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In recent electron-positron angular correlation measurements the observed significant enhance-
ments relative to the internal pair creation at large angles was interpreted as indication of the
creation of Jπ = 1+ 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 significantly lower than the whole transition energy, can cause peaked angle de-
pendence in electron-positron angular correlation.
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Introduction.—The anomalies in the spectra of emitted
positrons observed in heavy-ion collisions at GSI (Darm-
stadt) in the 1980’s [1] - [4] inspired experimentalists af-
ter the suggestions of [5], [6] to search for traces of a
short-lived neutral particle [7], [8] produced in nuclear
decays. The observed significant deviations from inter-
nal 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 the anomaly is explained within nu-
clear physics.

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 ex-
amined process was assumed to take place in two suc-
cessive steps. First, the excited states of nuclei were
prepared in resonant (p,γ) reactions. Pair creation is
expected after it in a second order electromagnetic scat-
tering process [17] - [20]. The Θ dependence of the IPC
yield fulfilling the E− + E+ = ∆ constraint was inves-
tigated [14], [15] where Θ is the angle between the mo-
menta p− = ~k− and p+ = ~k+ of the emitted e− and
e+ particles. E−, E+ and k−, k+ are the energies and
the wave vectors of e− and e+, respectively. ∆ is the
energy of the resonantly excited transition and ~ 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 character-
istic Θ dependence. If these extra e−e+ events originate
from the decay of the X17 boson then its rest mass can
be determined with the aid of the given Θ dependence of
the peaking anomaly appearing around a definite large
Θ 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
anomalous pair production the possible effect of higher
order processes was not taken into account. Evalua-
tions are based on the assumption that the populating
p+ A

ZX → A+1
Z+1Y + γ capture reaction and the IPC pro-

cess 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 A+1

Z+1Y nucleus and the e−e+ pair are
governed by strong and electromagnetic interactions. It
is thought that the anomaly arises if the observed e−e+

coincidences are examined in the light of the two step
process only.

Statement of this Letter.—The higher order processes,
in what strong and electromagnetic interactions are cou-
pled and govern jointly the system from the definite ini-
tial state to the definite final one, are investigated. It is
shown that they can produce local maximum around a
definite, sometimes large Θ value in the Θ dependence
of the e−e+ pair creation yield. Consequently, they may
be, at least partly, responsible for the observed anoma-
lous e−e+ pair creation events.

General considerations.—The usual IPC process can

be described with the interaction U
(2)
EM , the matrix el-

ement 〈ν|U
(2)
EM |µ〉 ≡ U

(2)
EM,νµ of which between states

|µ〉 and |ν〉 contains the Green function exp (iKαβR) /R
where R = |re − rN | [19], [20]. Here re and rN are the
electron/positron and nuclear coordinates and Kαβ =
|∆Eαβ | / (~c) is the transition wavenumber with ∆Eαβ

the change in the energy of nuclear transition αβ and c
the velocity of light in vacuum.

Using plane wave exp(iqre) for the coordinate depen-
dent parts of the states of the electron-positron pair, and
expanding exp (iKαβR) /R and the plane wave in terms
of spherical harmonics [21]

U
(2)
EM,νµ ∼

1

Kαβ

(

K2
αβ − q2

)

(

q

Kαβ

)L

(1)
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where q2 = q2 with q = k+ + k− and L is the multi-
polarity of the nuclear transition. This characteristics of

U
(2)
EM,νµ, which gives the basis of the Θ dependence of

the yield of e−e+ pair creation [17] - [19], may help to
understand the main features of the Θ dependence.
In the case of usual IPC, i.e., if ~cKαβ = E− + E+ =

∆ = ~cδ, in the denominator of (1) the factor K2
αβ−q2 =

δ2 −
[

k2
−
+ k2+ + 2k−k+ cos (Θ)

]

increases with increas-
ing Θ for fixed magnitudes k− and k+ of the electron
and positron wave vectors. But in higher order processes
|∆Eαβ | −→ 0, i.e., Kαβ −→ 0 can also happen. In this
eventK2

αβ−q2 −→ −q2 and q2 = k2
−
+k2++2k−k+ cos (Θ)

decreases with increasing Θ. As a result, the magni-
tude of the corresponding matrix-elements decrease in
the usual |∆Eαβ | = E− + E+ case and increase in the
|∆Eαβ | → 0 case with increasing Θ. In the later case,
extra e−e+ coincidences are expected when Θ → 180◦.
However, in higher order processes nuclear transitions

of |∆Eαβ | < ∆ can happen. In these cases theK2
αβ−q2 =

0 condition determines the angles

Θ = arccos

[

K2
αβ −

(

k2
−
+ k2+

)

2k−k+

]

(2)

at which singularities appear. For a nuclear transition of
given ~cKαβ < ∆ the minimum angle Θm of a possible
singularity arises if k− = k+. The angles Θ of singulari-
ties belonging to the cases k− 6= k+ fulfill the condition
Θ > Θm. The linked k− and k+ values are determined
by the E− + E+ = ∆ condition. The singularities are
moderated into peaks due to the width Γαβ = ~cγαβ of
the nuclear transition αβ. These peaks may appear in
the transition probability per unit time Wfi 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 γαβ causes
the modification of Kαβ as Kαβ → Kαβ − iγαβ/2 in (1).
This modification can also be used in the results of [17]-
[19].
Transition probability per unit time, Wfi.—The transi-

tion probability per unit time Wfi can be expressed with
the aid of the transition-matrix (T -matrix) element Tfi

as

Wfi =
2π

~

∑

f

∫ ∫

|Tfi|
2
δ(E)

V 2

(2π)
6 dk+dk− (3)

where δ(E) = δ(E+ +E− +Ef −∆), V is the volume of
normalization and the sum is made over those final states
of energy Ef which may contribute to e−e+ creation. Tfi

may have many relevant terms, T
(3)
fi , T

(4)
fi , etc., which

may be responsible for e−e+ creation with some of them

for the observed anomalies. T
(n)
fi is the term obtained in

nth order of standard perturbation calculation [22]. The

T
(n)
fi terms can be expressed with the aid of U

(2)
EM and Vst

where Vst 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 Θ dependence.

Study of the T -matrix element.— Let us see first a

process, the T
(3)
fi of which can be obtained adaptating

the graphs given in [23] changing the interaction of par-

ticles 1 and 2 to strong interaction. In this case T
(3)
fi

itself has many terms. The slowly moving nucleus A+1
Z+1Y

created by strong interaction and the initial free proton
or the free target nucleus before entering strong inter-
action may emit e−e+ pairs [24]. In the corresponding

three terms of T
(3)
fi the Kαβ −→ 0 approximation holds

leading to exp (iKαβR) /R −→ 1/R. These terms have
1/

[

k2
−
+ k2+ + 2k−k+ cos (Θ)

]

like Θ dependence, which
increases with increasing Θ. Their effect will not be dis-
cussed here.

The strong interaction, which is put in the graphs
given by [23], can lead to an excited state |n〉 of en-
ergy Enν = εnν − iΓn/2 where Γn is the width of
the nuclear state |n〉 of energy distribution ρεnν

=

[Γn/ (2π)]
[

(εnν − εn0)
2 + Γ2

n/4
]

−1

. Here εn0 is the cen-

tre of the distribution. The energies εnν and εn0 are
measured from the energy Ef0 of the ground state of
A+1
Z+1Y .

In the case of 8Be [14] two cases of resonant excitation
were studied. These are suffixed with l = 1, 2 further on.
The condition of resonance is determined by rest energies
Ei0 and Ef0 of the initial and final nuclei, the centre εrl0
of the energy distribution of the state, which is tuned to
resonance, and the centre ǫ0l of the energy of the proton
beam as εrl0 = ∆0 + ǫ0l with ∆0 = Ei0 − Ef0. Now
n = rl and ∆ = ∆0 + ǫ0l. Applying the correspondence
∑

ν →
∫

ρεrlνdεrlν , the relevant T -matrix element can
be written as

T
(3,rl)
fi = U

(2)
EM,frl

Vst,rli

Γrl − idl
(

d2l + Γ2
rl

) (4)

with dl the detuning and Vst,rli the matrix element of
the strong interaction causing proton capture and re-
sulting resonant transition into the nuclear state |rl〉
of A+1

Z+1Y . The origin of the detuning dl ≤ Dl

is the energy loss of the proton beam in the tar-
get material of thickness Dl usually given in energy

units [25]. The T
(3,rl)
fi term will have the dominant

1/
{

K2
rl0

−
[

k2
−
+ k2+ + 2k−k+ cos (Θ)

]}

like behaviour,
which decreases with increasing Θ. Its Θ dependence
is identical with the Θ dependence of the T -matrix el-
ement of the second step of the two step process since
Krl0 = ∆0 + ǫ0l = ∆.

In off resonant case

T
(3,n)
fi = U

(2)
EM,fn

Vst,ni

i (εn0 −∆0 − ǫ0l)
, (5)
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where Vst,ni is the matrix element of the strong interac-
tion causing proton capture and resulting transition into

the nuclear state |n〉 of A+1
Z+1Y . The matrix element T

(3,n)
fi

(with n 6= 0, rl) of a transition through a non resonant
excited state has peaked Θ dependence. The peak angle
is determined by (2) using Kn0 in it. (As it was earlier
mentioned, the linked k− and k+ values are determined
by the E− + E+ = ∆ condition.)
e−e+ pair creation of peaked Θ dependence can also

happen 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

T
(4,jn)
fi = Vst,fj

U
(2)
EM,jn

iεj0

Vst,ni

i (εn0 −∆0 − ǫ0l)
. (6)

Since Vst/εj0 ≈ 1, the magnitude of T
(4,jn)
fi is comparable

with the magnitude of T
(3,n)
fi .

Grounds of anomalous e−e+ creation.—The compari-
son 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
process 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 astrophysi-
cal factors S (0) of the d(d, p)3H , d(d, γ)4He reactions
governed by strong interaction and the 7Li(p, α)4He,
7Li(p, γ)8Be reactions governed by electromagnetic in-
teraction, which are 103 and 40, respectively [26]. Ac-
cordingly, the contribution to the yield of e−e+ coinci-
dences due to the higher order processes must not be
neglected.
The Θm values and the transition wavenumbers

Kn0, Knj of a given nucleus are connected via
(2). In the case of 8Be, the preliminary investiga-
tion of Θm indicates that besides the actually reso-

nant T
(3,rl)
fi = rrle

iϕrl term some T
(4,jn)
fi = rjne

iϕjn

terms of the T -matrix element may be significant.
Since in these cases

∣

∣Vst,rli (Γrl − idl) /
(

d2l + Γ2
rl

)∣

∣ ≫
|Vst,ni/ (εn0 −∆0 − ǫ0l)| (see (4), (6) and Vst/εj0 ≈ 1)
it is also expected that rrl ≫ rjn. These assumptions
lead approximately to

∣

∣

∣

∣

∣

∣

T
(3,rl)
fi +

∑

j,n

T
(4,jn)
fi

∣

∣

∣

∣

∣

∣

2

= r2rl +
∑

j,n

2rjnrrl cos(ϕrl −ϕjn).

(7)
Here, ϕrl = ϕrl0 − arctan(dl/Γrl). The dl dependence of
ϕrl indicates that the strength of the interference term
significantly depends on the actual penetration depth of
the proton into the target if the orders of magnitude of
dl and Γrl are comparable.
In the case of 4He the preliminary investigations of

Θm show that an other 4th order process, the rjn and ϕjn

values of which are determined by (8), may enter into the

approximate expression (7) of |Tfi|
2
. In this 4th order

process the states j decay to the ground state with the
emission of a softE2 photon of energy ~ω (E2) allowed by
the energy uncertainty Eun of the energy measurement
of the energy sum of the e−e+ pair as ~ω (E2) = Eun.
The corresponding T -matrix element is

T
(4,jn)
fi = Vγ,fj

U
(2)
EM,j1

iεj0

Vst,1i

Γ1
, (8)

with Vγ,fj the matrix element of E2 γ-coupling and Γ1

the width of state 1.
The Θ dependence of extra e−e+ pair creation events

due to the term r2rl in (7) is identical with the Θ depen-
dence of the second step of the two step process. The
Θ dependence of the remaining terms in (7) is of peaked
kind. Several transitions of ~cKαβ < ∆ must be taken
into account. In consequence of the width ~cγαβ of the
transitions and their appearing range Θ > Θm, the peaks
overlap.
Discussion of anomalies in the 7Li(p, e−e+)8Be

reaction.— In the experiment of [16] the Er1 = 17.640
MeV (1+), Γr1 = 12.2 keV and the Er2 = 18.15 MeV
(1+), Γr2 = 168 keV states of 8Be are populated by res-
onant proton beams of energy 441 keV (ǫ01 = 450 keV,
D1 = 9 keV) and 1030 keV (ǫ02 = 1100 keV withD2 = 70
keV) , respectively, with all values in the laboratory sys-
tem. The decay of these states through e−e+ emission
was studied [14], [16]. The angular (Θ) distribution of
the events fulfilling the E− + E+ = ∆ = ∆0 + ǫ0l con-
straint was measured in the case of both resonantly ex-
cited states (l = 1, 2). In the case of the 18.15 MeV state
extra e−e+ events peaked at Θ ≈ 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 con-
version correlation curve was found at angles above 110◦.
The deviation was unstructured and some admix of an
E1 component characteristic of the background could ex-
plain it. The observation of a peak at Θ ≈ 140 ◦ was
attributed to the creation and subsequent e−e+ decay of
a Jπ = 1+ 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 pro-

cess in both (17.640 MeV (1+), l = 1 and 18.15 MeV

(1+), l = 2) cases, the T
(3,rl)
fi term of T

(3)
fi is domi-

nant. The 8Be has excited states E1 = 11.35 MeV (4+),
E2 = 16.626 MeV (2+), and E3 = 16.922 MeV (2+) [27].
In the processes which are supposed to give considerable

terms to T
(4,jn)
fi , proton absorption governed by strong

interaction leads to states 2 or 3, than e−e+ pairs are
created in the 2 → 1 or 3 → 1 E2 transitions. Finally,
strong interaction transition leads to the final state, in
which two α particles of sum energy about 0.09184 MeV,
which is the decay energy of the ground state of 8Be
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FIG. 1: The cp dependence (where p is momentum of the
electron/positron) of Θ (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 ~cK31 = 5.572 MeV of 8Be. cp
is measured in MeV units and Θ is given in degrees.

[28], are created. The values ~cK21 = 5.276 MeV and
~cK31 = 5.572 MeV if k− = k+ result from (2) that
Θ2,m = 146.2◦ and Θ3,m = 144.2◦, respectively, and
if k− 6= k+ that Θj,m < Θj < 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 Γ1 ≈ 3.5
MeV of state 1 determines the spread of the peaks as
about ±12◦. As an example, the Θ3 (cp) dependence is
plotted in the case of ~cK31 = 5.572 MeV in Fig. 1.,
where p is the momentum of either the electron (p−) or
positron (p+). The E− + E+ = ∆ constraint determines
the linked p− = ~k− and p+ = ~k+ values. Moreover,
the Er1 = 17.640 MeV (1+) state can have an upwards
M1 coupling to the E4 = 27.4941 MeV (0+) state of
width Γ = 5.5 keV. The corresponding transition energy
is ~cK40 = 9.854 MeV to which Θ4,m = 114.1◦ belongs.
It may be connected to the observed slight deviation ob-
tained above 110◦ [14].

Supposing that U
(2)
EM,fr1

Vst,r1i ≈ U
(2)
EM,fr2

Vst,r2i

and emploing
√

D2
1 + Γ2

r1
≪

√

D2
2 + Γ2

r2
in (4), one has

∣

∣

∣
T

(3,r1)
fi

∣

∣

∣
≫

∣

∣

∣
T

(3,r2)
fi

∣

∣

∣
. Therefore the events due to the r2r1

term (in the case of l = 1) depress stronger the events
coming from the cross terms

∑

n=2,3 2r1nrr1 cos(ϕr1 −
ϕ1n), which are responsible for the appearance of peaks,
than it does in the case of the state Er2 = 18.15 MeV (in
the case of l = 2). All the above harmonize well with the
observations of [14], [16].

Discussion of anomalies in the 3H(p, e−e+)4He
reaction.—In an other work [15] the e−e+ anomalies in
the decay of the 21.01 MeV 0− → 0+ transition of 4He
were studied. The second excited state of 4He of energy
21.01 MeV (0−) and center of mass width Γ = 0.84MeV
[29] was populated in the 3H(p, γ)4He reaction with a
bombarding energy ǫp = 900 keV in the laboratory frame
producing an excitation of Ex = 20.49 MeV of 4He. In
this case it is stated [15] that the measured e−e+ angular
correlation anomalies appeared around a peak of a def-
inite angel 115◦. This observation seems to strengthen
the X17 boson hypothesis.

The resonant state, the effect of which is taken into
account, has energy E1 = 20.21 MeV (0+) and width
Γ1 = 0.5 MeV. The 4He has 2+ excited states of energy
E2 = 27.42 MeV, E3 = 28.67 MeV, E4 = 29.89 MeV and
of width Γ2 = 8.69 MeV, Γ3 = 3.78 MeV, Γ4 = 9.72MeV,
respectively [29]. The e−e+ pair is supposed to be created
in the 1 → j (j = 2, 3, 4) E2 transitions. The values
~cK21 = 7.21 MeV, ~cK31 = 8.46 MeV and ~cK41 = 9.68
MeV result Θ2,m = 138.7◦ ± 26◦, Θ3,m = 131.2◦ ± 12◦

and Θ4,m = 123.5◦ ± 32◦, respectively, with k− = k+
and Θj,m < Θj < 180◦ (j = 2, 3, 4) if k− 6= k+ for the
angle of the expected peak in the coincident e−e+ pair
counting rate. The spread of Θj,m is determined by the
corresponding Γj ≫ Γ1 value. As was mentioned above,
the energy uncertainty Eun 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 ~ω (E2) = Eun.

However, similar processes can start from the state of
energy E1 = 21.01 MeV (0−) and of center of mass width
Γ1 = 0.84MeV . In this case the 1− excited states of
energy E2 = 23.64 MeV, E3 = 24.25 MeV, E4 = 25.95
MeV, E5 = 28.37 MeV and of width Γ2 = 6.2 MeV, Γ3 =
6.1 MeV, Γ4 = 12.66 MeV, Γ5 = 3.92 MeV, respectively,
[29] are coupled to state 1 with M1 coupling and the
states j = 2, ..., 5 decay emitting a soft M1 photon of
energy ~ω (M1) = Eun. But the process can also take
place through these intermediate states starting from the
E1 = 20.21 MeV (0+) state with E1 coupling to them
and by emission of a final soft E1 photon from these
states. Moreover, the E1 = 21.01 MeV (0−) may have E1
coupling with the state of energy E5 = 28.31 MeV (1+)
and of width Γ2 = 6.2 MeV too. All the corresponding
Θj,m values can be determined as well. Thus in this case
a great number of reactions can lead to e−e+ anomalies.

Summary.— It was raised that e−e+ anomalies to the
usual IPC decay of an excited nuclear state can be as-
cribed to reactions of higher order of standard pertur-
bation calculation. The observed anomalous peak [14],
[16] is well explained in the case of decay of resonantly
excited state of 8Be. Qualitative explanation of recent
anomalous e−e+ observations [15], [16] made in the case
of the decay of resonantly excited states of 4He is also



5

presented. It is concluded that the assumption of X17
particle does not seem to be necessary to explain the ob-
served e−e+ anomalies.
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