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CpHAeTeNbCTBO NPOTHB CYWeCTBOBAHKR AKCHOHOB OT peaKTOpPHbIX
3KCNEepPAMEHTOB

O6cyxaaeTcs BONPOC O TOM, HCKAIOYAI0T JTH yXe mpoBefeHHEle
SXCHNepHMEHTH Ha SAepHLIX peaxTopax CymMeCTBOBAHHE AKCHOHOB.

Pa6ora puinonHeHa B JlaGoparopun snepHbix mpo6nem OHAMW.

Mpenprur O6senuHenHoro MHCTHTYTa snepHHX mccaeaoawad. [y6sa 1978
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Evidence Against Axions from Reactor Experiments

The question is being discussed as to whether thet experiments
already performed on nuclear reactors exclude the existence

of axions.

The investigation has been performed at the laboratory
of Nuclear Problems, JINR.
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Recently there appeared two papers by S,Wein-
berg /1 and F,Wilczek /?/ in which theoretical argu-
ments, based on quantum chromodynamics and re-
normalizable gauge theory, were given in favour
of the existence of a hypothetical particle, the axion
a , having the following properties: the electrical
charge equal to 0 , JP=07 the mass m,in the range
of 10 keV to 1 MeV, The ar79‘,uments rely upon the
work of Peccei and Quinn /3 , the existence of the
axion being desirable /1-3/ to preserve the parity
and time reversal invariance of str‘on% interac-
tions in spite of the instanton solution /% of quantum
chromodynamics,

Possible experiments which might reveal low
energy Higgs scalar particles are reviewed in
refs., /5—7/_ wherein many proposals are pointed out
which would be wvalid also in the case of a search
for axions., As far as we know, however, reactor
experiments have not yet been considered. While it
would be exciting to perform experiments especially
designed to reveal the existence of the particle a ,
these are in general rather cumbersome, although
perfectly feasible, and we wish to discuss here the
question as to whether the experiments already per-
formed would give some information on the a par-
ticle, In fact, we show that reactor experiments de-
signed to investigate neutrinos have the required
sensitivity to detect axions, the expected rate of
axion events being at least comparable with that
of neutrino events,



We discuss here two reactor experiments., In
the first one/8/ the process Ve +€ » po +e has been
observed while in the second one /l/?’/,designed to
reveal the process U, +D - Ugin4p, an upper limit for
the corresponding cross section has been given,

The particle 2 is expected to be coupled /1.2/

to a fundamental fermion (quark or lepton) as follows:

Lip=2Y4Gm Ty, fa-g, Iy, fa, (1)

where My is the fermion mass, G =10'5/M%is the
Fermi constant, a a f are, respectively, the axion
and fermion fields, g is the effective dimensionless
squared coupling constant, As far as electrons
(mass m, ) are concerned, 8, is

gi = 21/2 sze =~ 4'10—12. (2)

As far as quarks are concerned, it is not
clear which value for the quark mass Mg should be
used,

In the experiments which are considered below
the typical momentum of axions which might be
emitted by excited nuclei is P, ~ 3 MeV/c, In
refs.’ =%/ reasons are given why at energies well
above the pion threshold the squared dimensionless
coupling constant g? should be expressed through
the pion constant qF‘” ~m_:

g2 o 21/2G F2
q T

At low energies, however, in the axion emission
amplitude there should appear* explicilly the mo-

This is the effect of the ys coupling of pseudo-
scalar axions to fermions the importance of which
has been stressed to us by L.B.Okun and M.ILVysotsky.
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mentum of the emitted axionp . Thus, this amplitude

would be proportional to 21/4~\/_G_TIZ;F‘,, . Now the esti-

mates of the axion emission intensity which are
presented below are expressed in terms of the
intensity of photons having momenta . p_ =P, (the
corresponding strength being taken as 4na ) and
here too, that is in the photon emission amplitude,

a small coefficient of the order of the change in nuc-
leon velocity p /MN:paL /MNshould be present. Thus,
the effective dimensionless squared coupling constant
ge2“ , relative to the photon emission squared coup-
ling constant taken as 47a ., is again equal to the
preceding expression, that is:

2 _ol/2 2 _10-7
Bop = ° GF~=1077. (3)

Now this may be a too optimistic view onthe reac-
tor as an axion source, so that we shall consider
in addition some pessimistic possibilities which on
the physical ground are less reasonable, One may
suppose that in the axion amplitude there is a quan-
tity with the dimensions of a mass having a much
smaller value than F, .,the smaller value one can
think of being a few MeV and/or that in exp. (3)
there should be a small dimensionless factor con-
nected with the nuclear aspect of axion emission.
For the sake of definiteness we shall then consider
the following range of possible gzefr values

2 -10 -7

g, =10 107", (3a)

having in mind that the larger value is more reliable,
In reactors the emission of axions by both quarks
and electrons should take place. Below we discuss
various sources of axions from a reactor.
The most important electron source of axions
is the quasi Compton effect, that is the process
(see the Figure)



Figure

There are many quark sources of axions, the
most important being those which '"compete" with
gamma~ray emission, namely, the axion emission is
a slow neutron capture

n+(Z,A) »(Z2,A+1)+a,

the axion emission by excited nuclei produced in
beta-decay:

(Z2,A)* ~(Z,A)+ a
and the direct production of axions in nuclear fis-
sion,

Since the reactor experiments /8.9/ we are inte-
rested in are neutrino experiments (involving neut-
rino energies higher than 1.5 MeV) it is natural to
compare directly the axion and neutrino intensities
®, and ®,. Reactor data suggest a very rough rule
of thumb; the number of photons ®, 5 15Mev with
energies Ey > 1.5 MeV in a reactor is a few times
larger than the number of antineutrinos of compa-
rable energies and is of the same order of magni-
tude as the total number (I); of antineutrinos, i.e,,
)5 15MevP -

Let us estimate now the intensity of axions from
electrons ®s and from quarks 9%a. As is seen
from the Figure, equation (2) and from the fact that
the total y -cross section at the energies considered
is equal to the Compton cross section, we obtain:

6

e(I)a:q)>1sm vo =t~ Q1M v'_ay(Hea =
y> 1.0 MeV  tot y>1.oMeV  Compton
Yy Yy
g2 11
o -
= (I)V— - =4.10 (D; . (4)
47a

Using exp. (3a), we es timate now the intensity @ of
axions from quarks noting that, in the processes which
are considered, axion emission competes with photon
emission:

2
g
q(p - ®- eff

a v

-9 -6
=(10 *10 )o-
4rna e v

Although the intensity ®, is estimated much
more accurately than 19, , the latter is much larger
so that below we shall take the total axion inten-
sity ®, to be approximately equal to %, :

®, = ‘0, ~ (10°:10° Yo . 5)
Obviously equation (5) gives also the relation bet-
ween axion and neutrino fluxes at the detector lo-
cation,

In one of the two neutrino experiments, which
are being analysed here from the point of view of
a possible dete?ti/on of axions, scintilation detec-
tors were used’®. One may consider detecting
axion decays in the scintillator as a method for ob-
serving axions, This in fact gives the most defi-
nite, . if not the most significant, information and will
be discussed at the end of the paper.

One should note that relatively low energy axions
(of energy of a few MeV) can be detected also
through the process a+e - e+y , for the observa-
tion of which a scintillation detector is adequate,
The cross section expected for the process a+e-
»e+y which is the reaction inverse to the quasi
Compton process (see the Figure and eq. (2)) is:



82 —25, 11 2 _ :

—&_ = 10 410, cm= 4.10 36 Cm2- (6)
4na

The effect searched for in ref, /8/ - the ;e +€-

-v,+8 process, was revealed in a 16 kg plastic
scintillation counter. The plastic reactor associated
rate was (7.1+1.5)/day in the electron energy inter-
val 1.5 - 4.5 MeV, the cross section in this inter-

val o=  averaged over the neutrino spectrum being

Tae-ey” Tyesye

(9.5+2.3).10 -46cm2/8:10 1n order to decrease the
number of background events accompanied by photons
a huge (300 kg) Nal veto scintillator was used. This
unfortunately makes the plastic data practically un-
usable for the purpose of revealing the reaction

at+e »e+y. Thus we used the upper limit of the reac-
tor associated rate of the Nal scintillator, published
in ref. /8/ N = (-1.6+2,6).10 2 [days. Knowing the rate
in the plastic we can calculate the value of the rate
N, due to the ;e +e..Je +e process in the Nal scin-
tillator:

N5, =7.1x300/16 day ! =(1.340.3)x10%day "

which is perfectly compatible with the measured
rate N. Thus, the number of events N, in the Nal coun-
ter possibly due to axions is

Na=N -Ns =(-2 912 7)x10%day~ ! |

the upper limit of the rate due to the process 3 + € >
being at the two standard deviations level:

N <250/day . (7)

—>e+'y

We express

now/N;je through the corresponding
cross section

1075 (9.542.3)x 10 Bem?

N_ =k ,
: (D; o_ (8)

Te Ve

where k is a coefficient connected with the overall
apparatus efficiency. It follows that

S WE—

k- =N- /o- =
14 ve ve (9)

B (1.3#0.3)x102 -1

(9.5+2 .3)

~1.4x10*" cm ™ day

46 -2 -1
x10 "cm  day

Let us calculate now the number N, of events ex-
pected from the process 3+€ - € +y .~ We shall
assume that the coefficient k defined above is ap-
propriate also for the reaction a+é€ ->€ +y in the
sense that

Na:kq)agae—»ey‘ (10)

From equationsz(S), (6), (9), (10) we obtain

2 5
geff =5.6(10° +10" )/day (11

—_— O

Na = k@, dma ae~ey
which must be compared with the experimental li-

mit (7) N, < 250/day. The most reasonable conclusion
is that the experiment/S/ excludes the existence of
axions. However, our feeling is that this conclusion
is not definite because of the theoretical uncertainty
in the expected axion intensity.

Few MeV axions could be detected also through
the "axiodisintegration" of such nuclei with low
photoneutron threshold as D and Be.Thus we analyse
the experiment’9/, in which the reaction ve +D-vgin+p
was searched for, The detector was a 3Fg proportio-
nal counter immersed in a DO tank, the neutron
from the deuteron disintegration having the possibi-
lity of being detected after slowing down. In this
experiment there was found an upper limit of the
cross section O 5D-Tnp < 3x10** cm? at a 3 stan-
dard deviations level. This upper limit may be used
also as an upper limit for the cross section o,n .,
in the sense that (see eq. (5)):

d_
< —i- 3x10%em
(I)a

(12)

. z-3x10—35(3m2 ,

g
aD-n
p 3X1038 cmz,



where the smaller value 3,10738cm® corresponds
to the more reliable axion flux estimate, On the
other hand, we may estimate the expected value of

% aD-np by expressing it through
oyD—vnp =10—27 cm2 ’
2
" .y Beff 1036 cp? ,
aD>np = "yD-onp 4., ({ 33 2 (13)
10 cm

From the values in (12) and (13) which corres-
pond to the optimistic estimate  of g%” one would
conclude from the experiment 9/ that there are no
axions, (The reactor associated rate /9/ was less
than 20/day at a 3 standard deviation level, where-
as the expected axiodisintegration rate should have
been > 105 /day. On the contrary from the smaller
estimate (3a) of g%, no conclusion can be reached
on the existence of axions on the basis of the ex-
periment {9/,

Let us' now consider the axion decay into two
gammas, which could be perfectly well detected with
high efficiency in the Nal scintillator /8/The decay
rate R in the volume V= 8x10%cm? of the scintillator
is:

P, 1 5
R = \Y% 10 /day
. E ey (14)
' mﬁ

where E~ 3 MeV is P,?e axion energy, ¢ ~ 3x10%cm/sec
is its %ez?city, r=10"" (m, MeW)® sec is the esti-
mated ' "/ mean life of the axion at rest, ®, is the
axion flux which according to eq.(5)is ®; = (10~ %1107 6)A<D—-
Taking /8/ ®;=2x10183 cm®sec™” we obtain v
1 4 -

R - @107 +2x10°) (m, /Mev)*/day " , (15)
the more reliable value of R being the larger one,
This should be compared with the upper limit (7)

of the Nal scintillation rate N, <250/day. From eq.
(15) we see that axions with a mass larger than

10

11 keV are excluded when taking the more likely
value of the axion flux, whereas axions with & mass
larger than 60 keV are excluded from the more
conservative low value of the axion flux. We recall
that the expected/l-z/ axion mass lies in the range
of 10 keV to 1 MeV, and conclude that our analysis
excludes, in any case, most of this range. Since
very light axion masses are very unlikely on the
astrophysical ground (light axions would be radiated
by stars) our analysis in terms of axion decay

gives strong evidence against the existence of
axions. Note that the range of excluded masses

is relatively insensitive to the uncertainty in the es-
timated axion flux @, ,because the rate R in (14) is
proportional to m2 This suggests that one should
make use of the expected axion ﬂuxe‘l)a =4x10—11¢;
(see expression (4)) from the reactiony +€ ~>€+a.
Such a flux, true, is much smaller than the expected
flux from quarks; however, it is estimated much
more reliably. Then one would obtain the following
limit on the axion mass: m, < 140 keV,

To summarize, one can say that both reactor
experiments, when interpreted in terms of axion
emission by quarks, give evidence against the exis-
tance of axions. However, the axion flux from
quarks is estimated with large theoretical uncertain-
ties. In this sense the analysis of decays of axions
emitted by electrons has the advantage of not having
such uncertainties and definitely excludes the exis-
tence of axions with the masses larger than 140 keV,
Unfortunately, it is not possible to exclude the exis-
tence of axions with the mass m, >2mesince their
decay path due to two electron decays becomes
much smaller than the reactor-detector distance,

In conclusion we wish to thank 1L.B.Okun for
having introduced us to the subject and for critical
illuminating remarks, S.M.Bilenky, V.N.Gribov and
V.AMatveev for useful discussions.
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