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Summary

UCI IPC 1608.03591

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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FIG. 4. Experimental angular eþe− pair correlations measured
in the 7Liðp; eþe−Þ reaction at Ep ¼ 1.10 MeV with
−0.5 ≤ y ≤ 0.5 (closed circles) and jyj ≥ 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.
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FIG. 5. Invariant mass distribution derived for the 18.15 MeV
transition in 8Be.
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Background: Internal Pair Creation

Gulyás et al. NIM 1504.00489
neutral boson. A limit of r4:1! 10"4 was obtained for the boson
to γ-ray branching ratio [25–29].

2. Internal Pair Creation (IPC)

It was predicted [2–4] that the angular correlation between the
eþe" pairs (emitted in IPC) peaks at 01 and drops rapidly with the
correlation angle (Θ) as shown in Fig. 1.

The above calculations show that the angular correlations at
small separation angles are almost independent of the multi-
polarity of the radiation, whereas at large separation angles, they
depend critically upon the multipole order. Thus, it is important to
measure angular correlations efficiently at large angles.

3. The two-body decay of a boson

When a nuclear transition occurs by emission of a short-lived
ðτo10"13 sÞ neutral particle, the annihilation into an eþe" pair is
anti-parallel (i.e. Θcm ¼ 1801) in the center of mass system. In the
laboratory system, their angular distribution is sharply peaked
(FWHMo101) at intermediate angles due to the Lorentz boost and
provides a unique signature for the existence and a measure for
the mass of an intermediate boson. In order to search for such an
anomaly in the angular correlation, we need a spectrometer with
sufficient angular resolution.

The invariant mass can be determined approximately from the
correlation angleΘ between eþ and e" and from their energies in
the following way[26]:

m2 ' ð1"y2ÞE2 sin 2ðΘ=2Þ; ð1Þ

where E¼ Eþ þE" þ1:022 MeV is the transition energy and
y¼ ðEþ "E" Þ=ðEþ þE" Þ, with Eþð"Þ indicating the kinetic energy
of the positron (electron) in the laboratory system.

4. Overview of pair spectrometers

Magnetic β ray spectrometers were used first for internal pair
formation studies [30–34]. Maximal detection efficiency of 10"4

for electron–positron pair detection was achieved for a few cases
[32,34]. Improvement of the pair resolution by improvement of
the momentum resolution (to 1.3%) with smaller particle trans-
mission reduced the efficiency to 5!10"6. An important advance
[33] in the use of intermediate-image pair spectrometer was
provided by the installation of a specially designed spiral baffle
system which selected electron–positron internal pairs emitted at
large relative angles (501rθr901).

The next generation of internal-pair spectrometers used two
dE=dxþE scintillator-detector telescopes for the detection of the
electron–positron pairs in quadruple coincidence [35,36]. A multi-
detector (six scintillation electron telescopes plus an annular Si(Li)
particle detector) high-efficiency pair spectrometer was built by
Birk and co-workers [37]. An experimental pair-line efficiency of
28% and a sum-peak energy resolution of 12% for the 6.05 MeV E0
pair line in 16O were achieved.

Schumann and Waldschmidt have detected internal pair spec-
tra in the energy range of 2.8–6.5 MeV from an (n,γ) reaction with
a combination of super-conducting solenoid transporter plus Si
(Li)-detector spectrometer [38]. The pair-line efficiency of the
spectrometer [39] was large, but it had a very limited dis-
crimination power for different multipolarities in this energy
region.

The Debrecen superconducting solenoid transporter plus two-
Si(Li)-detector electron spectrometer was also adapted for
internal-pair studies [40]. The observed pair-line efficiency for two
detectors operated in sum-coincidence mode was 35%, while the
energy resolution was 0.6% at 2 MeV. A similar spectrometer built
by Kibédi and co-workers [41] and has been used recently for
internal pair studies [42].

A highly segmented phoswich array of plastic scintillators was
constructed for measurements of eþe" pairs emitted in high-
energy electromagnetic transitions in nuclei by Montoya and co-
workers [43]. Electron (positron) energies of 2–30 MeV can be
measured by each individual element, with a total transition
energy resolution of δE/E¼13% for a 20 MeV transition. The array
covers 29% of the full solid angle and its efficiency is 1.6% for a
6 MeV E0 internal pair decay, and 1.1% for an 18 MeV E1 transition.

A positron–electron pair spectroscopy instrument (PEPSI) was
designed to measure transitions in the energy region of 10–
40 MeV by Buda and co-workers [44]. It consists of Nd2Fe14B
permanent magnets forming a compact 4π magnetic filter con-
sisting of 12 positron and 20 electron mini-orange-like
spectrometers.

A ΔE"E multi-detector array was constructed by Stiebing and
co-workers [45] from plastic scintillators for the simultaneous
measurement of energy and angular correlation of eþe" pairs
produced in internal pair conversion (IPC) of nuclear transitions up
to 18 MeV. The array was designed to search for deviations from
IPC stemming from the creation and subsequent decay into eþe"

pairs of a hypothetical short-lived neutral boson. The spectrometer
consisted of six ΔE"E scintillator detector telescopes. The size of
the ΔE detectors, which determines the solid angle, were
22!22!1 mm3 and placed at 110 mm from the target. The
angular resolution of the spectrometer was ΔΘ¼ 151, and the
efficiency for one pair of telescopes was ' 3! 10"5. The fixed
mounting angles of the telescopes made possible investigating 15
correlation angles simultaneously. The investigated angular range
extended from 201 to 1311.

In this paper, we present a novel eþe" pair spectrometer
equipped with multi-wire proportional chambers and large
volume plastic scintillator telescopes placed as close to the target
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Fig. 1. Calculated angular correlations of eþe" pairs obtained from IPC for different
multipolarities and a transition energy of Eγ ¼ 17 MeV based on the expressions of
Rose [2].
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Beryllium-8 Levels

Based on Pastore et al. Phys. Rev. C 90 (2014) [1406.2343]

ISOVIOLAT ING

ISOCONSERVING

Hint: Isospin conservation is a red herring!
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Experiment & interpretation

UCI IPC 1608.03591

1.03 MeV 
10 keV width

18.15 MeV 
138 keV width
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A 6.8σ anomaly: opening angle

Krasznahorkay et al. Phys. Rev. Lett 116 (2016) 042501
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A 6.8σ anomaly: two measurements
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Sanity Checks

1. Bump, not monotonically decreasing background

2. Opening angle and invariant mass agree (17 MeV)

3. Bump disappears off resonance 
not from interference with other decays

4. Bump disappears for asymmetric energies 
consistent with kinematics for on-shell particle

5. Large transition, wouldn’t see it in other nuclei
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New Particle?
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Not a dark Higgs ( jp = 0+ )

P = (�)`PBe PX

` = 1
ANGULAR MOMENTUM

PARITY

Decay is forbidden 
up to parity violation

+ +-

ISOVIOLAT ING

ISOCONSERVING
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Figure 1. Summary of constraints on the ALP parameter space (compilation from [11] and
references therein; in particular SLAC electron fixed target limits are from [4, 9, 18]). The new
limits from the proton beam dump experiments CHARM and NuCal, derived in the present paper,
are shown in turquoise and orange.

and the ALP lifetime is given by ⌧ = 1/�. For an ALP with energy Ea � ma in the

laboratory frame, the typical decay length is then given by

la = � � ⌧ ⇡ 64⇡Ea

g

2
a� m

4
a

⇡ 40 m⇥ Ea

10 GeV

✓
ga�

10�5 GeV�1

◆�2 ⇣
ma

100 MeV

⌘�4
. (2.4)

A given experiment will be most sensitive to ALPs with a decay length comparable to

the distance L between target and the detector. Particles with shorter decay length are

likely to decay before they reach the decay volume and the decay products will be absorbed.

Crucially, larger couplings imply shorter decay lengths and therefore lead to an exponential

suppression of the expected number of events in a given experiment. It is therefore a great

challenge to probe ALP-photon couplings in the range 10�6 GeV�1
< ga� < 10�2 GeV�1

for ALP masses above 10 MeV (cf. figure 1).3 While these couplings are large enough

to produce a significant number of ALPs in the target of a beam dump experiment, the

fraction of ALPs that reach the detector depends sensitively on the detector geometry

and the beam energy. The higher the beam energy and the shorter the distance between

target and detector, the larger ALP-photon couplings can be probed. The high beam

energy of proton beam dump experiments is therefore suited for making progress in the

large coupling window. This e↵ect can be seen in figure 1 (cf. section 5 for details). The

turquoise region from the proton beam dump experiment CHARM extends beyond the

limit from the electron beam dump experiment SLAC 137, even though the former has a

longer distance to the decay volume. Nevertheless, this can only partially compensate the

3Both smaller couplings and smaller ALP masses are in fact very strongly constrained by astrophysical

and cosmological observations. Larger couplings, on the other hand, can be tested directly at colliders such

as LEP or the LHC [11].

– 4 –
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Not an axion-like particle ( jp = 0+ )

Döbrich et al. “ALPtraum,” 1512.03069; see also Intensity Frontier 1205.2671

largely ruled out 
for many decades in  
ALP—𝛾 couplings

recent work: 
Uli Ellwanger &  
Stefano Moretti  
1609.01669  



f l i p  .  t a n e d o 25u c r  .  e d u@ NEW PHYSICS IN BERYILLUM-8?
14

Not a dark photon

NA46/2 1504.00607
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Figure 4: Obtained upper limits at 90% CL on the mixing parameter ε2 versus the DP mass
mA′ , compared to other published exclusion limits from meson decay, beam dump and e+e−

collider experiments [16–22]. Also shown is the band where the inconsistency of theoretical and
experimental values of muon (g − 2) reduces to less than 2 standard deviations, as well as the
region excluded by the electron (g − 2) measurement [2, 23,24].

the mass range 2me < mA′ < mK − mπ. The expected branching fraction value is B(K± →
π±A′) < 2 · 10−4ε2 over the whole allowed mA′ range [24], in contrast to B(π0 → γA′) ∼ ε2

for mA′ < 100 MeV/c2. In the NA48/2 data sample, the suppression of the DP production
in the K+ decay with respect to its production in the π0 decay is partly compensated by the
favourable K±/π0 production ratio, lower background (mainly from K± → π±ℓ+ℓ− for ℓ = µ
or mA′ > mπ0) and higher acceptance [25,26].

For the A′ → e+e− decay, the expected sensitivity of the NA48/2 data sample to ε2 is
maximum in the mass interval 140 MeV/c2 < mA′ < 2mµ, where the K± → π±A′ decay is not
kinematically suppressed, the π0

D background is absent, and B(A′ → e+e−) ≈ 1 assuming that
the DP decays only into SM fermions. In this mA′ interval, the expected NA48/2 upper limits
have been computed to be in the range ε2 = (0.8 − 1.1) × 10−5 at 90% CL, in agreement with
earlier generic estimates [2, 24]. This sensitivity is not competitive with the existing exclusion
limits.

Conclusions

A search for the dark photon (DP) production in the π0 → γA′ decay followed by the prompt
A′ → e+e− decay has been performed using the data sample collected by the NA48/2 experiment
in 2003–2004. No DP signal is observed, providing new and more stringent upper limits on the
mixing parameter ε2 in the mass range 9–70 MeV/c2. In combination with other experimental
searches, this result rules out the DP as an explanation for the muon (g − 2) measurement
under the assumption that the DP couples to quarks and decays predominantly to SM fermions.
The NA48/2 sensitivity to the dark photon production in the K± → π±A′ decay has also been
evaluated.

12

" ⇡ 0.011

Proposal: separate 
u, d and e couplings

⇡0 ! �X

Similarly, dark Z  tension  
w/ atomic parity violation

Phenomenological model  
to diagnose what is required  
for a new physics interpretation
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π0-phobia = p+-phobia

For spin-1-

To avoid NA46/2, prohibit π0 decay to X𝛾
X
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see Georgi, Weak Interactions, 2nd ed.
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Beryllium + new particle EFT

UCI-IPC

3

We write e↵ective operators O mediating the magnetic Be⇤µ ! Be +X transition. The rate of this decay is

�(Be⇤ ! BeX) =
|kX |

8⇡M2
Be⇤

h|M|2ispins |kX | =
q

(18.15 MeV)2 �m

2
X , (1)

where M = hBeX|O|Be⇤i and |kX | is the magnitude of the X 3-momentum. Krasznahorkay et al. report the best fit
branching ratio to be

�(Be⇤ ! BeX)

�(Be⇤ ! Be �)
Br(X ! e

+
e

�) = 5.6⇥ 10�6
. (2)

One can now parameterize the leading-order operators for the case when the new boson has specific J

P spin-parity
assignments: a 1� vector V , a 1+ axial vector A, a 0+ scalar ', or a 0� pseudoscalar a. Lorentz invariance and the
assumption of parity conservation constrain the form of the e↵ective operators. The operators are written with respect
to a cuto↵ scale ⇤ ⇠ GeV, the size of the nucleus at which nuclear fine structure is relevant [Flip: check!]. The cuto↵
scale also encodes form factors that depend on the spin and parity of the new particle by O(1) factors. This approach
was recently highlighted in Ref. [12]. It is convenient factor out the new physics coupling g so that, for example, ⇤
cancels in the ratio of decay rates in (2) up to an O(1) ratio of form factors.

The lowest dimensional, Lorentz invariant, parity-conserving e↵ective operators for each type of new boson are,

LV =
gV

⇤V
BeGµ⌫F

(V )
⇢� ✏

µ⌫⇢� LA =
gA

⇤A
BeGµ⌫

F

(A)
µ⌫ +

m

2
A

gA⇤0
A

BeAµ Be
⇤µ (3)

LS =
gS

⇤2
S

(@µs)(@⌫Be)G⇢�✏
µ⌫⇢� LP = gP Be (@µa) Be

⇤µ
. (4)

We have defined Gµ⌫ = @µBe
⇤
⌫ � @⌫Be

⇤
µ is the field strength for the excited Beryllium state and F

(V,A)
µ⌫ to be the

corresponding field strengths for the new vector and axial bosons. Although the vector and axial vector cases include
gauge invariant operators, this gauge invariance is neither required nor manifest since the new boson is massive. For
the vector, an explicit gauge-breaking term proportional to Be⇤µ V⌫ cannot simultaneously satisfy Lorentz invariance
and parity without applying two derivatives and ✏µ⌫⇢�. Then one may use integration by parts, the equation of

motion @

µ
F

(V )
µ⌫ = �m

2
V V⌫ , and the Ward identity @µBe

⇤µ = 0 to convert this back to the unique operator in LV .
This is in contrast to the axial vector, where the gauge-breaking term cannot be related by operator identities to
the gauge-invariant term and is thus a separate coe�cient1 with a separate e↵ective coupling 1/⇤0. Since the term
manifestly violates the gauge symmetry, we assume that it is proportional to the order parameter of the gauge breaking,
v

2. We have used m

2
A = g

2
v

2 to rewrite this in terms of the axial vector mass.
Observe that the leading scalar operator is dimension 6 and is correspondingly suppressed by two powers of the cuto↵.

The resulting decay rate goes like g

2
s�(Be

⇤ ! Be s) ⇠ |ks|3M2
Be⇤/⇤

4
s [Flip: Check]. One generally requires a large

scalar coupling gS to compensate the suppression factors; such couplings may be ruled out by experiments searching
for light bosons. On the other hand, the pseudoscalar coupling is a dimension 4 operator. [Flip: Say something more
re: ga�� being excluded to very small couplings.] The gauge-invariant spin-1 operators yield decay rates that go like
|kX |3, with the exception of the gauge-breaking axial term, which is proportional to only one power of |mathbfkA|.

In this manuscript we focus on the case of the J

P = 1� vector which has the convenient property that the nuclear
form factors vanish in the ratio Eq. (2),

�(Be⇤ ! BeX)

�(Be⇤ ! Be �)
=

↵V

↵

r
1�

⇣
mX

18.15 MeV

⌘2
, (5)

where ↵V = g

2
V /4⇡. [Flip: Note is this a bit of an approximation? from NNDC2 it looks like the � decay gives 18.13

MeV photons, not 18.15.]

IV. PROBLEMS WITH THE STANDARD PARTICLE CANDIDATES

In this section we investigate whether the 8Be anomaly can be explained by any of the existing simple extensions
of the Standard Model. First, we note that since the final decay product is an electron-positron pair, the particle

1 One may rewrite this term as a sum of (@µBe)Fµ⌫Be⇤⌫ plus the gauge invariant term, from which it is clearly a dimension-5 operator.
2
http://www.nndc.bnl.gov/chart/getdataset.jsp?nucleus=8BE&unc=nds
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We write e↵ective operators O mediating the magnetic Be⇤µ ! Be +X transition. The rate of this decay is

�(Be⇤ ! BeX) =
|kX |

8⇡M2
Be⇤

h|M|2ispins |kX | =
q

(18.15 MeV)2 �m

2
X , (1)

where M = hBeX|O|Be⇤i and |kX | is the magnitude of the X 3-momentum. Krasznahorkay et al. report the best fit
branching ratio to be

�(Be⇤ ! BeX)

�(Be⇤ ! Be �)
Br(X ! e

+
e

�) = 5.6⇥ 10�6
. (2)

One can now parameterize the leading-order operators for the case when the new boson has specific J

P spin-parity
assignments: a 1� vector V , a 1+ axial vector A, a 0+ scalar ', or a 0� pseudoscalar a. Lorentz invariance and the
assumption of parity conservation constrain the form of the e↵ective operators. The operators are written with respect
to a cuto↵ scale ⇤ ⇠ GeV, the size of the nucleus at which nuclear fine structure is relevant [Flip: check!]. The cuto↵
scale also encodes form factors that depend on the spin and parity of the new particle by O(1) factors. This approach
was recently highlighted in Ref. [12]. It is convenient factor out the new physics coupling g so that, for example, ⇤
cancels in the ratio of decay rates in (2) up to an O(1) ratio of form factors.

The lowest dimensional, Lorentz invariant, parity-conserving e↵ective operators for each type of new boson are,

LV =
gV

⇤V
BeGµ⌫F

(V )
⇢� ✏

µ⌫⇢� LA =
gA

⇤A
BeGµ⌫

F

(A)
µ⌫ +

m

2
A

gA⇤0
A

BeAµ Be
⇤µ (3)

LS =
gS

⇤2
S

(@µs)(@⌫Be)G⇢�✏
µ⌫⇢� LP = gP Be (@µa) Be

⇤µ
. (4)

We have defined Gµ⌫ = @µBe
⇤
⌫ � @⌫Be

⇤
µ is the field strength for the excited Beryllium state and F

(V,A)
µ⌫ to be the

corresponding field strengths for the new vector and axial bosons. Although the vector and axial vector cases include
gauge invariant operators, this gauge invariance is neither required nor manifest since the new boson is massive. For
the vector, an explicit gauge-breaking term proportional to Be⇤µ V⌫ cannot simultaneously satisfy Lorentz invariance
and parity without applying two derivatives and ✏µ⌫⇢�. Then one may use integration by parts, the equation of

motion @

µ
F

(V )
µ⌫ = �m

2
V V⌫ , and the Ward identity @µBe

⇤µ = 0 to convert this back to the unique operator in LV .
This is in contrast to the axial vector, where the gauge-breaking term cannot be related by operator identities to
the gauge-invariant term and is thus a separate coe�cient1 with a separate e↵ective coupling 1/⇤0. Since the term
manifestly violates the gauge symmetry, we assume that it is proportional to the order parameter of the gauge breaking,
v

2. We have used m

2
A = g

2
v

2 to rewrite this in terms of the axial vector mass.
Observe that the leading scalar operator is dimension 6 and is correspondingly suppressed by two powers of the cuto↵.

The resulting decay rate goes like g

2
s�(Be

⇤ ! Be s) ⇠ |ks|3M2
Be⇤/⇤

4
s [Flip: Check]. One generally requires a large

scalar coupling gS to compensate the suppression factors; such couplings may be ruled out by experiments searching
for light bosons. On the other hand, the pseudoscalar coupling is a dimension 4 operator. [Flip: Say something more
re: ga�� being excluded to very small couplings.] The gauge-invariant spin-1 operators yield decay rates that go like
|kX |3, with the exception of the gauge-breaking axial term, which is proportional to only one power of |mathbfkA|.

In this manuscript we focus on the case of the J

P = 1� vector which has the convenient property that the nuclear
form factors vanish in the ratio Eq. (2),

�(Be⇤ ! BeX)

�(Be⇤ ! Be �)
=

↵V

↵

r
1�

⇣
mX

18.15 MeV

⌘2
, (5)

where ↵V = g

2
V /4⇡. [Flip: Note is this a bit of an approximation? from NNDC2 it looks like the � decay gives 18.13

MeV photons, not 18.15.]

IV. PROBLEMS WITH THE STANDARD PARTICLE CANDIDATES

In this section we investigate whether the 8Be anomaly can be explained by any of the existing simple extensions
of the Standard Model. First, we note that since the final decay product is an electron-positron pair, the particle

1 One may rewrite this term as a sum of (@µBe)Fµ⌫Be⇤⌫ plus the gauge invariant term, from which it is clearly a dimension-5 operator.
2
http://www.nndc.bnl.gov/chart/getdataset.jsp?nucleus=8BE&unc=nds

Gµ⌫ = @[µBe
⇤@⌫]

EXPANSION PARAMETER

de Broglie λ
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=
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EFT: use parity, Lorentz
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1609.01669
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Rate

gi ⌘ "ie

Br(8Be⇤ ! 8BeX)

Br(8Be⇤ ! 8Be �)
= ("p+ "n)

2 |~pX |3

|~p� |3
⇡ 5.6⇥ 10�6

"e & 1.4⇥ 10�5

PRODUCTION

DECAY

g

⇤
Be @[µBe

⇤
⌫] F⇢�"

µ⌫⇢�

HADRONIC MATRIX ELEMENTS 
CANCEL IN THIS RAT IO
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Beryllium-8 Levels

Based on Pastore et al. Phys. Rev. C 90 (2014) [1406.2343]

Br(8Be⇤ ! X)

Br(8Be⇤ ! �)
⇠ "2

|~pX |3

|~p� |3

What about iso-violating  
17.6 MeV transition?

ISOVIOLAT ING

ISOCONSERVING

PHASE SPACE SUPPRESSION (~5)

This is a robust prediction
ANALOGOUS TO 𝛾𝛾  AND Z  𝛾  FOR 
INDIRECT DETECTION OF DARK MATTER
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Production (quark) couplings

UCI-IPC: 1608.03591
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Decay (lepton) couplings

UCI IPC 1608.03591

E141 
Lower bound  
on εe: decay 
inside dump

8Be 
Lower bound  
on εe: decay 
in detector

e+e� ! �X
KLOE-2

4

its bounds are derived from X-bremsstrahlung from the
initial p beam and ⇡0 decays to X bosons [24]. Both
of these are suppressed in protophobic models. The
CHARM experiment at CERN also bounds the param-
eter space through searches for ⌘, ⌘0 ! X�, followed by
X ! e+e� [25]. At the upper boundary of the region ex-
cluded by CHARM, the constraint is determined almost
completely by the parameters that enter the X decay
length, and so the dark photon bound on " applies to
"e and requires |"e| > 2 ⇥ 10�5. A similar, but weaker
constraint can be derived from LSND data [26–28].

There are also bounds on the neutrino charge "⌫ . In the
present case, where "e is non-zero, a recent study of B�L
gauge bosons [29] finds that these couplings are most
stringently bounded by precision studies of ⌫̄ � e scat-
tering from TEXONO for the mX of interest here [30].
Reinterpreted for the present case, these studies require
|"⌫"e|1/2 . 7 ⇥ 10�5. There are also bounds from co-
herent neutrino-nucleus scattering. Dark matter experi-
ments with Xe target nuclei require a B�L gauge boson
to have coupling gB�L . 4⇥ 10�5 [31]. Rescaling this to
the current case, given Z = 54 and A = 131 for Xe, we
find |"⌫"n|1/2 < 2⇥ 10�4.

To explain the 8Be signal, "n must be significantly
larger than "e. Nevertheless, the ⌫̄ � e scattering con-
straint provides a bound on "⌫ that is comparable to or
stronger than the ⌫�N constraint throughout parameter
space, and so we use the ⌫̄ � e constraint below. Note
also that, given the range of acceptable "e, the bounds
on "⌫ are more stringent than the bounds on "e, and so
B(X ! e+e�) ⇡ 100%, justifying our assumption above.

Although not our main concern, there are also bounds
on second-generation couplings. For example, NA48/2
also derives bounds on K+ ! ⇡+X, followed by X !
e+e� [10]. However, this branching ratio vanishes for
massless X and is highly suppressed for low mX . For
mX = 17 MeV, the bound on "n is not competitive with
those discussed above [9, 11]. KLOE-2 also searches for
� ! ⌘X followed by X ! e+e� and excludes the dark
photon parameter " . 7 ⇥ 10�3 [32]. This is similar
numerically to bounds discussed above, and the strange
quark charge "s can be chosen to satisfy this constraint.

In summary, in the extreme protophobic case with
mX ⇡ 17 MeV, the charges are required to satisfy
|"n| < 2.5 ⇥ 10�2 and 2 ⇥ 10�4 < |"e| < 1.4 ⇥ 10�3,
and |"⌫"e|1/2 . 7⇥ 10�5. Combining these with Eqs. (5)
and (7), we find that a protophobic gauge boson with
first-generation charges

"u = �1

3
"n ⇡ ±3.7⇥ 10�3

"d =
2

3
"n ⇡ ⌥7.4⇥ 10�3

2⇥ 10�4 . |"e| . 1.4⇥ 10�3

|"⌫"e|1/2 . 7⇥ 10�5 (10)

FIG. 2. The 8Be signal region, along with current constraints
discussed in the text (gray) and projected sensitivities of fu-
ture experiments in the (mX , "e) plane. For the 8Be signal,
the other couplings are assumed to be in the ranges given in
Eq. (10); for all other contours, the other couplings are those
of a dark photon.

explains the 8Be anomaly by 8Be⇤ ! 8BeX, followed by
X ! e+e�, consistent with existing constraints. For |"e|
near the upper end of the allowed range in Eq. (10) and
|"µ| ⇡ |"e|, the X boson also solves the (g � 2)µ puzzle,
reducing the current 3.6� discrepancy to below 2� [9].
Conclusions. We find evidence in the recent obser-

vation of a 6.8� anomaly in the e+e� distribution of
nuclear 8Be decays for a new vector gauge boson. The
new particle mediates a fifth force with a characteristic
length scale of 12 fm. The requirements of the signal,
along with the many constraints from other experiments
that probe these low energy scales, constrain the mass
and couplings of the boson to small ranges: its mass is
mX ⇡ 17 MeV, and it has milli-charged couplings to
up and down quarks and electrons, but with relatively
suppressed (and possibly vanishing) couplings to protons
(and neutrinos) relative to neutrons. If its lepton cou-
plings are approximately generation-independent, the 17
MeV vector boson may simultaneously explain the exist-
ing 3.6� deviation from SM predictions in the anomalous
magnetic moment of the muon. It is also interesting to
note that couplings of this magnitude, albeit in an ax-
ial vector case, may resolve a 3.2� excess in ⇡0 ! e+e�

decays [33, 34].
To confirm the 8Be signal, the most direct approach

would be to look for other nuclear states that decay to
discrete gamma rays with energies above 17 MeV through
M1 or E1 electromagnetic transitions. Unfortunately,
the 8Be system is quite special and, to our knowledge,
the 8Be⇤ and 8Be⇤0 states yield the most energetic such
gamma rays of all the nuclear states.

PROTOPHOB IA
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UV completions of protophobia?
 
e.g. gauged B with tuned kinetic mixing to Q 
but: e coupling too big, anomalous (need new matter)

UCI-IPC

Q� (B � L)

Q�B

 
good: manifestly anomaly-free 
bad: e coupling too small, stuck with ν couplings 
ugly: need separate module to cancel ν couplings

Axial vector?     Pseudoscalar?  .
N O N - P R O T O P H O B I C

T R I U M F  G R O U P   
1 6 1 2 . 0 1 5 2 5

E L LW A N G E R  &  M O R E T T I
1 6 0 9 . 0 1 6 6 9

Matrix element 
uncertainty?
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Future experiments

UCI IPC 1608.03591

Next Step:  Independent Verification 

Mu3e, phase 2 
Starting 2018

LHCb, Run III 
2021 - 2023

TUNL: γN→ee  
UK: VdG acc. 
Others?

POSSIBLE DIRECT CHECKS

COMPLEMENTARY SEARCH
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Other O(10 MeV) Anomalies?
• (g-2)μ may be in the same ballpark 

Would likely require invisible modes

• proton radius problem?  
Difficult to build models even without 8Be

• Self-interacting dark matter?  
Conflicts with direct detection; attempt: 1609.01605  

• π → e+e- KTeV anomaly?  
depends on axial couplings, same ballpark

Kahn, Schmitt, Tait (0712.0007) and Kahn, Krnjaic, Tait (1609.09072 )

2

vector meson dominance, and a non-local constituent
quark model. All results agree with each other within
the quoted uncertainties.
The excess of Bmeas over BSM suggests that non-SM

processes may be contributing to this rare decay. If the U
boson couples to quarks as well as electrons, the lowest-
order contribution to π0 → e+e− would come from the
tree-level process π0 → U⋆ → e+e−. The smallness of
this contribution would be explained by very small values
of the coupling constants, which are, in fact, natural in
the light dark matter model [1, 9].
The U boson coupling to quarks and electrons can be

written in terms of vector and axial-vector components,

L ⊃ Uµ

!

ūγµ (guV + γ5g
u
A)u+ d̄γµ

"

gdV + γ5g
d
A

#

d

+ēγµ (geV + γ5g
e
A) e} (1)

where u and d are the up and down quark fields, and e
is the electron field. It is not necessary to have family-
universal couplings, and in fact we will assume that cou-
plings to the second and third generations are suppressed.
To respect the unitary bound in the ultra-violet, the U
should correspond to a local U(1)U symmetry, which is
spontaneously broken. One might worry that the pres-
ence of axial vector couplings implies that the Yukawa
interactions between u, d, and e and the Higgs respon-
sible for generating fermion masses are not symmetric
under U(1)U . However, given the tiny u, d, and e masses
compared to the electroweak scale, it is easy to accom-
modate them from effective higher dimensional operators
induced by high mass states.
At tree level, the contribution to π0 → e+e− is medi-

ated by an off-shell U boson, as depicted in Fig. 1. The
U boson contribution to the matrix element is given by

MU =
(gdA − guA)g

e
Afπ

m2
U

[ūγµγ5v]pµ (2)

where me, and mU are the electron, and U -boson masses,
fπ is the pion decay constant, and pµ is the π0 four-
momentum, p2 = m2

π. (See the Appendix for details).
To obtain the full amplitude for π0 → e+e−, the U

boson matrix element is combined with the Standard
Model amplitude for π0 → e+e− [8] and summed over
the outgoing electron and positron spins. The partial
width π0 → e+e− is computed from the expression for
the two-body decay,

Γ =
|p⃗|

8πm2
π

|MSM +MU |2 (3)

where |p⃗| is the three-momentum of one of the outgoing
particles, and is equal to approximatelymπ/2, neglecting
the electron mass.

III. BOUNDS ON U -QUARK COUPLINGS

We interpret the positive difference Bmeas − BSM =
(1.3± 0.4)× 10−8 as the contribution of MU in Eq. (3).

U∗

π0

!

ū, d̄

u, d

e−

e+

gu
A
− gd

A
ge

A

FIG. 1: Feynman diagram for π0
→ e+e−.

Taking the known pion and electron masses, fπ0 = 130±
5 MeV and τπ0 = (84± 6)× 10−18 s [10], we find

(guA − gdA)g
e
A

m2
U

= (4.0± 1.8)× 10−10 MeV−2. (4)

In order to make contact with other constraints on this
model, we assume, as an illustration, that the electron
coupling and the difference in quark couplings are equal,
i.e., guA − gdA = geA ≡ gA. This choice is arbitrary, but
one might naturally expect such a relation to hold within
an order of magnitude; a more precise relation requires
a specific model for the fermion charges under U(1)U ,
which is beyond the scope of this Letter. With this as-
sumption,

gA = 2.0+0.4
−0.5 × 10−4 ×

$ mU

10 MeV

%

(5)

where the asymmetric error bars come from taking the
square root of Eq. (4). Fig. 2 shows this constraint as
a thick line labeled “π0”. If a given model specifies a
different relation between guA − gdA and geA, then this line
will move vertically in the plot.
Fayet has derived other bounds on the coupling of

U bosons to quarks and leptons from a variety of pro-
cesses [9], and some of these are shown in Fig. 2. The
dashed line labeled “(g−2)e” indicates his constraints on
the axial coupling of U to electrons derived from mea-
surements of the anomalous magnetic moment of the
electron; the region above this line is excluded. Con-
straints from kaon decays, as well as (g − 2)µ [9], can
be evaded if we assume that couplings to second and
third generation fermions are suppressed. Neutrino-
electron scattering can provide a relatively severe con-
straint [9], but may be evaded if the coupling to electrons
is largely right-handed. Finally, the three solid lines la-
beled “1 MeV,” etc., show constraints on the total U − e
coupling ftot =

&

(fe
V )

2 + (fe
A)

2 from the dark matter
relic density [9], assuming Cχ = 1, for three hypotheti-
cal values of the χ mass. The regions above these lines
correspond to smaller values of Cχ.
The curves in Fig. 2 show that our values for the

couplings of the U -boson to light quarks and leptons
are interesting in the context of the light dark matter
model, falling in the same order-of-magnitude as other
constraints. Since MU depends on a set of coupling
constants different from the other constraints, the rare
decay π0 → e+e− provides a different view of the phe-
nomenology of the light U boson.

(guA � gdA)g
e
A

✓
20 MeV

mX

◆2

⇡ 1.6⇥ 10�7
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Axial Vector (new from TRIUMF)

Kozaczuk, Morrissey, Stroberg (1612.01525)

8Be* preferred

explicit model 
(UV complete)

FEATURE: ISOVECTOR 
TRANSITION SUPPRESSED 
VS. VECTOR CASE.



f l i p  .  t a n e d o 25u c r  .  e d u@ NEW PHYSICS IN BERYILLUM-8?
25

Thanks! 감사합니다!

• Anomaly in the 8Be (18.15 MeV) transition

• 6.8σ bump; 𝜒2/d.o.f.= 1.07

• More exotic than a dark photon  
UV realization of protophobia?  
Axial vector / axion-like particle?

• Nearby anomalies may be relevant

• Next step is experimental: confirm or kill
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Production (quark) couplings

UCI IPC 1604.07411

⇡0 ! �X

Barbieri Ericson  
Phys. Lett B57 (1975)

"d = �2"u

4

its bounds are derived from X-bremsstrahlung from the
initial p beam and ⇡0 decays to X bosons [24]. Both
of these are suppressed in protophobic models. The
CHARM experiment at CERN also bounds the param-
eter space through searches for ⌘, ⌘0 ! X�, followed by
X ! e+e� [25]. At the upper boundary of the region ex-
cluded by CHARM, the constraint is determined almost
completely by the parameters that enter the X decay
length, and so the dark photon bound on " applies to
"e and requires |"e| > 2 ⇥ 10�5. A similar, but weaker
constraint can be derived from LSND data [26–28].

There are also bounds on the neutrino charge "⌫ . In the
present case, where "e is non-zero, a recent study of B�L
gauge bosons [29] finds that these couplings are most
stringently bounded by precision studies of ⌫̄ � e scat-
tering from TEXONO for the mX of interest here [30].
Reinterpreted for the present case, these studies require
|"⌫"e|1/2 . 7 ⇥ 10�5. There are also bounds from co-
herent neutrino-nucleus scattering. Dark matter experi-
ments with Xe target nuclei require a B�L gauge boson
to have coupling gB�L . 4⇥ 10�5 [31]. Rescaling this to
the current case, given Z = 54 and A = 131 for Xe, we
find |"⌫"n|1/2 < 2⇥ 10�4.

To explain the 8Be signal, "n must be significantly
larger than "e. Nevertheless, the ⌫̄ � e scattering con-
straint provides a bound on "⌫ that is comparable to or
stronger than the ⌫�N constraint throughout parameter
space, and so we use the ⌫̄ � e constraint below. Note
also that, given the range of acceptable "e, the bounds
on "⌫ are more stringent than the bounds on "e, and so
B(X ! e+e�) ⇡ 100%, justifying our assumption above.

Although not our main concern, there are also bounds
on second-generation couplings. For example, NA48/2
also derives bounds on K+ ! ⇡+X, followed by X !
e+e� [10]. However, this branching ratio vanishes for
massless X and is highly suppressed for low mX . For
mX = 17 MeV, the bound on "n is not competitive with
those discussed above [9, 11]. KLOE-2 also searches for
� ! ⌘X followed by X ! e+e� and excludes the dark
photon parameter " . 7 ⇥ 10�3 [32]. This is similar
numerically to bounds discussed above, and the strange
quark charge "s can be chosen to satisfy this constraint.

In summary, in the extreme protophobic case with
mX ⇡ 17 MeV, the charges are required to satisfy
|"n| < 2.5 ⇥ 10�2 and 2 ⇥ 10�4 < |"e| < 1.4 ⇥ 10�3,
and |"⌫"e|1/2 . 7⇥ 10�5. Combining these with Eqs. (5)
and (7), we find that a protophobic gauge boson with
first-generation charges

"u = �1

3
"n ⇡ ±3.7⇥ 10�3

"d =
2

3
"n ⇡ ⌥7.4⇥ 10�3

2⇥ 10�4 . |"e| . 1.4⇥ 10�3

|"⌫"e|1/2 . 7⇥ 10�5 (10)

FIG. 2. The 8Be signal region, along with current constraints
discussed in the text (gray) and projected sensitivities of fu-
ture experiments in the (mX , "e) plane. For the 8Be signal,
the other couplings are assumed to be in the ranges given in
Eq. (10); for all other contours, the other couplings are those
of a dark photon.

explains the 8Be anomaly by 8Be⇤ ! 8BeX, followed by
X ! e+e�, consistent with existing constraints. For |"e|
near the upper end of the allowed range in Eq. (10) and
|"µ| ⇡ |"e|, the X boson also solves the (g � 2)µ puzzle,
reducing the current 3.6� discrepancy to below 2� [9].
Conclusions. We find evidence in the recent obser-

vation of a 6.8� anomaly in the e+e� distribution of
nuclear 8Be decays for a new vector gauge boson. The
new particle mediates a fifth force with a characteristic
length scale of 12 fm. The requirements of the signal,
along with the many constraints from other experiments
that probe these low energy scales, constrain the mass
and couplings of the boson to small ranges: its mass is
mX ⇡ 17 MeV, and it has milli-charged couplings to
up and down quarks and electrons, but with relatively
suppressed (and possibly vanishing) couplings to protons
(and neutrinos) relative to neutrons. If its lepton cou-
plings are approximately generation-independent, the 17
MeV vector boson may simultaneously explain the exist-
ing 3.6� deviation from SM predictions in the anomalous
magnetic moment of the muon. It is also interesting to
note that couplings of this magnitude, albeit in an ax-
ial vector case, may resolve a 3.2� excess in ⇡0 ! e+e�

decays [33, 34].
To confirm the 8Be signal, the most direct approach

would be to look for other nuclear states that decay to
discrete gamma rays with energies above 17 MeV through
M1 or E1 electromagnetic transitions. Unfortunately,
the 8Be system is quite special and, to our knowledge,
the 8Be⇤ and 8Be⇤0 states yield the most energetic such
gamma rays of all the nuclear states.

gi ⌘ "ie

PROTOPHOB IA
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Normalizing with γ decay

UCI-IPC; see also Pastore et al. Phys. Rev. C90 (2014)

Jµ
T=0 = N̄�µN Jµ

T=1 = N̄�µT 3N N =

✓
p
n

◆

Jµ
N = e"pJ

µ
p + e"nJ
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isovector current Jµ
1 vanishes in the matrix element of the Be⇤ transition because both the excited and ground states

are isosinglets, hBe|Jµ
1 |Be⇤i = 0. In this case both hBe|Jµ

X |Be⇤i and hBe|Jµ
EM|Be⇤i are proportional to the same Jµ

0

matrix element. Thus, the ratio of the Be⇤ decay width to X bosons to that involving photons, i.e. Eq. (13) with
"V = "p + "n, is independent of this unknown nuclear matrix element.
Recalling footnote 1, one possible concern is that the Be⇤ and Be states are not isospin eigenstates so that

hBe|Jµ
1 |Be⇤i 6= 0. In this case, Eq. (13) is modified to

�(Be⇤ ! BeX)

�(Be⇤ ! Be �)
= ("p + "n)

2


1�

⇣ mX

18.15 MeV

⌘2
�3/2 ✓

1� 2"n
"p + "n

hBe|Jµ
1 |Be⇤i

hBe|Jµ
0 |Be⇤i+ hBe|Jµ

1 |Be⇤i
◆2

. (8)

For the remainder of this study we neglect the correction in Eq. (8) that depends explicitly on the nuclear matrix
elements; this corresponds to the assumption that "nhBe|Jµ

1 |Be⇤i ⌧ ("p + "n)hBe|Jµ
0 |Bei.

IV. AN EFFECTIVE THEORY OF EXCITED BERYLLIUM

We demonstrate how to connect the observation of anomalous events in Be⇤ decays involving e+e� pairs to parameters
of a particle physics model with a new boson, X. Our analysis shows that the X boson cannot be a dark photon and
that similar theoretically motivated simple models of a new boson are disfavored. We then focus on the case of X
being a spin–parity JP = 1� state and show explicitly how, in this case, unknown nuclear matrix elements cancel.

A. E↵ective Theory of Nuclear Transitions

One may describe the matrix elements of nuclear transitions using an e↵ective theory where the nuclei are treated
as elementary states; this approach was recently highlighted in Ref. [47]. The finite extent of a nucleus can be encoded
as a momentum-dependent form factor in this theory, though we take the leading order nonrelativistic approximation
and assume that these form factors are unity. We construct e↵ective operators O involving a new boson X of definite
spin and parity and we parameterize its contribution to Be⇤ ! Be + X decays, where the X is then assumed to
subsequently decay into e+e� with some branching ratio. Let M = hBeX|O|Be⇤i be the matrix element for a nuclear
transition. Then the rate is

�(Be⇤ ! BeX) =
|kX |

8⇡M2
Be⇤

h|M|2ispins , (9)

where |kX |2 = (18.15 MeV)2 �m2
X is the magnitude of the X 3-momentum. Krasznahorkay et al. [8] report the best

fit for this rate, normalized to the � decay rate, to be

�(Be⇤ ! BeX)

�(Be⇤ ! Be �)
Br(X ! e+e�) = 5.6⇥ 10�6 . (10)

Lorentz invariance and parity conservation, which we both impose, constrain the types of operators involving states
X of a given spin J and parity P . The Be⇤ transition to the ground state is magnetic and this specifies the overall
parity of the e↵ective operator. We now briefly consider the following representations for X: a 1� vector V , a 1+

axial vector A, a 0+ scalar ', and a 0� pseudoscalar a. For each of these cases, i 2 {V,A,', a}, we write the leading
order e↵ective operators with respect to a cuto↵ scale ⇤i ⇠ GeV. This cuto↵ is roughly the inverse of the size of the
beryllium nucleus and the scale at which nuclear fine structure is relevant. We explicitly write the dependence on
a characteristic coupling, gi = e"i, written with respect to the electric coupling. The lowest-dimensional, Lorentz
invariant and parity conserving e↵ective operators for each new boson type are:

LV =
e"V
⇤V

BeGµ⌫F
(V )
⇢� ✏µ⌫⇢� , LA =

e"A
⇤A

BeGµ⌫F (A)
µ⌫ +

m2
A

e"A⇤0
A

BeAµ Be
⇤ ,

LS =
e"S
⇤2
S

(@µs)(@⌫Be)G⇢�✏
µ⌫⇢� , LP = e"P Be (@µa) Be

⇤µ , (11)

where we have defined Gµ⌫ = @µBe
⇤
⌫ � @⌫Be

⇤
µ as the field strength for the excited 8Be⇤ state and F (V,A)

µ⌫ to be the
corresponding field strengths for the new vector and axial vector bosons. Although the spin-1 cases include gauge
invariant operators, gauge invariance is neither required nor manifest since the new boson is massive. In the vector

“ C A R T O O N ”  E X P L A N AT I O N

ISOSPIN V IOLATING PIECE

(…)2 ends up ≲ 1
Hope: denominator is small due to 
cancelation; nuclear calculations 
do not corroborate this.
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it can be determined by demanding that the resulting M1 transition rate of the 17.64 MeV
decay reproduces its experimental value. The final M1 transition matrix elements thus read

h 
0,0||M1|| a

1

i = ↵
1

M1
1,T=0

+ �
1

M1
1,T=1

+ ↵
1

M1
1,T=1

, (23)

h 
0,0||M1|| b

1

i = �
1

M1
1,T=0

� ↵
1

M1
1,T=1

+ �
1

M1
1,T=1

. (24)

The needed shift in the M1 partial width of the 17.64 MeV transition is 3.0 ± 2.1 eV.
Employing the matrix elements of Ref. [24], we find the central value of  = 0.549, to yield
h 

0,0||M1|| b
1

i = 0.265µN and a M1 partial width of 1.62 eV, which is within 1� of the
experimental result.

With the above discussion of both isospin mixing and isospin breaking in hand, we now
turn to their implications for an M1 transition mediated by an X boson with vector couplings
"ne and "pe to the neutron and proton, respectively. The M1 transition mediated by X is

h 
0,0||M1X || b

1

i = ("n + "p)�1

M1
1,T=0

+ ("p � "n)(�↵
1

M1
1,T=1

+ �
1

M1
1,T=1

) , (25)

where the neutron and proton X couplings appear because the 8Be system contains equal
numbers of neutrons and protons. The resulting ratio of partial widths is, then,

�X

��

=
|("p + "n)�1

M1
1,T=0

+ ("p � "n)(�↵
1

M1
1,T=1

+ �
1

M1
1,T=1

)|2
|�

1

M1
1,T=0

� ↵
1

M1
1,T=1

+ �
1

M1
1,T=1

|2
|kX |3
|k�|3 . (26)

In the limit of no isospin mixing (↵
1

= 0, �
1

= 1) and no isospin breaking ( = 0), Eq. (26)
reproduces Eq. (14). However, substituting the isospin mixing parameters of Eq. (16) and
the M1 transition strengths of Eq. (20), we find

�X

��

= |� 0.09 ("p + "n) + 1.09 ("p � "n)|2 |kX |3
|k�|3  = 0 (27)

�X

��

= | 0.05 ("p + "n) + 0.95 ("p � "n)|2 |kX |3
|k�|3  = 0.549 . (28)

The isoscalar contribution is only a small fraction of the isovector one, and so, in general,
large modifications from isospin violation are possible.

In Fig. 3, we plot the ratio �X/�� in the ("p, "n) plane. In the case of perfect isospin, the
transition is isoscalar and the ratio depends on "p + "n, but in the case of isospin violation,
the isovector transition dominates, and the ratio depends e↵ectively on "p � "n. The e↵ects
of including isospin violation are, therefore, generally significant. Interestingly, however,
in the protophobic limit with "p = 0, isospin violation only modifies �X/�� by a factor of
about 20%. However, for larger values of |"p|, for example, |"p| ⇠ |"n|/2, isospin-breaking
e↵ects can be significant, leading to factors of 10 changes in the branching ratios, or factors
of 3 modifications to the best fit couplings. Such large excursions from protophobia are
excluded by the NA48/2 limits for the best fit values of the couplings corresponding to
mX = 16.7 MeV, but may be possible for larger values of mX within its allowed range, as we
discuss below.
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IV. SIGNAL DEPENDENCE ON ISOSPIN MIXING AND BREAKING

The discussion of Sec. III E assumed that isospin is conserved and that the 8Be states are
states of well-defined isospin. As noted in Sec. IIA, however, there is substantial evidence
that the 8Be states are isospin-mixed, and, as we note below, there may also be isospin
breaking in the electromagnetic transition operators stemming from the neutron–proton
mass di↵erence. In this section, we determine the impact of isospin mixing and breaking on
the rate for 8Be⇤ ! 8BeX, which, of course, has implications for the parton-level couplings
required to explain the 8Be signal.

The ground-state structure and excitation spectrum of 8Be, as well as its electromagnetic
transitions, have been studied with ab initio QMC techniques, based on non-relativistic
Hamiltonians with phenomenological nucleon-nucleon and three-nucleon potentials [21–24].
The latest work, Ref. [24], uses the newer AV18+IL7 potential.

Isospin mixing is addressed in the manner of Ref. [20]: the empirical total (hadronic)
widths are used to fix the isospin-mixing of the states within a particular doublet. That is,
for a doublet of spin J , the physical states (with labels a and b) are given by [24]

 a
J = ↵J J,T=0

+ �J J,T=1

 b
J = �J J,T=0

� ↵J J,T=1

, (15)

where a denotes the lower energy state. Note that ↵J and �J are real and satisfy ↵2

J +�2

J = 1.
The widths of the isospin-pure states are computed using the QMC approach, permitting
the extraction of the mixing parameters in Eq. (15) from the measured widths, yielding, for
example [24],

↵
1

= 0.21(3) and �
1

= 0.98(1) . (16)

The empirical excitation energies, which are unfolded from the experimental data using these
mixing coe�cients, agree with the QMC energies of the states of all three mixed doublets, to
within the expected theoretical error—that is, to within 1% uncertainty.

Given this success, this procedure may be applied to the electromagnetic transitions of
these isospin-mixed states as well, so that the M1 transitions to the ground state are of the
form

h 
0,0||M1|| a

Ji = ↵JM1J,T=0

+ �JM1J,T=1

(17)

h 
0,0||M1|| b

Ji = �JM1J,T=0

� ↵JM1J,T=1

, (18)

where M1J,T is the reduced matrix element of the M1 operator with the isospin pure J, T
states. For reference we note that this matrix element is related to the partial width �M1

for
the transition via

�M1

=
16⇡

9
↵~c

✓
�E

~c

◆
3

B(M1)

✓
~c

2Mp [MeV]

◆
2

, (19)

where B(M1) = |h Jf ||M1|| Jii|2/(2Ji+1) is in units of (µN )2, the squared nuclear magneton.
We emphasize that the M1 operator can mediate both isoscalar (�T = 0) and isovector
(|�T | = 1) transitions. The J|�T | isospin currents are given in Eq. (11).

Unfortunately, the leading one-body (impulse approximation) results compare poorly to
experiment. The inclusion of meson-exchange currents in the M1J,T matrix element improves
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matters considerably, yielding finally �M1

= 12.0(3) eV for the 17.64 MeV transition, to
be compared with �expt

M1

= 15.0(1.8) eV [29], and �M1

= 0.50(2) eV for the 18.15 MeV
transition, to be compared with �expt

M1

= 1.9(4) eV [29]. Nevertheless, the discrepancies are
still significant, and it would seem that something is missing. It is possible that the treatment
of wave function mixing is somehow inadequate. Table V of Ref. [24] shows that increasing
the value of ↵

1

to 0.31 makes the M1 transition rate of the 18.15 MeV state double, while
decreasing the 17.64 MeV transition by only 5% [49].

The deficiency can be redressed in a distinct way that has not previously been considered
in this context. Isospin breaking can appear in the hadronic form of the electromagnetic
transition operators themselves [50, 51] to the end that changes in the relative strength of
the isoscalar and isovector transition operators appear as a result of isospin-breaking in
the masses of isospin multiplet states, such as the nonzero neutron-proton mass di↵erence.
This is pertinent because electromagnetic transition operators involve both one and two-
body contributions. The nuclear structure calculations of Ref. [24] employ electromagnetic
transition operators from chiral e↵ective theory in the isospin limit [52, 53]. The empirical
magnetic moments of the neutron and proton are employed in the leading one-body terms
in these analyses, albeit they are normalized by the average nucleon mass, rather than
the proton mass that appears in the definition of the nuclear magneton. Consequently the
isospin-breaking e↵ects that shift the relative strength of the isoscalar and isovector transition
operators appear in higher-order terms, namely in the relativistic corrections to leading
one-body operators, as well as in the two-body operators. These e↵ects are likely numerically
important for the dominantly isoscalar electromagnetic transitions because the relativistic
one-body corrections and two-body contributions are predominantly isovector in the isospin
limit [24, 54], though technically these corrections to a given contribution appear in higher
order in the chiral expansion.

We choose to include these isospin-breaking e↵ects through the use of a spurion formal-
ism [55]. That is, we include isospin-breaking contributions through the introduction of a
fictitious particle, the spurion, whose purpose is to allow the inclusion of isospin-breaking
e↵ects within an isospin-invariant framework. Since the largest e↵ects should stem from the
neutron-proton mass di↵erence, the spurion acts like a new �T = 1 operator because its
size is controlled by (Mn � Mp)/MN , where MN is the nucleon mass. Since the isoscalar
transition operators are extremely small we include the “leakage” of the dominant isovector
operators into the isoscalar channel only. This is justified by noting that Ref. [24] used
states of pure isospin and included meson exchange currents, to determine the isovector and
isoscalar M1 transition strengths to be

M1
1,T=1

= 0.767(9)µN and M1
1,T=0

= 0.014(1)µN , (20)

where the numerical dominance of the isovector M1 transition strength arises from that of
the empirical isovector anomalous magnetic moment and the charged-pion, meson-exchange
contribution, which is isovector.

Characterizing the strength of the �T = 1 spurion by , the matrix elements of Eqs. (17)
and (18) are thus amended by the addition of

�h 
0,0||M1|| a

1

i = ↵
1

M1
1,T=1

(21)

�h 
0,0||M1|| b

1

i = �
1

M1
1,T=1

. (22)

The size of  is controlled by non-perturbative e↵ects. To illustrate its role, we assume that
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0,0||M1|| a
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1,T=1
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�h 
0,0||M1|| b

1

i = �
1

M1
1,T=1
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The size of  is controlled by non-perturbative e↵ects. To illustrate its role, we assume that
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it can be determined by demanding that the resulting M1 transition rate of the 17.64 MeV
decay reproduces its experimental value. The final M1 transition matrix elements thus read

h 
0,0||M1|| a

1

i = ↵
1

M1
1,T=0

+ �
1

M1
1,T=1

+ ↵
1

M1
1,T=1

, (23)

h 
0,0||M1|| b

1

i = �
1

M1
1,T=0

� ↵
1

M1
1,T=1

+ �
1

M1
1,T=1

. (24)

The needed shift in the M1 partial width of the 17.64 MeV transition is 3.0 ± 2.1 eV.
Employing the matrix elements of Ref. [24], we find the central value of  = 0.549, to yield
h 

0,0||M1|| b
1

i = 0.265µN and a M1 partial width of 1.62 eV, which is within 1� of the
experimental result.

With the above discussion of both isospin mixing and isospin breaking in hand, we now
turn to their implications for an M1 transition mediated by an X boson with vector couplings
"ne and "pe to the neutron and proton, respectively. The M1 transition mediated by X is

h 
0,0||M1X || b

1

i = ("n + "p)�1

M1
1,T=0

+ ("p � "n)(�↵
1

M1
1,T=1

+ �
1

M1
1,T=1

) , (25)

where the neutron and proton X couplings appear because the 8Be system contains equal
numbers of neutrons and protons. The resulting ratio of partial widths is, then,

�X

��

=
|("p + "n)�1

M1
1,T=0

+ ("p � "n)(�↵
1

M1
1,T=1

+ �
1

M1
1,T=1

)|2
|�

1

M1
1,T=0

� ↵
1

M1
1,T=1

+ �
1

M1
1,T=1

|2
|kX |3
|k�|3 . (26)

In the limit of no isospin mixing (↵
1

= 0, �
1

= 1) and no isospin breaking ( = 0), Eq. (26)
reproduces Eq. (14). However, substituting the isospin mixing parameters of Eq. (16) and
the M1 transition strengths of Eq. (20), we find

�X

��

= |� 0.09 ("p + "n) + 1.09 ("p � "n)|2 |kX |3
|k�|3  = 0 (27)

�X

��

= | 0.05 ("p + "n) + 0.95 ("p � "n)|2 |kX |3
|k�|3  = 0.549 . (28)

The isoscalar contribution is only a small fraction of the isovector one, and so, in general,
large modifications from isospin violation are possible.

In Fig. 3, we plot the ratio �X/�� in the ("p, "n) plane. In the case of perfect isospin, the
transition is isoscalar and the ratio depends on "p + "n, but in the case of isospin violation,
the isovector transition dominates, and the ratio depends e↵ectively on "p � "n. The e↵ects
of including isospin violation are, therefore, generally significant. Interestingly, however,
in the protophobic limit with "p = 0, isospin violation only modifies �X/�� by a factor of
about 20%. However, for larger values of |"p|, for example, |"p| ⇠ |"n|/2, isospin-breaking
e↵ects can be significant, leading to factors of 10 changes in the branching ratios, or factors
of 3 modifications to the best fit couplings. Such large excursions from protophobia are
excluded by the NA48/2 limits for the best fit values of the couplings corresponding to
mX = 16.7 MeV, but may be possible for larger values of mX within its allowed range, as we
discuss below.
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it can be determined by demanding that the resulting M1 transition rate of the 17.64 MeV
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The needed shift in the M1 partial width of the 17.64 MeV transition is 3.0 ± 2.1 eV.
Employing the matrix elements of Ref. [24], we find the central value of  = 0.549, to yield
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0,0||M1|| b
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i = 0.265µN and a M1 partial width of 1.62 eV, which is within 1� of the
experimental result.

With the above discussion of both isospin mixing and isospin breaking in hand, we now
turn to their implications for an M1 transition mediated by an X boson with vector couplings
"ne and "pe to the neutron and proton, respectively. The M1 transition mediated by X is
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where the neutron and proton X couplings appear because the 8Be system contains equal
numbers of neutrons and protons. The resulting ratio of partial widths is, then,
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In the limit of no isospin mixing (↵
1

= 0, �
1

= 1) and no isospin breaking ( = 0), Eq. (26)
reproduces Eq. (14). However, substituting the isospin mixing parameters of Eq. (16) and
the M1 transition strengths of Eq. (20), we find
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The isoscalar contribution is only a small fraction of the isovector one, and so, in general,
large modifications from isospin violation are possible.

In Fig. 3, we plot the ratio �X/�� in the ("p, "n) plane. In the case of perfect isospin, the
transition is isoscalar and the ratio depends on "p + "n, but in the case of isospin violation,
the isovector transition dominates, and the ratio depends e↵ectively on "p � "n. The e↵ects
of including isospin violation are, therefore, generally significant. Interestingly, however,
in the protophobic limit with "p = 0, isospin violation only modifies �X/�� by a factor of
about 20%. However, for larger values of |"p|, for example, |"p| ⇠ |"n|/2, isospin-breaking
e↵ects can be significant, leading to factors of 10 changes in the branching ratios, or factors
of 3 modifications to the best fit couplings. Such large excursions from protophobia are
excluded by the NA48/2 limits for the best fit values of the couplings corresponding to
mX = 16.7 MeV, but may be possible for larger values of mX within its allowed range, as we
discuss below.
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What about the X-dipole moment?
These are already included in the full isospin 
treatment by Pastore et al.

Quark’s tiny electric charge gives a tiny quark magnetic 
dipole. Neutron dipole comes from QCD, and is isospin 
conserving.

Pastore formalism (isospin basis) includes electric 
dipoles in the M1 matrix elements.

We also use the isospin basis and the Pastore M1 
matrix elements, rescaled by the appropriate X-charges.

Pastore, Wiringa et al. Phys. Rev. C 90 [1406.2343], Phys. Rev. C 88 [1308.5670]
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Production (quark) couplings

it can be determined by demanding that the resulting M1 transition rate of the 17.64 MeV
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The isoscalar contribution is only a small fraction of the isovector one, and so, in general,
large modifications from isospin violation are possible.

In Fig. 3, we plot the ratio �X/�� in the ("p, "n) plane. In the case of perfect isospin, the
transition is isoscalar and the ratio depends on "p + "n, but in the case of isospin violation,
the isovector transition dominates, and the ratio depends e↵ectively on "p � "n. The e↵ects
of including isospin violation are, therefore, generally significant. Interestingly, however,
in the protophobic limit with "p = 0, isospin violation only modifies �X/�� by a factor of
about 20%. However, for larger values of |"p|, for example, |"p| ⇠ |"n|/2, isospin-breaking
e↵ects can be significant, leading to factors of 10 changes in the branching ratios, or factors
of 3 modifications to the best fit couplings. Such large excursions from protophobia are
excluded by the NA48/2 limits for the best fit values of the couplings corresponding to
mX = 16.7 MeV, but may be possible for larger values of mX within its allowed range, as we
discuss below.
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Mass Dependence

UCI IPC 1608.03591



f l i p  .  t a n e d o 25u c r  .  e d u@ NEW PHYSICS IN BERYILLUM-8?
34

ATOMKI Pair Spectrometer

from A.J. Krasznahorkay; slideplayer.com/slide/6112261/

The	completed	spectrometer
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Detector Resolution

Gulyás et al. NIM 1504.00489

as possible having remarkably higher efficiency (! 7" 10#3 for
one pair of telescopes) and better angular resolution (ΔΘ¼ 21)
than previously obtained by Stiebing and co-workers [45].

5. Monte-Carlo simulations

Monte Carlo (MC) simulations of the experiment were per-
formed using the GEANT3 code in order to determine the detector
response function. For different transition energies and multi-
polarities a lookup table is created for electron and positron
energies and correlation angles using the Rose calculations [2]. The
first electrons (or positrons) are generated isotropically, with ϕe

random between 0 and 2π and θe as a sine distribution, and the
second particles with relative angles ϕ and θ, with θ according to
the lookup table. Isotropic emission of pairs would also result in a
sine distribution for the relative angles θ, the so-called
correlation angle.

The size of the detector telescopes was large enough
(82"86"80 mm3) to stop all 16 MeV electrons or positrons.
Certainly, the γ radiations created by bremsstrahlung or annihi-
lation could escape from the detectors and resulted in distorted
peak shapes.

Fig. 2 shows the peak shapes for the energy sum of the detected
particles originated from 6 and 18 MeV nuclear transitions. The
escape of bremsstrahlung at 18 MeV considerably distorts the
peak shape.

Electrons and positrons are treated differently in Geant3.21
(version 14 of 19 March 2002). The additional annihilation of
positrons in comparison to electrons is correctly described. For low
positron energy there is still a discussion about the correct
description of the energy deposition. This is important for positron
spectroscopy [46]. But for our resolution and energy region such a
possible discrepancy has been neglected. The tracks of the primary
electrons and positrons are followed through the set-up, together
with secondary ones induced by γ's including the annihilation γ's.
The detected energy losses in the scintillators are stored including
the kinetic energy that is left over at the end of a track when
stopped inside the scintillator. These idealized signals from the
scintillation detectors are analyzed in the same way as the data

and a comparison for a few reference decays should tell us how
well we understand the setup in our simulations. Electron positron
pairs from a hypothetical intermediate boson decay can also be
generated, as well as background processes like (i) γ–γ coin-
cidences, (ii) single high energy gamma events, and (iii) traversing
cosmic muons. By adding background with a weight according to
the total IPCC the effect of the different backgrounds have been
estimated.

6. The spectrometer

Plastic scintillator detectors combine reasonable energy reso-
lution with minimum response to γ radiation and with excellent
characteristics for fast, sub-nanosecond coincidence timing, which
is crucial for good background reduction. Thus, we use plastic ΔE
#E detector telescopes for the detection of the eþe# . In contrast
to Ref. [45], very thin ΔE detectors (52"52"1 mm3) were chosen
that give a remarkably improved γ suppression. The E detectors
have much larger dimensions (82"86"80 mm3) than in Ref. [45].
The spectrometer setup is shown in Fig. 3 with six scintillation
detector telescopes and six position sensitive gaseous detectors at
60° relative to their neighbours surrounding the target inside the
carbon fibre beam pipe. The response of the detector set-up as a
function of correlation angle theta for isotropic emission of eþe#

pairs is shown in Fig. 2 (bottom). A detector with 4π solid angle
acceptance would show a sine distribution and the simulated
curve with three sharp peaks can be understood as the limited
phase space with only detector combinations at 60, 120, and
180° with an angular range in a single detector of about 40°.
Another setup with five telescopes will be also described with a
smoother acceptance for the angular correlation of the eþe# pairs.

γ rays were detected by a Ge clover detector at a distance of
25 cm from the target behind the Faraday-cup. The detector has an
active volume of 470 cm3 and it is also equipped with a BGO anti-
coincidence shield [47].

The positions of the hits are measured by multiwire propor-
tional counters (MWPC). Recently, Sauli reviewed the status of the
gaseous radiation detectors [48], which was a good guidance in
designing and building the position sensitive detector of the pre-
sent eþe# spectrometer. Multi-wire proportional chambers and
drift chambers were developed at CERN during the late 1960s [49].
The advantages of MWPC detectors are well-known. Their sensi-
tive area can be designed to a variety of applications. They are
commonly used in the detection of minimum ionizing particles,
X-rays, neutrons and charge particles [49,50]. They have relatively
good energy and position resolution, high efficiency, and good
uniformity over the sensitive volume. The standard MWPC has
also well known limitations in spatial resolution, in counting rates,
etc. which motivated the development of new generation gaseous
detectors like Micro-Pattern Gas Detectors (MPGD), MICRO-Mesh-
Gaseous Structure (MICROMEGAS) detectors, Gas Electron Multi-
pliers (GEM), and Close Cathode Chambers (CCC), for high
luminosity accelerators. In our application, however the main
concern was to minimize the amount of materials in the vicinity of
the target that was the reason of choosing the original MWPC
principle.

The MWPC detectors, which were constructed at ATOMKI, were
placed in front of the ΔE and E detectors. The anode of the MWPC
is a set of parallel 10 μm thick gold-plated tungsten wires at a
distance of 2 mm from each other. The cathodes are made of thin
(100 μm) printed boards with 1.25 mm-wide Cu strips. The anode–
cathode distance is 3.5 mm. The two cathodes are placed per-
pendicular to each other giving the x and y coordinates of the hit.
Delay-line read-out (10 ns/taps) is used for the cathode wires. Ar
(80%)þCO2(20%) counting gas was flowing across the detector
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Fig. 2. Simulated peak shapes for the spectrometer at 6 and 18 MeV using 10
million events for both energies. The response function for 18 MeV is multiplied by
10 for better visibility.

J. Gulyás et al. / Nuclear Instruments and Methods in Physics Research A 808 (2016) 21–28 23

Simulated peak shapes 
for the spectrometer at 
6 and 18 MeV using 10 
million events for both 
energies.  
The response function for 18 MeV 
is multiplied by 10 for better 
visibility.
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The Beryllium that Cried ‘Wolf’?
A pre history of Beryllium anomalies
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Pre-History, the de Boeron 
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Abstract 

The El e+e-decay of the 17.2 MeV level in ‘*C, and the Ml e’e- decay of the 17.6 MeV level in *Be have been 
studied in a search for possible signals of short-lived neutral bosons with masses between 5 and 15 MeV/c*. Whereas for 
the El decay at large correlation angles no deviation is found from internal pair conversion (IPC), surprisingly the Ml 
angular correlation deviates from IPC at the 4.k level. 

A variety of experimental studies in the past has 
provided severe constraints on the possible existence 
of light neutral bosons [ l-41. Interestingly, beam 
dump experiment [5-71 specifically searching for 
short-lived neutral bosons still allow a mass-lifetime 
window for masses between 5 and 100 MeV/c2 and 
lifetimes shorter than lo-l3 s. The possibility [S] to 
narrow this window on the low mass side motivated 
us to investigate suitable electromagnetic transitions 
for short-lived neutral bosons decaying into e+e- 
pairs with invariant mass between 5 and 15 MeV/c2. 
Scalar (O+) and vector ( 1 - ) bosons may compete 
in electric transitions and pseudoscalar (O-) and 
axial-vector (l+) bosons in magnetic transitions. 

’ E-mail cornxpondence: fokke@nikhefk.nikhef.nl. 

Two-lepton decay of a boson emitted in a nuclear 
transition would produce a structure on top of the 
e+e- angular correlation from internal pair conversion 
(IPC) [9,10] and external pair conversion (EPC) 
[ 1 l- 131. These processes are peaked at 0” and de- 
cline for low Z nuclei rapidly with increasing w, EPC 
even more drastically than IPC. 

We performed an exploratory measurement on the 
IPC of the nuclear El decay of the 17.2 MeV (I” = 
1 -, T = 1) level in 12C and similarly on the Ml decay 
of the 17.6 MeV (1” = l+, T = I) level in ‘Be. The 
aim was a sensitive comparison of the e+e- angular 
correlations, mutually and with standard theoretical 
predictions. 

For this purpose a multi-detector set-up was con- 
structed. The experiment was performed with the pro- 
ton beam of the Van de Graaff accelerator at the In- 

0370-2693/%/$12.00 Copyright 0 1996 Elsevier Science B.V. All rights reserved. 
PII SO370-2693(96)0131 l-1 

No gates, no resolution to see bump (… no bump)

Fokke de Boer et al. Phys. Lett. B388 (1996) 235
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Is Beryllium Crying Wolf?

Fokke de Boer et al. Phys. Lett. B388 (1996) 235
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Fig. 3. (a) Measured angular correlation for the yield of e+e- 
pairs from the reaction ’ 'B( p, e+e- ) ‘*C, using geometrical de- 
tector efficiencies and normalised to the theoretical El-IPC cor- 
relations [ 9 ] (dashed line) in the angular range over this range. 
The solid line includes effects from EPC [ 131 and multiple scat- 
tering calculated in a MC simulation (dot-dashed line). (b) Ratio 
of the experimental data and the IPC prediction (dashed curve in 
Fig. 3a). Open circles denote correlations between the six small 
detectors, open triangles between one large detector (7) and small 
detectors, open squares between the other large detector (8) and 
small detectors. The data point at 68’ represents the correlation 
between the two large detectors (7) and (8) (see also Fig. I). 

determined with adequate precision. To account for 
differences in the low-energy thresholds of the detec- 
tors, in particular for the large detectors, normalisation 
factors of 0.78 and 0.95 were applied to all combi- 
nations of the small telescopes with telescope 7 and 
8 respectively. The detector combination 7-8 conse- 
quently has been normalised by the product of both 
factors. The level of systematic uncertainties due to 
detector, beam and target alignment, as well as due 
to energy and angular smearing, have been estimated. 
The overall effect is expected to be roughly of the 
same size as the statistical errors. This is confirmed by 
the spread - beyond statistical fluctuations - in data 
points of Figs. 3 and 4 where approximately the same 
central w values are obtained from different pairs of 
detector telescopes. 

In Figs. 3a and 4a the measured angular correla- 
tions of e+e- pairs with a sum energy above 5MeV 
are shown for the reactions “B(p, e+e-)‘*C (El- 

ll...~...~...~...,...,~.‘,., 
20 40 60 80 100 120 14( 

correlation angle w (degrees) 

I 

Fig. 4. (a) Measured angular correlation for the yield of e+e- 
pairs from the reaction 7Li(p, e+e-)‘Be and curves similar to 
Fig. 3a. (b) Ratio of data and IPC obtained in the same way as 
in Fig. 3b. 

transitions) and 7Li(p, e+e- ) *Be (Ml -transitions), 
respectively. The data sets are scaled to unity at the 
smallest correlation angle measured. The dashed lines 
represent IPC distributions for non-aligned nuclei [ 91 
normalised to the data points at large w (w > 120’)) 
where relative contributions from EPC and multiple 
scattering are minimal. The latter clearly show up at 
o < 50” and mainly arise from the carbon-fibre tube 
used as vacuum window for the leptons. 

The shape of these contributions for the particu- 
lar geometry of our apparatus (dot-dashed lines in 
Figs. 3a and 4a) has been determined by means of 
GEANT Monte Carlo simulations [ 17 1. At 21 o the 
number of pairs due to EPC and multiple scattering 
was calculated for both reactions to be typically 45% 
with respect to IPC. However a value of 57% is needed 
to achieve good agreement for the 12C data. Consid- 
ering the uncertainties in the nontrivial determination 
of the EPC contributions this appears acceptable to us. 
Moreover, the difference does not influence the data 
at w > 50” to a significant extent. The solid lines in 
Figs. 3a and 4a represent the sum of IPC (normalised 
to the data at w > 120”) and EPC, both including mul- 
tiple scattering. As the angular correlations of e+e- 
pairs due to IPC decline by almost two orders of mag- 
nitude in the w range considered, any possible devia- 

12C E1 transition 8Be (17.6 MeV) M1 transition

broad excess 
likely E1 pollution

excluded by ATOMKI study

consistent with BG

The 1996 “de Boer-on” is ruled out

ATOMKI: 2% E1 removes excess


