 + v~) .

(8)

(10)

(12)
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Here g~ is the axial-vector —to-vector ratio in neutron P decay and tcz =1.79. Requiring that hvh~, be
less than the theoretical uncertainty in the conventional calculation" of vhf, (the experiment is good to
1 part in 10", so there is essentially no experimental error), we obtain

""I(I
a remarkably stringent bound.

(iv) Muonic atoms: While the level shifts in S states of muonic atoms due to exotic interactions are
much larger than in ordinary atoms, the major contributions to the observed shifts depend on poorly
known parameters such as the distribution of charge and magnetic moment in the nucleus. Therefore,
one cannot learn much about &» and &» from muonic atoms. However, by comparing nuclear
charge radii as determined from muonic atoms and from electron scattering, we can conclude that

FY FF Y| FYI 40 (14)

The circular polarization of muonic x rays, or other pseudoscalar correlations involving such x rays,
appears to be a feasible atomic probe of &» " and &»" . Measurement of the circular polarization of
the photon in the decay 2S,i, - IS,&, + (one photon) in muonic atoms gives information'~ about e&„",
whereas a measurement of the photon circular polarization in the muonic hyperfine transition (n, S, E
=I+ 2 to n2S, E=I —2) gives information" about e&„" . Detection of these transitions, and measure-
ment of the relevant correlations, may be feasible with the intense muon sources now being developed.
Similar experiments have been proposed for heavy electronic ions' and atoms" to measure E,I,&'8" annihilation. —The cross sections for muon-pair and hadronic final states, in the presence of
the interaction of Eq. (1), take the form

g(e'e —g'p )/o (e'e —p, 'p, ) =1 —4(Xs/M')e, „+4(Xs/M')' g (e,„"")',
m, n= Y, A

o'(e 'e - hadrons)/0 &(e+e —hadrons) = 1 + 4(As/M2)A+ 4 (Xs/M')2B.

Here s is the square of the total c.m. energy and

&=K Q &. "'K*Q' B=Z~Z..(&. ")'K Q*',

(15)

(17)

Q; being the quark charges. Also, throughout this paper, oz refers to one-photon exchange cross sec-
tions:

0'z(e'e -hadrons)/oz(e'e —g'g ) =P;Q
o (e'e —p, 'p, ) =4wn'/Bs.

(18)

(21)

&'=-', [2(e» +e» ) —(&» +e&„)]; B'= —', [(&» +&»" )'+(&»""+&» ")'+(terms with p-n)];
(22)C'= ', [2(e»" +e—»")—(e,„"" +,e„")]; D'=-', [(e,~" +e»" )( ~"e" +»e")+(terms withp-n)].

Careful measurements of ( o' ee—p'p, ) at SPEAR will permit us to put more stringent bounds on the
e,&

than was possible, for example, in Eq. (8).
Despite the presence in o(e'e -hadrons) of a. term falling as 1/s, a constant term, and a term ris-

ing as s, one can choose A and B such that this cross section is within 20% of 25 nb in the interval
8M'(8&28M'. Values of & as high as 30 or so are needed.

Deep inelastic scattering. —Let p be the momentum of the target hadron and let k and k —q be the mo-
menta of the incident and outgoing leptons, respectively. In terms of the usual scaling variables [x
= Iq t/2q p, y =q p/k. p] the double differential cross sections may be displayed as follows:

2[~(is &)+~(i, '&)]„,/e, (l &)., = I - 4(&lq'I/M') &'+ 4(&lq'I/M')'B', (2o)
—,'[v(ls W) —v(l, 'X)]„,/vz(/ N)„, = —[4(2y —y')/(2 —2y+y')](XIq'I/M')[C' —2(ZIq'I/M')D'].

Here o„—= 8 v/&x By and R and I. denote incident-lepton helicities. " The coefficients A, B', C', and
D are, in general, functions of x and their precise form is not terribly enlightening. In specific situ-
ations and/or models, they can become x independent. For example, if we assume that nucleons con-
tain only P- and n-type quarks, we find that
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Here again, despite the presence of terms lin-
ear and quadratic in 1q'I in Eq. (20) one can ac-
commodate a nearly constant deviation of about
30% from the scaling limit, in the interval 20M'
( tq I (40M, by judicious ascription of numeri-
cal values to the e's, in the range 5-10.

Remarks .—(i) We have followed the path sug-
gested by gauge theories and have parametrized
exotic lepton-hadron couplings in terms of quark
fields and restricted ourselves to V and 4 inter-
actions; S interactions stemming from Higgs
fields have been discussed in the literature" and
we have little to add.

Note that, so far as atomic spectroscopy is con-
cerned, we could equally well have parametrized
the interaction of Eq. (1) in terms of nucleon
fields and bounded the relevant parameters with-
out appeal to the quark model. The bounds ob-
tained for &,~ follow by identifying the appropriate
e,p with the left-hand side of Eq. (11) or Eq. (13).
We could also have included S-, I'-, and T-type
covariants which, however, would be indistin-
guishable from V and A in the static limit.

(ii) It is evident that exotic lepton couplings of
the sort expected in some of the existing gauge
models have almost negligible effects at present
on atomic spectroscopy, and on e'e annihilation
and deep inelastic scattering at present-day en-
ergies. However, improvements in spectroscop-
ic measurements and in QED calculations, and

the availability of higher energies, will certainly
bring the effects of these couplings into the realm
of measurability. In the meantime, one can still
draw some useful ir/erences from Eq. (13) in the
context of present-day models. For example, if
the Higgs sector of the quartet charm model is
enlarged so that m~ &ms cos), rather than being
equal to it, the usual lower bound on ms (&76
GeV) is no longer valid; Eq. (13) can be used to
yield the modest bound

mz&6 GeV.

(iii) Theories which attempt to explain the
SPEAR e'e data and the, rather preliminary,
muon-production data from the National Acceler-
ator Laboratory in terms of exotic couplings re-
quire that some &'s be on the order of 10 or so.
If these theories are constrained' in such a way
that & is of the same order of magnitude as the
other e's, Eq. (13) implies that they must be re-
jected. The speculation that exotic lepton cou-
plings are at the root of the difficulties faced by
the notion of precocious scaling can not be dis-
missed, however, until better bounds are avail-

able on all the e's. The & and ~" are partic-
ularly tricky; two independent handles a.re avail-
able, however, and worthy of experimental in-
vestigation: (a) the circular polarization of mu-
onic x rays, mentioned above, and (b) the differ-
ence between l' and l deep inelastic cross sec-
tions calculated in Eq. (21).'9

(iv) An interesting difference occurs between
the effects of exotic interactions in deep inelas-
tic scattering, as given in Eqs. (20) and (21), and
the uncalculated effects of two-photon exchange
which might also be large in some kinematic re-
gions. While the former may interfere with one-
photon exchange in both a(ls N) + o(l~'N), the lat-
ter can interfere with one-photon exchange only
in o'(Es &) —o(li'N), essentially by the charge-
conjugation properties of the current. Measure-
ment of both quantities therefore would go far to
distinguish these two possibilities.
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teresting discussions.
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The A. &-A.
&

phase difference observed in 7t P x+7t 7t p is compared with the A.
& phase

from a Regge fit to the do/dt data, for A2 and the Ai phase given by a. Reggeized Deck
model. The agreement (- 80') depends crucially on the contribution. of the Beggeized
pion propagator to the A& phase and requires equal signs for the f and P residues in
the A, amplitude.

Phases of strong interaction amplitudes al-
though of obvious interest~re all too seldom
measurable. Partial-wave analyses" of the re-
action x p-x'x x p give not only the magnitudes
of A, (defined as the state 1'8- px) and A, pro-
duction amplitudes but also their relative phase.
In this note we use the phase of the A, amplitude
from a Reggeized-Deck-model calculation, and
the A, phase from a Regge fit to do/dt for A„
to predict the A, -A, phase and compare the pre-
diction to the data.

Phase of the ~ p-A, p a~plitude. —A version
of Berger's Reggeized Deck model" has been
shown to agree well with the data for x p-x+x m p
for M„~1.5 GeV, excepting the A, partial wave
(which is nearly absent in the model). In particu-
lar, the model predicts correctly the relative
phases between different partial waves. It also
predicts that the only important amplitude for A,
production is the nucleon s-channel helicity non-
flip amplitude leading to the 1' state with J,=O

(in the t channel). The phase of this amplitude
(extracted by partial-wave analysis' of the model
amplitude) shows only minor dependence on M, „,

TABLE I. Deck-model phase for A~ production at
Mg„=M~.

—0.1 —0.2 —0.3

6
16
26
36

146
146'
146
146

158'
156'
156'
155'

170
166'
165'
164

179
175
178'
172

in accord with the data.
Typical values of the phase (at M„=M„,) are

shown in Table I. We note that the phase exceeds
by -60' the value of 90' one would obtain for dif-
fractive production of a stable particle or reso-
nance. The extra phase comes from the signa-
ture factor of the Reggeized ~ propagator and is
directly proportional to o.,' (o.,' =1 GeV ' was
used). This extra phase is required to explain
the phase differences observed between different
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