
VOLUME 46, NUMBER 21 PHYSICAL REVIEW LETTERS 25 MAY 1981

Regge-Pomeron terms over the triple-Regge and

p-A, interference terms. As in previous similar
experiments, ' our data are well described by
Regge-pole contributions alone. Contributions
due to other terms are either small or undistin-
guishable from those of pole terms.
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%e discuss coherent conversion of hypothetical very light pseudoscalar bosons into a
photon in the Coulomb and vector meson fields of a nucleus. The process provides a way

to look for such bosons independently of whether their mass and lifetime allow for de-
tection of the two-photon decay.

PACS numbers: 14.80.Kx, 13.10.+q, 13.15.+g

In the context of spontaneously broken symme-
tries, "the search for the possible existence of
very light pseudoscalar bosons is of continuing
interest. The axion" ' is a particular example.
Decay into an electron-positron pair seems to be
experimentally excluded'; therefore we are con-
sidering masses below 1 MeV for which only de-
tection via the decay into two photons remains a
possibility. However, if the mass of the hypothet-
ical boson is sufficiently small (~ 10 keV), it be-
comes increasingly difficult to observe the two-
photon decay with typical' experimental decay
paths of a few meters because of the greatly in-
creased lifetime. Fortunately, there is one oth-

er process which could allow for the detection of
arbitrarily light pseudoscalar bosons and which
is a direct consequence of the existence of the
two-photon decay. This is the conversion of the
boson (denoted by a') into a single photon by co-
herent interaction with a nucleus. The coherent
interaction will be with the charge of the nucleus
via exchange of a photon (the Primakoff effect' )
and also with the total nucleon number via ex-
change of a strongly interacting, isoscalar vector
meson, such as the &'. In this note, we calculate
this process for a current experimental situation.
The coherent nuclear process is more important
than Compton scattering of a' from individual
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electrons" and we show that, even for a low flux
of a' relative to neutrinos (say' 10 '- 10 ') this
process would give rise to events that could look
like neutrino-electron scattering at high energies.
Thus measurements of the latter, which is theo-
retically predictable in the standard model, can
limit (or detect) the presence of a', which would
undergo coherent nuclear conversion into a pho-
ton.

The cross section for the coherent process de-
pends essentially upon the basic strength of a'
couplings, not upon the lifetime (or mass). The
usual gauge-invariant effective Lagrangian in-
volves a parameter with dimension of length; me
take this as the phenomenological semiweak coup-
ling 2'i~KG„=—3.8x 10 'm~ ', where m„ is the nu-
cleon mass. With e'=4mo, =—0.092, the phenom-
enological interaction giving a'-2y is then

y' (1)F pvap y y a&

where C is a number, E&"' is the photon-field
tensor, and y, is the boson field. In axion theo-
ry, the decay occurs via a triangle-type virtual
loop to which the axion couples with a strength
proportional to the mass of the loop particle (i.e. ,

mdiv'G„ for a fermion). The integration over vir-
tual momenta in the loop gives a number of the
order of [4p/(2w) ]m& ', leading to the effective
coupling in Eq. (1) with CEG&=G&U'/2m = 1.6
&10 ~~ '. Guided by axion theory, we use in
the following calculations this coupling strength
multiplied by a number X which is assumed now
to be of order unity. However, it should be noted
that the same effective coupling strength could
arise in another way; that is, a light pseudosca-
lar couples to the nucleon with about 10 ' of the
pion-nucleon coupling G,„, G,~'/4n = 14.5. The

g' lifetime 7, is given in terms of the mass ~,
and ~ by"

~, ' =vYm, 'Z'GFo. '/~'

or

y'=3.4x10 "/7, m, ', (3)

wj.th T, in sec and ~, in GeV. We have ~'- 1 for
~, =300 keV and T, =—10 ' sec, which are typical
values for the hypothetical axion,"in particular.
However, for ~,«100 keV and the scale of the
semiweak coupling essentially fixed (i.e. , z - 1),
the lifetime rapidly lengthens and the probability
of decay in typical experimental decay lengths, '
which is proportional to the Lorentz-dilated in-
verse lifetime, that is, m, ', rapidly decreases.
The coherent nuclear conversion processes into
a photon, in the Coulomb field and via w' ex-
change, shown in Figs. 1(a) and 1(b), respective-
ly, involve the effective coupling strengths
XGF "'e'/2n' and XG~"'eg /2m'. For the u'-ex-
change process, coherent with all A. nucleons,
we have replaced one power of charge e by g .
We estimateg„- —', g„», where g»'/4m-= 20 is
the empirical" strong & coupling to nucleons.
Application of an identical substitution in the em-
pirical amplitude for p 2y gives a branching
ratio for &e'- m'y of about Sf&, as compared to the
empirical value of -9/0. Thus this valence-quark
model for g (i.e., 3g») seems to be a conser-
vative estimate. Calculation of the coherent
processes in Figs. 1(a) and 1(b), with neglect of
nuclear recoil kinetic energy and nuclear excita-
tion (which is suppressed by lack of coherence
or by small coherent nuclear matrix elements),
gives the laboratory differential cross section
for ao of momentum p (neglecting m, ) on a nucle-
us of charge Z,

—fw b2 1~ 0 2 2 2 2

d(cos8) 4 1 —cos8 9 4& 4p'sin &8+m

2 2

y 2(Za)A — " 4. . .cos' —,'8 exp[- —,'(2pR„sinr'8)'].
3 4m 4p' sin —,8 + m

(4)

In Eq. (4), m is the &u' mass of -0.78 GeV, R„
=—1.2A' ' fm is the rms nuclear radius, and x' is
given in Eq. (3). The last (exponential) factor
represents the nuclear momentum-space form
factor under the simplifying assumption of a
Gaussian spatial distribution of nucleons. This
is adequate for our purposes because we shall be
interested in detectable events that look like v„-
(v&-) e scattering, which at high energies is pre-
dominantly within a few degrees, i.e. , pR„8 ( l.

! The first term in Eq. (4) arises from the Prima-
koff effect, conversion in the coherent nuclear
Coulomb field, and with neglect of ~, is valid for
8 ~ m, '/2p'. The second term comes from ~~' ex-
change, and the third term is the y-w' interfer-
ence whose sign (constructive or destructive) is
ambiguous.

We note some general features of the coherent
conversion: (1) The photon spectrum in the lab-
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FIG. 1. Coherent nuclear conversion, a —y.
(a) Primakoff effect, (b) exchange of a hadronic vector
meson, and (c) exchange of a leading to v&- (v&-) e
scattering.

oratory is essentially that of the incident a' mod-
ulated by the energy-dependent cross section in
Eq. (4). (2) Because of the long-range Coulomb
field, the Primakoff effect is strongly peaked
very forward (H-m, '/2p') with increasing ener-
gy, with the peak cross section growing as -p'.
(3) For a' of a few MeV from a reactor, the cross
section (for 9) 10 ') on Nal (Z = 53 for I) is of the
order of 10 '~ cm' per nucleus, which is about
fifty times the maximum cross section' for the
Compton effect on an electron (assuming that a'
couples to the electron mass); the latter falls
with energy (as -1/p) above a few MeV. (4) The
coherent w'-exchange process is negligible at
low energy, but the cross section grows strongly
with energy up to p -R& ', reaching a value of
the order of 10 "cm' within the diffraction peak
(pR„8( 1) on Al, for example. Since the single
photon looks like a recoil electron in counter and
in spark-cha, mber experiments" with v„of a few
GeV, events of coherent conversion a'- y aris-
ing from the presence of a' in the neutrino beam
could measurably contaminate v„e scattering in
the near-forward direction, the cross section for

FIG. 2. Experimental results (histogram) from the
experiment of Faissner et al. (Ref. 12) to measure
v&- (v&-) e scattering. The dashed curve is the total
expected t(v& + v&)e scattering and Yr 2yl . The solid
curve represents coherent nuclear conversion, a
—y, calculated from Eq. (4) with (+) and the normali-
zation ~ = 1, after folding with the hypothetical-a
energy spectrum from the Be neutrino target. About
three events are contained in 6, (5'.

the latter being of the order of 10 ~ cm .
To illustrate this we have taken the conditions

of the experiment of Faissner et ak. ,
" folding the

hypothetical-a' energy spectrum with Eq. (4).
The a' energy spectrum is assumed to follow that
obtained from the measured (above 4 GeV) 7r'

spectra for 26-GeV proton-nucleus collisions,
with an extrapolation' below 4 GeV. The target
is Al. The result is shown in Fig. 2 for an a'
flux relative to neutrinos plus antineutrinos of'
1.4& 10 '. It should be noted that the processes
in Figs. 1(a) and 1(b) imply that a' must at the
very least be produced in secondary interactions
by photons from z' decay with something of the
order of 10 '-10 "of the p' production rate. In
the first experimental bin with a shower angle 9,
(1', the coherent nuclear process produces 1.3
events, whereas 5+ 0.5 events are expected"
from v„e and v„e scattering together (about 2

events) and from the dominant background of 7r'

—2y. With the axion spectrum we use here, the
angular distribution of coherent conversion alone
does not explain the data of Faissner etal. " Fur-
ther, the v&e analysis involved different cuts, "
and will be repeated taking possible axion effects
into account. " In heavier target material the co-
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herent nuclear process would give further-en-
hanced event rates relative to neutrino-electron
scattering because, although the density of nuclei
is reduced from that of electrons by 1/Z, the co-
herent cross sections go as Z' (Primakoff effect)
or A', in the near-forward direction. Other proc-
esses which produce hard photons in association
with neutral-current neutrino-hadron scattering
have been discussed. " These can give rise to a
further background at the level of neutrino-elec-
tron scattering. " However, as (at least) three-
particle final states, the energy spectrum of the
photons is not that of the incident beam, and the
extreme forward concentration, characteristic
of the Primakoff effect in particular, is absent.
An excess of apparent v„- (v„-) e scattering at
the smallest angles would thus be expected from
the presence of a' in the beam, which undergo co-
herent nuclear scattering into photons in the tar-
get. This is independent of whether the mass and
lifetime and decay path are such as to allow de-
tection of the 2y decay. "

The process discussed here seems to allow for
the direct search in current experiments for ar-
bitrarily light pseudoscalar bosons which have
something like a semiweak coupling strength. It
is amusing to note that if such light objects exist
and couple to the mass of fermions, and if neu-
trinos have finite masses, then exchange of a'
will give rise to neutrino- (and antineutrino-)
electron scattering t Fig. 1(c)I with a laboratory
differential cross section given by

do' (v. or v, )
dg

Gp'm, p (m. )*
(

2m. pp )'

where gpss, and m, are the neutrino and electron
masses, and y =T, /p with T, the recoil electron
kinetic energy. Of course, the neutrino helicity
is flipped from left to right. In addition, the fi-

nal-state neutrino is in general flavor mixed. If
a single mass is much larger than others, it is
this mass times a function of mixing angles which
appears and the final-state neutrino is the flavor
mixture appropriate to this mass eigenstate.
However, even for low-energy neutrinos (p -a
few MeV) and near y,„=(1+m,/2p) ', the ratio
of this cross section to the standard ones arising
from intermediate- vector-boson exchange is of
order (m, /p)' and hence negligible for m, «100
keV.
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