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The production of a new low-mass pseudoscalar boson of mass =1.6 MeV in the strong Coulomb

field of the supernucleus and its subsequent decay into an electron-positron pair in heavy-ion col-

lisions are discussed. For the production mechanism we propose a bremsstrahlung-type process in-

duced by an electromagnetic interaction. The energy spectrum and the production cross section of
the positron are calculated in linear QED with an effective Lagrangian. The results are compared

with those of the experiments of the GSI groups, and g~ & 10 ', the boson-nucleon coupling con-

stant, is evaluated. These results imply that the proposed mechanism requires a larger value for g~

than the currently accepted value g~ (10 . The present g~, however, is smaller by a few orders of
magnitude than the value obtained in a semiclassical calculation of the same mechanism. This sug-

gests that the proposed mechanism requires a larger value for the scalar and nucleon coupling con-

stants to explain the CzSI data. These and results from other proposed mechanisms induced by elec-

tromagnetic interaction lead us to conclude that the origin of the positron production, contrary to
current popular belief, may not be of electromagnetic nature. As an alternative production mecha-

nism, we propose a bremsstrahlung-type process induced by strong interaction (e.g. , pp —+ppP,
np~npP). We estimate the production cross section for the positron. Its value agrees well with

that of the observed cross section.

I. INTRODUCTION

The narrow positron peak at about 300 keV observed'
in heavy-ion collisions by the GSI (Gesellschaft fiir
Schwerionenforschung, Darmstadt) groups was thought to
be the verification of the QED prediction of the spontane-
ous e+e pair creation from the vacuum in a supernu-
cleus with an ultrastrong electrostatic field. ' From sub-
sequent analysis ' of the line shape, one comes to the con-
clusion that the positron peak originates neither from the
nuclear transition in the individual final-state nuclei nor
from the spontaneous e+e pair emission from the decay
of the QED vacuum. In search of the origin of the posi-
tron peak, Balantekin et al. and Schafer et al. suggest
that it may be due to the production of a light pseudosca-
lar boson followed by its decay into an e e + pair.
Balantekin et al. estimate the upper limit of the coupling
parameters from the available GSI data. Consequently,
m~ —1.6 MeV has been estimated. They conclude that
the new boson in question could not be the standard ax-
ion introduced in gauge field theories to resolve the
strong CP-violation problem, because the coupling param-
eter is found to be too high to be consistent with negative
results of axion searches of the past. Schafer et al. ,
while discussing whether the positron peaks are caused by
the decay of a light boson of mass =1.6 MeV produced in
these heavy-ion collisions, examine the possibility of new
particles with adjusted mass and coupling constants. In
most cases they are found to be in conflict with the estab-
lished precision data of atomic and nuclear physics. The
only alternative seemed to be the production of a pseudo-
scalar neutral boson of mass —1.6 MeV from nuclear
current. The neutral character of the speculated boson is
further confirmed by the detection of the coincident

e+e lines in recent experiment by the EPOS group.
The coupling constant to the electron is estimated to be
10 ' (a, (10 . The lower limit is consistent with the
negative outcome of the axion searches and the lifetime is
estimated to be in the region of —5)& 10 ' —10 ' sec.

Balantekin et al. did not discuss any specific mecha-
nism for the production of the P particle —rather they as-
sume a certain ad hoc parametric form for the production
cross section. The parameters are then determined from
the location and width of the positron yield and the total
integrated cross section of the spectrum. Subsequently
Reinhardt et al. investigate the scalar bremsstrahlung
mechanism and Chodos and Wijewardhana discuss a
specific electromagnetic interaction —all in semiclassical
approaches to explain the positron spectra via the light
boson. In this paper we assume that in the heavy-ion col-
lision, a short-lived (r-10 sec) supernucleus of charge
Z =Z&+Z2 is formed. For the production mechanism"
we propose a bremsstrahlung process induced by an elec-
tromagnetic interaction. The energy spectrum and pro-
duction cross section of the positron are calculated in
linear quantum electrodynamics (QED) with an effective
Lagrangian. It is just like the bremsstrahlung process in
QED—the only difference is that the photons are replaced
by light pseudoscalar bosons. We examine whether the
limit on coupling constants obtained from this analysis is
consistent with the limits set in Refs. 4, 5, and 8.

We assume the nucleon-pseudoscalar interaction is of
the form L =g~g~y&f~ttp, and the lepton-pseudoscalar in-
teraction of the form L =g, g, y&f, P. In addition, there
is the usual nucleon-photon interaction. Pz, P„and P are
proton, lepton, and pseudoscalar fields, respectively. The
coupling constants gz, g, are unknown but their values can
be estimated from the heavy-ion-collision data and from
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the value of the theoretical cross section. We calculate the
differential cross section do/dT, . The energy spectrum
dN/dT, is obtained by dividing the cross section by the
total classical cross section o,&, i.e., dN /d T, = ( 1/
cr, , )der/dT, where the typical value of cr,

&

——12.6 b. The
integrated cross section o.l is obtained by numerically in-
tegrating f (do/dT, )dT, with the given data from the
positron peak. From the value of the integrated cross sec-
tion o.l and the observed a=200 pb', we were able to
determine the upper limit of gz & 10 '. However, from a
brief analysis we show that if the bremsstrahlung is in-
duced by strong interaction, a much smaller value of gz
(=10 ) can be obtained to explain the observed cross
section.

We present the concept behind the model of P produc-
tion in Sec. II and calculations in Sec. III. Results are dis-
cussed in Sec. IV and Sec. V is dedicated to our con-
clusion. Appendixes A, B, and C are added to support the
calculations in details.

II. THE FOUNDATION OF THE MODEL

Bremsstrahlung-type production of the P particle has
been discussed in a semiclassical approach in Ref. 8,
where the coherence of each ion with respect to its con-
stituent nucleons was assumed. In this paper we propose
a slightly different model of the scattering mechanism
and our entire calculation will be based on these assump-
tions. In doing so we stress the importance of the energy
=6 MeV/nucleon as a critical energy near the Coulomb
barrier. When the incident ion just barely touches the tar-
get ion, we assume that for a very short period of time,
there is a momentary fusion of two ions forming a super-
nucleus" of A =A&+32 and Z=Z&+Z2. What hap-
pens as a result is that each of the incident protons (Z,
protons in incident ion) emits a P inside the supernucleus
through the bremsstrahlung mechanism in the strong
Coulomb field of the target ion. At the end we are left
with the P's whose lifetimes are much longer than the

time of interaction between the two ions and they decay
into e+e pairs. If the P's are produced nearly at rest,
experimentally observed positron spectra can be produced.
To calculate the cross section for the entire process, we
can treat the scattering of each incident proton indepen-
dently. If the production process is induced by an elec-
tromagnetic interaction, all Z protons will be able to par-
ticipate in the internuclear electromagnetic interaction
(due to its long-range characteristic). The bremsstrahlung
amplitude will, therefore, be proportional to Z&Z2 and
the cross section will vary as ( Z

& Z2 ) . But if the process
is induced by strong interaction, only those nucleons
within a distance of 2—3 fm from the surface of the in-
teracting nucleus(ion) will be effective. In such a case the
cross section will be proportional to (A&A2), ff where a
simple estimate of ( A

& A2 ),rf will be given in the text.
If the incident energy is much smaller than the critical

energy value of =6 MeV, we cannot visualize a mecha-
nism as explained above. Also if their energy is much
larger, the collision will be violent and the energy distribu-
tion of the produced P's will be chaotic and there will be
no clean positron line. Therefore our assumptions are
consistent with the experimental fact that the positron
line is observed only at the critical value of the energy
near the Coulomb barrier. To check this model one can
measure the photon bremsstrahlung in ion-ion collisions
near the Coulomb barrier. However, experimental data
exist for nuclear photon bremsstrahlung for a single in-
cident charged particle with energy of a few MeV. In that
case our model obviously would predict the same value as
any other calculation without any contradiction.

III. THE PRODUCTION CROSS SECTION
AND ENERGY SPECTRUM OF THE POSITRON

The transition amplitude of the bremsstrahlung-type
production of the P particle followed by the e+e pair
production mechanism is represented in Fig. 1. The pro-
duction amplitude is

1 1 1
~21 u(p2) ro r5+) s ro u (S i )x

p) — —m p2+ —m k2 —mp2+iI mp

—iZ&Z2e getupXu(k2)y5v(k, ) F(q )2mB(E2 E~+w)—
q

=M2&u(k2)yzv (k& )[(Z,Z2e )/q ](g,g~ ) 2 2
2m 5(E2 E&+w), —P- F(q')

k —m +iIm

where p2 is the final-proton four-momentum, p &
the

initial-proton four-momentum. k is the four-momenta of
particle, k&, k2 the four-momenta of the positron-

electron pair, e& and e2 being their energies. g, is the p
and lepton coupling constant, gz the P and proton cou-
pling constant. q=p —k —pz. The effect of external nu-
cleus recoil will be neglected, i.e., no energy transfer.

F(q ) is the electromagnetic form factor for the nucleus.
E~,E2 is the total energies of the initial and final proton.
w is the energy of the P particle, m the mass of proton,
m, the mass of electron, and m~ the mass of P particle.
In Eq. (1), we summed the amplitudes of all Z~ protons
of the projectile ion to reflect the coherence of the nucleus
assuming all amplitudes are equal.
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We assume that the P particle is produced on shell and
subsequently decays into e+e . Therefore the propagator
is replaced by the Breit term 1/( k —m~ +im&I ), where
I is the total width of the P particle. The kinematic ap-
proximations considered will be under the assumptions

E1» Iptl E2» lpzl w» lkl

e+ +e
e

and

I
Mz, I

=2(s)(2/E~E2)[(E&E2 —m )

+(pi —p2).k —pi. p2) (2)

where (s) is the average spin of the initial proton. Since

E1,E2 g&m, i.e. , m &&m~ .

Averaging over the initial and summing over the final
proton spins we have (see Appendix A) FIG. 1. The Feynman diagrams for the production of P and

subsequent decay into e+e in a strong Coulomb field.

the nucleon spins in heavy nuclei are usually paired, the
average spin (s) of the nuclei may be much smaller than

effectively. The differential cross section for the e+e
pair production can be written as

do =(Z&Z2e ) (g, g~ )/(2m)7, mq'
I p2 I

~'k2 1 1~21I '
2

k dk
4 dQdQ2

4
I p~ I

4ne2w (k' —m&')'+m&'I' q4

To obtain Eq. (3) we made the following transformation
for the invariant phase spaces e+e ~e+P as

dk1dk2 dk2 gk
2@1 2e2 2@2 2w

which can be easily obtained [see Eq. (8)].
One other possible decay channel for P is P~yy.

However, I (P~yy) is small; hence, for I, the theoretical
value of I (P~e+e ) alone can be used. It is given by

can be easily done using the 5 function and the integration
limits on Eq. (7) gives the factor

1

2lkl lk~l

and the condition

2k2ow —m~
2

I (P~e+e )=g, mp/4'(1 4m, /mp —)'~ (4)

Under the narrow-width approximation, the Breit factor
can be replaced by the 6 function: The boundary condition generates limits on w, i.e.,

&w &1'+ where

(k2 m 2)~+m ~1 2
5(k —m ),

where the 6 function again can be written as

2
m~

w+ —— ez+ lk2I 1—
2m

1/2
4me

2
m~

5(k —m~ )~5((k, +k2) —m~ )

=5(2kzow —2
I
k2

I I

k
I

cos8"—my ),
where 0" is the angle of the positron with respect to k.

d k2 ——kz dkz d (cos8")2~ .

Therefore the angular integration
+1f d (cos8" )5(2kzow —2

I k2 I I

k
I

cosO" —m~ )

+1 2k2O~ —m~'
5 coso"— &(cos&")- ' 2

I

k
I I

km
I

2
I

k
I I

k2
I

Also, it can further be shown that (see Appendix B) the
leading contribution for the angular integration in Eq. (3)
can be obtained as

2 4~ 4(EIEp —m )=2(s) ln
E)E2 (E~E2 m ) m~

where E2 ——E1 —m. Substitute e2 ——E and e1 ——m —E and
we have finally (taking into the Z~ q factor explicitly)
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der/dT, =2(s)(Z) Zp e gq )/(2m)
4E)(E) —m )'/

1 [(E)—w) —m ]'/ 4[E((E)—w) —m ]
dw

2
ln

2(1 —4m, /m~ ) — (E~E2 —m )(E~ —w) Mp
(10)

where E
&
——Tz +m, E = T, +m, and Tz —6 MeV, and T&

and T, are the kinetic energies of the proton and electron,
respectively. The expression (10) can be rewritten as

1 + dw do
2(1 4m 2/m 2)1/2 J w (w2 —m 2)1/2 dw

where der /dw is the cross section for P production alone
as given in Appendix C. w is the boson energy and it has
the overall kinematic limit m~ &w &E& —m. In the in-
tegration of Eq. (10), which is done numerically, the al-
lowed range of w+ had to be properly chosen to reflect
this overall kinematic limit on w.

IV. RESULTS

Before we start to discuss our results we would like to
make a few comments on the kinematic approximations
we made to derive our final results. To make sure that
the approximations did not deviate grossly from the actu-
al result, we calculated cross sections for two more pro-
cesses: (1) photoproduction of P particle only; (2) produc-
tion of P particle only in a bremsstrahlung-type process,
due to the accelerated proton by an external Coulomb
field. We consider only the Born term. These two pro-
cesses are just like Compton scattering and bremsstrah-
lung in QED—with the replacement of the final photon
by a light pseudoscalar boson. The calculated cross sec-
tions are listed in Appendix C.

The process (1) was calculated exactly without making
any kinematic approximation, and the cross section of the
process (2) was calculated in the present scheme of
kinematic approximations. Then we compared their ratio
with the ratio of Compton to bremsstrahlung cross section
in QED. We find that the ratios are of the same order of
magnitude under the same values of parameters. This
enhances our confidence in our scheme of kinematic ap-
proximation. As expected we find the cross section for
the photoproduction to be a few orders of magnitude
larger —after subtracting the Z& factor.

Equation (9) for w+ is plotted in Fig. 2 as a function of
T. In fact, it is easy to show that w has a minimum at
T, '" given by

fore from Eq. (12), we must have

mp ——2(T, '"+m, )

=2 (0.300+0.51) MeV

=1.62 MeV .

If P is produced exactly at rest in any reference frame and
decays into e+e pair, the energy of the positrons in that
frame is fixed and Eq. (12) is straightforward. Following
this observation, some authors ' have argued that if the
P's are produced at rest in the heavy-ion c.m. frame, then
if the c.m. moves with a speed say, c/20, then the ob-
served width of the positron spectrum in the laboratory
frame can be explained entirely in terms of the Doppler
broadening. However, in our case, since every kinematics
is defined in the laboratory frame, the width of the posi-
tron spectrum is determined by the momentum distribu-
tion of P's alone, as in Appendix C.

It can be pointed out at this stage that this overall
kinematic limit on w results from the assumption that all
nucleons equally share the energy of the supernucleus.
However, it is more likely that there is a nontrivial distri-
bution of energy among the protons. In this case one

10

10

T (MeV)
T, '"+m, =m~/2 . (12)

Detailed analytic and numerical investigations of Eq. (10)
or Eq. (11) shows that the peak of the spectrum f'(E)
occurs at T, '" provided da /dw is a smooth function of
w. Experimentally it is found to be at 300 keV. There-

FIG. 2. The plot of w+ and w as a function of the kinetic

energy T, of the positron. The F axis is in logarithmic scale.
The broken line corresponds to w =E& —m, the overall kinemat-
ic limit on w as discussed in the text.
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dent calculations, we need to see how do /dw in Eq. (11)
from the two calculations compare. The result of Ref. 8
provides

der /dw —k[(k/w) (k/m) ](ZiZz) e (14)

(ZiZ2) e ~(AiAq), ff g

where g„ is a strong coupling parameter: g„ /4m=14.
Considering only the nucleons in two facing disks of ra-
dius R i,R2 where Ri, Rz are the radius of the ions (e.g. ,
for U +U, Ri q is =8.5 (fm) and thickness 2 fm we
estimate

(A i A2)~fr —ZiZ~/5 with A, , A2 —2.5Zi, 2.5Z~,

respectively. Now using the experimental value of g„,
we get an enhancement of 10 over the electromagnetical-
ly induced bremsstrahlung mechanism. This is, of course,
an overestimate of the (A i Az), rf in the above calculation.
However, the strong enhancement factor is of the right
magnitude required to make the cross section comparable
with the experimental value with gp being as small as
10 . In other words if bremsstrahlung is the mechanism
for P production and if gz is 10, then the process must
be induced by the strong interaction so as to make the

which should be compared with the result of this paper
given in Appendix C. Both of them contain the leading
factor k coming from the phase space. However, Eq. (14)
contains an additional strong dependence on k coming
from matrix elements which makes the total cross section
small. In fact, as was shown in Appendix A, the matrix
elements in QED calculations contained similar k/w or
k/m factors which have been neglected compared to oth-
er larger terms. These larger terms could not be obtained
in a purely semiclassical calculation of Ref. 8. Besides, it
should be mentioned that the calculation of Reinhardt
et al. includes the pseudovector derivative coupling of the
boson to nucleon. Consequently, the estimated value of
gp was much larger than the value of our paper. In other
words, the semiclassical approach provides a much small-
er cross section than that of the value calculated from
QED, for the same value of the coupling constant.

Although we estimate gp (10 ', this value is much
larger than the value of gp estimated from other con-
straints. Reinhardt et al. estimate gp 10 10
Therefore, if we take gp —10 as "acceptable, " we see
that the calculated bremsstrahlung cross section is smaller
than the experimental one by a factor of 10 . Therefore,
unless gp is as large as 10 ', the bremsstrahlung induced
by electromagnetic interaction cannot explain the produc-
tion mechanism of the observed positron line spectrum.
This leads us to consider an alternative bremsstrahlung
mechanism induced by strong interaction. The elec-
tromagnetic interaction being long ranged could involve
all the protons of the interacting ions. However, in the
case of the strong interaction only those nucleons (both
proton and neutron) lying within a distance of =2—3 fm
of the interacting surface can play an effective role. To
estimate the order of magnitude of the cross section due
to the strong interaction, we need, in Eq. (13), the replace-
ment

theory agree with the experiment as far as the total in-
tegrated cross section is concerned.

Then, of course, one is left with explaining the narrow-
ness of the positron spectrum. In Fig. 4 we have shown
that if the average kinetic energy of the interacting nu-
cleons can be made smaller inside the supernucleus
through some not-yet known mechanism (as, for example,
the change in binding energy/u due to the supernucleus
status, etc.), the P's would be produced with very small ki-
netic energy, which would automatically result in a nar-
row peak. However, it would require a detailed calcula-
tion to show if that is indeed possible and will be deemed
beyond the scope of this work. The position of the peak,
as was shown, is controlled by m~ alone.

V. DISCUSSION

The mechanism for the production of the P particle in
heavy-ion collisions we discussed in the preceding sections
admittedly describes a very simplified picture of the com-
plex situation existing in heavy-ion collisions. It has been
pointed out by Balantekin et al. that, since the elec-
tromagnetic processes during the heavy-ion collisions are
strongly time dependent, reliable calculations of any pro-
duction mechanism requires nonperturbative methods and
beyond. However, in this paper we only attempted to get
an estimate of the yield of positron via the production of
the P particles in a simple model. We found that the ex-
perimental data can be matched to provide the coupling

gp 10, as far as the integrated cross section is con-
cerned. We believe that taking into account the exact
kinematics without approximation and the effects of pro-
ton and nuclear form factors can alter the limit on the
coupling constant gp. The limit on gp obtained from our
rigorous calculation is more stringent than the limit avail-
able in the literature. ' We obtain a & 10 independentp 4of the value g, compared to ap & 10 obtained by
Reinhardt et al. From the contribution of the P particle
to the anomalous magnetic moments of the electron, one
expects g, & 10 . This limit on g, set by the anomalous
magnetic moment may change due to the cancellations by
introducing, if one is willing, more than one new particle.
As a result a newer limit a, &10 —10 is reported
from the analysis of the data on the hyperfine splitting in
the positronium ground state. ' In that respect our limit
on gp independent of g, is indeed a plus. Various atomic
phenomena also put a limit on g,gp (10 —10 . How
reliable these limits are depends on a detailed calculation
which does not yet exist. However, Schafer et al. sug-
gest that the production mechanism of the particle P
might be similar to nuclear bremsstrahlung which gives
a(Er & 1.6 MeV)=5 X 10 b. Without making detailed
calculations, they estimate that gp —10 by simply re-
placing the coupling constant in the bremsstrahlung cal-
culation to explain the positron line in heavy-ion col-
lisions. In our calculation we find that due to y5 coupling
of the particle P (instead of ) q for bremsstrahlung photon)
there is a large cancellation in the matrix element itself.
Thus, a much larger value of gp is needed, if the produc-
tion of the P particle in heavy-ion collisions is attributed
to a bremsstrahlung-type production mechanism induced
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by electromagnetic interaction. We also showed that if
the process is indeed induced by strong interaction,

gp —10 can explain the observed cross section.
In summary, the production cross section of the posi-

tron in heavy-ion collisions calculated from the brems-
strahlunglike mechanism induced by electromagnetic in-
teraction in the framework of a linear QED turns out to
be a few orders of magnitude larger than the values ob-
tained from the semiclassical approach of the same mech-
anism and results from other semiclassical methods.
However, the value of the present calculation is still a few
orders of magnitude smaller than the observed cross sec-
tion. Thus we conclude from these and other analyses
that the origin of the positron spectrum cannot be attri-
buted to an electromagnetic interaction. We found, how-
ever, that an alternative production mechanism induced
by strong interactions (e.g. , pp ~ppP, pn ~pn P,

nn~nnP) provides a production cross section for the
positron, that agrees well with the observed one, with

gp —10
As a comment, it can be mentioned that both theoreti-

cal' and experimental works' on a similar light boson
have been carried out independently prior to the GSI
discovery. Whether they all can be related by expanding
the family of the boson requires further theoretical and
experimental investigations.
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APPENDIX A

The matrix element from Eq. (1) is

1
~$1 ~p(p2) 1 0 r»+)» ) 0 a, (pi ) .

p&+ —m p2+ —m

Averaging over initial and sum over final spins, we get

=2[2[A (p2.k)(p, k)+B(p2.k)(p&.k)] —(A +B )[(p~ p)m~ +m m~ ]

+2AB[(p2k)(p~. k) —(p2 p~)(k. k)+(pz k)(p&. k) —m k.k]],

(a b)=a&b"=aobo —a.b,

where p =(po, —p)

A= 1 B= 1

2(p& k) —m~ 2(p2 k)+m~

We simplify as follows in the laboratory frame: p~ ——(E&,p&), p2 ——(Ez, pz), k =(w, k)

2= 2= k Pi
2(p& k) —m& ——2E~w —2k p~ —m~ ——2E&w 1 ——

w Ei

Similarly

2(p2 k)+m~ -2E2w,

m~
2

2wE]
2E]w

E] ——E2+ w due to the 6 function:

E) +E2 1 E2 —E& E& +E2A'+B'= 2AB = —B
4w E E 2w E&E2 2w E]E2 4w E E 4WE 2E 2

Simplification leads to

IMzx I

=p 2 2 2 w 1(E(E2—m )+(p) —p2) k —p) p2 — p( k — (p), k)(p2 k)
E],E2 E[ w

Assume w «E~, I
k

I
&& w,

[(E/E2 ™)+(p&—p2) k pl P21
1 2
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We need to evaluate the three integrals

APPENDIX B

We have

f f dQPdfl f f dAPdQ f f dQPdQ
4 ~ 2 p& pz ~

q4

I, = fdn, f ",
4

dO
JQ2 4, =P) —P2

(Q —k)
d (cosH)

(Q +k —21Q
I I

k
I
cosH)

f 1=2(2n. ) d Qp
(Q2+ k2)2 4Q2k2

d (cosH' )

(p& —pz —k —21p&1 I pz I

cosH' )

(4~)

(Pi +P2 k ) 41P& I I pa
I'

(4~)
[(

I pi I
+

I P~ I

)' —k'](
I pi I

—
I pz I

' —k')

Di =
I pi I

'+
I pz I

' —
I

k
I

' —21pl I I P& I

=E, +Ep 2m Ikl —2[(Eq —m )(Ez —m )]

=E~ +Ez —2m —k —2[E~ Eq —m (E& +Ez )+m ]'

Now using E& +E2 ——2E&E2+w =2E&E2 in the square root, we have

D, =E& +Ez 2m —2(E&E—z
—m ) k=(E& E—q) —k =m—~

2 2 2 2 2 2 2 2

Similarly

D2
I pi I

'+
I pz I

' —
I

k
I
'+21pi

I I pz I

=Ei'+E2 ™2k +2(EIE2

=2X2(E,Ez —m ) —k =4(E,Ez —m ),
4m

1

mp (E,E~ —m )

Integral I2

I,= dQ p&p2 4
dQ

4

(Bl)

(B2)

The integral over d was done in I; hence,

I2 ——4n
dQz

I p&1 I pz I

cosH'

[(P& +» k') —21pi I

.
I
P21«sH']'

Substituting a =(p~ +pz —k ), b =21p~ I pq I, and cosH'=x,

+' x dx 2 1 a —b a 2
I2 ——4m b =4~ b ln

(a —bx) b a+b b a

Restoring a and b and using the results from (Al) and (A2) we have

4(E)Ep —m )I,=—,ln +(E)Eq —m )I, .
E)E2 —m Vly
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Integral I3

I3 — d02 dB 44

where Q=p~ —pz. The integration over dQ can be done as in I2 and obtain

Q2+l 2

I3 —2~ f 102 +C3,(Q2+k2)2 4l 2Q2

where C3 is another term containing a logarithm. It can be chosen that C3, though it contains p~ p2, can be neglected,
being smaller. Hence

I3-2~d fl =2~( p & +p2 +k ) 4~—fQ +k 2 2 q
dA2 dA2p) p2

(Qz+k2)2 4Q2 k2 (Q —k) (Q —k)
From results of the I

&
and I2 evaluations we can see that

I3—(E~Eq —m )I~ I2 . —
Then finally

M2) 4
dA, dA2 — E&E2 —m I&+I3—I24 E,E

[(E,E2 —m )+(E,E2 —m )I, —2Iz]
2 2 2

E,E

2 4~ 4(E,E2 —m )
ln

2E,E2 (E,Ez —m ) m~

APPENDIX C

The photoproduction cross section o (yppP) of the P particle up to the Born diagram only is

~= fdn"
where (in the rest frame of the proton)

dc'
dA

where

(eg~ )' (w —mp )

(2') l6mq +
~

(w —m~ ) E qw cosO ~—2 2 2 1/2 /M /2,

~M
~

=I2w(Ezw —qkcosO+k )[4m(q —w)(m~ +mq —mw)+m~ ]

+mm~ [2(4m q +(2mw —m~ )) 4mq(2mw —m—
~ )]—E2m~ [4m q +(2mw —m~ )]I

2mq (2mw —m~ )

With Ez ——m +q —w, q is the photon energy, m, m
&

is the proton and P-particle mass, respectively,
w+=[(2 b+av'4ab —4AC)/2A], a =m~ =2mq b =2(q+m)=2E, A =2(m+qa )(m+qa ), C=a +4m~ q (l
—a+a ), a —= l+cosO, and k =(w —m~ )' . The calculation is carried out without any approximation. The proton
form factor was taken to be unity.

The corresponding cross section o for the bremsstrahlung-type production of P particle in the Coulomb field of
charge Z, is given by

do.
0 = dM

m~ QW

where

(Z&Z2e gz) [(w m~ )[(E~ —w)——m ]I' 4[E((E)—w) —m ]=2(s)
3 2 2 1/2 ln

2dw 32~ (E~ —m ) E, (E~ —w)[E~(E, —w) —m ] flZ y

where E& ——total energy of the proton. Other values are defined in the text. This expression was obtained under the
same kinematical approximations as described in the text. (s ) is the average effective spin of each nucleon in a heavy
nucleus. This, in reality, can differ by a large amount from —, due to spin pairing of the nucleons.



35 ON A NEW LOW-MASS PSEUDOSCALAR BOSON 895

'J. Schweppe et al. , Phys. Rev. Lett. 51, 2261 (1983); M.
Clemente et al. , Phys. Lett. 1378, 41 (1984); T. Cowan
et al. , Phys. Rev. Lett. 54, 1761 (1985).

B. Muller, J. Rafelski, and W. Greiner, Z. Phys. A 257, 62
(1972); 257, 183 (1972).

Ya. B. Zel'dovich and V. S. Popov, Usp. Fiz. Nauk 14, 403
(1972) [Sov. Phys. Usp. 14, 673 (1972)].

4A. Schafer, J. Reinhardt, B. Muller, W. Greiner, and G. Soff,
J. Phys. G 11, L69 (1985).

5A. B. Balantekin, C. Bottcher, M. R. Strayer, and S. J. Lee,
Phy. R . L «. 55, 461 {&985).

~R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440
(1977); S. Weinberg, ibid. 40, 223 (1978); F. Wilczek, ibid. 40,
279 (1978).

~T. Cowan et al. , Phys. Rev. Lett. 56, 444 (1986).
J. Reinhardt, A. Schafer, B. Muller, and W. Greiner, Phys.

Rev. C 33, 194 (1986).
A. Chodos and L. C. R. Wijewardhana, Phys. Rev. Lett. 56,

302 {1986).
~oK. Lane, Phys. Lett. 1698, 97 (1986).
~~Once the supernucleus is formed the individual protons of the

incident ion should be able to interact with the individual pro-
ton of the target ion at rest. The supernucleus (united com-

plex) implies that the Coulomb barrier of each ion has been
penetrated by the fields of the other ion (or the fields of both
ions overlap in a small space-time region). In other words, in
a small space-time dimension, in which the supernucleus state
resides, the protons restore their identity as a member of the
supernucleus. This allows the proton to participate in the
production of the P particle via the bremsstrahlung mecha-
nism described in the text.

We did not take the proton distribution into account, because
we know very little about the proton state in small space-time
dimensions when the collision takes place to form a supernu-
cleus. The present calculated value, e.g. , the production cross
section, therefore, represents the upper bond of expected
value.

' A. Schafer et al. , Mod. Phys. Lett. A1, 1 (1986).
' D. Y. Kim and S. I. H. Naqvi, in Trends in Physics 1978,

proceedings of the 4th General Conference of the European
Physical Society, York, 1978, edited by M. M. Woolfson
(Hilger, Bristol, 1979), p. 271; D. Y. Kim, and S. I. H. Naqvi,
Lett. Nuovo Cimento 35, 79 (1982); D. Y. Kim, Ann. Phys.
(Leipzig) (to be published).
L. Greenberg et al. , Lett. Nuovo Cimento 32, 221 (1983).


