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Recently the experimentalists in Krasznahorkay (2016) [1] announced observing an unexpected enhance-
ment of the et-e~ pair production signal in one of the 8Be nuclear transitions. The subsequent studies
have been focused on possible explanations based on introducing new types of particle. In this work, we
improve the nuclear physics modeling of the reaction by studying the pair emission anisotropy and the
interferences between different multipoles in an effective field theory inspired framework, and exam-
ine their possible relevance to the anomaly. The connection between the previously measured on-shell
photon production and the pair production in the same nuclear transitions is established. These im-
provements, absent in the original experimental analysis, should be included in extracting new particle’s
properties from the experiment of this type. However, the improvements can not explain the anomaly.
We then explore the nuclear transition form factor as a possible origin of the anomaly, and find the re-
quired form factor to be unrealistic for the 8Be nucleus. The reduction of the anomaly’s significance by

simply rescaling our predicted event count is also investigated.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

It was announced in Ref. [1] that in the measurement of the
et—-e~ pair production in the ®Be’s nuclear transition between one
of its 11 resonance and its ground state (GS, a narrow resonance),
an unexpected enhancement of the signal was observed in the
large et —e~ invariant mass region (about 17 MeV) and in the large
pair correlation angle (near 140°) region. The observation has gen-
erated strong interest in the particle physics community, because
the anomaly could be explained by new types of particles (e.g.,
[1,2]). However, the nuclear physics model from Ref. [3] as used by
the experimentalists for simulating the pair production [4] through
virtual photon decay is incomplete. In the experiment, the initial
state is a beam-target plane wave and sets up a particular direction
in the reaction, leading to anisotropy in the pair emission. More-
over, in the anomalous reaction channel, the E1 and M1 multipoles
have similar weights and their interference is substantial. Further-
more, the on-shell photon production measurements [5-9] provide
important constraints on the multipoles in the pair production. In
this work, we set up a model inspired by the so-called Halo effec-
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tive field theory (EFT) framework [10,11], taking into account the
aforementioned factors which have not been addressed before [3],
calibrate it to the photon production data, and predict the pair pro-
duction cross section. The results, as well as the approach, could
be used for analyzing future experiment of this type. Although a
direct comparison to the current e™-e~ data is not feasible due
to the missing public information about the experimental detec-
tor efficiency [4], the shape comparisons are still valuable. We find
that the model improvements are not able to explain the anomaly.
We also evade the photon production constraint by invoking a hy-
pothetical form factor for the M1 transition, and show that the
form factor needed to explain the anomaly suggests an unrealis-
tic large length scale on the order of 10s fm for the 8Be nucleus.
We then study how the anomaly’s significance is modified when
the normalizations of our event estimation are allowed to vary. In
the following, section 2 discusses the kinematics and our model;
section 3 is about the model calibration. We then present our pair-
production results in section 4, and explore possible M1 transition
form factor in section 5. A short summary is provided in the end.

2. Kinematics and the EFT-inspired model

Fig. 1 illustrates the relevant kinematic variables for both pair
and photon productions in the proton-’Li CM frame. p, p., and
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Fig. 1. The top shows the kinematics for the e™—e~ pair production as well as the
photon production (without the lepton line). The bottom plots the allowed phase
space (shaded area) in terms of M, _ and cosf;_ assuming m, = 0.

p_ are the proton-’Li relative momentum and the momenta of
et and e™. Given |p|, there is one degrees of freedom (DOF), 4,
in the photon production, and four in the pair production: 6, 64 _,
¢, and positron energy E [electron energy E_ = w — E+ with
being the (virtual) photon’s energy]. The total pair production cross
section can then be computed through [3]:

M
Opte- = 51;3 /dE+dc059+,dc059d¢
p+p-
x +8 D I Mere 2. (21)
spins

Since the original experimental report [1] shows data vs. 64 _

and the pair’s invariant mass M;_ = —(p+-i-p,)2 sep-
arately, formula for computing do vs. dM;_ and df,_ are
needed. To calculate do/dM;_ based on Eq. (2.1), the rela-
tion, pyp_dE dcosf,_ =qp/ . dM,_dcos6, could be used; the
“primed” variables are measured in the eT-e~ CM frame, e.g.,

p, =p_ =,/M%_/A—m? with m, as the electron mass. In the

phase space where cosf;_ <0 and E, E_ > m,, m, =0 approxi-
mation can be applied to simplify the relationship between E and
My_ at fixed 64_: dE;/dMy_ = M4+_/[w|y| (1 — cos64_)] with
y = (Ex+ — E_)/w, which is then wused to compute
do /dM4_dcos6,_ based on Eq. (2.1). The allowed phase space
is shown in the bottom panel of Fig. 1: given a negative cosf,_,
4m? < M?_ < w*(1 — cosf4_)/2. We can see that the large-M
events have large 6,_, while the large-0,_ events have M;_
from 4m§ to its upper bound and part of the Jacobian factor,
My_pi+p_/|yl, enhances the contribution from the large M, _
region. Although Ref. [1] shows that the anomaly exists in the
large My_ (64_) region of do/dM,_ (do/dcos6,_) distribu-
tion, it should be informative to see where the anomaly resides
in the joint (M4_, 6,_) phase space. Note for a fixed y, Mi_ =
(1 — y?»)@*(1 — cosf,_)/2, which corresponds to a straight line
in the phase space intersecting the horizontal axis at cosé;_ =1,
e.g., the solid curve (y = 0) in the plotted phase space.

The key quantity in modeling is the EM current’s matrix ele-
ment, (Be8; —q|]“(q)|Li7+p; a, o, p) with a and o as ’Li and
proton spin projections and q as the (virtual) photon momen-
tum. The matrix element has different components, denoted as
U, st with A, S, and L labeling virtual photon’s multipolarity, initial

state’s total spin and orbital angular momentum. In the J” nota-

tion, “Li, proton, 8Be GS, and its excited states of interest are %7,

1% 0+, and two 1Fs [5,12]. As dictated by the parity conserva-
tion and Wigner-Eckart theorem, the E1 transition is between the
s-wave (L = 0) proton-’Li scattering state and the 8Be GS (d-wave
should be small), and the total spin S can only be 1; for the M1
transition L =1 and S =1 or 2. The role of E2 transition is also ex-
plored here, whose L =1 and S =1 or 2. In total, five amplitudes
need to be addressed, U11¢ for E1, U111 and Uq31 for M1, Uzq1 and
Uyyp for E2.

It is worthwhile to mention a few momentum (length) scales
in the reactions. The 7Li GS is 2.467 MeV below its breakup
threshold—to “He +3H [12]—which translates to a binding momen-
tum A ~ 10% MeV if ’Li is considered as the bound state of the
fragments; the corresponding length scale is 2 fm. Meanwhile, the
8Be’s mostly iso-scalar (MIS) and iso-vector (MIV) 11 resonances
are E@) = 0.895 and E(;) = 0.385 MeV above the proton-’Li
threshold (as measured in the proton-’Li CM frame) [5]; the asso-
ciated momenta p are about 40 and 25 MeV (5 and 8 fm in length
scale). Note the proton-’Li threshold is Ex = 17.2551 MeV above
the 8Be GS. By treating A as the high momentum scale, the 1%
states can be considered as composed of “point” particle “Li and
proton in the EFT framework. Since the 8Be GS is 17.2551 MeV
below the proton-’Li threshold and dominated by two 4He cluster
configuration [13,14], it can be considered as a deep bound state
in terms of the proton-’Li configuration. Therefore, the transitions
between the 17 states and the 8Be GS happen in short distance
as compared to 5 fm. These observations suggest that the reac-
tions can be studied in the EFT framework, in which fields with
the corresponding parity and spin are assigned to the involved par-
ticles and used to construct interaction operators in the lagrangian
satisfying rotational, Galilean, parity, and time reversal invariance.
(This approach has been successfully applied to study 8Li and B
systems [11].) It should be pointed out that near the proton-’Li
threshold, the Coulomb interaction between the ’Li and proton in
the incoming channels needs the standard nonperturbative treat-
ment, i.e., using the Coulomb wave function instead of the plane
wave in the Feynman diagram evaluation [11].

The relevant Lagrangian is collected here:
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The complex conjugation of the interaction terms are not explic-
itly shown. In the fields, n, (proton), cq (’Li), ¢ (5Be GS), ¥ (o)
(the MIS 1% resonance), ¥1)i (the MIV 17 resonance), the indices
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