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Abstract In recent electron-positron angular correlation
measurements the observed significant enhancements rela-
tive to the internal pair creation at large angles was inter-
preted as indication of the creation of J* = 17 boson called
X17 particle. In this paper it is brought up that such enhance-
ments can be generated by higher order processes. It is found
that nuclear transitions, the transition energy of which is sig-
nificantly lower than the whole transition energy, can cause
peaked angle dependence in electron-positron angular corre-
lation.

1 Introduction

The anomalies in the spectra of emitted positrons observed
in heavy-ion collisions at GSI (Darmstadt) in the 1980’s [1—
4] inspired experimentalists after the suggestions of [5,6]
to search for traces of a short-lived neutral particle [7,8]
produced in nuclear decays. The observed significant devi-
ations from internal pair conversion [9,10] sustained the
interest [11,12] searching for a light neutral boson [13]
which is called X17-boson. Interpreting recent experiments,
it was stated that "to the best of our knowledge, the observed
anomaly can not have a nuclear physics related origin’ [14].
In this paper it is shown that effects of nuclear physics origin
can also contribute to the presence of the observed anomaly.

In the experiments [14,15] and [16] the decay of excited
nuclear states through internal electron (e™) - positron (e™)
pair creation (IPC) was studied. The examined process was
assumed to take place in two successive steps. First, the
excited states of nuclei were prepared in resonant (p,y ) reac-
tions. Pair creation is expected after it in a second order elec-
tromagnetic scattering process [17-20]. The ® dependence
of the IPC yield fulfilling the E_ 4+ E, = A constraint
was investigated [14,15] where ® is the angle between the
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momenta p— = ik_ and p;+ = Ziky of the emitted e~ and
e particles. E_, E, and k_, k are the energies and the
wave vectors of e~ and e™ , respectively. A is the energy of
the resonantly excited transition and 7 is the reduced Planck-
constant. Extra events, which were said to be unexplainable
with IPC, were found.

It was supposed that paralell with the usual e~ e™ pair
creation, which is the usual IPC, the decay of the state may
also take place by emitting a hypothetical X17-boson that
also decays by e~e™ pair creation having characteristic ©
dependence. If these extra e"e™ events originate from the
decay of the X17 boson then its rest mass can be deter-
mined with the aid of the given ® dependence of the peak-
ing anomaly appearing around a definite large ® angle. Two
different experiments [14,15] resulted rest masses identical
within experimental error with high confidence level [16].

However, in the analysis of experiments observing anoma-
lous pair production the possible effect of higher order pro-
cesses was not taken into account. Evaluations are based on
the assumption that the populating p+ ‘gX — éﬂ Y +y cap-
ture reaction and the IPC process take place in two succeeding
steps. But higher order coupled reactions, like the ones to be
discussed here and which are one joined processes contrary
to the former two step one, may also happen. In the higher
order processes the creation of the QI}Y nucleus and the
e~ e pair are governed by strong and electromagnetic inter-
actions. It is thought that the anomaly arises if the observed
e~ e™ coincidences are examined in the light of the two step
process only.

2 Statement of this letter

The higher order processes, in what strong and electromag-
netic interactions are coupled and govern jointly the system
from the definite initial state to the definite final one, are
investigated. It is shown that they can produce local maxi-
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mum around a definite, sometimes large ® value in the ®
dependence of the e~e™ pair creation yield. Consequently,
they may be, at least partly, responsible for the observed
anomalous e~ e™ pair creation events.

3 General considerations

The usual IPC process can be described with the interac-
tion Ug[z,, , the matrix element (v| ng,[ ln) = UI(EZIE/I,W of
which between states |u) and |v) contains the Green func-
tion exp (i KogR) /R where R = |r, —ry| [19,20]. Here
r. and ry are the electron/positron and nuclear coordinates
and Ko = \AEaﬂ | / (hic) is the transition wavenumber with
AEyg the change in the energy of nuclear transition o8 and
¢ the velocity of light in vacuum.

Using plane wave exp(iqr,) for the coordinate dependent
parts of the states of the electron-positron pair, and expanding
exp (iKepR) /R and the plane wave in terms of spherical

harmonics [21]
q L
—) (D

Kop (Kéﬁ - f]2> <K‘xﬁ

where ¢ = q° with q = k; + k_ and L is the multipolar-
ity of the nuclear transition. This characteristics of U 1(5212/1,v w
which gives the basis of the ® dependence of the yield of
e~ e™ pair creation [17-19], may help to understand the main
features of the ® dependence.

Inthe case of usual IPC,i.e.,if icKoyp = E_+EL = A =
fics, in the denominator of (1) the factor Ko%ﬁ — q2 =82 —
[k% + ki + 2k_k cos (@)] increases with increasing ® for
fixed magnitudes k_ and k. of the electron and positron wave
vectors. But in higher order processes |AEO¢;| — 0, i.e.,

Kyg —> 0 canalso happen. In this event Kgﬂ —g% — —¢*

andg? = k> —i—k%r—i—Zk, k4 cos (®) decreases with increasing
©®. As a result, the magnitude of the corresponding matrix-
elements decrease in the usual |AEa5| = E_+ E, case
and increase in the |AEa/3| — 0 case with increasing ©. In
the later case, extra e et coincidences are expected when
® — 180°.

However, in higher order processes nuclear transitions of
}AEaﬁ| < A can happen. In these cases the Kiﬂ —-¢*=0
condition determines the angles

K2y — (kK2 + ki)}

2k_k @

® = arccos |:
at which singularities appear. For a nuclear transition of given
hcKyp < A the minimum angle ®,, of a possible singularity
arises if k_ = k. The angles ® of singularities belonging to
the cases k_ # k4 fulfill the condition ® > ®,,. The linked
k_ and k4. values are determined by the E_ + E; = A con-
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dition. The singularities are moderated into peaks due to the
width I'yg = ficyyp of the nuclear transition «. These peaks
may appear in the transition probability per unit time W5 of
the 3rd or higher order processes too and they are thought
to be responsible for the observed peaked anomalies in the
measured coincident e~ e™ events. The width y,4 causes the
modification of Kqg as Kog — Kap — iYap/2 in (1). This
modification can also be used in the results of [17-19].

4 Transition probability per unit time, Wg

The transition probability per unit time Wy can be expressed
with the aid of the transition-matrix (7 -matrix) element Tg
as

2
We = 7”;// TP 5(E)

where 6(E) = §(Ey + E_ + Ey — A), V is the volume
of normalization and the sum is made over those final states
of energy E; which may contribute to e~ e™ creation. Tj

2

1%
@2m)°

dk . dk_ 3)

may have many relevant terms, Tff3), Tff4), etc., which may
be responsible for e~e™ creation with some of them for the
observed anomalies. Tffn) is the term obtained in nth order of
standard perturbation calculation [22]. The Tffn) terms can be
expressed with the aid of U ‘(5212,1 and Vy; where Vj; stands for
the potential of strong interaction. Although in a systematic
overview the contribution by all terms must be taken into
account we now focus on the terms which may be essential
in producing extra e~ e™ events of peaked © dependence.

5 Study of the T -matrix element

Let us see first a process, the Tﬁ(3) of which can be obtained
adaptating the graphs given in [23] changing the interaction
of particles 1 and 2 to strong interaction. In this case Tﬁ(3) itself
has many terms. The slowly moving nucleus fZ‘ﬂ Y created
by strong interaction and the initial free proton or the free
target nucleus before entering strong interaction may emit
e~ e™ pairs [24]. In the corresponding three terms of Tﬁ(3) the
Kop — 0approximation holds leading to exp (i KqgR) /R
—> 1/R. These terms have 1/ [k? + k% + 2k_k cos (©)]
like ® dependence, which increases with increasing ®. Their
effect will not be discussed here.

The strong interaction, which is put in the graphs given by
[23], can lead to an excited state |n) of energy E,, = &, —
iT", /2 where I';, is the width of the nuclear state |n) of energy
distribution pe,, = [T/ Q)] [(eny — £a0)® + T2/4] .
Here ¢, is the centre of the distribution. The energies ¢,
and &, are measured from the energy E o of the ground

A+1
state of Z+1Y.
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In the case of 3 Be [14] two cases of resonant excitation
were studied. These are suffixed with/ = 1, 2 further on. The
condition of resonance is determined by rest energies E;q
and E fo of the initial and final nuclei, the centre &, of the
energy distribution of the state, which is tuned to resonance,
and the centre €(; of the energy of the proton beam as ,,0 =
Ao + €y with Ag = Ejo — Efp. Now n = r; and A =
Ao + €01 Applying the correspondence Zv — f pgrlvderlv,
the relevant 7-matrix element can be written as

G 112 Iy —id
T3 = U

Vit i ————— 4
EM, fr; Vst (d12 + F%) ( )

with d; the detuning and Vj; ,,; the matrix element of the
strong interaction causing proton capture and resulting res-
onant transition into the nuclear state |r;) of éi}Y. The
origin of the detuning d; < Dj is the energy loss of the
proton beam in the target material of thickness D; usu-
ally given in energy units [25]. The Tﬁ(3’r’) term will have
the dominant 1/ { K2, = [k2 + k3 + 2k_ky. cos ()] ] like
behaviour, which decreases with increasing ®. Its ® depen-
dence is identical with the ® dependence of the 7-matrix
element of the second step of the two step process since
K0 = Ag +eqr = A.

In off resonant case

Vst,ni

I i (g0 — Do — o)’

" =Uky )
where Vi ,; is the matrix element of the strong interac-
tion causing proton capture and resulting transition into the
nuclear state |n) of /Z*i} Y. The matrix element Tﬁ(3’”) (with
n # 0, r7) of a transition through a non resonant excited state
has peaked ® dependence. The peak angle is determined by
(2) using Ko in it. (As it was earlier mentioned, the linked
k_ and k4 values are determined by the E_ + E4 = A
condition.)

e~ e pair creation of peaked ® dependence can also hap-
pen if nuclear transition takes place between nuclear states
[n) and | j), when the later goes to the final state due to strong
interaction. It is a 4th order process, the T -matrix element
of which reads as

th,ni
icjo i(en0 — Ao — €01)

(6)

Since Vi /e jo ~ 1, the magnitude of Tii(4"i”)

with the magnitude of Tﬁ(S’") .

is comparable

6 Grounds of anomalous e~ e™ creation

The comparison of (4), (5) and (6) indicates that the leading
T -matrix element belongs to the resonant 3rd order process.
Its yield can be comparable with the yield of the two step pro-

cess since the participation of strong interaction in a higher
order process can compensate for its higher order. It can be
seen from the ratios of values of the astrophysical factors
S (0) of the d(d, p)3H,d(d,y)*He and the " Li(p, a)*He,
TLi(p, y)8 Be reactions governed by strong/electromagnetic
interaction, which are 10° and 40, respectively [26]. Accord-
ingly, the contribution to the yield of e~e™ coincidences due
to the higher order processes must not be neglected.

The ®,, values and the transition wavenumbers K0, K;;
of a given nucleus are connected via (2). In the case of 8 Be,
the preliminary investigation of ©,, indicates that besides
the actually resonant 7" = r, ¢!?1 term some Tﬁ(4’J m =
r j,,ei“’f'” terms of the 7-matrix element may be signifi-
cant. Since in these cases | Vs, i (T, — id;) / (dF + Ffl)| >
|Vitni/ (a0 — Do — €op)| (see (4), (6) and V, /ejo ~ 1) itis
also expected thatr,, > r,. These assumptions lead approx-
imately to

2
3, 4,j
Tﬁ( oy Z Tﬁ( ml rr21 + erjn”rz cos(@ry, — @jn)-

Jn jn

)

Here, ¢, = ¢,,0 — arctan(d;/ I';,). The d; dependence of ¢,
indicates that the strength of the interference term signifi-
cantly depends on the actual penetration depth of the proton
into the target if the orders of magnitude of d; and I',, are
comparable.

In the case of *He the preliminary investigations of ©,,
show that an other 4th order process, the rj, and ¢ j,, values of
which are determined by (8), may enter into the approximate
expression (7) of [T |*. In this 4th order process the states
j decay to the ground state with the emission of a soft E2
photon of energy /iw (E2) allowed by the energy uncertainty
E,, of the energy measurement of the energy sum of the
e~ et pair as hw (E2) = E,;,. The corresponding T-matrix
element is

2)
Ugm,j1 Ve

Tﬁ(4’jn) :
g0 Iy

) ®)

=Vy s

with V), ¢; the matrix element of E2 y-coupling and I'y the
width of state 1.

The © dependence of extra e~ e™ pair creation events due
to the term r,2[ in (7) is identical with the ® dependence of the
second step of the two step process. The ® dependence of the
remaining terms in (7) is of peaked kind. Several transitions
of icKyg < A mustbe taken into account. In consequence of
the width 7icyyg of the transitions and their appearing range
® > 0O,,, the peaks overlap.
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Fig. 1 The cp dependence (where p is momentum of the elec-
tron/positron) of ® (given by (2)) of the expected peak in the coincident
e~e™ pair counting rate in the case of an E2 transition of transition
energy ficK3; = 5.572 MeV of ® Be. ¢p is measured in MeV units and
® is given in degrees

7 Discussion of anomalies in the " Li (p, e~ et)8Be
reaction

In the experiment of [16] the E,, = 17.640 MeV (1+),
I';, = 12.2 keV and the E,, = 18.15 MeV (1"), [, =
168 keV states of 8Be are populated by resonant proton
beams of energy 441 keV (eg; = 450 keV, D; = 9 keV)
and 1030 keV (eg2 = 1100 keV with D, = 70 keV), respec-
tively, with all values in the laboratory system. The decay of
these states through e~ e™ emission was studied [14, 16]. The
angular (®) distribution of the events fulfilling the E_ + E .
= A = Ag + €y constraint was measured in the case of
both resonantly excited states (I = 1, 2). In the case of the
18.15 MeV state extra e"e™ events peaked at ® ~ 140 °
were observed but in the angular distribution of the events
originating from the 17.640 MeV state no peak appeared,
although a slight deviation from the simulated internal pair
conversion correlation curve was found at angles above 110°.
The deviation was unstructured and some admix of an E'1
component characteristic of the background could explain it.
The observation of a peak at ® = 140 ° was attributed to the
creation and subsequent e~e™ decay of a J7 = 11 boson
called X17 particle having rest mass 16.7 £ 0.35 MeV in the
decay of the state of 18.15 MeV energy.

As it is mentioned above, beside the two step process in
both (17.640 MeV (1*), I = 1and 18.15MeV (1), 1 =

2) cases, the Tﬁ(3’r’) term of Tﬁ(3) is dominant. The 3 Be has
excited states E; = 11.35 MeV (4T), E; = 16.626 MeV

@ Springer

(2%), and E3 = 16.922 MeV (27) [27]. In the processes

which are supposed to give considerable terms to Tﬁ(4’1 "),

proton absorption governed by strong interaction leads to
states 2 or 3, than e~ e™ pairs are created inthe 2 — 1o0r3 —
1 E2 transitions. Finally, strong interaction transition leads to
the final state, in which two « particles of sum energy about
0.09184 MeV, which is the decay energy of the ground state
of 8 Be [28], are created. The values icKy = 5.276 MeV
and ficK3; = 5.572 MeV if k_ = k4 result from (2) that
®2,n = 146.2° and O3, = 144.2°, respectively, and if
k- #kythat ®;, < ©; < 180° (j =2, 3) for the angle
of the expected peak in the coincident e~e™ pair counting
rate. The half of the dominant width I'; &~ 3.5 MeV of state
1 determines the spread of the peaks as about +12°. As an
example, the ®3 (cp) dependence is plotted in the case of
hcK3p = 5.572 MeV in Fig. 1, where p is the momentum of
either the electron (p_) or positron (py). The E_+EL = A
constraint determines the linked p_ = hk_ and p, = fiky
values. Moreover, the E,, = 17.640MeV (17) state can have
an upwards M1 coupling to the E4 = 27.4941 MeV (07)
state of width I' = 5.5 keV. The corresponding transition
energy is icKy = 9.854 MeV to which ®4,, = 114.1°
belongs. It may be connected to the observed slight deviation
obtained above 110° [14].

Supposing that Uézlf,,’frl Vst.ri = ng,,,frz Vst.rpi and

emploing /D? + T2, < /D3 + T2 in (4), one has |7,

> |10
case of [ = 1) depress stronger the events coming from the
Cross terms anm 2r1urr cos(@r —@1,), Which are respon-
sible for the appearance of peaks, than it does in the case of
the state E,, = 18.15 MeV (in the case of [ = 2). All the
above harmonize well with the observations of [14,16].

. Therefore the events due to the rrz1 term (in the

8 Discussion of anomalies in the 3 H )R e“et) He
reaction

In an other work [15] the e et anomalies in the decay of
the 21.01 MeV 0~ — 0% transition of *He were studied.
The second excited state of * He of energy 21.01 MeV (07)
and center of mass width I' = 0.84 MeV [29] was popu-
lated in the * H (p, y)* H e reaction with abombarding energy
€p = 900 keV in the laboratory frame producing an excita-
tion of E, = 20.49 MeV of *He. In this case it is stated
[15] that the measured e~ e™ angular correlation anomalies
appeared around a peak of a definite angel 115°. This obser-
vation seems to strengthen the X17 boson hypothesis.

The resonant state, the effect of which is taken into
account, has energy E; = 20.21 MeV (O+) and width
Iy = 0.5 MeV. The *He has 27 excited states of energy
E, = 27.42 MeV, E3 = 28.67 MeV, E4 = 29.89 MeV and
of width T’y = 8.69 MeV, I'; = 3.78 MeV, I'y = 9.72 MeV,
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respectively [29]. The e~ e pair is supposed to be created in
the 1 — j (j = 2,3,4) E2 transitions. The values icKy; =
7.21 MeV, hicK3; = 8.46 MeV and ficKy; = 9.68 MeV
result ®,,, = 138.7° £+ 26°, O3, = 131.2° £ 12° and
O4,m = 123.5° £ 32°, respectively, with k- = k4 and
Ojm <0 <180°(j =2,3,4) if k- # k. for the angle
of the expected peak in the coincident e~e™ pair counting
rate. The spread of ®; ,, is determined by the corresponding
I'j > I'y value. As was mentioned above, the energy uncer-
tainty E,, of the energy measurement of the energy sum of
the e~ e™ pair allows to take into account those processes in
which the states j = 2, 3 and 4 decay to the ground state with
the emission of a soft E2 photon of energy hiw (E2) = E,;,.

However, similar processes can start from the state of
energy £1 = 21.01 MeV (O_) and of center of mass width
['1 =0.84 MeV . Inthis case the 1~ excited states of energy
E, =23.64MeV, Ez = 24.25MeV, E4 = 25.95MeV, E5 =
28.37 MeV and of width 'y = 6.2 MeV, I'; = 6.1 MeV,
'y = 12.66 MeV, I's = 3.92 MeV, respectively, [29] are cou-
pled to state 1 with M1 coupling and the states j = 2, ..., 5
decay emitting a soft M 1 photon of energy fiw (M 1) = E,;,.
But the process can also take place through these intermedi-
ate states starting from the £y = 20.21 MeV (O+) state with
E'1 coupling to them and by emission of a final soft E'1 pho-
ton from these states. Moreover, the £ = 21.01 MeV (O’)
may have E'1 coupling with the state of energy E5 = 28.31
MeV (1) and of width T'; = 6.2 MeV too. All the corre-
sponding O ,, values can be determined as well. Thus in this
case a great number of reactions can lead to e~ e™ anomalies.

9 Summary

It was raised that e~ e™ anomalies to the usual IPC decay of
an excited nuclear state can be ascribed to reactions of higher
order of standard perturbation calculation. Our standard
explanation results in possible peaks at about ®; ,, = 146.2°
and ©3 , = 144.2°, that seem to fit well with the observed
anomalous peak at about ® ~ 140° [14,16] in the case of
decay of resonantly excited state of 8 Be. Our mechanism
may qualitatively explain recent anomalous e~ e™ observa-
tions [15,16] made in the case of the decay of resonantly
excited states of * He too. Consequently, the assumption of
the hypothetical X17 particle is not the sole possible expla-
nation of the observed e~ e™ anomalies.
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