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Electron-positron angular correlations were measured for the isovector magnetic dipole 17.6 MeV
state (Jπ = 1+, T = 1) → ground state (Jπ = 0+, T = 0) and the isoscalar magnetic dipole
18.15 MeV (Jπ = 1+, T = 0) state → ground state transitions in 8Be. Significant deviation from
the internal pair creation was observed at large angles in the angular correlation for the isoscalar
transition with a confidence level of > 5σ. This observation might indicate that, in an intermediate
step, a neutral isoscalar particle with a mass of 16.70±0.35 (stat)±0.5 (sys) MeV/c2 and Jπ = 1+

was created.

PACS numbers: 23.20.Ra, 23.20.En, 14.70.Pw

Recently, several experimental anomalies were dis-
cussed as possible signatures for a new light particle [1].
Some predictions suggest light neutral bosons in the 10
MeV - 10 GeV mass range as dark matter candidates,
which couple to electrons and positrons [2–5], to explain
the anomalies. A number of attempts were made to find
such particles by using data from running facilities [6–
13] or reanalyzing data of preceding experiments [14–18].
Since no evidence was found, limits were set on their
mass and their coupling strength to ordinary matter. In
the near future, ongoing experiments are expected to ex-
tend those limits to regions in mass and coupling strength
which are so far unexplored. All of them are designed
to exploit the radiative production of the so-called dark
photons (γ′) by a very intense electron or positron beam
on a high-Z target [19–24].

In the present work we reinvestigated the anomaly
observed previously in the internal pair creation of an
isovector (17.6 MeV) and an isoscalar (18.15 MeV) M1
transitions in 8Be [25–30].

The expected signature of the new particle is a very
characteristic angular correlation of the e+e− pairs from
its decay [31, 32]. Quantum electrodynamics (QED) pre-
dicts [33, 34] that the angular correlation between the e+

and e− emitted in the internal pair creation (IPC) drops
rapidly with the separation angle θ. In striking contrast,
when the transition takes place by emission of a short-
lived (τ < 10−13 s) neutral particle decaying into an e+e−

pair, the angular correlation becomes sharply peaked at
larger angles. The correlation angle of the two-particle
decay (180◦ in the center-of-mass system) is decreased
according to the Lorentz boost in the laboratory system.

To populate the 17.6, and 18.15 MeV 1+ states in
8Be selectively, we used the 7Li(p,γ)8Be reaction at the
Ep=0.441, and 1.03 MeV resonances [30]. Angular cor-
relation of the produced e+e− pairs were detected in the
experiments performed at the 5 MV Van de Graaff ac-
celerator in Debrecen. Proton beams with typical cur-
rent of 1.0 µA impinged on 15 µg/cm2 thick LiF2 and
300 µg/cm2 thick LiO2 targets evaporated on 10 µm Al
backings.

The e+e− pairs were detected by five plastic ∆E–E
detector telescopes similar to those built by Stiebing and
co-workers [35], but we used larger telescope detectors in
combination with position sensitive detectors to increase
the coincidence efficiency by about 3 orders of magnitude.
∆E detectors of 38×45×1 mm3 and the E detectors of
78×60×70mm3 were placed perpendicularly to the beam
direction at azimuthal angles of 0◦, 60◦, 120◦, 180◦ and
270◦. These angles were chosen to obtain a homogeneous
acceptance of the e+e− pairs as a function of the corre-
lation angle. The positions of the hits were registered by
multiwire proportional counters (MWPC) [36] placed in
front of the ∆E and E detectors.

The target strip foil was perpendicular to the beam
direction. The telescope detectors were placed around
the vacuum chamber made of a carbon fiber tube. A de-
tailed description of the experimental setup is published
elsewhere [37].

e+e− pairs of the 6.05 MeV transition in 16O, and of
the 4.44 MeV and 15.11 MeV transitions in 12C excited
in the 11B(p,γ)12C reaction (Ep= 1.6 MeV) were used
to calibrate the telescopes. γ rays were also detected
for monitoring. A εrel=20% HPGe detector (measured

Claims of the new 17-MeV boson produced in nuclear transitions, e.g. 
7Li(p,e+e-)8Be . Primary observable is e+e- angular correlation

arXiv:1504.01527 [nucl-ex]
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curves show the IPC background (M1+23%E1). The de-
viation observed at the bombarding energy of Ep=1.10
MeV (b) and at Θ ≈ 140◦ has a significance of 6.8 stan-
dard deviations, corresponding to a background fluctua-
tion probability of 5.6×10−12. On resonance (b) the M1
contribution should be larger, so the background should
decrease faster than in other cases, which would make
the deviation even larger and more significant.

The e+e− decay of a hypothetical boson emitted
isotropically from the target has been simulated together
with the normal IPC emission of e+e− pairs. The sen-
sitivity of the angular correlation measurements to the
mass of the assumed boson is illustrated in Fig. 4.
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FIG. 4. Experimental angular e+e− pair correlations mea-
sured in the 7Li(p,e+e−) reaction at Ep=1.10 MeV with -0.5
≤ y ≤ 0.5 (closed circles) and |y| ≥ 0.5 (open circles). The
results of simulations of boson decay pairs added to those of
IPC pairs are shown for different boson masses as described
in the text.

Figure 4 shows the experimental angular correlation
of the e+e− pairs in the narrow Esum = 18 MeV region
and with -0.5 ≤ y ≤ 0.5 (full circles) together with the re-
sults of the simulations assuming boson masses ofm0c2 =
15.6 (dotted line), 16.6 (full curve) and 17.6 MeV (dash-
dotted line), and the simulation without assuming any
boson contribution (dashed line).

Taking into account an IPC coefficient of 3.9×10−3 for
the 18.15 MeV M1 transition [33], a boson to γ branching
ratio of 5.8×10−6 was was found for the best fit and was
then used for the other boson masses in Fig.4.

According to the simulations, the contribution of the
assumed boson should be negligible for asymmetric pairs
with 0.5 ≤ |y| ≤ 1.0. The open circles with error bars in
Fig. 4 show the experimental data obtained for asymmet-

ric pairs (setting a wide, 15+18 MeV gate to get more
statistics, as shown in Fig. 2b, and rescaled for better
separation) compared with the simulations (full curve)
including only M1 and E1 contributions.

The χ2 analysis mentioned above to judge the signifi-
cance of the observed anomaly was extended to extract
the mass of the hypothetical boson. The simulated angu-
lar correlations included contributions from bosons with
masses between m0c2 = 15 and 17.5 MeV. The reduced
χ2 values as a function of the particle mass are shown in
Fig. 5.
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FIG. 5. Determination of the mass of the new particle by
the χ2/f method, by comparing the experimental data with
the results of the simulations obtained for different particle
masses.

As a result of the χ2 analysis, we determined the boson
mass to be m0c2 = 16.70±0.35 (stat) MeV. The min-
imum value for the χ2/f was 1.07. A systematic error
caused by the instability of the beam position on the
target, as well as the uncertainties in the calibration and
positioning of the detectors is estimated to be ∆Θ = 6◦,
which corresponds to 0.5 MeV uncertainty in the boson
mass.

In conclusion, we have measured the e+e− angular cor-
relation in internal pair creation for the the M1 tran-
sitions depopulating the 17.6 and 18.15 MeV states in
8Be, and observed anomalous IPC in the latter transi-
tion. The observed deviations from the M1 IPC in case
of the 17.6 MeV transition could be explained by the con-
tribution of the direct proton capture which presumably
induce E1 transitions. However, E1 mixing alone cannot
explain the measured anomaly in the 18 MeV pair cor-
relation. The deviation between the experimental and
theoretical angular correlations is significant and can be

0        2       4       6       8      10 cm

Figure 4: Final schematic arrangement with five telescopes to detect e+e− pairs.

the whole experiment for making experimental energy and re-
sponse calibrations. An event mixing method [44] was used
to determine experimentally the relative response of the spec-
trometer as a function of the correlation angle. According to
the method, uncorrelated lepton pairs were generated from sub-
sequent single events and their correlation angle was calculated
as for the coincident events. The resulted angular correlation
for the uncorrelated events gave us the experimental response
curve. Reasonably good agreement was obtained with the re-
sults of the MC simulations as presented in Fig. 5.
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Figure 5: Detector response for the five-telescope setup as a function of cor-
relation angle (θ) for isotropic emission of e+e− pairs (curve) in Monte Carlo
simulations and (data points) from experimental data as explained in the text.

When electrons from the target pass through the set-up to
the wire chambers multiple scattering in the target holder, in

the wall of the carbon fiber vacuum chamber, and in the wire
chamber windows takes place. This gives rise to an angular
spread of the reconstructed angular correlation.

The simulated angular resolution corresponds to FWHM ≈ 7
degrees. We use bins of 10 degrees in the correlation spectra.

The shape of the coincidence response curve depends also
on position of the beam spot, which may walk during a long
experiment. However, using the above event mixing method,
this effect can be compensated, so the extracted angular corre-
lation will be independent of small variations in the beam spot
position.

In order to check the experimentally determined response
curve with data, the angular correlation of the e+e− pairs cre-
ated in the 6.05 MeV E0 transition was measured and corrected
by the response curve determined in the same experiment. As
shown in Fig. 6 very good agreement has been obtained with
the theoretically predicted E0 angular correlation.

16O

19F(p,α e+e-)16O

Ep=1.10 MeV

Θ (deg.)

IP
C

C

0.08
0.09
0.1

0.2

0.3

0.4

0.5
0.6
0.7
0.8
0.9

1

2

60 80 100 120 140 160

Figure 6: Angular correlation of the e+ e− pairs that originated from the 16O
6.05 MeV E0 transition excited in the 19F(p,α)16O reaction at Ep=1.10 MeV
compared with the MC simulation assuming pure E0 transition.

6.5. Background by cosmic muons

Cosmic muons going through the spectrometer produce coin-
cidences between the ∆E − E telescopes and the MWPC detec-
tors, similarly to e+e− pairs. We measure low coincidence rates,
especially at large separation angles, so the effect of travers-
ing cosmic rays has to be considered. Background measure-
ments have been performed before and after the experiments
with the settings (gates, thresholds, etc.) of the in-beam mea-
surement, and the angular correlation of the background events
were subtracted with a weighting factor. This factor was deter-
mined by comparing the high energy part (Esum > 20 MeV) of
the sum energy spectra measured in-beam and off-beam, which
contained only cosmic events in both cases.
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ATOMKI results received little attention until theorists invented 
the “fifth force” explanation.
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simulation by applying a 0 weight to any e+e− pair
that includes at least one particle not at an angle
that hits one of the detectors.
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FIG. 2: Comparison of simulated and measured detector
responses to uniformly distributed particle pairs, along
with the published expected response. χ

2 calculated ig-
noring error bars for comparison of relative variance of
new model and ATOMKI model

Based on [6], an additional cut was applied to the
detected particle pair, removing particularly asym-
metric e+e− pairs. The cut was applied to only allow
|y| < 0.5, where y is defined in Eq. 4.

y = (Ee− − Ee+) / (Ee− + Ee+) (4)

ANALYSIS

Fitting

Armed with distributions in internal pair angle
for each possible combination of particle helicities,
the next step was fitting the distributions together.
Symmetries in the distributions rule out all but a few
terms, leaving 10 viable, distinctly shaped single-
channel distributions and 4 interference terms. With
only 9 available data points in internal angle, fitting
a linear combination of all 14 curves together was
unreasonable. Since the analysis by Krasznahorkay,
et al.[6] used a E1+M1 model, the terms more likely
to have been excluded lie in interference between
different decay channels. In this spirit, fits were at-
tempted using a linear combination of a decay term
and an interference term for all the independent de-
cay and interference terms respectively. Labeling
each decay by a 4-tuple of (jz of 8Be*, j of the in-
termediary and the e+e− system, jz of the interme-
diary that carries the spin, jz of the e+e−system),
shown in Table I. For each set of non-distinct de-

cay channel profiles, an arbitrary representative was
chosen.

χ
2 (1,1,1,1) (1,1,1,0) (1,0,1,0) (1,1,1,1)

vs.(1,1,0,1) vs.(0,1,1,0) vs.(0,0,1,0) vs.(0,1,1,1)

(1,1,1,1) 20.8 20.3 17.5 11.17

(1,1,1,0) N/A 14.9 N/A N/A

(1,1,0,1) N/A N/A N/A N/A

(1,1,0,0) 24.4 24 24 24

(1,0,1,0) 19.8 19 17.9 N/A

(1,0,0,0) 32.8 25 N/A N/A

(0,1,1,1) 27 24.3 26 N/A

(0,1,0,1) 14 14.3 18.4 24

(0,1,0,0) 17.7 17.7 17.7 17.6

(0,0,0,0) 14.2 14.5 14.3 14.2

TABLE I: Goodness-of-fit for different combinations of
interference and decay terms. The columns denote the
interference term, the rows indicate the decay term.
“N/A” is entered for fits that could not satisfactorily
resolve.

With the data shown in Tbl. I, the linear combi-
nation of (1, 1, 1, 1) and the interference between
(1, 1, 1, 1) and (0, 1, 1, 1) was chosen based on its
low χ2 value. Since the fit had two parameters, and
there were 9 available data points, the χ2/ndf = 1.6,
which indicates a reasonable fit. In comparison, The
fit proposed by fitting a resonant decay channel from
a new particle had a χ2/ndf = 1.03, using data from
the plots in the paper by Krasznahorkay, et al.[6] and
assuming a one-dimensional fit. This fit is shown in
Fig. 3.
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FIG. 3: Fit achieved by combining the (1, 1, 1, 1) decay
channel and (1, 1, 1, 1) vs. (0, 1, 1, 1) interference
process in a linear combination, and adding it on top of
the expected background.

4

Mass Distribution

With a reasonable fit achieved for the relative an-
gle in the internal pair creation, we converted the
fit into a mass distribution to compare to the one
published by Krasznahorkay, et al.[6]. For each of
the two angular distributions used in the fit, a his-
togram of the invariant masses of the detected parti-
cles was taken. The mass resolution of the detector
was taken by assuming the predicted curve along
mass for a 16.7 MeV resonance in ref. [6] was the
effect of the detector resolution on a delta function
in mass, and that the resolution scaled with mass.
The value of each bin in our histogram of invariant
mass was multiplied by the distribution in Eq. 5,
where m0 is the mass value at that bin, f(m) is the
distribution aforementioned in ref. [6], and m̄ is the
average value of mass in the distribution from f.

gm0
(m) = f

(

m − m0

m0
m̄ + m̄

)

(5)
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FIG. 4: Mass distribution achieved by combining the (1,
1, 1, 1) decay channel and (1, 1, 1, 1) vs. (0, 1, 1, 1)
interference process in a linear combination, fitting along
Θ+−

, and translating into invariant mass.

The distributions, gm0
, were then summed with

coefficients as in the angular distribution fits, and
normalized by fitting the ratio of the E1+M1 back-
ground to the total amplitude of the combined de-
cay and interference term. The result of this fit is
shown in Fig. 4. After normalizing, χ2/ndf = 0.72,
which indicates a reasonable fit. This shows how
these non-resonant processes can combine to build a
false resonance in the detector.

Mass Distribution Bias

In order to get a further intuition for the appear-
ance of a bump structure, a case study was made
of the (1, 1, 1, 1). The simulation was run again
with the detector model set to accept all particles
regardless of angle, and to ignore the cut on energy
symmetry in the e+e− pair, previously referred to as
y. As shown in Fig. ??, this yields a smooth distri-
bution with no indication of high mass excesses.

The cut and detector model were then each taken
independently. The simulation was run with the
above described indiscriminate detector model, but
retaining the cut on particle asymmetry, and with
the full detector model taken while ignoring the par-
ticle asymmetry cut. The results, shown in Fig. ??,
seem to indicate little independent bias in each cut
taken on its own.

Returning to the full model, including both the
cut along y and the detector model, the histogram
along mass shown in Fig. ??. This has a clear peak
along invariant mass centered at roughly 16 MeV.
While this is not enough on its own to match the
16.7 MeV observed excess, it demonstrates that the
combination of these effects forms a peak structure
that might, with additional interference effects, pro-
duce the observed effects.
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FIG. 5: Mass distribution with detector set to accept all
particle angles, with no cuts.

CONCLUSIONS

A reasonable fit can be found fitting linear combi-
nations of possible amplitudes represented by broad
non-resonant mass distributions and their interfer-
ences to the data provided by Krasznahorkay, et

al.[6]. As these are non-resonant, Standard Model

Proof of concept: interference effects could produce a shoulder in the angular 
distribution; non-uniform detector acceptance and energy asymmetry cut could 
turn a broad shoulder into a peak.
At the time, had a vague idea of what the “second amplitude” may be. 
Considered non-resonant decay 8Be*→ 4He 4He e+e- , or two-photon exchange 
in 8Be*→ 8Be e+e-. Real calculation (way) beyond the scope of an undergrad 
thesis. 
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• Considered interference between 
multipole amplitudes (not enough 
to explain data)

• Considered (somewhat extreme) 
form-factors for the nuclear vertex 
(success)
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Argue that the ATOMKI data could be explained by interference 
effects in the initial-state 
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Abstract: As a quark and an antiquark cannot be isolated, the intrinsic motion of a

composite qq̄ system in its lowest-energy states lies predominantly in 1+1 dimensions, as

in an open string with the quark and the antiquark at its two ends. Accordingly, we study

the lowest-energy states of an open string qq̄ system in QCD and QED in 1+1 dimensions.

We show that π0, η, and η′ can be adequately described as open string qq̄ QCD mesons.

By extrapolating into the qq̄ QED sector in which a quark and an antiquark interact with

the QED interaction, we find an open string isoscalar I(Jπ) = 0(0−) QED meson state at

17.9±1.5 MeV and an isovector (I(Jπ) = 1(0−), I3 = 0) QEDmeson state at 36.4±3.8 MeV.

The predicted masses of the isoscalar and isovector QED mesons are close to the masses of

the hypothetical X17 and E38 particles observed recently, making them good candidates

for these particles. The decay products of QED mesons may show up as excess e+e− and

γγ pairs in the anomalous soft photon phenomenon associated with hadron productions

in high-energy hadron-proton collisions and e+-e− annihilations. Measurements of the

invariant masses of excess e+e− and γγ pairs will provide tests for the existence of the

open string qq̄ QED mesons. An assembly of gravitating QED mesons are expected to emit

electron-positron pairs and/or gamma rays and their decay energies and lifetimes will be

modified by their gravitational binding energies. Consequently, a self-gravitating isoscalar

QED meson assembly whose mass M and radius R satisfy (M/M#)/(R/R#) ! 4.71× 105

will not produce electron-positron pairs nor gamma rays and may be a good candidate for

the primordial dark matter.

Keywords: Phenomenological Models, QCD Phenomenology

ArXiv ePrint: 2001.04864

Open Access, c© The Authors.

Article funded by SCOAP3.
https://doi.org/10.1007/JHEP08(2020)165

14

ATOMKI Anomaly04/08/2021

Other Efforts to Explain ATOMKI within SM
Postulate that X17 is 
a QED “bound 
state” of a  pairqq̄

J
H
E
P
0
8
(
2
0
2
0
)
1
6
5

Published for SISSA by Springer

Received: June 16, 2020

Accepted: August 5, 2020

Published: August 31, 2020

Open string QED meson description of the X17

particle and dark matter

Cheuk-Yin Wong

Physics Division, Oak Ridge National Laboratory,
Oak Ridge, Tennessee 37831, U.S.A.

E-mail: wongc@ornl.gov

Abstract: As a quark and an antiquark cannot be isolated, the intrinsic motion of a

composite qq̄ system in its lowest-energy states lies predominantly in 1+1 dimensions, as

in an open string with the quark and the antiquark at its two ends. Accordingly, we study

the lowest-energy states of an open string qq̄ system in QCD and QED in 1+1 dimensions.

We show that π0, η, and η′ can be adequately described as open string qq̄ QCD mesons.

By extrapolating into the qq̄ QED sector in which a quark and an antiquark interact with

the QED interaction, we find an open string isoscalar I(Jπ) = 0(0−) QED meson state at

17.9±1.5 MeV and an isovector (I(Jπ) = 1(0−), I3 = 0) QEDmeson state at 36.4±3.8 MeV.

The predicted masses of the isoscalar and isovector QED mesons are close to the masses of

the hypothetical X17 and E38 particles observed recently, making them good candidates

for these particles. The decay products of QED mesons may show up as excess e+e− and

γγ pairs in the anomalous soft photon phenomenon associated with hadron productions

in high-energy hadron-proton collisions and e+-e− annihilations. Measurements of the

invariant masses of excess e+e− and γγ pairs will provide tests for the existence of the

open string qq̄ QED mesons. An assembly of gravitating QED mesons are expected to emit

electron-positron pairs and/or gamma rays and their decay energies and lifetimes will be

modified by their gravitational binding energies. Consequently, a self-gravitating isoscalar

QED meson assembly whose mass M and radius R satisfy (M/M#)/(R/R#) ! 4.71× 105

will not produce electron-positron pairs nor gamma rays and may be a good candidate for

the primordial dark matter.

Keywords: Phenomenological Models, QCD Phenomenology

ArXiv ePrint: 2001.04864

Open Access, c© The Authors.

Article funded by SCOAP3.
https://doi.org/10.1007/JHEP08(2020)165



Next-to-the-Leading-Order (NLO) QED corrections in 
8Be(18.15) ⟶8Be e+e- decay

• Consider doubly differential decay rate in the rest frame of 8Be(18.15) ≡ 8Be*:
{x,y}

z

e-

e+

8Be

θ+

θ-

• Φ is phase space for the case of three body decay.

• Leading-Order (LO): 
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• Spin 1⟶0 transition is described by the Lagrangian: 
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Using the e+e� pair spectrometer at the 5 MV Van de Graa↵ accelerator at the Institute for Nuclear
Research, Hungarian Academy of Sciences (ATOMKI), Krasznahorkay et al. have claimed a 6.8�
excess at high e+e� opening angles in the internal pair creation isoscalar transition 8Be(18.15) !
8Be e+e�. A hypothetical gauge boson with the mass circa 17 MeV, “X17”, has been proposed as
an explanation for the excess. We show that the observed experimental structure can be reproduced
within the Standard Model by adding the full set of second-order corrections and the interference
terms to the Born-level decay amplitudes considered by Krasznahorkay et al. We implement a
detailed model of the ATOMKI detector, and also show how experimental selection and acceptance
bias exacerbate the apparent di↵erence between the experimental data and the Born-level prediction.

INTRODUCTION

The Standard Model (SM) of particle physics
has survived many challenges over the past fifty
years. Occasionally, experimental observations dis-
agree with the SM predictions; such deviations are
often reconciled after additional theoretical or exper-
imental scrutiny. One such deviation is claimed by
an experiment at the Institute for Nuclear Research,
Hungarian Academy of Sciences (ATOMKI). In this
experiment, a 5 MV Van De Graaf-accelerator was
used to produce an 18.15 MeV excited state of
8Be(18.15) (called 8Be⇤ henceforth) with a subse-
quent internal pair conversion (IPC) to the ground
state of 8Be: 7Li(p, e+e�)8Be [1]. This channel is
of particular interest, as the creation of e+e� pairs
provides a potential avenue for detection of low-mass
boson candidates that are not present in the Stan-
dard Model [2]. A pair spectrometer was constructed
to focus on detecting the IPC process with a fine res-
olution in the opening angle of e+e� pairs ✓+� [3].

Recent results from this experiment indicate an
excess of events at large ✓+� over the leading-order
theoretical predictions, consistent with a new boson
with a mass of 16.7 MeV [1]. This experimental evi-
dence was found to be inconsistent with a dark pho-
ton hypothesis [2]. Feng et al. proposed a new pro-
tophobic, fifth force gauge boson, which has sparked
a flurry of additional model-building work and inter-
est in popular press. In this paper, we discuss our
e↵ort to critically analyze the idea that a non-SM,
resonant process is needed to produce the observed
excess in e+e� production at high ✓+�. In order to
fully understand the interplay between the theoret-
ical and experimental e↵ects, we construct a Monte
Carlo (MC) model of the detector used at ATOMKI.

We use this model to demonstrate that an interfer-
ence between the Born-level IPC amplitude and a
subleading nonresonant component (an amplitude
with a broad phase-space structure) could produce
e↵ects observed by ATOMKI [4]. Similar ideas have
been explored by other authors [5, 6]. The most ba-
sic subleading contribution to the IPC process arises
from the second order electromagnetic corrections,
i.e. contributions beyond the Born approximation:
two-photon box diagrams, vertex corrections, etc.
While the calculation of the higher-order corrections
is technically challenging, one would naively expect
such contributions to be suppressed by a factor of
Z↵ compared to the Born term. However, the in-
terference between the box and tree-level diagrams
and the nontrivial structure of the box diagrams, in-
cluding kinematic singularities and the presence of
excited nuclear states in the box, can produce un-
expected e↵ects. In this paper, we report the full
second-order calculation of the 8Be⇤ ! 8Be e+e�

process, and compare the results to the experimen-
tal distributions reported by ATOMKI.

NLO QED MODEL OF
8Be⇤ DECAY

In the rest frame of 8Be⇤, the doubly-di↵erential
decay rate comprises from a phase-space component
and a square of the matrix element, which has a
leading-order (LO) contribution |MLO|2 and an in-
terference term between LO and next-to-the-leading
(NLO) matrix element, 2< [MLOM⇤

NLO
]:

d2�

d✓+d✓�
=

⇣
|MLO|2 + 2< [MLOM

⇤
NLO

]
⌘
�, (1)

Leading-Order Interference term between LO and NLO orders 
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• At the NLO order, including only interaction term for spin 1⟶0 transition, we can form 
the following topologies:

9

• Type (a) graphs correspond to self-energies. Hadronic vacuum polarization has been 
calculated with effective light quark masses to fit e+e- to hadrons cross section.
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FIG. 1: Higher order QED contributions in decay of 8Be⇤

FIG. 2: The results for the interference term in Eq. (1)
(2< [MLOM

⇤
NLO]) for electron (top) and positron (bot-

tom) angles fixed to ✓�(✓+) = 40�. Dashed line (yel-
low) represents vacuum polarization graphs (a), dot-
dashed line (green) is the result of vertex correction
graph (b) with soft-photon bremsstrahlung treatment.
Dotted graph (blue) is the IR-finite part of the boxes
(c)-(d).

the detectors.

Based on [1], an additional cut is applied to
the detected particle pair, removing particularly
asymmetric e+e� pairs. The cut was applied
to only allow |y| < 0.5, where disparity y =

FIG. 3: Comparison of simulated and measured detector
responses to uniformly distributed particle pairs, along
with the published expected response. �2 calculated
with all standard errors assumed to be 1 for compari-
son of relative variance of new model and ATOMKI’s
model

(Ee� � Ee+) / (Ee� + Ee+)
We note that while e+ and e� are indistinguish-

able in the ATOMKI detector, the response of the
plastic scintillator to electrons and positrons is dif-
ferent [10]. It is not clear if this di↵erence was incor-
porated in the original calibration of the ATOMKI
apparatus [3]. We approximate the di↵erence in re-
sponse by adding an additional 1 MeV of visible en-
ergy to the positron signal before applying the dis-
parity cut. This introduces a small asymmetry in
the detector response.

ANALYSIS

We fit the simulated distributions of e+e� open-
ing angles to the ATOMKI data using a binned �2

fit by varying two parameters: the overall normal-

• Type (b) graphs correspond to electron current vertex corrections. 
We use soft-photon approximation to treat infrared divergencies.

• Both (a) and (b) graphs are ultraviolet divergent.  We employ on-shell renormalization 
and observe analytical cancellation of divergent poles.

NLO QED Contribution: Self-Energies and Vertex 
Corrections



NLO QED Contribution: Boxes
• Including additional interaction terms for spin 1⟶1 and 0 ⟶ 0 transitions, we get: 

10

• Type (c) graphs correspond to boxes and crossed boxes with 8Be state in the loop.

• Type (d) graphs correspond to boxes and crossed boxes with 8Be* state in the loop.

• Both (c) and (d) graphs are infrared divergent.  We take into account only infrared-finite 
part of the NLO interference term. 
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sponse by adding an additional 1 MeV of visible en-
ergy to the positron signal before applying the dis-
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the detector response.
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ferent [10]. It is not clear if this di↵erence was incor-
porated in the original calibration of the ATOMKI
apparatus [3]. We approximate the di↵erence in re-
sponse by adding an additional 1 MeV of visible en-
ergy to the positron signal before applying the dis-
parity cut. This introduces a small asymmetry in
the detector response.

ANALYSIS

We fit the simulated distributions of e+e� open-
ing angles to the ATOMKI data using a binned �2
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Phase Space

11

• Reduce three-body decay phase space, we get the following:

• After integration over positron’s energy:

• After transformation from dE-dθ± to dθ+dθ- , we obtain:
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3X

i=1
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• Jacobian:
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APPENDIX

The phase space for doubly di↵erential decay rate in Eq. (1) can be written as follows:

� =
1

(2⇡)3
J

8mBe⇤

E2
�

EBe

sin ✓�
sin ✓+

and

J =
sin2 (✓+ + ✓�)

2R sin2 ✓�


mBe⇤

(cos (✓+ + ✓�) � 1)

✓
mBe⇤ sin (✓+ + ✓�)

tan ✓�
� R

◆
� m2

Be

�
,

R =

⇢
m2

Be
+

sin ✓+
sin ✓�

✓
2m2

Be⇤ +m2
Be

sin ✓+
sin ✓�

◆
+
�
m2

Be⇤ � m2
Be

� sin (2✓+ + ✓�)

sin ✓�

�1/2

,

where subscripts +/� correspond to the positron and the electron, respectively.
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FIG. 8: Phase space of three body decay for 8Be⇤ !8 Bee+e�.

The phase space of 8Be and the electron-positron pair in the final state is shown on Fig. 8, demonstrating
the characteristic three-body decay behavior. The correlation between the invariant masses in the Dalitz
plot plane and the e+e� opening angle is shown in Fig. 9. The matrix elements projected on the 3-body
phase space Dalitz plot are shown in Fig. 10.
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Interference Term: 2Re[MLOMNLO]
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• Contributions coming from self-energies (SE), vertex corrections (VC) and boxes (B):

• Self-energies and vertex corrections are completely symmetrical under e-/e+ flip. 

• Contribution from boxes cancels out at large extend when both electron and positron events are 
combined, but does not go to zero.
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Dotted graph (blue) is the IR-finite part of the boxes
(c)-(d).

the detectors.

Based on [1], an additional cut is applied to
the detected particle pair, removing particularly
asymmetric e+e� pairs. The cut was applied
to only allow |y| < 0.5, where disparity y =

FIG. 3: Comparison of simulated and measured detector
responses to uniformly distributed particle pairs, along
with the published expected response. �2 calculated
with all standard errors assumed to be 1 for compari-
son of relative variance of new model and ATOMKI’s
model

(Ee� � Ee+) / (Ee� + Ee+)
We note that while e+ and e� are indistinguish-

able in the ATOMKI detector, the response of the
plastic scintillator to electrons and positrons is dif-
ferent [10]. It is not clear if this di↵erence was incor-
porated in the original calibration of the ATOMKI
apparatus [3]. We approximate the di↵erence in re-
sponse by adding an additional 1 MeV of visible en-
ergy to the positron signal before applying the dis-
parity cut. This introduces a small asymmetry in
the detector response.

ANALYSIS

We fit the simulated distributions of e+e� open-
ing angles to the ATOMKI data using a binned �2

fit by varying two parameters: the overall normal-

SE

TR
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• If we assume difference in efficiency between e- and e+ signal, for example at 20%, the summed 
correction shows bump-like behaviour (left plot). Right plot shows no difference in efficiency.
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• Here, for example, we fix either electron or positron angle to 400.  All the possible angular 
combinations are included in the final simulation.

• For the MC simulations, look-up tables are compiled including tree level, interference term and 
phase space for three body decay.
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Cakes were baked, votes were 
counted, and UK student Maddie 
Watkins beat off stiff competition 
from a bakerɪs doeen of high-
energy physicists to be crowned 
star baker of the inaugural 
�2reat;hysicsBake:ff for her 
depiction of Archimedesɪ eureka 
moment. ɭWe had gravitational-
lensing gateauc, stellar-
nucleosynthesis sponge and 
recreations of the International 
Space Station, the NASA Space 
Shuttle and 1ermilabɪs iconic 
Wilson Hall,ɮ says organiser 

6atharine Leney �Southern 8ethodist @niversity� of the January 
competition, which took place on social media. ɭWeɪre still wondering 
if you lose weight eating antiparticle cupcakes,ɮ adds co-organiser 
Steph Hills �ST1C�.

?he Rreat [hdsTcs MaVe�Zff 

The shortest unit of time 
ever measured (1 zs = 10–21s), 
corresponding to the  
time it takes light to cross  
a hydrogen molecule,  
as clocked by physicists at 
DESY’s PETRA III facility 
(Science 370 339).

Antiprotons à gogo
:n 11ɧ1� 1ebruary C0=Nɪs �# 2eV ;roton 
Synchrotron, ;S, became the worldɪs 
first antiproton synchrotron. Intense 
pulses of �.  2eV antiprotons from the 
Antiproton Accumulator are accelerated 
to �! 2eV in the ;S for use in protonɧ
antiproton collisions in the Intersecting 
Storage =ings or in the Super ;roton 
Synchrotron, S;S, after subse\uent 
acceleration Fachieved on 10 July at 
 �0 2eV centre-of-mass energyH in the search for the elusive 
intermediate bosons of weak interactions. At the other end of the 
energy scale, preparations are under way in the ;S South Hall to 
construct a Low 0nergy Antiproton =ing, L0A=, providing intense 
antiproton beams in the energy range 0.1 to � 2eV. Investigations of 
protonɧantiproton annihilation should improve our knowledge of 
\uark behaviour. L0A= physics will also cover protonium spectroscopy, 
ecotic protonɧantiproton atoms, and could provide a definitive answer 
on baryonium, states formed from baryons and antibaryons.
z��Based on tect from pp10�ɧ10  and 11�ɧ11  of CERN Courier April 1$#1.

Compiler’s note
Antimatter – like black holes, wormholes and multiverses – feeds our 
deep-seated curiosity for the mysterious. The Big Bang is supposed to have 
created particles in pairs, equal and opposite, that recombine on contact, 
releasing the energy that produced them. So why is there anything other 
than energy in the universe? For every billion pairs that annihilated, it seems 
just one partner survived – a sine \ue non for our existence. To date, 
laboratory efforts to create antimatter haae done little to redress the 
imbalance. By 2015 it was estimated that CERN had created 1 ng of 
antiprotons, Fermilab an impressive 15 ng, and 2 ng of positrons had been 
produced at DESY. But the total annihilation energy obtainable using this 
ersate antimatter is insuʯcient to boil cup of tea.

From the archive: April 1981
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The TT6 beamline, soon 
scheduled to transport 
28 GeV antiprotons from the 
PS to the ISR.

Wilson Hall in gingerbread, by Fermilab 
accelerator operator Cindy Joe. 

,?:864 MZsZY ̀ YOer ʭre 
;article physicists in Canada and the @S have added a new twist to 
the tale of the AT:86I anomaly ɧ a reported !.#m eccess of e+eɧ pairs 
created during nuclear transitions of eccited #Be nuclei to their ground 
state spotted by a team in Hungary in �01 , and for which a new 1" 8eV 
gauge boson �ɭC1"ɮ� has been proposed as an ecplanation �CERN 
Courier January�1ebruary �01$ p"�. In a preprint posted on � 1ebruary, 
Aleksandrs AlekseUevs �8emorial @niversity of Newfoundland� and 
co-workers pour cold water on this interpretation, arguing that the 
anomaly can be ecplained by adding the full set of second-order 
corrections and the interference terms to the Born-level decay 
amplitudes considered by the AT:86I team �arCiv%�10�.011�"�. 

C1"ɪs proponents remain undeterred. ɭThe authors appear to let the 
siee of the higher-order effects be a free parameter and find that by 
assuming they are much larger than ecpected, one could produce a bump 
at 1  8eV, not the 1" 8eV observed. So itɪs an interesting step, but thereɪs 
still more work to be done,ɮ says Jonathan 1eng of @C Irvine. 8eanwhile, 
spokesperson for the AT:86I ecperiment Attila 6rasenahorkay 
protests that the effect has since also been seen in other nuclear species% 
ɭ:ur results for 4He and 1�C would not be affected by any interference 
phenomenon, while we see the C1" anomaly in both of them, so we 
continue our ecperiments, with new results soon to be published.ɮ 
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Media corner
“At Brookhaven, I was always 
sitting on the edge of my chair 
[during unblinding], and I think I 
will be here, too.”

0cperimentalist Lee Roberts of 
Boston @niversity \uoted in  
Science ��" January� about the  
hotly anticipated muon g-� 
measurement from 1ermilab.

“That statement made me furious,  
so I started studying physics.”

A 1$$" \uote by the late Nobel 
laureate Masatoshi Koshiba, on 
how a professor telling him that 
he cannot study physics made him 
take it up in the first place, has 

resurfaced after the $� year-old 
neutrino pioneerɪs passing  
in November �American Institute 
of ;hysics�.

“I could not be more excited about 
the new supercollider!”

Elon Musk on Twitter �� November� 
interacting with 1ermilab director 
Nigel Lockyer on the subUect of a 
future circular collider.

“Today, Jane Street’s source code is 
25M lines long, about half as much 
as the Large Hadron Collider uses.”

The Financial Times ��# January� 
channels C0=N to communicate 
the complecity of the algorithms 
used by \uantitative trading firm 
Jane Street.

CCMarApr21_Background_v2.indd   74CCMarApr21_Background_v2.indd   74 12/02/2021   16:0012/02/2021   16:00
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0        2       4       6       8      10 cm

Figure 4: Final schematic arrangement with five telescopes to detect e+e− pairs.

the whole experiment for making experimental energy and re-
sponse calibrations. An event mixing method [44] was used
to determine experimentally the relative response of the spec-
trometer as a function of the correlation angle. According to
the method, uncorrelated lepton pairs were generated from sub-
sequent single events and their correlation angle was calculated
as for the coincident events. The resulted angular correlation
for the uncorrelated events gave us the experimental response
curve. Reasonably good agreement was obtained with the re-
sults of the MC simulations as presented in Fig. 5.
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Figure 5: Detector response for the five-telescope setup as a function of cor-
relation angle (θ) for isotropic emission of e+e− pairs (curve) in Monte Carlo
simulations and (data points) from experimental data as explained in the text.

When electrons from the target pass through the set-up to
the wire chambers multiple scattering in the target holder, in

the wall of the carbon fiber vacuum chamber, and in the wire
chamber windows takes place. This gives rise to an angular
spread of the reconstructed angular correlation.

The simulated angular resolution corresponds to FWHM ≈ 7
degrees. We use bins of 10 degrees in the correlation spectra.

The shape of the coincidence response curve depends also
on position of the beam spot, which may walk during a long
experiment. However, using the above event mixing method,
this effect can be compensated, so the extracted angular corre-
lation will be independent of small variations in the beam spot
position.

In order to check the experimentally determined response
curve with data, the angular correlation of the e+e− pairs cre-
ated in the 6.05 MeV E0 transition was measured and corrected
by the response curve determined in the same experiment. As
shown in Fig. 6 very good agreement has been obtained with
the theoretically predicted E0 angular correlation.
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Figure 6: Angular correlation of the e+ e− pairs that originated from the 16O
6.05 MeV E0 transition excited in the 19F(p,α)16O reaction at Ep=1.10 MeV
compared with the MC simulation assuming pure E0 transition.

6.5. Background by cosmic muons

Cosmic muons going through the spectrometer produce coin-
cidences between the ∆E − E telescopes and the MWPC detec-
tors, similarly to e+e− pairs. We measure low coincidence rates,
especially at large separation angles, so the effect of travers-
ing cosmic rays has to be considered. Background measure-
ments have been performed before and after the experiments
with the settings (gates, thresholds, etc.) of the in-beam mea-
surement, and the angular correlation of the background events
were subtracted with a weighting factor. This factor was deter-
mined by comparing the high energy part (Esum > 20 MeV) of
the sum energy spectra measured in-beam and off-beam, which
contained only cosmic events in both cases.

5

Schematic of the ATOMKI spectrometer
[NIMA 808, 21(2016) , arXiv:1504.00489]

• Reaction: 7Li(p,e+e-)8Be
• 1.03 MeV proton beam on 7Li target
• Populates 18.15 MeV excited 1+ state of 8Be 

(selected by a coarse cut on E++E-)
• Followed by 8Be*→ 8Be e+e- IPC decay 
• Experiment detects e+e- at ~90o to beamline in 

a “pair spectrometer” consisting of MWPC 
planes and !E-E plastic scintillators

• No magnetic field, no attempt to identify e+/e- 
event by event

• Different resolution/efficiency/calibration for 
e+ and e- (unclear if taken into account)

• Decent angular resolution, poor energy (and 
invariant mass) resolution

• Primary observable: e+e- opening angle

3

deviation can be explained with some E1 mixing also in
this case.

Figure 2 shows the total energy spectrum of the e+e−

pairs measured at the proton absorption resonance of
1041 keV and the angular correlation of the e+e− pairs
emitted in the 18 MeV 1+ → 0+1 isoscalar M1 transition
and in the 15 MeV 1+ → 2+1 transition.
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FIG. 2. Measured total energy spectrum (a) and angular cor-
relations (b) of the e+e− pairs created in the different transi-
tions labelled in the figure, compared with the simulated angu-
lar correlations assuming E0 (from the 16O peak) and M1+E1
mixed transitions from the other peaks.

The spectra were obtained for symmetric −0.5 ≤ y ≤
0.5 pairs, where the disparity (y) parameter is defined as:

y = (Ee− − Ee+)/(Ee− + Ee+) ,

where Ee− and Ee+ denote the kinetic energies of the
electron and positron, respectively.

The acceptance as a function of the correlation angle
in comparison to isotropic emission was determined from
the same data-set by using uncorrelated e+e− pairs of
different single electron events [37]. With this experi-
mental acceptance, the angular correlations of different
IPC lines in Fig. 2a were determined simultaneously.

The 6.05 MeV E0 transition in 16O is due to the
19F(p,α)16O reaction on a target contamination. The
11 MeV peak contains M1 and E1 transitions in 28Si.
As shown in Fig. 2 both the 16O and the 28Si angular
correlations can be well explained by the simulations.

The angular correlation for M1 transitions in 8Be in the
15+18 MeV region (wide gate) shows a clear deviation
from the simulations. If we narrow the gate around 18
MeV the deviation in the angular correlation at around
140 degrees is even larger, so the deviation can be as-
sociated with the 18 MeV transition, and can not be
explained by any amount of E1 mixing.

The angular correlation of the e+e− pairs arising from
the ≈18 MeV IPC transitions to the ground state ex-
cited in the 7Li(p,γ)8Be reaction was measured at differ-
ent bombarding energies. The results are presented in
Fig. 3.
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FIG. 3. Measured angular correlations of the e+e− pairs orig-
inated from the ground state decay of the 7Li(p,γ)8Be reaction
(dots with error bars) compared with the simulated ones (full
curves) assuming M1+E1 mixed transitions with the same
mixing ratio for all curves at different beam energies.

The pair correlation spectra measured at different
bombarding energies are multiplied with different factors
(indicated in the figure) for better separation. The full

?
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shape of the resonance [40], but it is definitely different
from the shape of the forward or backward asymmetry [40].
Therefore, the above experimental data make the interpre-
tation of the observed anomaly less probable as being the
consequence of some kind of interference effects.
The deviation cannot be explained by any γ-ray related

background either, since we cannot see any effect at off
resonance, where the γ-ray background is almost the same.
To the best of our knowledge, the observed anomaly can
not have a nuclear physics related origin.
The deviation observed at the bombarding energy of

Ep ¼ 1.10 MeV and at Θ ≈ 140° has a significance of 6.8
standard deviations, corresponding to a background fluc-
tuation probability of 5.6 × 10−12. On resonance, the M1
contribution should be even larger, so the background
should decrease faster than in other cases, which would
make the deviation even larger and more significant.
The eþe− decay of a hypothetical boson emitted iso-

tropically from the target has been simulated together with
the normal IPC emission of eþe− pairs. The sensitivity of
the angular correlation measurements to the mass of the
assumed boson is illustrated in Fig. 4.
Taking into account an IPC coefficient of 3.9 × 10−3 for

the 18.15 MeV M1 transition [32], a boson to γ branching
ratio of 5.8 × 10−6 was found for the best fit and was then
used for the other boson masses in Fig. 4.
According to the simulations, the contribution of the

assumed boson should be negligible for asymmetric pairs
with 0.5 ≤ jyj ≤ 1.0. The open circles with error bars in
Fig. 4 show the experimental data obtained for asymmetric

pairs (rescaled for better separation) compared with the
simulations (full curve) including only M1 and E1 con-
tributions. The experimental data do not deviate from the
normal IPC. This fact supports also the assumption of the
boson decay.
The χ2 analysis mentioned above to judge the signifi-

cance of the observed anomaly was extended to extract the
mass of the hypothetical boson. The simulated angular
correlations included contributions from bosons with
masses between m0c2 ¼ 15 and 17.5 MeV. As a result
of the χ2 analysis, we determined the boson mass to be
m0c2 ¼ 16.70# 0.35ðstatÞ MeV. The minimum value for
the χ2=f was 1.07, while the values at 15 and 17.5 MeV
were 7.5 and 6.0, respectively. A systematic error caused by
the instability of the beam position on the target, as well as
the uncertainties in the calibration and positioning of the
detectors is estimated to be ΔΘ ¼ 6°, which corresponds to
0.5 MeV uncertainty in the boson mass.
Since, in contrast to the case of 17.6 MeV isovector

transition, the observed anomalous enhancement of the
18.15 MeV isoscalar transition could only be explained by
also assessing a particle, then it must be of isoscalar nature.
The invariant mass distribution calculated from the

measured energies and angles was also derived. It is shown
in Fig. 5.
The dashed line shows the result of the simulation

performed for M1þ 23%E1 mixed IPC transition (the
mixing ratio was determined from fitting the experimental
angular correlations), the dotted line shows the simulation
for the decay of a particle with mass of 16.6 MeV=c2 while
the dash-dotted line is their sum, which describes the
experimental data reasonably well.
In conclusion, we have measured the eþe− angular

correlation in internal pair creation for the M1 transition
depopulating the 18.15 MeV state in 8Be, and observed a
peaklike deviation from the predicted IPC. To the best of
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shape of the resonance [40], but it is definitely different
from the shape of the forward or backward asymmetry [40].
Therefore, the above experimental data make the interpre-
tation of the observed anomaly less probable as being the
consequence of some kind of interference effects.
The deviation cannot be explained by any γ-ray related

background either, since we cannot see any effect at off
resonance, where the γ-ray background is almost the same.
To the best of our knowledge, the observed anomaly can
not have a nuclear physics related origin.
The deviation observed at the bombarding energy of

Ep ¼ 1.10 MeV and at Θ ≈ 140° has a significance of 6.8
standard deviations, corresponding to a background fluc-
tuation probability of 5.6 × 10−12. On resonance, the M1
contribution should be even larger, so the background
should decrease faster than in other cases, which would
make the deviation even larger and more significant.
The eþe− decay of a hypothetical boson emitted iso-

tropically from the target has been simulated together with
the normal IPC emission of eþe− pairs. The sensitivity of
the angular correlation measurements to the mass of the
assumed boson is illustrated in Fig. 4.
Taking into account an IPC coefficient of 3.9 × 10−3 for

the 18.15 MeV M1 transition [32], a boson to γ branching
ratio of 5.8 × 10−6 was found for the best fit and was then
used for the other boson masses in Fig. 4.
According to the simulations, the contribution of the

assumed boson should be negligible for asymmetric pairs
with 0.5 ≤ jyj ≤ 1.0. The open circles with error bars in
Fig. 4 show the experimental data obtained for asymmetric

pairs (rescaled for better separation) compared with the
simulations (full curve) including only M1 and E1 con-
tributions. The experimental data do not deviate from the
normal IPC. This fact supports also the assumption of the
boson decay.
The χ2 analysis mentioned above to judge the signifi-

cance of the observed anomaly was extended to extract the
mass of the hypothetical boson. The simulated angular
correlations included contributions from bosons with
masses between m0c2 ¼ 15 and 17.5 MeV. As a result
of the χ2 analysis, we determined the boson mass to be
m0c2 ¼ 16.70# 0.35ðstatÞ MeV. The minimum value for
the χ2=f was 1.07, while the values at 15 and 17.5 MeV
were 7.5 and 6.0, respectively. A systematic error caused by
the instability of the beam position on the target, as well as
the uncertainties in the calibration and positioning of the
detectors is estimated to be ΔΘ ¼ 6°, which corresponds to
0.5 MeV uncertainty in the boson mass.
Since, in contrast to the case of 17.6 MeV isovector

transition, the observed anomalous enhancement of the
18.15 MeV isoscalar transition could only be explained by
also assessing a particle, then it must be of isoscalar nature.
The invariant mass distribution calculated from the

measured energies and angles was also derived. It is shown
in Fig. 5.
The dashed line shows the result of the simulation

performed for M1þ 23%E1 mixed IPC transition (the
mixing ratio was determined from fitting the experimental
angular correlations), the dotted line shows the simulation
for the decay of a particle with mass of 16.6 MeV=c2 while
the dash-dotted line is their sum, which describes the
experimental data reasonably well.
In conclusion, we have measured the eþe− angular

correlation in internal pair creation for the M1 transition
depopulating the 18.15 MeV state in 8Be, and observed a
peaklike deviation from the predicted IPC. To the best of
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Invariant mass and opening angle are highly correlated due to a cut on 
“energy asymmetry” 

−0.5 < y =
E− − E+
E− + E+

< 0.5

Invariant mass distribution looks like a broad shoulder


