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Restrictions on a 1.7-MeV Axion from Nuclear Pair Transitions
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We analyze nuclear internal-pair-transition experiments for evidence of a possible 1.7-MeV axion
and find that the conventional axion and the new axions described by the theories of Krauss and
Wilczek and of Peccei, Wu, and Yanagida are inconsistent with these data. The results are indepen-

dent of nuclear models.

PACS numbers: 14.80.Gt, 23.20.En

Recent experiments on superheavy-ion collisions
have shown evidence of coincident positron and elec-
tron monoenergetic lines with energies of about 370
keV.! One possible explanation of these results is the
formation and subsequent decay into an e* e~ pair of
a particle with a mass of 1.7 MeV.23 A logical candi-
date for this object is the pseudoscalar particle called
the axion.*’ Several searches have already been made
for the axion and no evidence has been found for its
existence. In particular, a 1.7-MeV axion would have
produced a very large signal in experiments looking for
the decay of the J/¢ or Y into an axion and a gamma
ray.26

Mukhopadhyay and Zehnder® have stressed that ex-
periments on nuclear systems do not rule out a 1.7-
MeV axion. The interaction of the standard axion
with quarks and leptons is determined by one parame-
ter X, the ratio of the vacuum expectation values of
the two Higgs fields in the theory. A conventional
1.7-MeV axion would have X =0.044 and would decay
to an e* e~ pair with the lifetime of 4.5x10712s. To
avoid conflict with experiments on the J/¢ and Y de-
cays, Peccei, Wu, and Yanagida,” and independently
Krauss and Wilczek® have suggested a modified axion
model in which the coupling of the axion to the charm
and bottom quarks is weakened while maintaining its
coupling strength to the light up and down quarks and
the leptons. These new theories allow axions to be
produced in nuclear processes, and predict a lifetime
for pair decay so short that a previous nuclear search
for axions’ emitted in the decay of the 15.1-MeV state
of 2C and beam dump experiments would not be
sensitive.

In this note we show that a 1.7-MeV axion with the
standard coupling to nucleons and electrons deter-
mined by X=0.044 is in conflict with published data
on nuclear internal-pair transitions. The new axion
models mentioned above are also inconsistent with
these data.

The emission of e™ e~ pairs in the decay of excited
states of nuclei has been used extensively as a spectro-
scopic tool to determine the multipolarity of elec-
tromagnetic transitions.!° One can calculate that the

rate for pair emission and the rate for axion emission
are both roughly 10~* of the gamma rate. However,
for isoscalar transitions the small magnetic dipole mo-
ment of the nucleon leads to a suppression factor of
approximately 100 in electromagnetic isoscalar M1
transitions but does not affect the axion emission rate.
For example, for a pure 3.6-MeV isoscalar M1 transi-
tion, the ratio of the emission rate for conventional ax-
ions to that for gammas is expected to be I‘,/I‘., =0.32
and I',/T, = 500.

We have analyzed in detail the nuclear pair experi-
ments of Warburton and co-workers!® for the M1
transitions illustrated in Fig. 1. The transitions in *N
and !B are isoscalar and the one in ®Li is isovector.
The apparatus used in Ref. 10 consisted of a magnetic
pair spectrometer, which was sensitive to pairs with an
opening angle of less than 90°. A baffle arrangement
could also be introduced to block any pairs with open-
ing angle less than 50°. The ratio R, of pairs with

- "
e% e
23
o Vi
3 o
Sk
2r0 7028
(i
i 1
T o 1 Sw ©
20 MK -
59 ' Sz 0
2y3s I el
3ok e ' Sk
ONPr3562  lvelq 2103587
| | |
I | |
m' ]% /\!
H ! e*e"
e | L T
(T i
| | |
I | ‘ ]
(o) tlo. 10 tlo. 30 o
GL‘ '4N IOB

FIG. 1. The nuclear level diagrams for the transitions of
interest, showing the M1 gamma branching ratio, the nu-
clear pair branching ratio, and the limits set on a 1.7-MeV
axion.
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the baffle in to those with the baffle out is sensitive to Born approximation has been shown to be less than
the multipolarity of the transition, because the angular 1%.12 The ratio €,/€x depends on the spectrometer
correlation between the et and the e~ depends on the geometry, but is independent of the resolution and the

multipolarity. The measured ratio has been used to es- transmission of the spectrometer. We determined this

tablish the multipolarity of several transitions.!® We ratio both with a Monte Carlo computer program and

show that it is also sensitive to pairs from axions de-  analytically; we find a value of 0.52 for '°B and Li and

caying near the target and can be used to set limits on 0.72 for “N.

axion emission for transitions of known multipolarity. The pure M1 isovector transition in SLi sets
The kinematics of axion decay, with the spectrome- stringent limits on any isovector couplings of the ax-

ter constraint that the electron and positron have the ion. Since the excited state is 0% it cannot be spin
same energy, leads to pairs with a well defined opening aligned. Consequently, from the values Ry, =0.092

angle, which is less than 50° for all the cases we con- +0.002,° R =0.091 +0.003,"* and e,/€,=0.52,
sidered. Including the pairs due to axions, one finds we find from (1) that I',/T, < 0.10 (90% C.L.). We
that the baffle-in to baffle-out ratio is note that we have allowed for an additional 3% sys-
tematic uncertainty in the determination of R, in this
+ r . . e
Rip = Rizo + Rizoa(€a/€x) (To/T) , 1) case, since this transition was one of eleven used to
1+ (€,/€x) (To/Ty) calibrate the apparatus.!3
where €, , are the axion and internal-pair spectrome- Tlle transition from the "B 3.58-MeV state (J”
ter efficiencies, Ry is the calculated baffle in/out ra-  =2") to the 3* ground state is mixed M1 and E2.

tio for internal pairs, and Ry, is the ratio for pairs  1he ratio of £2 to M1 amplitudes, termed 3, is mea-
from axions alone. In the cases we have analyzed,  Sured to be 1.5 +0.6.! This complicates the analysis
Ri20,=0.0, that is, all axion pairs are blocked by the becausq _the e)'(pected ratio for R;,g is a function of §.
baffle. To set a limit on I'y/T, from the measured ~ In addition, if the 3.58-MeV state is aligned, the
R{y one must calculate €,/€, and Ryy. The calcula- number of pairs emitted into the acceptance of t-he
tion of Ry depends upon the Born-approximation cal-  SPectrometer is affected. Warburton er al'® describe
culations of Rose!! for the angular correlation between ~ in detail how to compensate for both effects. Allowing

the et and e~; the error introduced by the use of the I for the mixed. multipolarity and spin alignment we
find, for the axion to M1 pair-intensity ratio,

1+ (€l npr)/ (EanTapn) + N1 150
(1 —an) ’

s _ [ R120(8,F,,Fy)

1 [ €x M1
Rix

€4

Caan

where F,, Fy, and N, 139 are alignment parameters I

described by Warburton et al.; €, 1, €x£2, and €, are T ,/Tean < 10.8, at 90% confidence.

the efficiencies for detecting pairs from pure M1, pure A second isoscalar transition, that of the transition
E2, and axion transitions, respectively; and « contains in N from the 2+ 7.03-MeV excited state to the 1*
the effect of alignment on the axion angular distribu- ground state, was also analyzed. The measured value

tion. For !°B, a=0.11. Since the alignment is not  of 8 is 0.74 +0.09'%; we used 8=1.02 (99.9% C.L.). F,
well known, we have done the analysis assuming the and F, were again taken to minimize the sensitivity to
alignment parameter F, that minimizes the experi- axions. We find that I',/T,nq < 2.2 (90% C.L.).

mental sensitivity to axions. (This corresponds to A comparison of the experimental limits for I',/T,,
F,=1.0, F4=0.07 £0.29.) We have used the value and the predictions of the conventional axion theory
8=2.70 for the E2/M1 mixing ratio, which is the and the new theories of Krauss and Wilczek® and of

value within the 99.9% C.L. that minimizes the sensi- Peccei, Wu, and Yanagida’ is given in Table I. For the
tivity. The resulting upper limit for axion emission is | conventiorlxéxl axion we use the current given by Don-
nelly et al.'®:

JET = — 2 (N-DX+1/X) 45 + {$X[1-N(1-2)/(1+ Z2)1- ()" T1+N(1-2Z)/(1+ Z)]1} 43,

where A4 and 4 ,f are the isoscalar and isovector currents, respectively. N is the number of quark families, and Z is
the ratio of the up and down quark masses. For Peccei-Wu-Yanagida models I and III, these formulas are directly
applicable with the modification that N=1 and 2, respectively. In the case of model II, we find from the pro-
cedure of Bardeen and Tye!” that

ST == (X+1/045 —+{x(01-2)/ A+ Z)+Xx"13+ Z)/(1+ 2) } 4}.

The current in the case of Krauss and Wilczek is the same as in Peccei’s model I. The only free parameter in any
of these models is X, which can be fixed by setting the axion mass equal to 1.7 MeV in the appropriate mass for-
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TABLE 1. The expected branching ratios from several theories and the experimental
limits on the axion branch for the !°B and “N isoscalar and the °Li isovector decays.

Isovector Isoscalar
To/Tamn To/Tamn
Theory 6Lj log 4N
Conventional (x=0.044) 53 470 310
Krauss and Wilczek®* (x=068) 7.2 0 0
Peccei, Wu, and Yanagida®
1 (x=68) 7.2 0 0
II (x=68) 1.1 1000 680
1 (x=34) 0.66 260 170
Experiment (90% C.L.) =<0.104 =10.8 =22

3Reference 8.

mula.

For the case of isoscalar decays, we can now deter-
mine the expected axion branch using the techniques
outlined in Donnelly et al!® It should be stressed that
in the case of isoscalar transitions, the axion and M1-
gamma transition rates are both proportional to the
square of the matrix element of the nucleon spin
operator so that the ratio of the rates of axion emission
to gamma (or internal pair) emission is independent of
nuclear matrix elements. However, one must use the
quark-model'® estimate that FJ=0.6F}.

For axion emission in the SLi case, we have used the
results of Treiman and Wilczek!® which give a relation-
ship between the axion emission rate and the mea-
sured rate for the analog beta-decay process. This pro-
cedure removes all nuclear-wave-function and nucleon
strong-interaction uncertainties.

We find that all the above axion theories predict ax-
ion intensities that are more than a factor of 50 greater
than the 90%-confidence upper limits derived from the
data of Warburton et al. The theories are therefore in-
consistent with these data.

The theories under consideration all predict life-
times less than 3x 10~ 12 s. The limits we have set are
valid for all lifetimes less than 2x 10~ !! s. This life-
time is determined by the geometric acceptance of the
magnetic spectrometer, which constrains axions to de-
cay within 5 mm of the target. For longer lifetimes,
the limits are less stringent, since only a fraction of the
axions would decay within the accepted region.

Our measurements of angular distributions of nu-
clear pairs can also set limits on the axion. In particu-
lar, the measurement of Gorodetzky et al?® on the
first excited state in !B is more sensitive to axions
than the Warburton data, although one cannot remove
nuclear-model uncertainties. The recent measurement
of Savage, McKeown, Filippone, and Mitchell?! on an
isovector transition in N, although less sensitive and
more dependent on nuclear models, is also incompati-
ble with all the axion theories. A recent analysis?? of
the SINDRUM =t — ete~e*v data looking for

bReference 7.

m+t — e*va sets very sensitive limits on possible ax-
ions.

The reason that we are able to exclude the above
theories is that they enhance nuclear deexcitation by
axion emission with either a very large or a very small
X parameter, the size of the X parameter being fixed in
all the models by the mass of the axion. Though not
allowed in the above models, we note that if 1.7-MeV
particles were emitted at a rate typical of the weak in-
teraction (X=1) there would be a reduction of the
expected branch by 3-4 orders of magnitude. Such
particles would not be ruled out by present nuclear ex-
periments.
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