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Motivations



The Unknown?
• The most basic reason to consider 

theories with light particles is 
simply to better understand what 
experiments tell us is still allowed.

• Light particles must be very weakly 
coupled to have escaped detection 
up until this point.

• “Light” can mean different things 
to different physicists.  For me it 
means < about GeV.

• We can think of the search for 
them as complementary to high 
energy searches such as at the 
LHC.

• Light physics can in principle be 
produced in existing experiments.
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Dark Matter

• Since we know essentially nothing 
about dark matter, it is possible 
that it is a very light particle.

• Existing limits from galactic 
dynamics are around ~eV for 
fermions, and ~10-20 eV for 
bosons.

• If the dark matter is produced in 
the early Universe through 
freeze-out, evading constraints 
from the CMB typically requires 
that there are also light dark 
forces.
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Thermal and Asymmetric Targets for DM-e Scattering

FIG. 17: Direct annihilation thermal freeze-out targets and asymmetric DM target for (left)
non-relativistic e-DM scattering probed by direct-detection experiments and (right) relativistic
accelerator-based probes. The thermal targets include scalar, Majorana, inelastic, and pseudo-
dirac DM annihilating through the vector portal. Current constraints are displayed as shaded ar-
eas. Both panels assume mMED = 3mDM and the dark fine structure constant ↵D ⌘ g2D/4⇡ = 0.5.
These choices correspond to a conservative presentation of the parameter space for accelerator-
based experiments (see section VIG).

dump experiments, the mediator can be emitted by the incoming proton, or if kine-
matically allowed, from rare SM meson decays, while detection could proceed through
DM-nucleon scattering. Thus, proton beam-dump experiments are uniquely sensitive
to the coupling to quarks. On the other hand, leptonic couplings can be studied in
electron beam-dump and fixed target experiments, where the mediator is radiated o↵
the incoming electron beam. The DM is identified through its scattering o↵ electrons
at a downstream detector, or its presence is inferred as missing energy/momentum.

C. Experimental approaches and future opportunities

The light DM paradigm has motivated extensive developments during the last few years,
based on a combination of theoretical and proposed experimental work. As a broad orga-
nizing principle, these approaches can be grouped into the following generic categories:

• Missing mass: The DM is produced in exclusive reactions, such as e+e� ! �(A0
!

��̄) or e�p ! e�p(A0
! ��̄), and identified as a narrow resonance over a smooth

background in the recoil mass distribution. This approach requires a well-known initial
state and the reconstruction of all particles besides the DM. A large background usually
arises from reactions in which particle(s) escape undetected, and detectors with good
hermeticity are needed to limit their impact.
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• The Integral satellite measures the sky 
in hard X-rays.  The line at 511 keV 
from e+e- annihilation tracks 
production of non-relativistic positrons.

• They see an excess that correlates with 
the Galactic center, and could be a sign 
that dark matter annihilates into e+e-.

• (To be fair, it could also be an 
astrophysical production mechanism).

• To have the e+’s be non-relativistic, the 
dark matter mass can’t be much more 
than the electron mass.

• Explaining the cross section can work if 
there is a mediator particle whose 
mass is also ~ MeV.

MeV Dark Matter

See: astro-ph/030968



Experimental Anomalies
• While there is no decisive laboratory 

experimental evidence for light new 
particles, a few that show some 
deviation could hint at physics beyond 
the Standard Model.

• A few examples of puzzling 
experimental results that could hint 
at light new physics include:

• Muon g-2

• π0  -> e+ e-  (measured by KTeV)

• ATOMKI Nuclear Transitions in 
Be-8 and He-4.

• All three of these hint at ~MeV 
mass particles with super-weak 
coupling to the SM.
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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.
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Figure 5: (a) One of the diagrams giving rise to the events with a photon, dark photon (�D), and large missing energy due to escaping dark-
inos (χ̃) at the Fermilab Tevatron Collider, from [152]. (b) Example of the Feynman diagrams for the production of the dark matter parti-
cles through the SUSY �nal state mechanism and (right) an extension of this diagram where the dark matter particles (for example dark
neutralino χD, and dark higgs hD) decaying into low mass states end up with large missing energy and a boosted set of leptons via cou-
pling to the dark photons �D; these diagrams relate to [155]. (c) Feynman diagrams for the possible contribution of dark photons, �D, to
π� ! e+e−� and lepton g − �, from [173]. (d,e) Example of the Feynman diagrams for the associated Higgs boson production withW±/Z
in pp collisions, that give rise to the events with a dark photon at the LHC , from [156] and [162, 165]. In this case the Higgs subsequently
decay into a light hidden/dark sector: 2-step (a) and 3-step (b), where mhd� >mhd� >m�D .

cidence puzzle arises in the subclass of the hidden sector
DMmodels, namely Hidden Valley models.

However, in recent years it has been realized that in
thesemodels thephenomenology canbequite distinct and
di�cult to �nd at the LHC, even if the masses of such ex-
tensions to the SM are much lighter than the weak scale.
This issue was examined in the context of Hidden Valley
models [137, 185], where a light gauged hidden sector com-
municates to the SM through weak scale states. One may

also notice similarities and connection to “quirk”¹² [195]
andUnparticlemodels [145]. The impact of aHiddenValley
on supersymmetric phenomenology at colliders canbe sig-
ni�cant if the LSP lies in the hidden valley sector [131, 181].

12 The U and D quirks are similar to quarks except they carry a new
global charge that keeps one combination, UD, stable (U and D carry
opposite electric charge). Therefore they charged on both hidden sec-
tor and SM gauge groups.
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Vector Particles



Vector Simplified Model

M
as

s
Standard
Model

Dark
Matter?

A’

• A reasonably simple extension of the SM 
is to add a light vector particle:  A’.

• Quantum field theories of vector 
particles are a little bit delicate.  If we 
write down interactions indiscriminately, 
we typically get a theory which is 
unphysical.

• The usual trick to avoid these problems is 
to associate the new vector with a gauge 
symmetry group.  [For example a U(1).]

• Including only gauge-invariant terms in 
the Lagrangian avoids unphysical behavior.

• Then we need to specify how the 
symmetry acts on SM particles [their 
charges].



Dark Charge Assignment
• Each SM fermion species (Q, u, d, L, e) 

[plus right-handed neutrinos if they exist] 
and the Higgs needs a charge.

• If there is a dark Higgs, we could define 
its charge as +1.

• To avoid FCNC’s, the fermions of each 
family are typically assigned the same 
charge. [But that is not essential].

• If the charges for Q, u, and d are equal, 
and L and e are equal, the theory will be 
vector-like.  Otherwise, it will contain 
axial vector interactions.

• We need to make sure that we can 
generate the SM Yukawa interactions.

A0
µ

X

f

f̄
⇣
cfV �

µ + cfA�
µ�5

⌘
f

<latexit sha1_base64="PmszQd9830PBQo/WPF70ThXsqaY="></latexit>

cfV ⌘ 1

2
gD (QfL +QfR)

<latexit sha1_base64="46zoVtHC6e+1sVieUdfzVUdalFA="></latexit>

cfA ⌘ 1

2
gD (QfL �QfR)

<latexit sha1_base64="6jyrOpQlEkuK9PLKM3rDQNGUfjI="></latexit>

{QQ, Qu, Qd, QL, Qe, QH}

<latexit sha1_base64="C5/9M5Qigom+rW0m2Pf6iYtWyE4="></latexit>

LY = yuHQū+ ydH
†
Qd̄+ yeH

†
Lē

<latexit sha1_base64="yexm6W4z4TSOXXGHdowNBd9YTwg="></latexit>

QH = QfR �QfL

<latexit sha1_base64="RoOtnNvee+jjq3Y/FatdFqK9YiU=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWAR3FiS2tJmIRTddOGiFfuANoTJdNIOnTyYmQglZOOvuHGhiFs/w51/46StoKIHLhzOuZd773EjRoU0jA9taXlldW09t5Hf3Nre2dX39jsijDkmbRyykPdcJAijAWlLKhnpRZwg32Wk606uMr97R7igYXArpxGxfTQKqEcxkkpy9MOW04AXsOUknnOTwrM5u04dvWAUrVqlcl6DRtEwrJJVVcSyLLNqQlMpGQpggaajvw+GIY59EkjMkBB904iknSAuKWYkzQ9iQSKEJ2hE+ooGyCfCTmYPpPBEKUPohVxVIOFM/T6RIF+Iqe+qTh/JsfjtZeJfXj+WXs1OaBDFkgR4vsiLGZQhzNKAQ8oJlmyqCMKcqlshHiOOsFSZ5VUIX5/C/0mnVDTLxXKrXKhfLuLIgSNwDE6BCaqgDhqgCdoAgxQ8gCfwrN1rj9qL9jpvXdIWMwfgB7S3T9wklVc=</latexit>

Allowed if, e.g. :



Anomalies
• A Quantum field theory with fermions can violate symmetries which appear 

to be present in the Lagrangian (e.g. at tree level).

• The dangerous contributions appear as triangle diagrams of fermions with 
gauge bosons attached to the vertices.

• If this happens for a global symmetry, it means that the Noether current 
associated with it is not conserved.

• If it happens for a gauge symmetry, that symmetry is violated, and this leads 
us back to unphysical behavior.  So we can’t allow that!



Anomalies
• The cancellation of the anomalies requires that there are relations between 

the charges of the fermions in the theory:

X

 

Q Y
2
 = 0
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If the anomalies don’t cancel summing over the SM fermions, additional fermions are 
necessary to make things cancel.  They are often charged under the SM gauge groups 
(and have color and/or charge as a result).  I often call those particles “anomalons”.

Exercise: Prove that U(1)B-L is not 
anomalous if we add 3 RH neutrinos.



Mass Mixing
• The dark vector particle could get its 

mass in part from the SM Higgs, and 
there are usually other contributions as 
well.

• For example a dark Higgs sector.

• For a U(1), a Stuckelberg mass.

• If QH is nonzero, after EWSB, the mass 
matrix contains mixing terms between 
the SM Z and the A’.

• This implies the A’ picks up some of 
the Z boson’s interactions, and the Z 
interactions are modified as well.

• LEP constraints on the Z boson 
properties typically require such 
mixing to be less than about 10-3.


m̂2

Z
�gDqHvm̂Z

�gDqHvm̂Z g2
D
q2
H
v2 + m̂2

A0

�
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Gauge basis:

Diagonalized by:


Ẑµ

Â0
µ

�
=


cos ⌘ sin ⌘
� sin ⌘ cos ⌘

� 
Zµ

A0
µ

�

<latexit sha1_base64="vDQJ5fUWECO1tmkMRbtrSDTMwWk="></latexit>

tan 2⌘ =
�2gDQHvm̂Z

(g2
D
Q2

H
v2 + m̂2

A0)� m̂2
Z
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Mass BasisGauge Basis

ẐµJ
µ
NC !

�
cos ⌘Zµ + sin ⌘A0

µ

�
Jµ
NC

<latexit sha1_base64="zeenWqAwROh55kQkhv8dCj43H1U="></latexit>

Jµ
NC =

e

sW cW

�
T3 �Qs2W

�

<latexit sha1_base64="wdCa6Jpho/2SvVPL8g8NdrI6hbs="></latexit>

Where:



Kinetic Mixing
• In addition to mass mixing, the A’ 

could also pick up couplings through 
kinetic mixing.

• If it corresponds to a U(1) gauge 
symmetry, a kinetic term mixing 
with the Hypercharge force is gauge 
invariant, and thus allowed.

• In fact, if there are particles charged 
under both the dark group and 
hypercharge, such a term will be 
induced at the loop level.

• The parameter ε controls the size 
of the kinetic mixing.

• Going to the mass basis induces a 
coupling proportional to the 
photon’s interactions.

�1

4
B̂µ⌫B̂µ⌫ +

✏

2cW
B̂µ⌫ F̂ 0

µ⌫ � 1

4
F̂ 0µ⌫ F̂ 0

µ⌫
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Âµ ! Âµ + ✏Â0
µ, Ẑµ ! Ẑµ � ✏tW Â0

µ, A0
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⌫
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eÂµJ
µ
EM ! e

⇣
Âµ + ✏Â0

µ

⌘
Jµ
EM
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In the limit of purely kinetic mixing,
A’ is usually called a “dark photon”.
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A’ Coupling Recap
• As a recap, the couplings of the dark gauge boson to the SM fields receive 

three contributions:

• Directly from the charges of the SM fields:

• Through mass-mixing with the Z boson (if QH is nonzero):

• (If the charges allow SM Yukawa couplings, the axial part of these two 
pieces cancel each other.  EXERCISE:  Prove this statement!).

• Through kinetic mixing with the photon (if ε is nonzero):

• The physical couplings of the A’ are the sum of all three of these.
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Experimental Constraints
• There is a wealth of data informing the parameter choices for light vector 

particles.  Some of the important ones include:

• (g-2)e and (g-2)μ, which is famously high by about 3.5σ and thus could be 
suggestive of target regions of parameter space in muon couplings.

• Atomic Parity Violation (APV) in cesium at Q2 ~ (30 MeV)2  which 
constrains products of cqV x ceA.

• Parity violation in Moller scattering by E158 at SLAC at Q2 ~ (100 MeV)2 

which constrains the product ceV x ceA.

• Neutrino-Electron scattering by Borexino and TEXONO at Q2 ~ (MeV)2 

which constrains the product ceV x cν, through interference with the SM 
process.

• Meson decays, such as searches for π0 -> γA’ by NA48/2, which puts 
strong constraints on a combination of cuV and cdV, but much milder 
constraints on the axial vector interactions.



Experimental Constraints
• Meson decay  π0  -> e+ e- as measured by KTeV.  Since they see a ~2.5σ 

discrepancy with the SM, this favors specific choices of the couplings   
(cuA - cdA) x ceA and mass of the A’.  (Also: there are constraints from η 
decays into e+e- and μ+μ-).

• The annihilation process e+e- -> γ A’ at high intensity colliders (such as 
B-factories) puts a constraint on (ceV2 + ceA2).

• Similarly, fixed target experiments can use the process e p -> e p A’ 
through bremsstrahlung to also put a constraint on (ceV2 + ceA2).

• If mA’ > 2 mμ, the A’ can decay visibly into dimuons, which could be visible 
in decays of heavy vector mesons such as ψ or Υ -> γ A’.  These put 
constraints on the cA couplings for the heavy quarks, c and b. 

• Conversely, for mA’ < 2 me, the A’ has only very suppressed decays to 
neutrinos or to 3 γ’s.  Generally there are strong constraints from stellar 
cooling bounds.
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Case Study: ATOMKI X17
Observation of Anomalous Internal Pair Creation in 
8Be: A Possible Signature of a Light, Neutral Boson
 
A.J. Krasznahorkay, et al. PRL 116, 042501(2016);  arXiv:1504.01527
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FIG. 2. Schematic depiction of the Atomki pair spectrometer experiment [6, 30], interpreted as
evidence for the production of a new boson X. The proton beam’s energy is tuned to excite lithium
nuclei into the 8Be⇤ state, which subsequently decays into the 8Be ground state and X. The latter
decays into an electron–positron pair whose opening angle and invariant mass are measured.

but also others, such as an E1 component from non-resonant direct proton capture [31]. They
observe that the best fit comes from a 23% admixture of this E1 component. Nevertheless, they
are unable to explain the bump by experimental or nuclear physics e↵ects, and instead find
that the excess in the ✓ distribution has a statistical significance of 6.8� [6]. A corresponding
bump is seen in the mee distribution.

If a massive particle is produced with low velocity in the 8Be⇤ decay and then decays to
e+e� pairs, it will produce a bump at large opening angles. It is therefore natural to consider
a new particle X and the two-step decay 8Be⇤ ! 8BeX followed by X ! e+e�. With fixed
background, Krasznahorkay et al. find that the best fit mass and branching fraction are [6]

mX = 16.7± 0.35 (stat)± 0.5 (sys) MeV (1)

�( 8Be⇤ ! 8BeX)

�( 8Be⇤ ! 8Be �)
Br(X ! e+e�) = 5.8⇥ 10�6 . (2)

For the best fit parameters, the fit to this new particle interpretation is excellent, with a
�2/dof = 1.07.

The new particle interpretation passes a number of simple consistency checks. The
electron–positron invariant mass and opening angle are related by

m2
ee
= 2Ee+Ee� � 2

q
E2

e+
�m2

e

q
E2

e� �m2
e
cos ✓ + 2m2

e

= (1� y2)E2 sin2 ✓

2
+ 2m2

e

✓
1 +

1 + y2

1� y2
cos ✓

◆
+O(m4

e
) , (3)

where

E ⌘ Ee+ + Ee� and y ⌘
Ee+ � Ee�

Ee+ + Ee�
(4)

are the total energy and energy asymmetry, respectively. The second term in the last line of
Eq. (3) is much smaller than the first and may be neglected. At the Atomki pair spectrometer,
the 8Be⇤ nuclei are produced highly non-relativistically, with velocity of 0.017c and, given
mX ⇡ 17 MeV, the X particles are also not very relativistic. As a result, the e+ and e�

are produced with similar energies, and so one expects small |y| and mee ⇡ E sin(✓/2). The
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I’ll explore a light spin-1 particle with vector 
couplings as the X particle.  Of course, this 
result needs experimental confirmation, and 

to rule out nuclear physics explanations.
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FIG. 3. Invariant mass distribution derived for the 20.49 MeV
transition in 4He.

The invariant mass distribution was also calculated
from the measured energies and angles of the same
dataset:

mXc
2 =

√

1− y2E sin(θ/2)+2m2
e

(

1 +
(1 + y2)

(1− y2)
cos(θ)

)

,

where E = Ee+ + Ee− and y = (Ee+ − Ee−)/(Ee+ +
Ee−). The result is shown in Fig. 3 for the signal
(19.5 MeV≤ Etot ≤22.0 MeV, in red) and background
(5 MeV≤ Etot ≤19 MeV, in black) regions.
The observed local p0 probability as a function of mX,

associated to the invariant mass distribution is shown in
Fig. 4. It is the probability that the observed excess
is due to a statistical oscillation of the background, as
defined and used in high energy physics [21].
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FIG. 4. The observed local p0 as a function of the hypothesized
X17 boson mass for the X17 → e+e− channel.

The significance of the peak observed in the e+e− in-
variant mass distribution was found to be 7.1σ. The mass
of the particle derived from the fit is: mXc2=17.00±0.13
MeV. This value agrees within the erroor bar with the
one we derived from the fit of the angular correlation.
The systematic uncertainties was estimated by taking

into account the uncertainty of the target position along
the beam line, which was estimated to be ± 2 mm, which
may cause mXc2± 0.06 MeV uncertainty. The uncer-
tainty of the place of the beam spot perpendicular to the
beam axis was estimated to be in worst case also ± 2
mm, which may cause a shift in the invariant mass of
mXc2± 0.15 MeV/c2. The whole systematic error was
conservatively estimated as: mXc2±0.20 MeV.
The obtained mass value agrees very well with that

of derived for the X17 boson from the 8Be experiments.
This is remarkable taking into account the fact that in
the present 4He transition the anomalous bump in the
angular correlation spectrum appears at a quite different
angle than it appears in the 8Be experiments due to the
different energies of the two excited states. The good
agreement between the two masses leads to the scenario
of decaying both studied excited states by the same X17
particle. This strengthens the validity of the X17 bo-
son hypothesis. It is also worth mentioning that strictly
speaking it cannot be proved that in the 4He case the
anomalous decay belongs to the 21.01 MeV 0− → 0+

transition. The wide 20.21 MeV 0+ first excited state
overlaps with the 21.01 MeV 0− state, and they both
were populated in the experiment. However, the anoma-
lous decay of the 0+ state would result a different new
particle than the decay of the 0− state or the decay of
the 1+ state in the 8Be. Assuming two new particles with
the same mass is a less probable scenario than assuming
only one X17 particle, which explains both anomalies.
We are expecting independent (particle physics) ex-

perimental results to come in the coming years. In the
following we cite a few of them.
Recently, the NA64 experiment [22] at CERN pre-

sented the first direct search with a 100 GeV/c e− beam
for this hypothetical mXc2=16.7 MeV boson and ex-
cluded part of its allowed parameter space, but left the
still unexplored region 4.2 × 10−4 ≤ ϵe ≤ 1.4 × 10−3 as
quite an exciting prospect for further research. Experi-
ment will be continued [23, 24].
The goal of ForwArd Search ExpeRiment (FASER)

[25] at the LHC is to discover light, weakly interacting
particles with a small (1 m3) detector placed in the far-
forward region of ATLAS. In particular, Ariga and his
coauthors [26–30] considered the discovery prospects for
ALPs. The project has already been approved, and the
experiment will start in 2023.
Jiang, Yang and Qiao [31] presented a comprehensive

investigation on the possibility of search for the X boson
directly in e+−e− collisions, and through the decay of the
created J/ψ particles at the BESIII experiment for both

In 1910.10459, they report 
evidence of a similar 

excess in a transition of 
He-4 for essentially the 
same mass of ~17 MeV.
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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.
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• I decided (somewhat arbitrarily) to 
look at models with vector 
couplings.

• As we already saw, a simple model 
with vector couplings is the dark 
photon limit, where all of the SM 
charges are zero, and there is no 
mass mixing.

• There can still be kinetic mixing, and 
the entire parameter space in that 
case is the A’ mass and ε.

• However, this is strongly ruled out 
by NA48/2 for couplings big enough 
to explain ATOMKI results.



Proto-phobic Vectors
• We’d like to engineer away the bounds from NA48/2 without turning off couplings 

to first generation quarks altogether, which drives us to ``proto-phobic” couplings:

• (Also note that axial vectors will naturally evade NA48/2, since their couplings to π0  
do not go through the anomaly, and are thus suppressed by the small quark masses.)f l i p  .  t a n e d o 23u c i  .  e d u@ NEW PHYSICS IN BERYILLUM-8?

14

π0-phobia = p+-phobia
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uū� dd̄

�
N =

✓
p
n

◆

Goldstone 
of SU(2)L ⇥ SU(2)R
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"ne and "pe to the neutron and proton, respectively. The M1 transition mediated by X is

h 0,0||M1X || 
b

1i = ("n + "p)�1M11,T=0 + ("p � "n)(�↵1M11,T=1 + �1M11,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)�1M11,T=0 + ("p � "n)(�↵1M11,T=1 + �1M11,T=1)|2

|�1M11,T=0 � ↵1M11,T=1 + �1M11,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, which are also allowed by
the NA48/2 limits, isospin-breaking e↵ects can be significant for larger values of mX within
its allowed range, leading to factors of 10 changes in the branching ratios, or factors of 3
modifications to the best fit couplings.

V. SIGNAL REQUIREMENTS FOR GAUGE BOSON COUPLINGS

In this section, we discuss what a gauge boson’s couplings must be to explain the 8Be
signal. We begin with the leptonic couplings, where the requirements are straightforward to
determine. To produce the IPC signal, the X boson must decay to e+e�. The Atomki pair
spectrometer has a distance of O(few) cm between the target, where the 8Be excited state is
formed, and the detectors that observe the charged particles [30]. The X boson decay width
to electrons is

�(X ! e+e�) = "2
e
↵
m2

X
+ 2m2

e

3mX

q
1� 4m2

e
/m2

X
, (29)
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To explain the ATOMKI 
results, one would like a 
coupling ε to neutrons 

of order 10-2 and one to 
protons < about 10-3.

gi ⌘ e⇥ "i

Nuclear Physics…



Lepton Couplings
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e+e-     γX  

E141:  
Lower bound so 
X decays inside 
the beam dump

Prompt X decay 
at ATOMKI

TEXONO:
ν-e scattering;

depends on interference

(g-2)e



Summary of IR Parameters
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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.

Protophobic to ~10%

E141 and (g-2)e

TEXONO



Future Outlook
• Upcoming low energy experiments can probe the relevant parameter 

space…

Mu3e, phase 2
(starting 018)

LHCb, run 3
(2021-2023)

VEPP-3 (proposed)
e+e-     γX

Darklight
e+e-      γX

(a few years?)
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UV Model: U(1) Baryon
• To begin with, take U(1)B.

• By itself, this results in equal couplings to 
proton and neutron.  The proton is 
neutralized if we tune the kinetic mixing 
parameter ε = - gB .

• This tuning is O(10%) to successfully 
evade NA48/2.

• The electron couplings tend to be generically 
a bit too big.

• (However, the muon couplings are in the 
ballpark needed to address (g - 2)μ!)

• Neutrino couplings are naturally zero.

photons with the usual charge eQf , but they couple to the X boson with charge e"f , where

"f = "BBf + "Qf , (57)

and the script quantities are defined by

"B =
✏B

p
1� ✏2

" =
✏

p
1� ✏2

. (58)

The X charges for the SM fermions, using 1st generation notation, are

"u =
1

3
"B +

2

3
" (59)

"d =
1

3
"B �

1

3
" (60)

"⌫ = 0 (61)

"e = �" . (62)

The ⇡0 constraints we have discussed above require " and �"B to be approximately equal to
within 10% to 50%. It is therefore convenient to define " ⌘ �"B + �, so

"u = �
1

3
"B +

2

3
� (63)

"d =
2

3
"B �

1

3
� (64)

"⌫ = 0 (65)

"e = "B � � , (66)

with corresponding nucleon charges "n = "B and "p = �.

This model has some nice features. For small �, the charges are Q� B, which satisfies
the protophobic condition. For the same reason, the neutrino’s charge is identically zero.
As discussed in Sec. VIC, the constraints on neutrino charge are among the most stringent,
both given ⌫–e and ⌫–N constraints, and the 8Be signal requirement that X decays not be
dominated by the invisible decay X ! ⌫⌫̄. The model is highly constrained, and we see
that the electron coupling is not suppressed relative to the quark couplings. However, for
"B ⇡ 0.002 and � ⇡ 0.001, this model provides an extremely simple and minimal explanation
of the 8Be signal (provided gauge anomalies are cancelled, as discussed below). Note that
it predicts values of "e ⇡ 0.001, that is, in the upper part of allowed range of Eq. (50).
Assuming "µ ⇡ "e, such couplings remove [56] at least part of the longstanding discrepancy in
(g � 2)µ between measurements [98] and the SM prediction [99], with important implications
for the upcoming Muon (g � 2) Experiment at Fermilab [100]. They also imply promising
prospects for future searches for the protophobic X boson at low-energy colliders, as discussed
in Sec. X.

We treat the kinetic mixing " as a free parameter. In a more fundamental theory, however,
" may be related to "B. For example, if U(1)B is embedded in non-Abelian gauge group, "
vanishes above the symmetry-breaking scale, but when the non-Abelian symmetry breaks,
it is generated by vacuum polarization diagrams with particles with electric charge and B
quantum numbers in the loop. Parametrically, " ⇠ (e2/6⇡2)"B

P
f
QfBf ln rf [10], where the

sum is over pairs of particles in the loop, and the rf are ratios of masses of these particles.
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U(1) Baryon  Anomalons
• Cancelling anomalies requires us to add 

more fermions.

• A set of fermions which look like a chiral 
family of leptons (but carrying baryon 
number) will do the trick.

• The U(1)B - breaking Higgs VEV is too 
small to give them big enough masses, so 
they get the bulk of their masses from the 
SM Higgs.

• Contributions to precision electroweak   
S and T parameters are acceptable for 
ΔΜ ~ 50 GeV.

• LHC bounds require M > about 500 GeV.

Given ⇠ 100 particles, one would therefore expect " ⇠ "B in general, and the particular
relation " ⇡ �"B, which is not renormalization group-invariant, may be viewed as providing
information at low-energy scales about the GUT-scale particle spectrum.

B. Anomaly Cancellation and Experimental Implications

Models with gauged baryon number require additional particle content to cancel anomalies.
The simplest experimentally viable extension of the SM with gauged U(1)B requires adding
three vectorlike pairs of color-singlet fields [93, 96].4 These fields and their quantum numbers
are listed in Table I. The new fields carry baryon charges that satisfy the anomaly cancellation
condition B2 �B1 = 3. The � field is naturally a dark matter candidate [96, 102], and it has
to be the lightest of the new fields to avoid stable charged matter.

The U(1)B symmetry is broken by the vacuum expectation value (vev) hSBi = vX/
p
2

of a new SM-singlet Higgs field carrying baryon number B = 3 to allow for vectorlike mass
terms and to make the � field the lightest one. The new Yukawa terms in the Lagrangian are

LY = �y1 LhSM⌘R � y2 L
ehSM�R � y3 RhSM⌘L � y4 R

ehSM�L

�� SB L R � �⌘SB⌘R⌘L � ��SB�R
�L + h.c. (67)

In Refs. [93, 96] U(1)B is assumed to be broken at the TeV scale. However, to have a light
U(1)B gauge boson and a gauge coupling consistent with the 8Be signal, the vev of the new
Higgs boson cannot be so large. Defining its vacuum expectation value by hSBi = vX/

p
2,

the mass of the new X gauge boson corresponding to the broken U(1)B is given by

mX = 3e|"B|vX , (68)

implying

vX ⇡ 10 GeV
0.002

|"B|
. (69)

As a result, the new particles cannot have large vectorlike masses from the �i couplings in
Eq. (67), but must rather have large chiral couplings from the yi terms of Eq. (67).

TABLE I. New particle content of the simplest anomaly-free U(1)B model.

Field Isospin I Hypercharge Y B

SB 0 0 3
 L

1
2 �

1
2 B1

 R
1
2 �

1
2 B2

⌘R 0 �1 B1

⌘L 0 �1 B2

�R 0 0 B1

�L 0 0 B2

4 A model unifying gauged baryon number and color into a non-Abelian SU(4) has been constructed and,

after symmetry breaking, yields the same new particle content as the U(1)B model discussed here [101].
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These new fermions look 
something like charginos and 

neutralinos in the MSSM.



UV Model: U(1) B-L
• An intrinsically anomaly free option is     

U(1)B-L.

• This still results in equal couplings to 
proton and neutron, so again we neutralize 
the proton by O(10%) tuning of the kinetic 
mixing parameter to ε = - gB-L .

• Now the electron couplings are naturally 
smaller than the quark couplings, as 
desired.

• The price to pay is that the neutrino 
couplings are not only non-zero, but 
roughly the size of the neutron coupling; 
too big!

• There are ways to fix that…

the photon. The resulting X-charges for the SM fermions, using 1st generation notation, are

"u =
1

3
"B�L +

2

3
" (70)

"d =
1

3
"B�L �

1

3
" (71)

"⌫ = �"B�L (72)

"e = �"B�L � " , (73)

or, defining " ⌘ �"B�L + � as above,

"u = �
1

3
"B�L +

2

3
� (74)

"d =
2

3
"B�L �

1

3
� (75)

"⌫ = �"B�L (76)

"e = �� . (77)

The corresponding nucleon charges are "n = "B�L and "p = �.
The charges of the kinetically mixed B � L gauge boson have nice features for explaining

the 8Be anomaly. For � ⇡ 0, the charges are Q�(B�L), which satisfies the basic requirements
of a protophobic solution to the 8Be anomaly: namely, the X boson couples to neutrons, but
its couplings to both protons and electrons are suppressed. More quantitatively, by choosing
the two parameters |"B�L| ⇡ 0.002� 0.008 and |�| . 0.001, the up and down quark couplings
give the 8Be signal and are su�ciently protophobic to satisfy the ⇡0 constraints. This is
no great achievement: by picking two free parameters, two conditions can be satisfied. But
what is non-trivial is that with this choice, the electron coupling satisfies the upper bound
|"e| . 1.4⇥ 10�3, which is required by the completely independent set of experiments that
constrain lepton couplings.

Unfortunately, in contrast to the U(1)B case, the neutrino coupling does not vanish. In
these models, we see that "⌫ = �"n while the constraints discussed above require the neutrino
coupling to be significantly below the neutron coupling. In the next section, we present a
mechanism to neutralize the X-charge of SM active neutrinos to satisfy these bounds.

B. Neutrino Neutralization with Vectorlike Leptons

The B�L gauge boson with kinetic mixing predicts |"⌫ | = |"n| ⇠ 0.002� 0.008. However,
for the allowed range of "e, the bounds from ⌫ � e scattering require |"⌫ | to be reduced by a
factor of ⇠ 4 or more. In this section, we neutralize the X-charge of the active neutrinos
by supplementing the SM with vectorlike leptons with opposite B � L quantum numbers.
The B � L symmetry is broken by a Higgs mechanism, generating a vacuum expectation
value for the new SM-singlet Higgs field hX . This symmetry breaking simultaneously (1)
generates the 17 MeV mass for the X boson, (2) generates a Majorana mass for the SM
sterile neutrinos, which would otherwise be forbidden by B �L symmetry, and (3) mixes the
SM active neutrinos with the new lepton states such that the resulting mass eigenstates have
suppressed X-charge.

The fields of these models include the SM Higgs boson hSM, and the SM lepton fields `L,
eR, and ⌫R, where the last is the sterile neutrino required by B�L anomaly cancellation. To
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Outlook
• Light new physics is an important ingredient in physics beyond 

the SM.

• I discussed some of the issues related to MeV — GeV theories 
containing vector particles, and used the ATOMKI anomaly as 
an example to show how model-building can work.

• There are still a lot of issues I didn’t have time to cover:

• More systematic exploration of UV theories

• Connection to Dark Matter

• Phenomenology of light dark Higgses.

• Nature may still contain secrets for us to discover below the 
GeV scale…
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Beryllium-8

18.15 MeV
138 keV width



Be-8 As a New Physics Lab
• Beryllium-8 is composed of four 

protons and four neutrons.

• Its ground state decays into two alpha 
particles.

• It is a somewhat unusual nucleus:

• It has large excitations (~20 MeV) 
with reasonably long lifetimes.

• Relatively easy to make in the lab 
from p + 7Li.

• Transitions from excited to ground 
states probe MeV-scale weakly coupled 
physics, such as an axion.

Excited state

Ground state

R e s o n a n t  
P ro d u c t i o n

D i s c r e t e
Tr a n s i t i o n s

Treiman & Wilczek, Phys. Lett. B74 (’78); 
Donnelly et al., Phys. Rev. D18 (’78)



Be-8 Levels

• The Be-8 ground state is a 0+ isosinglet.

• There are a variety of excited states with different spins and isospins.

• For today, interested in the 1+ 17.64 Be*’ and 18.15 Be* states.  There is some 
evidence that these states are actually admixtures of isotriplet and isosinglet.

arXiv:1609.07411

Pastore et al,  PRC90 (2014) [1406.2343]



Be* Decays
• Be* decays are dominantly a hadronic 

transition into 7Li + p.

• There are also rare M1 electromagnetic 
transitions into a gamma ray and the 8Be 
ground state.

• Even rarer still is through an off-shell 
photon (still M1), leading  to a final state 
of e+e- plus the 8Be ground state.

• This process is often referred to as 
``internal pair creation” (IPC).

γ

p

γ* e+

e-

 7Li



Internal Pair Creation
• Internal pair creation is observed 

for a variety of nuclear transitions.

• It is generally well-described 
analogously to atomic transitions.

• They can be classified as E or 
M and the angular momentum  
l = 0, 1, 2, …

• The photon propagator leads to 
an invariant mass of the e+e- 
which falls with rising mee.

• All of these transitions are 
monotonically falling and 
expected to be pretty smooth.

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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ATOMKI Experiment

• The ATOMKI experiment produces a beam of protons with well-calibrated energy which 
strike a thin lithium foil, producing excited states of  8Be.  Particular excited states can be 
selected by adjusting the energy of the protons in the beam.

• Detectors measure the e+e- opening angle and their energies.

  1.03 MeV
~10 keV spread

18.15 MeV
138 keV width ✓
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Energy Scan
• The ATOMKI experiment 

observes a bump-like structure 
in opening angles around 140 
degrees when they scan through 
the Be* resonance.

• Off-resonance runs, both above 
and below the Be* state seem 
to match the naive expectations 
of an M1 IPC transition.

• In particular, the 17.64 MeV 
Be*’ state does not see the 
same enhancement.

• The (local) statistical significance 
of the bump structure is ~ 6.8σ 
above background.
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Event Selection
• A resonant structure in the opening angle is 

suggestive of a peak in the e+e- invariant mass.

• Maybe Be* can decay into a new state of 
some kind (which itself decays into e+e-) 
and the ground state?

• Given the intriguing result, the ATOMKI 
analysis examines some of the  characteristics 
of the resonance-like signal, based on 
measurements of the e+ and e- energies.

• The invariant mass of the e+e- defines the 
mass of the hypothetical new state.  It should 
be produced with a definite boost, and so the 
opening angle should correlate with that mass 
appropriately.

• The opening angle observable is correlated, 
but distinct from the invariant mass.

The Be* is produced
with v ~ 0.02, very

close to at rest.

FIG. 2. Schematic depiction of the Atomki pair spectrometer experiment [6, 30], interpreted as
evidence for the production of a new boson X. The proton beam’s energy is tuned to excite lithium
nuclei into the 8Be⇤ state, which subsequently decays into the 8Be ground state and X. The latter
decays into an electron–positron pair whose opening angle and invariant mass are measured.

but also others, such as an E1 component from non-resonant direct proton capture [31]. They
observe that the best fit comes from a 23% admixture of this E1 component. Nevertheless, they
are unable to explain the bump by experimental or nuclear physics e↵ects, and instead find
that the excess in the ✓ distribution has a statistical significance of 6.8� [6]. A corresponding
bump is seen in the mee distribution.

If a massive particle is produced with low velocity in the 8Be⇤ decay and then decays to
e+e� pairs, it will produce a bump at large opening angles. It is therefore natural to consider
a new particle X and the two-step decay 8Be⇤ ! 8BeX followed by X ! e+e�. With fixed
background, Krasznahorkay et al. find that the best fit mass and branching fraction are [6]

mX = 16.7± 0.35 (stat)± 0.5 (sys) MeV (1)

�( 8Be⇤ ! 8BeX)

�( 8Be⇤ ! 8Be �)
Br(X ! e+e�) = 5.8⇥ 10�6 . (2)

For the best fit parameters, the fit to this new particle interpretation is excellent, with a
�2/dof = 1.07.

The new particle interpretation passes a number of simple consistency checks. The
electron–positron invariant mass and opening angle are related by
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where

E ⌘ Ee+ + Ee� and y ⌘
Ee+ � Ee�

Ee+ + Ee�
(4)

are the total energy and energy asymmetry, respectively. The second term in the last line of
Eq. (3) is much smaller than the first and may be neglected. At the Atomki pair spectrometer,
the 8Be⇤ nuclei are produced highly non-relativistically, with velocity of 0.017c and, given
mX ⇡ 17 MeV, the X particles are also not very relativistic. As a result, the e+ and e�

are produced with similar energies, and so one expects small |y| and mee ⇡ E sin(✓/2). The

6



Event Selection 2
• They also define the ``symetric-ness” 

of the e+e- pair, y.

• A two body decay of Be* into the 
ground state and a new particle 
should have roughly equal 
energies for the e+ and the e-.

• They divide their data into events 
with y < 0.5 and y > 0.5.

• To avoid the possibility of decay into 
a lower level excited state (rather 
than directly to the ground state), 
they apply a cut on the sum of the    
e+ and e- energies.

FIG. 2. Schematic depiction of the Atomki pair spectrometer experiment [6, 30], interpreted as
evidence for the production of a new boson X. The proton beam’s energy is tuned to excite lithium
nuclei into the 8Be⇤ state, which subsequently decays into the 8Be ground state and X. The latter
decays into an electron–positron pair whose opening angle and invariant mass are measured.
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• Note that in the bump region ~14 - 18 MeV, the signal is a pretty large fraction of the total 
number of events (though it is a small fraction of the total integrated over all mee).



Detector Resolution
• ATOMKI detector geometry 

does have some impact on the 
acceptance in terms of the 
opening angle between the e+ 
and e-.

• However, based on simulations 
(blue histogram), and confirmed 
by calibration data (red dots), 
they do not expect a sharp 
feature at ~140 degrees.

• There is some structure in the 
response, but at a much smaller 
level, more like ~20%.  It is hard 
to see how this should produce 
an artificial signal as large as the 
background itself.

J. Gulyás, et al. 
NIM-A 808, 21 (2016)

defined. Thus, it was advantageous to break the rotational sym-
metry to make the response curve smoother. Since we also had to
increase the response around 90°, we set the geometry of the
setup as shown in Fig. 5 as well as a photograph in Fig. 6.

Beside the eþe" coincidences, the down-scaled single electron
events (ΔE"E coincidences) were also collected during the whole

experiment for making experimental energy and response cali-
brations. An event mixing method [51] was used to determine
experimentally the relative response of the spectrometer as a
function of the correlation angle by using the above single events.
According to the method, uncorrelated lepton pairs were gener-
ated from subsequent 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 (their average dif-
ference was less than 3.0% in the 40–1701 angular range) was
obtained with the results of the MC simulations as presented in
Fig. 7.

The deviations between the simulated and the experimentally
determined response functions might be associated to the slightly
non-uniform efficiency of the MWPC detectors. In order to over-
come this uncertainty the experimental angular correlations were
corrected always with the experimentally determined response,
and the simulated response was used only for correcting the
simulated angular correlations.

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 fibre 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 # 71.
We use bins of 10° 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 experi-
ment. However, using the above event mixing method, this effect
can be compensated, so the extracted angular correlation 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 eþe" pairs created
in the 6.05 MeV E0 transition was measured and corrected by the
response curve determined in the same experiment. As shown in
Fig. 8, very good agreement has been obtained with the theoreti-
cally predicted E0 angular correlation. Their average difference
was less then 3.0%.

Fig. 5. CAD drawing of the eþe" spectrometer with five MWPCþΔE"E detector
telescopes. The target (black(blue) spot in the centre of the figure) is evaporated
onto 10 μm Al strip foil spanned between 3 mm thick Perspex rods to minimize the
scattering and external pair creation in the vicinity of the target. The beam pipe is
shown in black around which the MWPC detectors are arranged. Their gas volume
is closed by a plastic pipe having thin (1 mm) wall thickness. The 1 mm thick ΔE
detectors are shown in black(red), while the E scintillators in grey(yellow) and their
light guides are in dark grey(blue). (For interpretation of the references to colour in
this figure caption, the reader is referred to the web version of this paper.)

Fig. 6. Photograph of the completed spectrometer together with their gas system,
electronics, and data acquisition system.
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Detector Resolution

• Both at similar (for an 11B 
target) and lower (for the 7Li 
target) proton energies, the 
reconstructed angular 
distribution agrees well with 
the expectations from 
simulation of either an E1 or 
an M1 transition.

• They also consider a variety 
of other targets, including O, 
Si, etc, and find no hint of a 
signal from any of them.

J. Gulyás, et al. 
NIM-A 808, 21 (2016)

especially at large separation angles, so the effect of traversing
cosmic rays has to be considered. Background measurements have
been performed before and after the experiments with the set-
tings (gates, thresholds, etc.) of the in-beammeasurement, and the
angular correlation of the background events were subtracted
with a weighting factor. This factor was determined by comparing
the high energy part (Esum420 MeV) of the sum energy spectra
measured in-beam and off-beam, which contained only cosmic
events in both cases.

7. Measured pure E1 and M1 transitions

To demonstrate the reliability of the spectrometer, we investi-
gated a pure E1 transition in 12C and a pure M1 transition in 8Be as
well. The 12C resonance at 17.2 MeV with a width Γ¼1.15 MeV is
populated in the 11B(p,γ)12C reaction at 1.6 MeV bombarding
energy. It decays by isovector E1 transitions to the ground state
and first excited state with energies of 17.2 and 12.8 MeV. The 8Be
resonance at 17.6 MeV with Γ¼11 keV is populated in the 7Li(p,
γ)8Be reaction at 441 keV proton bombarding energy. It decays to
the ground state and the particle-unstable first excited state
(Γ¼1.5 MeV) with 17.6 and 14.6 MeV isovector M1 transitions.

Fig. 10 shows the angular correlations for the above M1 and E1
transitions compared with the simulated full curves which con-
firms the reliability of our setup. The average difference between
the experimental and simulated angular correlations was less than
2.8% and 5.5% for the M1 and E1 transitions, respectively. We have
not observed any significant anomaly for the 17.6 MeV isovector
M1 transition in 8Be reported earlier [25].

8. Summary

An electron positron pair spectrometer has been constructed
for precise angular correlation measurements of high energy
(6–18 MeV) nuclear transitions. 5 plastic ΔE"E telescopes are

used together with MWPC detectors for identification of the par-
ticles, for measuring their energies and for measuring the position
of the hits. The energy resolution of the spectrometer for the
summed energy of the eþe" pairs was found to be 10% at 1.8 MeV.
The suppression factor for high energy γ rays compared to the IPC
of a 18 MeV E1 transition was 1.5%. The angular correlation of the
eþe" pairs can be studied with the spectrometer for angles
between 501 and 1701 with an average efficiency of $ 7% 10"3

and with an angular resolution better than 10°. The shape of the
angular correlations for 3 different nuclear transitions could be
well reproduced (within 3–5%) by showing the reliability of the
spectrometer. The above properties of the spectrometer made it
possible to measure a significant (E30%) deviation in the angular
correlation of the eþe" pairs at Θ¼ 1401 observed in the
18.15 MeV isoscalar M1 transition of 8Be [52,53].
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rescaled for better comparison of the shapes.
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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.
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• ATOMKI simulated the expected 
reconstructed peak shapes for a 
narrow particle decaying into     
e+e-.

• They consider both a low mass 
(6 MeV) and high mass (18 MeV) 
example.

• At high masses, there is a fairly 
long tail down to lower energies.

• But note that their cut on E 
essentially removes sensitivity 
to those energies anyway.

• The response on the high end 
is pretty narrow, with a ~MeV 
energy resolution.

18 MeV response 
curve multiplied by

10 for better
visibility.



Sanity Checks
• The excess is a bump on top of what is expected to be a smooth 

monotonically decreasing background.

• It’s not on the edge of sensitivity, and thus not a ``last bin” effect.

• The opening angle and invariant mass are consistent with a two body decay 
from Be* to a state with rest energy around 16.5 MeV and the ground state.

• The e+ and e- have symmetric energies, consistent with a sequence of two-
body decays:

• Be*      X(16.5 MeV) + Be (ground state)

• X       e+ e-

• The bump disappears for off-shell proton energies, perhaps arguing against 
some kind of nuclear interference effect.

• There are a handful of known nuclear transitions at such large energies, and 
none we have found have been very well-studied in IPC transitions.



So What’s Going On?
• Obviously, one should be cautious.  In the very least we would like to 

see these results repeated, preferably by a different group.

• Logically, we should consider the possibilities of:

• Experimental error/miscalibration/etc:

• Nothing is obviously wrong with the experiment: the angles and 
energies seem self-consistent and pass the sanity checks;



So What’s Going On?
• Up until now unknown nuclear physics effect:

• Nuclear physicists so far haven’t come up with an obvious 
explanation for a bump (but they continue to work on it!)        
This is crucial;

• It would be very helpful to see it in a different nuclear system 
(maybe 4He?).

• My attitude here: Let’s see what kind of new physics can explain it and 
see what other constraints/opportunities there are to learn more.

Zhang, Miller 1703.04588
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The complex conjugation of the interaction terms are not
explicitly shown. In the fields, n� (proton), ca (7Li), �
(8Be GS),  (0)i (the MIS 1+ resonance),  (1)i (the MIV
1+ resonance), the indices are the particle spin projec-
tions; “i, j, k, l,m, n” are reserved for J = 1 multiplet,
“↵,�” for J = 2, “a, b, c” for J = 3

2 , and “�, �” for
J = 1

2 . T ···
··· are the C-G coe�cients, e.g., T i

j↵ ⌘
h1 j, 2↵|1 ii and T j↵

i ⌘ h1 i|1 j, 2↵i. The repeated in-
dices indicate contraction; the resulting scalar is invari-
ant under rotation. Also note the space time metric,
gµ⌫ = diag(1,�1,�1,�1)µ⌫ with µ, ⌫ = t, x, y, z; specifi-
cally for the time index, t is used for the sub(super)script,
instead of 0, which is reserved for the spin projection in-
dex with mj = 0.

L0 is the free Lagrangian. The zero energy refer-
ence is the proton–7Li threshold. Mn and Mc are
the masses of proton and 7Li, and Mnc ⌘ Mn + Mc;
�(0,1) are the bare self-energies of the 1+ fields. LP in-
cludes the p-wave interactions between proton–7Li and
the resonances, which can be used to compute the
proton–7Li scattering T-matrix in the 1+ channels with
S = 1 and 2. The inelastic channel involving the
7Li’s first excited state (0.4776 MeV above its GS)
is not included here, considering the previous phase
shift analysis [15] didn’t find significant in-elasticity for
the energy between 0.4 to 2.5 MeV. In the interac-
tion terms, V is the relative velocity operator1, V ⌘
�i

⇣�!
@ /Mn �

 �
@ /Mc

⌘
. The coupling strengths are con-

strained by the resonances’ strong decay widths through

e.g., �(0) = 3
�
C⌘(0),1

�2
p3(0)

h�
h03P1

�2
+
�
h05P1

�2i
/ (⇡M)

for the MIS resonance. Here M ⌘ MnMc/Mnc, ⌘(0) ⌘
kc/!(0) with kc ⌘ ZLiZp↵emM and !(0) ⌘ Eth + E(0);
p(0) ⌘

p
2ME(0); C⌘,l = 2le�

⇡
2 ⌘|�(l + 1 + i⌘)|/�(2l + 2)

as related to the Coulomb barrier penetrability. Similar
formula connects the MIV resonance width to h13P1

and
h15P1

. LM1 collects the M1 transition vertices between
the 1+ resonances and the GS, with Bi as magnetic field
and defined as (@ ⇥A)i. The couplings dM1(0,1) can be
fixed by the resonances’ radiative decay widths through
��(0) = d 2

M1(0)!
3
(0)/ (3⇡) and similar formula for the MIV

resonance. The values of the strong and EM decay widths
can be found in Table I. Inside LE1 and LE2 are the ver-
tices for the E1 and E2 transitions. Ei is the electric field,
defined as @tAi � @iAt. The extra factor “i” in LE1 is
the result of the time reversal invariance. In LE2, the V
inserted between c and n requires L = 1 in the initial
state, while the gradient operator applied to the electric
field constructs a rank-2 operator. As discussed before,

1 For a general (complex) vector, u ⌘ uxex + uyey + uzez , we
can define: u+1 ⌘ �(ux + iuy)/

p
2, u0 ⌘ uz , and u�1 ⌘

(ux � iuy)/
p
2, and introduce a metric, �ij = �ij ⌘ (�1)i�̂i,�j

with �̂ as the Kronecker delta to raise and lower the rank-1 in-
dices. This metric di↵ers from the one in Ref. [16] by an extra
-1 factor. The antisymmetric tensor, ✏ijk = �i �P with ijk =
P(+1, 0,�1), which also equals�

p
2 i T i

jk ; (u⇥ v)i = ✏ijkujvk.

E(i) (MeV) ��(i) (eV) �(i) (keV)

i = 0 0.895 1.9(±0.4) 138(±6)

i = 1 0.385 15.0(±1.8) 10.7(±0.6)

TABLE I. The excitation energies and strong and EM decay
widths of the 8Be’s two 1+ resonances [5].

φ ψ

c

n φ

c

n

FIG. 2. The Feynman diagrams for the M1, and E1 and E2
transitions. Here c, n, �, and  are the fields of 7Li, proton,
8Be GS, and its 1+ excited states.

the two transitions occur at short distance, and thus the
contact interaction terms are proper choices. The d0E1
coupling introduces a linear dependence on the CM en-
ergy to the E1 amplitude on the top of the constant dE1

contribution; the resulted energy dependence of the E1
photon production cross section is consistent with the
data (see Fig. 3). Note V⇤ ⌘ ⇤/M with ⇤ as the high
momentum scale and chosen to be ⇤ = 100 MeV here-
after.

III. CALIBRATION AGAINST THE PHOTON
PRODUCTION MEASUREMENTS

Fig. 2 shows the Feynman diagrams for the M1 (left),
and E1 and E2 (right) transitions. The shaded blob
means summing diagrams with zero to infinite number of
Coulomb-photon-exchanges, which is equivalent to sub-
stituting the plain wave function with the Coulomb wave
function in the diagram evaluation [11]. In the M1-
transition diagram, the intermediate  (0,1) propagators,
as derived from the Lagrangian L0 in Eq. (2.2), are sim-
plified with the substitution: �(0,1) = E(0,1) � i�(0,1)/2.
Summing up these diagrams gives the matrix elements,
hBe8;�q|Ĵµ(q)|Li7 + p; a, �, pi, with

J t =T a�
i qiU110 + qiqj

pk
M

T↵
ij

⇥
T lk
↵ T a�

l U211 + T �k
↵ T a�

� U221

⇤
,

Ji =T a�
i !U110 � ✏ lm

i qm
pj
M

⇥
T↵j
l T a�

↵ U121 + T kj
l T a�

k U111

⇤

+ !qj
pk
M

T↵
ij

⇥
T lk
↵ T a�

l U211 + T �k
↵ T a�

� U221

⇤
. (3.1)

In these expressions,

U110 = dE1

✓
1� d0E1

p2

⇤2

◆
C⌘,0e

i�0 , (3.2)

U211 = 3dE2,1 C⌘,1 e
i�1 , (3.3)

U221 = 3dE2,2 C⌘,1 e
i�1 , (3.4)
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f1 f2 f3

FF1 -3.323 �5.759 17.95

FF2 -3.305 0 0

TABLE III. Two di↵erent fits of the FF parameters, f1, f2,
and f3, with ✓ fixed at 90� .

V. ADD FORM FACTOR (FF) TO EXPLAIN
THE ANOMALY

Here we examine whether introducing a FF to the res-
onance’s EM coupling vertex dM1(0) might explain the
anomaly. (Such FF is not constrained by the pho-
ton production measurement.) We utilize a polynomial
parametrization, f(M2

+�) ⌘ 1 + f1r + f2r2 + f3r3 with

r ⌘ M2
+�/⇤̃

2 and ⇤̃ = 20 MeV. In order to minimize the
impact of missing detector e�ciency in our calculation,
we fit the ratio,

d�/dM+�d cos ✓|✓=90�,with FF

N1d�/dM+�|without FF
against

data

MC simulation

and extract the FF parameter(s), based on the assump-
tions that d�/dM+� calculation without FF should be
the closest to the MC simulation and that the experi-
mental set up is close to ✓ = 90�. The normalization N1

is chosen such that the ratio is one at the M+� = 8.6
MeV corresponding to the data point with the lowest
M+� value. Two di↵erent fits are presented in Table III,
both neglecting E2 contribution. In the fitting, the two
data points with the highest M+� values are excluded:
the largest-M+� one has contribution from M+� � 18.15
MeV, i.e. above the Q value, and at both data points the
ratios between MC and our calculations are dramatically
di↵erent from those at other data points, indicating sig-
nificant change of the detector e�ciency towards the two
largest M+� bins. We get �2 per DOF about 0.5 and 1.1
for the FF1 and FF2 fits. In the left panel of Fig. 7, the
curves with di↵erent FFs are computed by multiplying
the MC simulation with the fitted ratios. In the right
panel, the corresponding results for the ✓+� distribution
are compared. Our results are obtained by multiplying
the MC simulation with the ratio

d�/d cos ✓+�d cos ✓|✓=90�,with FF

N2d�/d cos ✓+�|without FF
.

Note here another independent normalization N2 is cho-
sen to best match theory with the data. We see that
introducing FF allows us to explain the shape of the ex-
periment data binned against M+� and ✓+�. However
the fitted parameters shown in Table III indicate a mo-
mentum scale around 20 MeV and length scale on the
order of 10s fm, which have not been seen in microscopic
calculation, e.g.,Refs. [13, 14]. If the natural form factor
is used, e.g., 1 � M2

+�/⇤
2, the shape of the calculated

M+� distribution (after renormalization) is changed by
less than 1%. In addition the absence of the anomaly in
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FIG. 7. The di↵erential cross sections vs M+� and ✓+� with
✓ = 90�. Again “MC” is the MC simulation. The other curves
are explained in the text.

the MIV resonance region excludes such length scale for
this resonance.

It should be pointed out that our calculation shows the
E1 transition contributes about 50% of the total cross
section at the MIS resonance peak, which is much larger
than the 23% used in Ref. [1]. This provides motivation
for an attempt to better describe the data by simply tun-
ing the normalizations (N1,2) of our results (without in-
troducing FF). The experimental MC simulation results
have �2 per data-point around 4.3 (M+�) and 16.5 (✓+�),
while our model can get smaller �2 per data-point, 3.3
and 13, by adjusting N1,2.

In summary, we have improved the previous nuclear
physics model for the e+-e�production in the current
experimental context, by including the interferences be-
tween E1, E2, and M1 multipoles and two di↵erent an-
gular dependencies in the modelings, and introducing
important constraints from the photon production mea-
surements. The interferences and emission anisotropy
are currently neglected by the experimental analysis, but
could be important for precisely constraining new physics
parameters. The approach can also be adapted to study
the pair production decaying from new particle and its in-
terplay with the virtual photon decay mechanism, which
is also needed in detailed analysis. Moreover, we find
that introducing FF to the M1 transition between the
MIS resonance and 8Be GS is able to explain the shape
of the anomaly signal in both M+� and ✓+� distributions,
but the length scale associated with the FF is on the or-
der of 10s fm which has not been seen in the microscopic
study of the 8Be nucleus. We also notice that tuning the
normalizations of our calculations (without FF) reduces
the confidence level of the anomaly in bothM+� and ✓+�

distributions by at least one standard deviation.

They examine interference,
considering both production

and de-excitation.

Conclude that a FF would
have to be unreasonably large

to play a role.

Conclude interference can be 
important to interpret a signal,

but doesn’t explain the 
observations…


