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Electron-positron angular correlations were measured for the isovector magnetic dipole 17.6 MeV
(Jπ ¼ 1þ, T ¼ 1) state → ground state (Jπ ¼ 0þ, T ¼ 0) and the isoscalar magnetic dipole 18.15 MeV
(Jπ ¼ 1þ, T ¼ 0) state → ground state transitions in 8Be. Significant enhancement relative to the internal
pair creation was observed at large angles in the angular correlation for the isoscalar transition with a
confidence level of > 5σ. This observation could possibly be due to nuclear reaction interference effects or
might indicate that, in an intermediate step, a neutral isoscalar particle with a mass of
16.70# 0.35ðstatÞ # 0.5ðsystÞ MeV=c2 and Jπ ¼ 1þ was created.
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Recently, several experimental anomalies were discussed
as possible signatures for a new light particle [1–3]. Some
predictions suggest light neutral bosons in the 10 MeV–
10 GeV mass range as dark matter candidates, which
couple to electrons and positrons [4–7], to explain the
anomalies. A number of attempts were made to find such
particles [1,8–17]. Since no evidence was found, limits
were set on their mass and their coupling strength to
ordinary matter. In the near future, ongoing experiments are
expected to extend those limits to regions in mass and
coupling strength which are so far unexplored. All of them
are designed to exploit the radiative production of the so-
called dark photons (γ0) by a very intense electron or
positron beam on a high-Z target [18–23].
In the present work, we reinvestigated the anomalies

observed previously in the internal pair creation of iso-
vector (17.6 MeV) and isoscalar (18.15 MeV) M1 tran-
sitions in 8Be [24–29]. The expected signature of the
anticipated particle is a very characteristic angular corre-
lation of the eþe− pairs from its decay [30,31]. The angular
correlation between the eþ and e− emitted in the internal
pair creation (IPC) drops rapidly with the separation angle
θ [32,33]. In striking contrast, when the transition takes
place by emission of a short-lived (τ < 10−13 s) neutral

particle decaying into an eþe− pair, the angular correlation
becomes sharply peaked at larger angles, the correlation
angle of a two-particle decay is 180° in the center-of-mass
system.
To populate the 17.6, and 18.15 MeV 1þ states in 8Be

selectively, we used the 7Liðp; γÞ8Be reaction at the
Ep ¼ 0.441, and 1.03 MeV resonances [29]. Proton beams
from a 5 MV Van de Graaff accelerator with typical current
of 1.0 μA impinged on 15 μg=cm2 thick LiF2 and
700 μg=cm2 thick LiO2 targets evaporated on 10 μm Al
backings.
The eþe− pairs were detected by five plastic ΔE − E

detector telescopes similar to those built by Stiebing and
co-workers [34], but we used larger telescope detectors in
combination with position sensitive detectors to signifi-
cantly increase the coincidence efficiency by about 3 orders
of magnitude. ΔE detectors of 38 × 45 × 1 mm3 and the E
detectors of 78 × 60 × 70 mm3 were placed perpendicu-
larly to the beam direction at azimuthal angles of 0°, 60°,
120°, 180°, and 270°. These angles ensured homogeneous
acceptance of the eþe− pairs as a function of the correlation
angle. The positions of the hits were determined by
multiwire proportional counters (MWPC) [35] placed in
front of the ΔE and E detectors.
The target strip foil was perpendicular to the beam

direction. The telescope detectors were placed around the
vacuum chamber made of a carbon-fiber tube. A detailed
description of the experimental setup is published else-
where [36].
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The Atomki pair spectrometer experiment was set up for searching e+e− internal pair
creation in the decay of excited 8Be nuclei, the latter being produced with help of a beam
of protons directed on a 7Li target. The proton beam was tuned in such a way that the
different 8Be excitations could be separated with high accuracy.
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• Hadronic	decay		(BR	~ 1)

• Electromagnetic	decay	 (BR	~ 1.5	x	10-5)

• Internal	pair	creation	 (BR	~ 5.5	x	10-8)

8Be⇤ decay modes

Hadronic decay: 8Be⇤ ! 7Li+ p

Electromagnetic decay: 8Be⇤ ! 8Be+ �

Internal pair creation: 8Be⇤ ! 8Be+ �⇤ ! 8Be+ e

+

e
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8Be	anomaly
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shape of the resonance [40], but it is definitely different
from the shape of the forward or backward asymmetry [40].
Therefore, the above experimental data make the interpre-
tation of the observed anomaly less probable as being the
consequence of some kind of interference effects.
The deviation cannot be explained by any γ-ray related

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

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

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

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

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

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

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

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

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

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

correlation in internal pair creation for the M1 transition
depopulating the 18.15 MeV state in 8Be, and observed a
peaklike deviation from the predicted IPC. To the best of
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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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Motivated by an anomaly observed in the decay of an excited state of Beryllium (8Be) by the
Atomki collaboration, we study an extension for the Standard Model with a gauged U(1)0 symmetry
in presence of a 2-Higgs Doublet Model structure of the Higgs sector. We show that this scenario
complies with a variety of experimental results and is able to explain the potential presence of a
resonant spin-1 gauge boson, Z0, with a mass of 17 MeV in the Atomki experimental data, for
appropriate choices of U(1)0 charges and Yukawa interactions. We also emphasise that such low
scale U(1)0 can naturally account for the inverse seesaw mechanism for generating light neutrino
masses. Finally, we show that our Z0 can account for the time-honoured muon magnetic moment
discrepancy.

The Atomki pair spectrometer experiment [1] was set
up for searching e+e� internal pair creation in the decay
of excited 8Be nuclei (henceforth, 8Be⇤), the latter being
produced with help of a beam of protons directed on a
7Li target. The proton beam was tuned in such a way
that the di↵erent 8Be excitations could be separated with
high accuracy.

In the data collection stage, a clear anomaly was ob-
served in the decay of 8Be⇤ with spin-parity JP = 1+

into the ground state 8Be with spin-parity 0+ (both with
isospin T = 0), where 8Be⇤ had an excitation energy
of 18.15 MeV. Upon analysis of the electron-positron
properties, the spectra of both their opening angle ✓
and invariant mass M presented the characteristics of
an excess consistent with an intermediate boson X be-
ing produced on-shell in the decay of the 8Be⇤ state,
with theX object subsequently decaying into e+e� pairs.
The best fit to the mass MX of X was given as [1]
MX = 16.7± 0.35 (stat) ± 0.5 (sys) MeV, in correspon-
dence of a ratio of Branching Ratios (BRs) obtained as

BR(8Be⇤ ! X + 8Be)

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

This combination yields a statistical significance of the
excess of about 6.8� [1].

An explanation of the X nature was attempted by [2,
3], in the form of models featuring a new vector boson
Z 0 with a mass MZ0 of about 17 MeV, with vector-like
couplings to quarks and leptons. Constraints on such a
new state, notably from searches for ⇡0 ! Z 0 + � by the
NA48/2 experiment [4], require the couplings of the Z 0

to up and down quarks to be ‘protophobic’, i.e., that the
charges e✏u and e✏d of up and down quarks – written as
multiples of the positron charge e – satisfy the relation
2✏u + ✏d <⇠ 10�3 [2, 3]. Subsequently, further studies of

such models have been performed in [5–12] 1.
In the footsteps of this literature, we consider here an

extension of the Standard Model (SM) described by a
generic U(1)0 group. Due to the presence of two such
Abelian symmetries, U(1)Y ⇥ U(1)0, the most general
kinetic Lagrangian of the corresponding fields, B̂µ and

B̂0
µ, allows for a gauge invariant mixing of the two field-

strengths

L
kin

= �1

4
F̂µ⌫ F̂

µ⌫ � 1

4
F̂ 0
µ⌫ F̂

0µ⌫ � 

2
F̂ 0
µ⌫ F̂

µ⌫ , (1)

where  is the kinetic mixing parameter between U(1)Y
and U(1)0. A diagonal form for this Lagrangian can be
obtained by transformation of the Abelian fields such
that the gauge covariant derivative becomes

Dµ = @µ + ....+ ig
1

Y Bµ + i(g̃Y + g0z)B0
µ, (2)

where Y and z are the hypercharge and U(1)0 charge,
respectively, and g̃ the gauge coupling mixing between
the two Abelian groups.
We also consider the presence of two SU(2)

(pseudo)scalar doublets, embedded in a 2-Higgs Doublet
Model (2HDM) scalar potential, �

1

and �
2

, with the
same hypercharge Y = 1/2 and two di↵erent charges
z
�1 and z

�2 under the extra U(1)0. The new abelian
symmetry replaces the discrete Z

2

usually imposed in
2HDMs to avoid tree-level flavour changing neutral cur-
rents [14, 15]. Alongside spontaneous Electro-Weak Sym-
metry Breaking (EWSB) of the SM gauge symmetry

1 An alternative explanation was given in [13], wherein the X was
identified with a light pseudoscalar state with couplings to up
and down type quarks about 0.3 times those of the SM Higgs
boson.
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The E1 contribution is expected to be larger than that of the
17.6 MeV resonance and, indeed, the deviation observed
previously was much bigger in the 75°–130° angular region
[26]. In the present work we extended the angular range to
170° and improved the statistics to check if the previously
observed deviation can be explained with some E1 mixing
also in this case. Figure 2 shows the angular correlations
of the eþe− pairs measured at the proton capture resonance
of 1.03 MeV. The spectra were obtained for symmetric
−0.5 ≤ y ≤ 0.5 pairs, where the disparity parameter y is
defined as y ¼ ðEe− − EeþÞ=ðEe− þ EeþÞ, where Ee− and
Eeþ denote the kinetic energies of the electron and positron,
respectively.
The 6.05 MeV E0 transition in 16O is due to the

19Fðp; αÞ16O reaction on a target contamination. As shown
in Fig. 2 their angular correlation can be well described by
the simulations.
The angular correlation for M1 transitions in 8Be in the

15–18 MeV region (wide gate) shows a clear deviation
from the simulations. If we narrow the gate around 18 MeV
the deviation in the angular correlation at around
140 degrees is even larger, so the deviation can be
associated with the 18 MeV transition, and cannot be
explained by any amount of E1 mixing.
The γ spectrum showed no peaks above 11 MeV, due to

possible impurities in the target. The E0 decay of the
20.2 MeV, 0þ, Γ ¼ 720 keV 8Be state did not effect the
measured eþe− angular correlation. Mixing in some E0
component into the simulations did not improve the quality
of the fit.
The angular distributions for all different multipolarities

vary gradually as a function of the angle and, consequently,
the mixed distribution also follow that pattern and cannot

explain the peaklike anomaly we observed as a function of
the correlation angle.
Since the 18.15 MeV transition has a very large (8:1)

forward-backward anisotropy [39,40], which is caused by
the interference of the E1 amplitude from direct capture,
and the M1 amplitude of the 441 keV and 1.03 MeV
resonances, we investigated their effects on the angular
correlation of the eþe− pairs. It is known that the
anisotropic angular distribution of the γ rays with mixed
multipolarities may affect the angular correlation of the
eþe− pairs [41]; however, placing the detectors in the plane
at the target perpendicular to the beam, like in the case of
our spectrometer, the above interference can be minimized.
The forward-backward anisotropy peaks at Ep ¼ 1.1 MeV
(70 keV above the resonance) and remains almost constant
at around Ep ¼ 1.2 MeV. In this way, the forward-
backward anisotropy does not follow the shape of the
1.03 MeV resonance, which vanishes at that energy [40].
In order to check experimentally that the measured

anomaly of the angular correlation is related (or not) to
the above anisotropy we performed a systematic measure-
ment at different bombarding energies. The results are
presented in Fig. 3.
The full curves show the IPC background

(M1þ 23%E1). We carried out the experiment at Ep ¼
1.15 MeV as well (not shown in Fig. 3), slightly above the
resonance and obtained about 60% anomaly of the one
observed below the resonance at Ep ¼ 1.04 MeV.
The proton beam energy dependent shape of the mea-

sured deviation from IPC is in good agreement with the
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FIG. 2. Measured angular correlations (EP ¼ 1.10 MeV) of the
eþe− pairs created in the different transitions labeled in the figure,
compared with the simulated angular correlations assuming E0
and M1þ E1 mixed transitions.
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FIG. 3. Measured angular correlations of the eþe− pairs
originated from the 18 MeV transition of the 7Liðp; γÞ8Be
reaction (dots with error bars) compared with the simulated ones
(full curves) assuming M1þ E1 mixed transitions with the same
mixing ratio for all curves at different beam energies. The pair
correlation spectra measured at different bombarding energies are
multiplied with different factors for better separation.
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• Both	the	opening	angle	and	invariant	mass	distributions	present	the	characteristics	of	
an	excess	consistent	with	an	intermediate	boson

• The	signal	appears	as	a	bump	over	the	monotonically	decreasing	background	from	QED

• The	bump	disappears	off	resonance

• The	bump	appears	only	for	symmetric	energies	of	e+e-
(as	expected	from	an	on-shell	non-relativistic	particle)
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Possible	explanations	of	the	8Be	anomaly

Luigi	Delle Rose,	RAL	and	UoS

1. The 𝑋 → 𝑒$𝑒% decay implies that X is a boson

2. Candidates:

a) Scalars (	𝐽)= 0$)
not	allowed	since	1$ → 0$0$ would	imply	L	=	1	and	(-1)L

b) Pseudoscalars (	𝐽)= 0%)
decay width ~	|𝑘|1/𝑚4

1 implies	new	Yukawa	couplings	𝑌~	0.3	𝑌89

c) Vectors (	𝐽)= 1%)
decay width ~	|𝑘|1/𝑚4

1 	implies	g’	~ 10-3

d) Axial-vectors (	𝐽)= 1$)
nuclear matrix	elements	have	been	computed	only	recently	(arXiv:1612.01525)
decay width ~|𝑘|/𝑚4	implies	g’	~ 10-4

e) Vector	+	Axial-vector	spin-1	bosons
strongly	constrained	by	atomic	parity	violation

RHUL,	01	November	2017



The	spin	- 1	case

Luigi	Delle Rose,	RAL	and	UoS

We consider a generic abelian extension of the SM described by the abelian group U(1)’

z� ⌘ zH = zQ � zd = �zQ + zu = zL � ze (7.6)

�Ltype-I
Yuk =

¯QLYu ˜�2uR +

¯QLYd�2dR +

¯LLYe�2eR + h.c. (7.7)

�LHiggs =

v21
8

(g2W
3
µ � g1Bµ � ḡ�1B

0
µ)

2

+

v22
8

(g2W
3
µ � g1Bµ � ḡ�2B

0
µ)

2
+

m2
B0

2

B
02
µ + . . . (7.8)

�"
2

F 0
µ⌫F

µ⌫ (7.9)

N⇡ ⌘ ("uqu � "dqd)
2

=

1

9

(2"u + "d)
2
=

"2p
9

(7.10)

Jµ
Z0 = e

X

f

�
"̃Qf + "0 zf

�
¯ f�

µ f ⌘
X

f

"f ¯ f�
µ f (7.11)

"n = "u + 2"d = "0

"p = 2"u + "d = "0 + "̃ (7.12)

Cf,A ' g0
⇥�z� T 3

f + zf,A
⇤
= 0 (7.13)

⇡0 ! Z 0 � (7.14)

N⇡ ⌘ (Cu,V qu � Cd,V qd)
2

=

1

9

(2Cu,V + Cd,V )
2 (7.15)

Jµ
Z0 =

X

f

¯ f�
µ
�
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�
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Experimental	constraints	on	the	lepton	couplings

Luigi	Delle Rose,	RAL	and	UoS

• The	Z’	decays	into	e+e- inside	the	Atomki detector:	𝑐𝜏	 ≲ 1𝑐𝑚

• Electron	beam	dump	experiment	(SLAC	E141)

• Parity-violating	Moller	scattering	(SLAC	E158)

• Magnetic	moments	of	electron	and	muon

• Electron-positron	colliders,	like	KLOE2	searching	for	𝑒$𝑒% → 𝛾𝑍?, 𝑍′ → 𝑒$𝑒%

• Neutrino-electron	scattering

RHUL,	01	November	2017



Experimental	constraints	on	the	quark	couplings

Luigi	Delle Rose,	RAL	and	UoS

• Neutral	pion	decay	(NA48/2),	𝜋C → 𝑍?𝛾, 𝑍′ → 𝑒$𝑒%

• Atomic	parity	violation	in	Cesium

• Rare	𝜂 decay,	𝜂 → 𝜇$𝜇%

• Search	for	𝜙 → 𝑍?𝜂, 𝑍′ → 𝑒$𝑒% at	KLOE2

• Charged	kaon	decay	(NA48/2),	𝐾$ → 𝑍?𝜋$, 𝑍′ → 𝑒$𝑒%

• Neutron–neutron	scattering

• Proton	fixed	target	experiments
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Experimental	constraints	on	the	quark	couplings

Luigi	Delle Rose,	RAL	and	UoS

Neutral	pion	decay	(NA48/2),	𝜋C → 𝑍?𝛾, 𝑍′ → 𝑒$𝑒%

• Electron-positron colliders: the KLOE2 experiment searching for e+e� ! �Z 0, Z 0 !
e+e� [11], imposes the limit

�
C2
e,V + C2

e,A

�
BR(Z 0 ! e+e�) . 3.7⇥ 10

�7 (3.6)

for MZ0 ' 17 MeV.

• Neutrino-electron scattering :

• ⇡0
decay : the NA48/2 search for the rare pion decay ⇡0 ! �Z 0, Z 0 ! e+e� [12]

constrains the Z 0 couplings to quarks with

|2Cu,V + Cd,V | . 0.36⇥ 10

�3

p
BR(Z 0 ! e+e�)

(3.7)

for MZ0 ' 17 MeV.

• Atomic parity violation in Cesium: the measure of the weak nuclear charge of the
Cesium [13] strongly constrains the contribution of a light Z 0 through the observable
[14, 15]

�QW = �2

p
2

GF
Ce,A [Cu,V (2Z +N) + Cu,V (Z + 2N)]

K(MZ0
)

M2
Z0

(3.8)

where |�QW | . 0.71 at 2�. This represents the strongest bound in our region of
interest, requiring the effective quark vector coupling to the Cesium to be fine-tuned
to extremely small values or, equivalently, a vanishing electron axial coupling.

4 Z 0 with only vector couplings

The simplest extension of the SM, which may account for an extra neutral light gauge
boson able to explain the 8Be anomaly, is characterised by a single Higgs doublet. As
already explained before, the Yukawa interactions fix the U(1)

0 charge of the Higgs thus
leading to a suppression of the Z 0 axial-vector couplings of the quarks and charged leptons.
The vector couplings of the Z 0 are, instead, given by

Cp,V = g̃c2w � 2g0zHs2w + g0(zH + 3zQ) ,

Cn,V = �g0 (zH � 3zQ) ,

Ce,V = �g̃c2w + 2g0zHs2w � g0(zH � zL) ,

C⌫,V = �C⌫,A =

g0

2

(zH + zL) , (4.1)

where, for future convenience, we have introduced the proton and neutron couplings Cp,V =

2Cu,V +Cd,V , Cn,V = Cu,V +2Cd,V and we have exploited the gauge invariance of the Yukawa
Lagrangian. Notice that the cancellation of the anomaly in the U(1)

0SU(2)SU(2) triangle
given in Eq.(2.11) leads to 3zQ+zL = 0, namely C⌫,V = �2Cn,V . As already pointed out in
[16, 17], the electron neutrino coupling to the Z 0 is strongly constrained by ⌫̄�e scattering at
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0
µ)

2
+

m2
B0

2

B
02
µ + . . . (7.8)

�"
2

F 0
µ⌫F

µ⌫ (7.9)

N⇡ ⌘ ("uqu � "dqd)
2

=

1

9

(2"u + "d)
2
=

"2p
9

(7.10)

Jµ
Z0 = e

X

f

�
"̃Qf + "0 zf

�
¯ f�

µ f ⌘
X

f

"f ¯ f�
µ f (7.11)

"n = "u + 2"d = "0

"p = 2"u + "d = "0 + "̃ (7.12)

Cf,A ' g0
⇥�z� T 3

f + zf,A
⇤
= 0 (7.13)

⇡0 ! Z 0 � (7.14)

N⇡ ⌘ (Cu,V qu � Cd,V qd)
2

=

1

9

(2Cu,V + Cd,V )
2 (7.15)

Acknowledgements

– 14 –

The	process	is	proportional	to	the	
anomaly	factor

there	is	no	contribution	from	the	axial	
couplings	up	to	chiral-symmetry	

breaking	effects	proportional	to	the	
quark	masses
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Experimental	constraints	on	the	quark	couplings

Luigi	Delle Rose,	RAL	and	UoS

Atomic	parity	violation	in	Cesium

• Electron-positron colliders: the KLOE2 experiment searching for e+e� ! �Z 0, Z 0 !
e+e� [11], imposes the limit

�
C2
e,V + C2

e,A

�
BR(Z 0 ! e+e�) . 3.7⇥ 10

�7 (3.6)

for MZ0 ' 17 MeV.

• Neutrino-electron scattering :

• ⇡0
decay : the NA48/2 search for the rare pion decay ⇡0 ! �Z 0, Z 0 ! e+e� [12]

constrains the Z 0 couplings to quarks with

|2Cu,V + Cd,V | . 0.36⇥ 10

�3

p
BR(Z 0 ! e+e�)

(3.7)

for MZ0 ' 17 MeV.

• Atomic parity violation in Cesium: the measure of the weak nuclear charge of the
Cesium [13] strongly constrains the contribution of a light Z 0 through the observable
[14, 15]

�QW = �2

p
2

GF
Ce,A [Cu,V (2Z +N) + Cu,V (Z + 2N)]

K(MZ0
)

M2
Z0

(3.8)

where |�QW | . 0.71 at 2�. This represents the strongest bound in our region of
interest, requiring the effective quark vector coupling to the Cesium to be fine-tuned
to extremely small values or, equivalently, a vanishing electron axial coupling.

4 Z 0 with only vector couplings

The simplest extension of the SM, which may account for an extra neutral light gauge
boson able to explain the 8Be anomaly, is characterised by a single Higgs doublet. As
already explained before, the Yukawa interactions fix the U(1)

0 charge of the Higgs thus
leading to a suppression of the Z 0 axial-vector couplings of the quarks and charged leptons.
The vector couplings of the Z 0 are, instead, given by

Cp,V = g̃c2w � 2g0zHs2w + g0(zH + 3zQ) ,

Cn,V = �g0 (zH � 3zQ) ,

Ce,V = �g̃c2w + 2g0zHs2w � g0(zH � zL) ,

C⌫,V = �C⌫,A =

g0

2

(zH + zL) , (4.1)

where, for future convenience, we have introduced the proton and neutron couplings Cp,V =

2Cu,V +Cd,V , Cn,V = Cu,V +2Cd,V and we have exploited the gauge invariance of the Yukawa
Lagrangian. Notice that the cancellation of the anomaly in the U(1)

0SU(2)SU(2) triangle
given in Eq.(2.11) leads to 3zQ+zL = 0, namely C⌫,V = �2Cn,V . As already pointed out in
[16, 17], the electron neutrino coupling to the Z 0 is strongly constrained by ⌫̄�e scattering at

– 8 –

• It	provides	an	accurate	test	of	the	low-energy	electroweak	sector	of	the	SM
• It	also	confirmed	the	low-energy	running	of	the	electroweak	coupling	constants

Very	strong	constraints	on	a	light	Z’ can	be	extracted	from	the	measurement	
of	the	effective	weak	charge	of	the	Cs	atom

where at	2σ

𝐾 𝑀IJ 	is	a	correction	factor	taking	into	account	the	Yukawa-like	potential	generated	by	
the	exchange	of	a	massive	boson	between	the	nucleus	and	the	atomic	electrons	
𝐾 𝑀IJ ≃ 0.8 for	𝑀IJ ≃ 17	MeV

arXiv:0902.0335
arXiv:1203.2947
arXiv:hep-ph/0410260

• Electron-positron colliders: the KLOE2 experiment searching for e+e� ! �Z 0, Z 0 !
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• ⇡0
decay : the NA48/2 search for the rare pion decay ⇡0 ! �Z 0, Z 0 ! e+e� [12]

constrains the Z 0 couplings to quarks with
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where |�QW | . 0.71 at 2�. This represents the strongest bound in our region of
interest, requiring the effective quark vector coupling to the Cesium to be fine-tuned
to extremely small values or, equivalently, a vanishing electron axial coupling.

4 Z 0 with only vector couplings

The simplest extension of the SM, which may account for an extra neutral light gauge
boson able to explain the 8Be anomaly, is characterised by a single Higgs doublet. As
already explained before, the Yukawa interactions fix the U(1)

0 charge of the Higgs thus
leading to a suppression of the Z 0 axial-vector couplings of the quarks and charged leptons.
The vector couplings of the Z 0 are, instead, given by

Cp,V = g̃c2w � 2g0zHs2w + g0(zH + 3zQ) ,

Cn,V = �g0 (zH � 3zQ) ,

Ce,V = �g̃c2w + 2g0zHs2w � g0(zH � zL) ,

C⌫,V = �C⌫,A =

g0

2

(zH + zL) , (4.1)

where, for future convenience, we have introduced the proton and neutron couplings Cp,V =

2Cu,V +Cd,V , Cn,V = Cu,V +2Cd,V and we have exploited the gauge invariance of the Yukawa
Lagrangian. Notice that the cancellation of the anomaly in the U(1)

0SU(2)SU(2) triangle
given in Eq.(2.11) leads to 3zQ+zL = 0, namely C⌫,V = �2Cn,V . As already pointed out in
[16, 17], the electron neutrino coupling to the Z 0 is strongly constrained by ⌫̄�e scattering at
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Model	Building
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U(1)’	abelian	extension	of	the	SM

Luigi	Delle Rose,	RAL	and	UoS

We consider a generic abelian extension of the SM described by the abelian group U(1)’

Due to the presence of the abelian groups U(1)Y x U(1)’ the most general kinetic Lagrangian
of the corresponding abelian fields is
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1 Introduction

2 Hunting for a model

2.1 The kinetic mixing and the SSB

We consider a generic abelian extension fo the SM described by the abelian group U(1)

0.
Due to the presence of two abelian gauge groups, U(1)Y ⇥ U(1)

0, the most general kinetic
Lagrangian of the corresponding abelian fields, ˆBµ and ˆB0

µ, allows for a gauge invariant
kinetic operator mixing the two field-strengths

Lkin = �1

4

ˆFµ⌫
ˆFµ⌫ � 1

4

ˆF 0
µ⌫

ˆF
0µ⌫ � 

2

ˆF 0
µ⌫

ˆFµ⌫ . (2.1)

The last term can be introduced only for abelian field gauge fields and is controlled by the
kinetic mixing parameter . It is particularly convenient to recast the kinetic Lagrangian
into a diagonal form after a suitable rotation and a rescaling of the abelian fields. This
transformation O will obviously affects the structure of the gauge covariant derivative which
acquires a non-diagonal term

Dµ = @µ + . . .+ ig1Y Bµ + i(g̃Y + g0z)B0
µ (2.2)

where Y and z are, respectively, the hypercharge and the U(1)

0 charge while (Bµ, B
0
µ) =

OT
(

ˆBµ, ˆB
0
µ). The parameter g̃ takes the place of  and describes the mixing between the

– 1 –

It is particular convenient to recast the kinetic Lagrangian into a diagonal form by a
transformation (rotation + rescaling) of the fields. This affects the structure of the gauge
covariant derivative
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1 Introduction

2 Hunting for a model

2.1 The kinetic mixing and the SSB

We consider a generic abelian extension fo the SM described by the abelian group U(1)

0.
Due to the presence of two abelian gauge groups, U(1)Y ⇥ U(1)

0, the most general kinetic
Lagrangian of the corresponding abelian fields, ˆBµ and ˆB0

µ, allows for a gauge invariant
kinetic operator mixing the two field-strengths

Lkin = �1

4

ˆFµ⌫
ˆFµ⌫ � 1

4

ˆF 0
µ⌫

ˆF
0µ⌫ � 

2

ˆF 0
µ⌫

ˆFµ⌫ . (2.1)

The last term can be introduced only for abelian field gauge fields and is controlled by the
kinetic mixing parameter . It is particularly convenient to recast the kinetic Lagrangian
into a diagonal form after a suitable rotation and a rescaling of the abelian fields. This
transformation O will obviously affects the structure of the gauge covariant derivative which
acquires a non-diagonal term

Dµ = @µ + . . .+ ig1Y Bµ + i(g̃Y + g0z)B0
µ (2.2)

where Y and z are, respectively, the hypercharge and the U(1)

0 charge while (Bµ, B
0
µ) =

OT
(

ˆBµ, ˆB
0
µ). The parameter g̃ takes the place of  and describes the mixing between the
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Two gauge couplings 𝑔N,		𝑔?	for the new abelian field
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The	EW	symmetry	breaking	and	the	Z’	mass

Luigi	Delle Rose,	RAL	and	UoS

The	neutral	gauge	boson	mass	matrix	can	be	extracted	from	the	Higgs	Lagrangian

two abelian groups while g0 is the standard gauge coupling associated to the extra abelian
symmetry.
Because of the mixing term in the gauge covariant derivative, after spontaneous symmetry
breaking, the Higgs vev contributes to the U(1)

0 breaking even if the Higgs sector is neutral
under the new abelian symmetry. The neutral gauge boson mass matrix can be extracted
from the Higgs Lagrangian

�LHiggs =
v2

8

(g2W
3
µ � g1Bµ � ḡHB0

µ)
2
+

m2
B0

2

B
02
µ + . . . (2.3)

where ḡH = g̃ + 2zHg0 with zH being the U(1)

0 charge of the Higgs doublet. Notice that a
non-vanishing ḡH , namely either the presence of the kinetic mixing g̃ 6= 0 or a U(1)

0 charged
Higgs boson zH 6= 0, induces a Z � Z 0 mixing. The mass term m2

B0 represents a source
for the Z 0 mass which can be easily realised, for instance, by the VEV v0 of a SM-singlet
complex scalar charged under U(1)

0. In this case mB0
= g0z�v

0 where z� is the U(1)

0 charge
of the scalar. We remark that, for our purpose, it is not necessary to specify the origin of
the B0 mass term and other mechanisms, beside the SSB, can be also envisage. On the
other hand, the existence of the mixing in the neutral gauge sector is unaffected by the
details of the dark scalar sector in which the B

02 term is realised, and is only triggered by
the q̄H parameter. The diagonalisation of the mass matrix provides the relation between
the interaction and the mass eigenstates which is described by the rotation matrix

0

B@
Bµ

Wµ
3

B0µ

1

CA =

0

B@
cos ✓w � sin ✓w cos ✓0 sin ✓w sin ✓0

sin ✓w cos ✓w cos ✓0 � cos ✓w sin ✓0

0 sin ✓0 cos ✓0

1

CA

0

B@
Aµ

Zµ

Z 0µ

1

CA (2.4)

where ✓w is the usual Weinberg angle and ✓0 is a new mixing angle, with �⇡/4  ✓0  ⇡/4,
defined as

tan 2✓0 =
2ḡHgZ

ḡ2H + 4m2
B0/v2 � g2Z

(2.5)

where gZ =

p
g21 + g22 is the electroweak coupling. The masses of the Z and Z 0 gauge

bosons are given by

MZ,Z0
= gZ

v

2


1

2

✓
ḡ2H + 4m2

B0/v2

g2Z
+ 1

◆
⌥ ḡH

sin 2✓0 gZ

� 1
2

. (2.6)

For g0, g̃ ⌧ 1 and m2
B0 ⌧ v2, the mixing angle and the masses can be expanded, at leading

order, as

tan 2✓0 ' �2

ḡH
gZ

, M2
Z ' 1

4

g2Zv
2 , M2

Z0 ' m2
B0 . (2.7)

The mass of the Z 0 is controlled by the mB0 parameter or, equivalently, by the VEV v0

of the SM-singlet � which is then given by v0 = MZ0/(g0z�). For a Z 0 with vector-like
interactions one finds g0 ⇠ 10

�3 which selects v0 ⇠ 10 GeV for MZ0 ⇠ 17 MeV.
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ḡ2H + 4m2
B0/v2 � g2Z

(2.5)

where gZ =

p
g21 + g22 is the electroweak coupling. The masses of the Z and Z 0 gauge

bosons are given by

MZ,Z0
= gZ

v

2


1

2

✓
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⌥ ḡH

sin 2✓0 gZ

� 1
2

. (2.6)

For g0, g̃ ⌧ 1 and m2
B0 ⌧ v2, the mixing angle and the masses can be expanded, at leading

order, as

tan 2✓0 ' �2

ḡH
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µ)
2
+

m2
B0

2

B
02
µ + . . . (2.3)
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for one	obtains

if	we	assume	that	mB is	generated	through	SSB	by	the	vev v’ of	an	extra	scalar	we	find	
v’	~ 10	GeV	with	g’	~ 10-3
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The	Z’ interactions

Luigi	Delle Rose,	RAL	and	UoS

The interactions between the Z’ gauge boson and the SM fermions are described by the
gauge current

SU(3) SU(2) U(1)Y U(1)

0

QL 3 2 1/6 zQ
uR 3 1 2/3 zu
dR 3 1 -1/3 2zQ � zu
L 1 2 -1/2 �3zQ
eR 1 1 -1 �2zQ � zu
⌫R 1 1 0 �4zQ + zu

Table 1. Flavour universal charge assignment in the U(1)

0 extension of the SM.

by zQ = zu = 1/3 while the sequential U(1)

0 is obtained for zQ = 1/6 and zu = 2/3 which
also leads to z⌫R , as expected.

2.2 The Z 0 interactions

The interactions between the SM fermions and the Z 0 gauge boson are described by the
interaction Lagrangian Lint = �Jµ

Z0Z 0
µ where the gauge current is given by

Jµ
Z0 =

X

f

¯ f�
µ
(Cf,LPL + Cf,RPR) f (2.12)

with coefficients

Cf,L = �gZs
0 �T 3

f � s2wQf

�
+ ḡf,L c0 , Cf,R = gZs

2
ws

0Qf + ḡf,R c0 . (2.13)

In the previous equations we have adopted the shorthand notation sw ⌘ sin ✓w, cw ⌘ cos ✓w
and s0 ⌘ sin ✓0, c0 ⌘ cos ✓0. We also have defined ḡf,L/R = g̃Yf,L/R + g0zf,L/R with Yf the
hypercharge, zf the U(1)

0 charge, T 3
f the third component of the weak isospin and Qf the

electric charge. Analogously, the vector and axial-vector components of the Z 0 interactions
are

Cf,V =

Cf,R + Cf,L

2

=

1

2

⇥�gZs
0
(T 3

f � 2s2wQf ) + c0g̃(2Qf � T 3
f ) + c0g0(zf,L + zf,R)

⇤
,

Cf,A =

Cf,R � Cf,L

2

=

1

2

⇥
(gZs

0
+ g̃c0)T 3

f � c0g0(zf,L � zf,R)
⇤
, (2.14)

where we have exploited the relation Yf = Qf�T 3
f and we have used the definition ḡf,L/R =

g̃Yf,L/R + g0zf,L/R.
The previous equations can be considerably simplified realising that gZs

0 is of the same
order of g̃ for g0, g̃ ⌧ 1, see Eq.(2.7), which leads to

Cf,V ' g̃c2w Qf + g0
⇥
z�(T

3
f � 2s2wQf ) + zf,V

⇤
,

Cf,A ' g0
⇥�z� T 3

f + zf,A
⇤

(2.15)

where we have introduced the vector and axial-vector U(1)

0 charges zf,V/A = 1/2(zf,R ±
zf,A). Notice that z� can be either zH for a single Higgs doublet model or z�1 cos

2 � +

z�2 sin
2 � for a 2HDM. The Z 0 couplings are characterised by the sum of three different
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hypercharge, zf the U(1)

0 charge, T 3
f the third component of the weak isospin and Qf the

electric charge. Analogously, the vector and axial-vector components of the Z 0 interactions
are

Cf,V =

Cf,R + Cf,L

2

=

1

2

⇥�gZs
0
(T 3

f � 2s2wQf ) + c0g̃(2Qf � T 3
f ) + c0g0(zf,L + zf,R)

⇤
,

Cf,A =

Cf,R � Cf,L

2

=

1

2

⇥
(gZs

0
+ g̃c0)T 3

f � c0g0(zf,L � zf,R)
⇤
, (2.14)

where we have exploited the relation Yf = Qf�T 3
f and we have used the definition ḡf,L/R =
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2
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, one may also have a contribution to U(1)0

symmetry breaking through the VEV h�i = v0 of an ex-
tra SM-singlet scalar �, indeed connected to the mass
term mB0 = g0z�v0. The diagonalisation of the mass ma-
trix of neutral gauge bosons implies the following mixing
angle, ✓0, between the SM Z and new Z 0
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2ḡ

�

gZ
k̄2 + 4m2

B0/v2 � g2Z
, (3)

where gZ =
p
g2
1

+ g2
2

is the EW coupling. The parame-
ters ḡ
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which is non-vanishing even when mB0 ! 0 due to a pos-
sible split between z

�1 and z
�2 . In the mB0 ' 0 limit one

finds, for MZ0 ' 17 MeV and v ' 246 GeV, g0 ⇠ 10�4.
Here, two comments are in order. Firstly, in case of one
Higgs doublet, the limit of mB0 ⌧ v leads to M 0

Z ' mB0

and the SM Higgs sector does not play any role. Sec-
ondly, in the 2HDM case with z

�1 6= z
�2 the symmetry

breaking of the U(1)0 can be realised without the extra
SM-singlet �. In this scenario the typical CP-odd state of
the 2HDM extensions represents the longitudinal degree
of freedom of the Z 0.

The conditions required by the cancellation of gauge
and gravitational anomalies, which strongly constrain the
charge assignment of the SM spectrum under the extra
U(1)0 gauge symmetry, are here imposed. This implies
the introduction of SM-singlet fermions, si, which – as

will see – can be exploited for implementing an inverse
seesaw mechanism generating light neutrino masses. The
charge assignments of the spectrum in our extension of
the SM are given in Tab. I where zsi are chosen to cancel
the anomaly in the U(1)0U(1)0U(1)0 and U(1)0GG trian-
gle diagrams, G being the gravitational current. Among
the singlets si one usually introduces right-handed neu-
trinos ⌫R whose charge assignment depends on that of the
scalar boson ⌘ that is required to construct a Yukawa
mass term ⌘⌫Rs and whose VEV may spontaneously
break another symmetry, say, B � L, at TeV scales.
The interactions between the SM fermions and the

Z 0 gauge boson are described by the corresponding La-
grangian, L

int

= �Jµ
Z0Z 0

µ, where the gauge current is
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+ ḡf,L c0 , Cf,R = gZs

2
ws
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symmetry breaking through the VEV h�i = v0 of an ex-
tra SM-singlet scalar �, indeed connected to the mass
term mB0 = g0z�v0. The diagonalisation of the mass ma-
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the 2HDM extensions represents the longitudinal degree
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�
+ ḡf,L c0 , (7)

Cf,R = gZs
2

W s0Qf + ḡf,R c0 . (8)

In these equations we have adopted the shorthand nota-
tions sW ⌘ sin ✓W , cW ⌘ cos ✓W , s0 ⌘ sin ✓0 and c0 ⌘
cos ✓0. We also have defined ḡf,L/R = g̃Yf,L/R + g0zf,L/R

with Yf the hypercharge, zf the U(1)0 charge, T 3

f the
third component of the weak isospin and Qf the electric
charge. Analogously, the vector and axial-vector compo-
nents of the Z 0 interactions are

Cf,V =
Cf,R + Cf,L

2
=

1

2

⇥�gZs
0(T 3

f � 2s2WQf ) + c0g̃(2Qf � T 3

f ) + c0g0(zf,L + zf,R)
⇤
,

Cf,A =
Cf,R � Cf,L

2
=

1

2

⇥
(gZs

0 + g̃c0)T 3

f � c0g0(zf,L � zf,R)
⇤
, (9)

where we have exploited the relation Yf = Qf � T 3

f and
used the definition ḡf,L/R = g̃Yf,L/R + g0zf,L/R. The
previous equations can considerably be simplified by re-
alising that gZs0 is of the same order of g̃ for g0, g̃ ⌧ 1,

which leads to

Cf,V ' g̃c2W Qf + g0
⇥
z
�

(T 3

f � 2s2WQf ) + zf,V
⇤
,

Cf,A ' g0
⇥�z

�

T 3

f + zf,A
⇤
, (10)

where we have introduced the vector and axial-vector

where the Left- and Right-handed coefficients are

with

in the limit 𝑔N, 𝑔? ≪ 1 • Dark photon

• Dark Z

• Z’ interactions

SU(3) SU(2) U(1)Y U(1)

0

QL 3 2 1/6 zQ
uR 3 1 2/3 zu
dR 3 1 -1/3 2zQ � zu
L 1 2 -1/2 �3zQ
eR 1 1 -1 �2zQ � zu
⌫R 1 1 0 �4zQ + zu

Table 1. Flavour universal charge assignment in the U(1)

0 extension of the SM.

by zQ = zu = 1/3 while the sequential U(1)

0 is obtained for zQ = 1/6 and zu = 2/3 which
also leads to z⌫R , as expected.

2.2 The Z 0 interactions

The interactions between the SM fermions and the Z 0 gauge boson are described by the
interaction Lagrangian Lint = �Jµ

Z0Z 0
µ where the gauge current is given by

Jµ
Z0 =

X

f

¯ f�
µ
(Cf,LPL + Cf,RPR) f (2.12)

with coefficients

Cf,L = �gZs
0 �T 3

f � s2wQf

�
+ ḡf,L c0 , Cf,R = gZs

2
ws

0Qf + ḡf,R c0 . (2.13)

In the previous equations we have adopted the shorthand notation sw ⌘ sin ✓w, cw ⌘ cos ✓w
and s0 ⌘ sin ✓0, c0 ⌘ cos ✓0. We also have defined ḡf,L/R = g̃Yf,L/R + g0zf,L/R with Yf the
hypercharge, zf the U(1)

0 charge, T 3
f the third component of the weak isospin and Qf the

electric charge. Analogously, the vector and axial-vector components of the Z 0 interactions
are

Cf,V =

Cf,R + Cf,L

2

=

1

2

⇥�gZs
0
(T 3

f � 2s2wQf ) + c0g̃(2Qf � T 3
f ) + c0g0(zf,L + zf,R)

⇤
,

Cf,A =

Cf,R � Cf,L

2

=

1

2

⇥
(gZs

0
+ g̃c0)T 3

f � c0g0(zf,L � zf,R)
⇤
, (2.14)

where we have exploited the relation Yf = Qf�T 3
f and we have used the definition ḡf,L/R =

g̃Yf,L/R + g0zf,L/R.
The previous equations can be considerably simplified realising that gZs

0 is of the same
order of g̃ for g0, g̃ ⌧ 1, see Eq.(2.7), which leads to

Cf,V ' g̃c2w Qf + g0
⇥
z�(T

3
f � 2s2wQf ) + zf,V

⇤
,

Cf,A ' g0
⇥�z� T 3

f + zf,A
⇤

(2.15)

where we have introduced the vector and axial-vector U(1)

0 charges zf,V/A = 1/2(zf,R ±
zf,A). Notice that z� can be either zH for a single Higgs doublet model or z�1 cos

2 � +

z�2 sin
2 � for a 2HDM. The Z 0 couplings are characterised by the sum of three different
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Theoretical	constraints

Luigi	Delle Rose,	RAL	and	UoS

1. Gauge	invariance

2. Anomaly-free	model

3. Flavour universality

4. Minimal	matter	content	(compatibly	with	1	and	2)

We build on top of the SM

In particular, the gauge invariance of the SM Yukawa Lagrangian

type-I 2HDM U(1)B�L

Figure 4. Allowed parameter space explaining the 8Be anomaly in the type-I 2HDM U(1)B�L

scenario.

type-I 2HDM U(1)Dark

Figure 5. Allowed parameter space explaining the 8Be anomaly in the type-I 2HDM U(1)Dark

scenario.

�LSM
Yuk =

¯QLYu ˜HuR +

¯QLYdHdR +

¯LLYeHeR + h.c. (7.5)

– 13 –

z� ⌘ zH = zQ � zd = �zQ + zu = zL � ze (7.6)

�Ltype-I
Yuk =

¯QLYu ˜�2uR +

¯QLYd�2dR +

¯LLYe�2eR + h.c. (7.7)

�LHiggs =

v21
8

(g2W
3
µ � g1Bµ � ḡ�1B

0
µ)

2

+

v22
8

(g2W
3
µ � g1Bµ � ḡ�2B

0
µ)

2
+

m2
B0

2

B
02
µ + . . . (7.8)

�"
2

F 0
µ⌫F

µ⌫ (7.9)

N⇡ ⌘ ("uqu � "dqd)
2

=

1

9

(2"u + "d)
2
=

"2p
9

(7.10)

Jµ
Z0 = e

X

f

�
"̃Qf + "0 zf

�
¯ f�

µ f ⌘
X

f

"f ¯ f�
µ f (7.11)

"n = "u + 2"d = "0

"p = 2"u + "d = "0 + "̃ (7.12)
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implies

z� ⌘ zH = zQ � zd = �zQ + zu = zL � ze (7.6)

�Ltype-I
Yuk =

¯QLYu ˜�2uR +

¯QLYd�2dR +

¯LLYe�2eR + h.c. (7.7)

�LHiggs =

v21
8

(g2W
3
µ � g1Bµ � ḡ�1B

0
µ)

2

+

v22
8

(g2W
3
µ � g1Bµ � ḡ�2B

0
µ)

2
+

m2
B0

2

B
02
µ + . . . (7.8)

�"
2

F 0
µ⌫F

µ⌫ (7.9)

N⇡ ⌘ ("uqu � "dqd)
2

=

1

9

(2"u + "d)
2
=

"2p
9

(7.10)

Jµ
Z0 = e

X

f

�
"̃Qf + "0 zf

�
¯ f�

µ f ⌘
X

f

"f ¯ f�
µ f (7.11)

"n = "u + 2"d = "0

"p = 2"u + "d = "0 + "̃ (7.12)

Cf,A ' g0
⇥�z� T 3

f + zf,A
⇤
= 0 (7.13)
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and therefore
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Theoretical	constraints

Luigi	Delle Rose,	RAL	and	UoS

To summarise: we can identify two situations discriminated by the scalar content of the
model

1. The SM is extended by an additional abelian gauge group U(1)’ and the SM scalar
sector is unchanged

2. The SM is extended by an additional abelian gauge group U(1)’ and the scalar sector is
extended (for instance by an additional Higgs doublet)

The	Z’	has	only	vector	interactions	with	the	SM	fermions		
(the	only	exception	is	the	left-handed	neutrino	coupling	to	a	V-A	current)

The	Z’	has	both	vector	and	axial-vector	interactions	with	the	SM	fermions	

RHUL,	01	November	2017



Z’	with	vector	interactions	only	– dark	photon

Luigi	Delle Rose,	RAL	and	UoS

𝜀? = 0 (𝜀Q= 0,				𝜀R= 𝜀̃ = 0.011)

NA48/2

the	Z’	must	be	protophobic:
it	couples	to	neutron	but	not	to	protons

The	first	attempt:	dark	photon
a	vector	portal	between	the	SM	and	a	

hidden	sector	interacting	with	
the	SM	e.m.	charged	fields	

through	kinetic	mixing	− U
V
𝐹′XY𝐹XY

�LHiggs =

v21
8

(g2W
3
µ � g1Bµ � ḡ�1B

0
µ)

2

+

v22
8

(g2W
3
µ � g1Bµ � ḡ�2B

0
µ)

2
+

m2
B0

2

B
02
µ + . . . (7.6)

�"
2

F 0
µ⌫F

µ⌫ (7.7)

N⇡ ⌘ ("uqu � "dqd)
2

=

1

9

(2"u + "d)
2
=

"2p
9

(7.8)

Jµ
Z0 = e

X

f

�
"̃Qf + "0 zf

�
¯ f�

µ f ⌘
X

f

"f ¯ f�
µ f (7.9)

"n = "u + 2"d = "0

"p = 2"u + "d = "0 + "̃ (7.10)
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z� ⌘ zH = zQ � zd = �zQ + zu = zL � ze (7.6)

�Ltype-I
Yuk =

¯QLYu ˜�2uR +

¯QLYd�2dR +

¯LLYe�2eR + h.c. (7.7)

�LHiggs =

v21
8

(g2W
3
µ � g1Bµ � ḡ�1B

0
µ)

2

+

v22
8

(g2W
3
µ � g1Bµ � ḡ�2B

0
µ)

2
+

m2
B0

2

B
02
µ + . . . (7.8)

�"
2

F 0
µ⌫F

µ⌫ (7.9)

N⇡ ⌘ ("uqu � "dqd)
2

=

1

9

(2"u + "d)
2
=

"2p
9

(7.10)

Jµ
Z0 = e

X

f

�
"̃Qf + "0 zf

�
¯ f�

µ f ⌘
X

f

"f ¯ f�
µ f (7.11)

"n = "u + 2"d = "0

"p = 2"u + "d = "0 + "̃ (7.12)

Cf,A ' g0
⇥�z� T 3

f + zf,A
⇤
= 0 (7.13)

⇡0 ! Z 0 � (7.14)

N⇡ ⌘ (Cu,V qu � Cd,V qd)
2

=

1

9

(2Cu,V + Cd,V )
2 (7.15)
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only	one	free	parameter	𝜀̃
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Z’	with	vector	interactions	only	– general	case

Luigi	Delle Rose,	RAL	and	UoS

FIG. 5. Summary of constraints and target regions for the leptonic couplings of a hypothetical X
gauge boson with mX ⇡ 17 MeV. Updated from Ref. [7].

|"⌫"n|1/2 < 6⇥ 10�4 or

"⌫ < 2⇥ 10�4

✓
0.002

"n

◆
. (47)

This bound is weaker than the ⌫–e scattering bound with constructive interference and
comparable to the ⌫–e bound with destructive interference. As the ⌫–N bounds are estimated
sensitivities, we use the ⌫–e bounds in the discussion below.

D. Summary of Constraints

Combining the required ranges of the couplings to explain the 8Be signal from Sec. V with
the strongest bounds from other experiments derived above, we now have the acceptable
ranges of couplings for a viable protophobic gauge boson to explain the 8Be signal. Assuming
Br(X ! e+e�) = 1, the requirements are

|"n| = (2� 10)⇥ 10�3 (48)

|"p| . 1.2⇥ 10�3 (49)

|"e| = (0.2� 1.4)⇥ 10�3 (50)p
|"e"⌫ | . 3⇥ 10�4 . (51)

The nucleon couplings are fixed to reproduce the 8Be signal rate while avoiding the ⇡0 ! X�
decays, and the quark couplings are related by "u + 2"d = "n and 2"u + "d = "p. The
electron coupling is bounded from above by (g � 2)e and KLOE-2 and from below by beam
dump searches, and the neutrino coupling is bounded by ⌫–e scattering. The allowed lepton
coupling regions are shown in Fig. 5.

21

• 𝜀Q is	determined	by	the	8Be	signal	rate

• 𝜀R is	bounded	by	NA48/2	experiment

• 𝜀Z is	bounded	from	below	by	beam	dump	experiments	and	from	above	by	(g-2)e and	KLOE2

• 𝜀Y 𝜀Z is	bounded	by	neutrino-electron	scattering	experiment	(TEXONO)

To	summarise:

arXiv:1608.03591	

In	a	minimal gauge	invariant,	anomaly	free	and	flavour	universal	model	with	a	single	Higgs	
doublet	we	obtain:	𝜀Y = 𝜀Q and	the	last	bound	is	incompatible	with	the	others!!!
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The	EW	symmetry	breaking	and	the	Z’	mass	in	a	2HDM

Luigi	Delle Rose,	RAL	and	UoS

The	neutral	gauge	boson	mass	matrix	can	be	extracted	from	the	Higgs	Lagrangian

two abelian groups while g0 is the standard gauge coupling associated to the extra abelian
symmetry.
Because of the mixing term in the gauge covariant derivative, after spontaneous symmetry
breaking, the Higgs vev contributes to the U(1)

0 breaking even if the Higgs sector is neutral
under the new abelian symmetry. The neutral gauge boson mass matrix can be extracted
from the Higgs Lagrangian

�LHiggs =
v2

8

(g2W
3
µ � g1Bµ � ḡHB0

µ)
2
+

m2
B0

2

B
02
µ + . . . (2.3)

where ḡH = g̃ + 2zHg0 with zH being the U(1)

0 charge of the Higgs doublet. Notice that a
non-vanishing ḡH , namely either the presence of the kinetic mixing g̃ 6= 0 or a U(1)

0 charged
Higgs boson zH 6= 0, induces a Z � Z 0 mixing. The mass term m2

B0 represents a source
for the Z 0 mass which can be easily realised, for instance, by the VEV v0 of a SM-singlet
complex scalar charged under U(1)

0. In this case mB0
= g0z�v

0 where z� is the U(1)

0 charge
of the scalar. We remark that, for our purpose, it is not necessary to specify the origin of
the B0 mass term and other mechanisms, beside the SSB, can be also envisage. On the
other hand, the existence of the mixing in the neutral gauge sector is unaffected by the
details of the dark scalar sector in which the B

02 term is realised, and is only triggered by
the q̄H parameter. The diagonalisation of the mass matrix provides the relation between
the interaction and the mass eigenstates which is described by the rotation matrix

0

B@
Bµ

Wµ
3

B0µ

1

CA =

0

B@
cos ✓w � sin ✓w cos ✓0 sin ✓w sin ✓0

sin ✓w cos ✓w cos ✓0 � cos ✓w sin ✓0

0 sin ✓0 cos ✓0

1

CA

0

B@
Aµ

Zµ

Z 0µ

1

CA (2.4)

where ✓w is the usual Weinberg angle and ✓0 is a new mixing angle, with �⇡/4  ✓0  ⇡/4,
defined as

tan 2✓0 =
2ḡHgZ

ḡ2H + 4m2
B0/v2 � g2Z

(2.5)

where gZ =

p
g21 + g22 is the electroweak coupling. The masses of the Z and Z 0 gauge

bosons are given by

MZ,Z0
= gZ

v

2


1

2

✓
ḡ2H + 4m2

B0/v2

g2Z
+ 1

◆
⌥ ḡH

sin 2✓0 gZ

� 1
2

. (2.6)

For g0, g̃ ⌧ 1 and m2
B0 ⌧ v2, the mixing angle and the masses can be expanded, at leading

order, as

tan 2✓0 ' �2

ḡH
gZ

, M2
Z ' 1

4

g2Zv
2 , M2

Z0 ' m2
B0 . (2.7)

The mass of the Z 0 is controlled by the mB0 parameter or, equivalently, by the VEV v0

of the SM-singlet � which is then given by v0 = MZ0/(g0z�). For a Z 0 with vector-like
interactions one finds g0 ⇠ 10

�3 which selects v0 ⇠ 10 GeV for MZ0 ⇠ 17 MeV.
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for

2

one may in principle also have a contribution to U(1)0

symmetry breaking through the VEV h�i = v0 of an ex-
tra SM-singlet scalar �, indeed connected to the mass
term mB0 = g0z�v0. The diagonalisation of the mass ma-
trix of neutral gauge bosons implies the following mixing
angle, ✓0, between the SM Z and new Z 0:

tan 2✓0 =
2ḡ

�

gZ
k̄2 + 4m2

B0/v2 � g2Z
, (3)

where gZ =
p
g2
1

+ g2
2

is the EW coupling. The parame-
ters ḡ

�

and k̄2 are defined as ḡ
�

= ḡ
�1 cos

2 �+ ḡ
�2 sin

2 �
and k̄2 = ḡ2

�1
cos2 � + ḡ2

�2
sin2 �, where we have intro-

duced the couplings ḡ
�n = g̃+2g0z

�n with n = 1, 2 inher-
ited from the interactions of the 2HDM (pseudo)scalars
with the Z 0. The masses of the Z and Z 0 gauge bosons
are

MZ,Z0 = gZ
v

2


1

2

✓
k̄2 + 4m2

B0/v2

g2Z
+ 1

◆
⌥ ḡ

�

sin 2✓0 gZ

� 1
2

(4)

and, for g0, g̃ ⌧ 1 and m2

B0 ⌧ v2, the Z 0 mass is given by

M2

Z0 ' m2

B0 +
v2

4
g0

2

(z
�1 � z

�2)
2 sin2(2�), (5)

which is non-vanishing even when mB0 ! 0 due to a
possible split between z

�1 and z
�2 . In the mB0 ' 0

limit one finds, for MZ0 ' 17 MeV and v ' 246 GeV,
g0 ⇠ 10�4. Here, two comments are in order. Firstly, in
case of one Higgs doublet, the limit mB0 ⌧ v leads to
M 0

Z ' mB0 and the SM Higgs sector does not play any
role. Secondly, in the 2HDM case with z

�1 6= z
�2 the

symmetry breaking of the U(1)0 can actually be realised
without the extra SM-singlet �. In this scenario, which
we adopt here, the typical CP-odd state of the 2HDM
extensions represents the longitudinal degree of freedom
of the Z 0.

The conditions required by the cancellation of gauge
and gravitational anomalies, which strongly constrain the
charge assignment of the SM spectrum under the extra
U(1)0 gauge symmetry, are here imposed. This implies
the introduction of SM-singlet fermions, si, which – as
will see – can be exploited for implementing an inverse
seesaw mechanism generating light neutrino masses. The

charge assignments of the spectrum in our extension of
the SM are given in Tab. I, where the zsi ’s are cho-
sen to cancel the anomaly in the U(1)0U(1)0U(1)0 and
U(1)0GG triangle diagrams, G being the gravitational
current. Among the singlets si’s one usually introduces
right-handed neutrinos ⌫R whose charge assignment de-
pends on that of the scalar boson ⌘ that is required to
construct a Yukawa mass term ⌘⌫Rs and whose VEV
may spontaneously break another symmetry, say, B�L,
at TeV scales. Hang on, what is ⌘? It is mentioned for
the first time here and then disappears!
The interactions between the SM fermions and the

Z 0 gauge boson are described by the corresponding La-
grangian, L

int

= �Jµ
Z0Z 0

µ, where the gauge current is

SU(3) SU(2) U(1)Y U(1)0

QL 3 2 1/6 zQ
uR 3 1 2/3 zu
dR 3 1 -1/3 2zQ � zu
L 1 2 -1/2 �3zQ
eR 1 1 -1 �2zQ � zu
si 1 1 0 zsi

TABLE I. Flavour universal charge assignment in the U(1)0

extension of the SM.

given by

Jµ
Z0 =

X

f

 ̄f�
µ (Cf,LPL + Cf,RPR) f (6)

with coe�cients

Cf,L = �gZs
0 �T 3

f � s2WQf

�
+ ḡf,L c0 , (7)

Cf,R = gZs
2

W s0Qf + ḡf,R c0 . (8)

In these equations we have adopted the shorthand nota-
tions sW ⌘ sin ✓W , cW ⌘ cos ✓W , s0 ⌘ sin ✓0 and c0 ⌘
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symmetry breaking through the VEV h�i = v0 of an ex-
tra SM-singlet scalar �, indeed connected to the mass
term mB0 = g0z�v0. The diagonalisation of the mass ma-
trix of neutral gauge bosons implies the following mixing
angle, ✓0, between the SM Z and new Z 0:
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and, for g0, g̃ ⌧ 1 and m2
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which is non-vanishing even when mB0 ! 0 due to a
possible split between z

�1 and z
�2 . In the mB0 ' 0

limit one finds, for MZ0 ' 17 MeV and v ' 246 GeV,
g0 ⇠ 10�4. Here, two comments are in order. Firstly, in
case of one Higgs doublet, the limit mB0 ⌧ v leads to
M 0

Z ' mB0 and the SM Higgs sector does not play any
role. Secondly, in the 2HDM case with z

�1 6= z
�2 the

symmetry breaking of the U(1)0 can actually be realised
without the extra SM-singlet �. In this scenario, which
we adopt here, the typical CP-odd state of the 2HDM
extensions represents the longitudinal degree of freedom
of the Z 0.

The conditions required by the cancellation of gauge
and gravitational anomalies, which strongly constrain the
charge assignment of the SM spectrum under the extra
U(1)0 gauge symmetry, are here imposed. This implies
the introduction of SM-singlet fermions, si, which – as
will see – can be exploited for implementing an inverse
seesaw mechanism generating light neutrino masses. The

charge assignments of the spectrum in our extension of
the SM are given in Tab. I, where the zsi ’s are cho-
sen to cancel the anomaly in the U(1)0U(1)0U(1)0 and
U(1)0GG triangle diagrams, G being the gravitational
current. Among the singlets si’s one usually introduces
right-handed neutrinos ⌫R whose charge assignment de-
pends on that of the scalar boson ⌘ that is required to
construct a Yukawa mass term ⌘⌫Rs and whose VEV
may spontaneously break another symmetry, say, B�L,
at TeV scales. Hang on, what is ⌘? It is mentioned for
the first time here and then disappears!
The interactions between the SM fermions and the

Z 0 gauge boson are described by the corresponding La-
grangian, L

int

= �Jµ
Z0Z 0

µ, where the gauge current is

SU(3) SU(2) U(1)Y U(1)0
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L 1 2 -1/2 �3zQ
eR 1 1 -1 �2zQ � zu
si 1 1 0 zsi

TABLE I. Flavour universal charge assignment in the U(1)0
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�1 cos

2 �+ ḡ
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with Yf the hypercharge, zf the U(1)0 charge, T 3

f the
third component of the weak isospin and Qf the electric
charge. Analogously, the vector and axial-vector compo-
nents of the Z 0 interactions are

Cf,V =
Cf,R + Cf,L

2
=

1

2

⇥�gZs
0(T 3

f � 2s2WQf ) + c0g̃(2Qf � T 3

f ) + c0g0(zf,L + zf,R)
⇤
,

Cf,A =
Cf,R � Cf,L

2
=

1

2

⇥
(gZs

0 + g̃c0)T 3

f � c0g0(zf,L � zf,R)
⇤
, (9)

where we have exploited the relation Yf = Qf � T 3

f and
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Even	if	𝑚[J = 0, we	can	generate	the	17	mass	from	EWSB	(with	𝑔′~10%\)	
by	the	same	EW	mass	scale	v	=	246	GeV,	as	for	the	Z	and	W	bosons

�LHiggs =

v21
8

(g2W
3
µ � g1Bµ � ḡ�1B

0
µ)

2

+

v22
8

(g2W
3
µ � g1Bµ � ḡ�2B

0
µ)

2
+

m2
B0

2

B
02
µ + . . . (7.6)
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FIG. 1. Allowed parameter space explaining the anomalous
8Be⇤ decay.

[16]. The strongest bound comes from the atomic parity
violation in Cesium (Cs), namely from the measurement
of its weak nuclear charge �QW [19, 20], which requires
|�QW | . 0.71 at 2� [21]. It represents a constraint on
the product of Ce,A and a combination of Cu,V and Cd,V .
This bound can be avoided if the Z 0 has either only vec-
tor or axial-vector couplings but in a general scenario it
imposes severe constraints on the gauge couplings g0, g̃.
The light-boson contribution to the anomalous magnetic
moment of the electron has also been taken into account,
as it is required to be within the 2� uncertainty of the
departure of the SM prediction from the experimental re-
sult [22]. We now analyse the contribution of a very light
gauge boson Z 0 to the muon anomalous magnetic mo-
ment which has been measured at Brookhaven National
Laboratory to a precision of 0.54 parts per million. The
current average of the experimental results is given by
[23, 24]

aexpµ = 11659208.9(6.3)⇥ 10�10, (11)

which is di↵erent from the SM prediction by 3.3� to 3.6�:
�aµ = aexpµ � aSMµ = (28.3 ± 8.7 to 28.7 ± 8.0) ⇥ 10�10.
From the interaction Lagrangian described above one
finds a new contribution to (g � 2)µ generated by a one-
loop diagram with Z 0 exchange as shown in Fig. 2, which
leads to

�aZ
0

µ =
rmµ

4⇡2

⇥
C2

µ,V gV (rmµ)� C2

µ,A gA(rmµ)
⇤
, (12)

where rmµ ⌘ (mµ/MZ0)2 and gV , gA are given by

gV (r) =

Z
1

0

dz
z2(1� z)

1� z + rz2
, (13)

gA(r) =

Z
1

0

dz
(z � z2)(4� z) + 2rz3

1� z + rz2
. (14)

µ µ µ µ

Z 0

�

FIG. 2. The new contribution to the muon anomalous mag-
netic moment in a U(1)0 extension of the SM.

For MZ0 ' 17 MeV one finds �aZ
0

µ ' 0.009C2

µ,V � C2

µ,A.
We require again that the contribution of the Z 0 to (g �
2)µ, which is mainly due to its axial-vector component, is
less than the 2� uncertainty of the discrepancy between
the SM result and the experimental measure.
We finally comment on the constraints imposed

by neutrino-electron scattering processes [25–27], the
strongest one being from ⌫̄ee scattering at the TEXONO
experiment [26], which a↵ect a combination of Ce,V/A and
C⌫,V . In the protophobic scenario, in which the Z 0 has
only vector interactions, the constrained ⌫ coupling to the
Z 0 boson is in high tension with the measured 8Be⇤ decay
rate since C⌫,V = �2Cn,V , where Cn,V = Cu,V + 2Cd,V

is the coupling to neutrons, and a mechanism to suppress
the neutrino coupling must be envisaged [3]. This bound
is, in general, alleviated if the one attempts to explain
the Atomki anomaly with a Z 0 boson with axial-vector
interactions since the required gauge couplings g0, g̃ are
smaller than the ones needed in the protophobic case.

In summary, we have come to an exciting conclusion.
The model that we have constructed, which minimally
departs from the SM, in both the gauge sector (wherein
a dark U(1)0 is added) and Higgs framework (wherein a
second doublet is added with a type-I Yukawa configura-
tion), with the two intertwined as it is the pseudoscalar
state of the latter that spontaneously breaks the sym-
metry of the former, has the potential to explain the
anomaly in the decays of the Beryllium. Notably, the
ballpark of values of the g0 coupling reproducing the 8Be
internal pair creation excess also predicts the mass of the
Z 0 from EWSB and, therefore, as for the masses of the
Z and W gauge bosons, the MZ0 = 17 MeV could be
generated by the same EW mass scale v ' 246 GeV.
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Experimental	side

• Other	experimental	groups	may	
independently	verify	the	Atomki result

• Search	for	other	nuclear	transitions

• Other	experiments	searching	for	dark	
photons	
(LHCb search	for	𝐷∗(2007)C→ 𝐷C𝑋)

Theoretical	side

• Improving	the	computation	of	the	nuclear	
matrix	elements	of	an	axial	current

• Classification	of	UV	complete	models	
explaining	low-scale	physics
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• There	is	an	anomaly	in	the	IPC	decay	mode	of	an	excited	state	of	the	Beryllium	
with	a	statistical	significance	of	6.8 σ
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Luigi Delle Rose1,2, Shaaban Khalil3, and Stefano Moretti1,21

11School of Physics and Astronomy, University of Southampton, Highfield, Southampton SO17 1BJ, UK.
2Particle Physics Department, Rutherford Appleton Laboratory,

Chilton, Didcot, Oxon OX11 0QX, United Kingdom.
2Center for Fundamental Physics, Zewail City of Science and Technology, 6 October City, Giza 12588, Egypt.

(Dated: April 8, 2017)

Motivated by an anomaly observed in the decay of an excited state of Beryllium (8Be) by the
Atomki collaboration, we study an extension for the Standard Model with a gauged U(1)0 symmetry
in presence of a 2-Higgs Doublet Model structure of the Higgs sector. We show that this scenario
complies with a variety of experimental results and is able to explain the potential presence of a
resonant spin-1 gauge boson, Z0, with a mass of 17 MeV in the Atomki experimental data, for
appropriate choices of U(1)0 charges and Yukawa interactions. We also emphasise that such low
scale U(1)0 can naturally account for the inverse seesaw mechanism for generating light neutrino
masses. Finally, we show that our Z0 can account for the time-honoured muon magnetic moment
discrepancy.

The Atomki pair spectrometer experiment [1] was set
up for searching e+e� internal pair creation in the decay
of excited 8Be nuclei (henceforth, 8Be⇤), the latter being
produced with help of a beam of protons directed on a
7Li target. The proton beam was tuned in such a way
that the di↵erent 8Be excitations could be separated with
high accuracy.

In the data collection stage, a clear anomaly was ob-
served in the decay of 8Be⇤ with spin-parity JP = 1+

into the ground state 8Be with spin-parity 0+ (both with
isospin T = 0), where 8Be⇤ had an excitation energy
of 18.15 MeV. Upon analysis of the electron-positron
properties, the spectra of both their opening angle ✓
and invariant mass M presented the characteristics of
an excess consistent with an intermediate boson X be-
ing produced on-shell in the decay of the 8Be⇤ state,
with theX object subsequently decaying into e+e� pairs.
The best fit to the mass MX of X was given as [1]
MX = 16.7± 0.35 (stat) ± 0.5 (sys) MeV, in correspon-
dence of a ratio of Branching Ratios (BRs) obtained as

BR(8Be⇤ ! X + 8Be)

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

This combination yields a statistical significance of the
excess of about 6.8� [1].

An explanation of the X nature was attempted by [2,
3], in the form of models featuring a new vector boson
Z 0 with a mass MZ0 of about 17 MeV, with vector-like
couplings to quarks and leptons. Constraints on such a
new state, notably from searches for ⇡0 ! Z 0 + � by the
NA48/2 experiment [4], require the couplings of the Z 0

to up and down quarks to be ‘protophobic’, i.e., that the
charges e✏u and e✏d of up and down quarks – written as
multiples of the positron charge e – satisfy the relation
2✏u + ✏d <⇠ 10�3 [2, 3]. Subsequently, further studies of

such models have been performed in [5–12] 1.
In the footsteps of this literature, we consider here an

extension of the Standard Model (SM) described by a
generic U(1)0 group. Due to the presence of two such
Abelian symmetries, U(1)Y ⇥ U(1)0, the most general
kinetic Lagrangian of the corresponding fields, B̂µ and

B̂0
µ, allows for a gauge invariant mixing of the two field-

strengths

L
kin

= �1

4
F̂µ⌫ F̂

µ⌫ � 1

4
F̂ 0
µ⌫ F̂

0µ⌫ � 

2
F̂ 0
µ⌫ F̂

µ⌫ , (1)

where  is the kinetic mixing parameter between U(1)Y
and U(1)0. A diagonal form for this Lagrangian can be
obtained by transformation of the Abelian fields such
that the gauge covariant derivative becomes

Dµ = @µ + ....+ ig
1

Y Bµ + i(g̃Y + g0z)B0
µ, (2)

where Y and z are the hypercharge and U(1)0 charge,
respectively, and g̃ the gauge coupling mixing between
the two Abelian groups.
We also consider the presence of two SU(2)

(pseudo)scalar doublets, embedded in a 2-Higgs Doublet
Model (2HDM) scalar potential, �

1

and �
2

, with the
same hypercharge Y = 1/2 and two di↵erent charges
z
�1 and z

�2 under the extra U(1)0. The new abelian
symmetry replaces the discrete Z

2

usually imposed in
2HDMs to avoid tree-level flavour changing neutral cur-
rents [14, 15]. Alongside spontaneous Electro-Weak Sym-
metry Breaking (EWSB) of the SM gauge symmetry

1 An alternative explanation was given in [13], wherein the X was
identified with a light pseudoscalar state with couplings to up
and down type quarks about 0.3 times those of the SM Higgs
boson.
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scale U(1)0 can naturally account for the inverse seesaw mechanism for generating light neutrino
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The Atomki pair spectrometer experiment [1] was set
up for searching e+e� internal pair creation in the decay
of excited 8Be nuclei (henceforth, 8Be⇤), the latter being
produced with help of a beam of protons directed on a
7Li target. The proton beam was tuned in such a way
that the di↵erent 8Be excitations could be separated with
high accuracy.

In the data collection stage, a clear anomaly was ob-
served in the decay of 8Be⇤ with spin-parity JP = 1+

into the ground state 8Be with spin-parity 0+ (both with
isospin T = 0), where 8Be⇤ had an excitation energy
of 18.15 MeV. Upon analysis of the electron-positron
properties, the spectra of both their opening angle ✓
and invariant mass M presented the characteristics of
an excess consistent with an intermediate boson X be-
ing produced on-shell in the decay of the 8Be⇤ state,
with theX object subsequently decaying into e+e� pairs.
The best fit to the mass MX of X was given as [1]
MX = 16.7± 0.35 (stat) ± 0.5 (sys) MeV, in correspon-
dence of a ratio of Branching Ratios (BRs) obtained as

BR(8Be⇤ ! X + 8Be)

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

This combination yields a statistical significance of the
excess of about 6.8� [1].

An explanation of the X nature was attempted by [2,
3], in the form of models featuring a new vector boson
Z 0 with a mass MZ0 of about 17 MeV, with vector-like
couplings to quarks and leptons. Constraints on such a
new state, notably from searches for ⇡0 ! Z 0 + � by the
NA48/2 experiment [4], require the couplings of the Z 0

to up and down quarks to be ‘protophobic’, i.e., that the
charges e✏u and e✏d of up and down quarks – written as
multiples of the positron charge e – satisfy the relation
2✏u + ✏d <⇠ 10�3 [2, 3]. Subsequently, further studies of

such models have been performed in [5–12] 1.
In the footsteps of this literature, we consider here an

extension of the Standard Model (SM) described by a
generic U(1)0 group. Due to the presence of two such
Abelian symmetries, U(1)Y ⇥ U(1)0, the most general
kinetic Lagrangian of the corresponding fields, B̂µ and

B̂0
µ, allows for a gauge invariant mixing of the two field-

strengths

L
kin
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F̂µ⌫ F̂
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4
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µ⌫ F̂
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2
F̂ 0
µ⌫ F̂

µ⌫ , (1)

where  is the kinetic mixing parameter between U(1)Y
and U(1)0. A diagonal form for this Lagrangian can be
obtained by transformation of the Abelian fields such
that the gauge covariant derivative becomes

Dµ = @µ + ....+ ig
1

Y Bµ + i(g̃Y + g0z)B0
µ, (2)

where Y and z are the hypercharge and U(1)0 charge,
respectively, and g̃ the gauge coupling mixing between
the two Abelian groups.
We also consider the presence of two SU(2)

(pseudo)scalar doublets, embedded in a 2-Higgs Doublet
Model (2HDM) scalar potential, �

1

and �
2

, with the
same hypercharge Y = 1/2 and two di↵erent charges
z
�1 and z

�2 under the extra U(1)0. The new abelian
symmetry replaces the discrete Z

2

usually imposed in
2HDMs to avoid tree-level flavour changing neutral cur-
rents [14, 15]. Alongside spontaneous Electro-Weak Sym-
metry Breaking (EWSB) of the SM gauge symmetry

1 An alternative explanation was given in [13], wherein the X was
identified with a light pseudoscalar state with couplings to up
and down type quarks about 0.3 times those of the SM Higgs
boson.

• Build	a	UV	complete	model	explaining	the	excess	is	quite	challenging:	
many	bounds	from	low-energy	physics	experiments	(e.g.	parity	violations)

• The	SM	electroweak	symmetry	breaking	may	account	for	the	mass	of	this	light	Z’	
boson	without	introducing	any	new	mass	scale
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electron	beam
dump

shield

detector

e-

e+
X

Electron	beam	dump	experiment	(SLAC	E141)

where the neutron and proton coefficients an = (a0�a1)/2 and ap = (a0+a1)/2 are defined
in terms of

a0 = (Cu,A + Cd,A)

⇣
�u(p) +�d(p)

⌘
+ 2Cs,A�s(p) ,

a1 = (Cu,A � Cd,A)

⇣
�u(p) ��d(p)

⌘
(3.2)

with �u(p) = 0.78±0.02, �d(p) = �0.48±0.02 and �s(p) = �0.15±0.02 [4, 5]. The reduced
nuclear matrix elements of the spin operators have been computed in [3] and are given by
h0||�n||1i = �0.132 ± 0.033, h0||�p||1i = �0.047 ± 0.029 for the isoscalar 8Be⇤ ! 8Be
transition and h0||�n||1i = �0.073 ± 0.029, h0||�p||1i = 0.102 ± 0.028 for the isovector
8Be⇤0 ! 8Be transition.

The width of the Z 0 decay into SM fermions is

�(Z 0 ! f ¯f) =
MZ0

12⇡
Cf

s

1� 4m2
f

M2
Z0

"
C2
f,V + C2

f,A + 2(C2
f,V � 2C2

f,A)
m2

f

M2
Z0

#
. (3.3)

We neglect Z 0 decay into heavy neutrinos

3.1 Experimental constraints

We briefly describe the experimental constraints involving a light Z 0 gauge boson that may
be relevant for the present analysis.

• The Z 0
decays into e+e� inside the Atomki detector : the Z 0 decay length c⌧ = ��/�

in the laboratory frame should not exceed ⇠ 1 cm which is the typical distance
between the interaction point, where the excited states of the 8Be are produced, and
the Atomki spectrometer [6].

• Electron beam dump experiments: the SLAC E141 experiment [7, 8] restricts the Z 0

electron coupling to [9]

C2
e,V + C2

e,A

BR(Z 0 ! e+e�)
& 3.7⇥ 10

�9 (3.4)

for a Z 0 mass of MZ0 ' 17 MeV.

• Parity-violating Møller scattering : measured at the SLAC E158 experiment [10] im-
poses a constraint on the product Ce,V Ce,A of the Z 0 couplings to electrons, namely
|Ce,V Ce,A| . 10

�8 for MZ0 ' 17 MeV [2].

• Magnetic moments of electrons and muons :

�al =
C2
l,V

4⇡2

Z 1

0
dx

x2(1� x)

x2 + (1� x)r2l
� C2

l,A

4⇡2

1

r2l

Z 1

0
dx

2x3 + (x� x2)(4� x)r2l
x2 + (1� x)r2l

(3.5)

where rl = MZ0/ml with l = e, µ.

– 7 –

We	have	not	seen	the	Z’ in	these	experiments

• the	Z’ has	not	been	produced

• the	Z’ has	been	caught	in	the	dump

z� ⌘ zH = zQ � zd = �zQ + zu = zL � ze (7.6)

�Ltype-I
Yuk =

¯QLYu ˜�2uR +

¯QLYd�2dR +

¯LLYe�2eR + h.c. (7.7)

�LHiggs =

v21
8

(g2W
3
µ � g1Bµ � ḡ�1B

0
µ)

2

+

v22
8

(g2W
3
µ � g1Bµ � ḡ�2B

0
µ)

2
+

m2
B0

2

B
02
µ + . . . (7.8)

�"
2

F 0
µ⌫F

µ⌫ (7.9)

N⇡ ⌘ ("uqu � "dqd)
2

=

1

9

(2"u + "d)
2
=

"2p
9

(7.10)

Jµ
Z0 = e

X

f

�
"̃Qf + "0 zf

�
¯ f�

µ f ⌘
X

f

"f ¯ f�
µ f (7.11)

"n = "u + 2"d = "0

"p = 2"u + "d = "0 + "̃ (7.12)

Cf,A ' g0
⇥�z� T 3

f + zf,A
⇤
= 0 (7.13)

⇡0 ! Z 0 � (7.14)

N⇡ ⌘ (Cu,V qu � Cd,V qd)
2

=

1

9

(2Cu,V + Cd,V )
2 (7.15)

Jµ
Z0 =

X

f

¯ f�
µ
�
Cf,V + �5Cf,A

�
 f (7.16)

C2
e,V + C2

e,A < 10

�17 (7.17)
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Parity-violating	Moller	scattering	(SLAC	E158)

Setting this equal to the observed deviation from the SM prediction produces a combination

of cµV and cµA favoured by measurement.

• (g�2)e : Vector and axial-vector electron couplings of dark photons contribute to the anoma-

lous magnetic moment of the electron (g � 2)e analogously to Eq. (A.1):

�ae =
(ceV )

2

4⇡2

Z
x2(1� x)

x2 +
m2

A0
m2

e
(1� x)

dx� (ceA)
2

4⇡2

m2
e

m2
A0

Z 2x3 + (x� x2)(4� x)
m2

A0
m2

e

x2 +
m2

A0
m2

e
(1� x)

dx. (A.2)

We require a combination of couplings ceV and ceA such that this value is consistent with the

measured value [69] given the SM prediction [70].

• e+e� ! �A0, A0 ! `+`�: BaBar looked for the production of dark photons through electron-

positron annihilation (e+e� ! �A0) followed by decay of the dark photon into a charged

lepton pair (A0 ! `+`�, ` = e, µ) [61]. The ordinary kinetic mixing case can be reinterpreted

to constrain a combination of vector and axial electron couplings by constructing an e↵ective

✏,

e✏e↵ =
q
(ceV )

2 + (ceA)
2. (A.3)

• ⇡0 ! �A0, A0 ! e+e�: The decay ⇡0 ! �A0 proceeds through a mixed anomaly of the

axial isospin current with U(1)EM ⇥ U(1)0. Relative to the ordinary kinetic mixing case, we

can compare with existing constraints from the NA48/2 experiment [35] by constructing an

e↵ective ✏,

✏e↵(Q
2
u �Q2

d) = Quc
u
V �Qdc

d
V . (A.4)

Note that this is also a dominant process for A0 production in proton beam dump experiments.

• Atomic parity violation in Cesium: A0 couplings to fermions induce a shift in the weak nuclear

charge. Measurements of the weak nuclear charge of Cesium [59, 60] provide bounds on a

combination of ceA, c
u
V and cdV when compared with the SM theoretical expectation. The A0

contribution to the weak charge is

�QW = �2
p
2

GF
ceA


cuV (2Z +N) + cdV (Z + 2N)

m2
A0

�
K(mA0), (A.5)

where K(mA0) is an atomic form factor which accounts for the Yukawa-like potential involved

in the A0-mediated interaction between the nucleus and electrons [71].

• Parity-violating Møller scattering : A0-electron axial and vector couplings contribute to the

left-right asymmetry of electron-electron (Møller) scattering, APV ⌘ �L��R
�L+�R

.

The leading order parity violating process comes from interference between QED and A0

diagrams. For the QED amplitude with incident momenta pi and outgoing momenta ki, the

left polarized contributions from t and u channel diagrams are

AL
SM =

e2

t
[ūk1�

µPLup1][ūk2�µup2 ]�
e2

u
[ūk2�

µPLup1][ūk1�µup2 ] ⌘ AL
SM,t �AL

SM,u, (A.6)

– 24 –

the	new	Z’	boson	contributes	to	the	left-right	asymmetry

which	can	be	used	to	constrain	the	vector	and	axial-vector	couplings	
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We neglect Z 0 decay into heavy neutrinos

3.1 Experimental constraints

We briefly describe the experimental constraints involving a light Z 0 gauge boson that may
be relevant for the present analysis.

• The Z 0
decays into e+e� inside the Atomki detector : the Z 0 decay length c⌧ = ��/�

in the laboratory frame should not exceed ⇠ 1 cm which is the typical distance
between the interaction point, where the excited states of the 8Be are produced, and
the Atomki spectrometer [6].

• Electron beam dump experiments: the SLAC E141 experiment [7, 8] restricts the Z 0

electron coupling to [9]
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for a Z 0 mass of MZ0 ' 17 MeV.

• Parity-violating Møller scattering : measured at the SLAC E158 experiment [10] im-
poses a constraint on the product Ce,V Ce,A of the Z 0 couplings to electrons, namely
|Ce,V Ce,A| . 10

�8 for MZ0 ' 17 MeV [2].

• Magnetic moments of electrons and muons :
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Magnetic	moments	of	electron	and	muon

They di↵er by less than one standard deviation. The first value was obtained from the ratio

h/MCs (h is Planck’s constant and MCs is the mass of the 133Cs atom), which was determined

by measuring the atomic recoil frequency shift of photons absorbed or emitted by 133Cs atoms

using atom interferometry [29]. The second was deduced from the measurement of the ratio

h/MRb (MRb is the mass of the 87Rb atom) with an experimental scheme that combines atom

interferometry with Bloch oscillation [30–32]. The values of ↵ in eqs. (16,17) were inferred from

the ratios h/MCs,Rb combining them with the very precisely known Rydberg constant and the

mass ratios MCs,Rb/me [14]. Given the higher precision of ↵(87Rb) vs. ↵(133Cs) (by more than

one order of magnitude), the former is the value of ↵ we employ to compute aSM
e (↵). We note

that ↵(87Rb) agrees with ↵(g�2) in eq. (15) (the di↵erence is 1.3 standard deviations), and its

uncertainty �↵(87Rb) is larger than �↵(g�2) just by a factor of 2.7.

The SM prediction aSM
e (↵), computed with the fine-structure constant value ↵(87Rb) of

eq. (17), is

aSM
e =115 965 218 17.8 (0.6)(0.4)(0.2)(7.6)⇥ 10�13. (18)

The first (second) error is determined by the uncertainty of the four(five)-loop QED coe�cient,

the third one is �aHAD
e , and the last (7.60 ⇥ 10�13) is caused by the error �↵(87Rb). The

uncertainties of the EW and two/three-loop QED contributions are totally negligible. When

combined in quadrature, all these uncertainties yield �aSM
e = 7.64⇥10�13. Note that the present

precision of the SM prediction, which is about three times worse than the experimental one, is

limited by the uncertainty of the fine-structure constant ↵(87Rb).

2.2.4 Standard Model vs. measurement

The SM value in eq. (18) is in good agreement with the experimental one in eq. (2). They di↵er

by

�ae = aEXP
e � aSM

e = �10.5 (8.1)⇥ 10�13, (19)

i.e. 1.3 standard deviations, thus providing a beautiful test of QED at four-loop level! (The four-

loop contribution to aQED
e is �5.56⇥ 10�11.) Once again, the uncertainty ��ae = 8.1⇥ 10�13 is

dominated by that of the SM prediction, through the error caused by �↵(87Rb).

3 New Physics tests with ae

New physics e↵ects in the electron g�2 are usually expected to be comparable with the EW

contribution, aEW
e = 0.2973 (52) ⇥ 10�13, see eq. (10), and therefore much smaller than the

uncertainty ��ae = 8.1 ⇥ 10�13 reported above. Indeed, as we mentioned earlier, the com-

monly used CODATA (and PDG) value of ↵ is mainly derived from aEXP
e under this assumption.

However, as we will discuss in the next section, the uncertainty in �ae is expected to be re-

duced. Then, the anomalous magnetic moment of the electron will provide us with important

information on new physics e↵ects.

6

1 Introduction

The anomalous magnetic moment of the muon aµ = (g � 2)µ/2 is one of the most celebrated

tests of the Standard Model (SM). Indeed, the high precision of its theoretical and experimental

determinations makes aµ a powerful test on new physics [1]. The situation has become especially

intriguing with the ⇠ 3.5� reported discrepancy between the SM prediction and the experimental

value [2–5]

�aµ = aEXP
µ � aSM

µ = 2.90 (90)⇥ 10�9. (1)

On the other hand, the anomalous magnetic moment of the electron ae has never played a

role in testing ideas beyond the SM. In fact, it is believed that new-physics contaminations of

ae are too small to be relevant and, with this assumption, the measurement of ae is employed

to determine the value of the fine-structure constant ↵.

The aim of this paper is to emphasize that the situation has now changed, thanks to

advancements both on the theoretical and experimental sides. Indeed, the theoretical prediction

of ae has been refined to an unprecedented accuracy and its experimental value is now known

with smaller errors. At the same time, good determinations of the fine-structure constant

have been obtained from atomic physics experiments, providing a value of ↵ that is completely

independent of the measurements of ae. As a result, ae can now be viewed as a very useful

probe of physics beyond the SM and the situation is going to become even more promising soon,

as e↵orts are underway to reduce significantly both theoretical and experimental errors. The

most exciting aspect of the story is that ae will soon provide us with a crucial consistency check

of new-physics interpretations of the alleged discrepancy in aµ. Moreover, in certain classes of

models, if �aµ is caused by new physics, then it is possible to correlate the value of ae with

various other rare processes violating lepton universality or individual lepton number.

The paper is organized as follows. In sect. 2 we carefully review the present status of the SM

prediction of ae and confront it with the experimental measurement. In sect. 3 we discuss future

improvements in the theoretical and experimental results and show their impact for probing

new physics. We use the prototype examples of supersymmetry (sect. 4), of a light pseudoscalar

(sect. 5), and of vector-like fermions (sect. 6) to illustrate generic features of theories beyond

the SM. Our results are summarized in sect. 7.

2 Status of the electron g � 2

2.1 The experimental situation

The classic series of measurements of the electron and positron anomalous magnetic moments

carried out at the University of Washington yielded in 1987 the value aEXP
e = 115 965 218 83 (42)⇥

10�13 [6, 7]. More recently, a new determination of the electron g�2 has been performed by

Gabrielse and his collaborators at Harvard University, with the result [8]

aEXP
e = 115 965 218 07.3 (2.8)⇥ 10�13. (2)

2

Contributions	from	a	Z’:

where the neutron and proton coefficients an = (a0�a1)/2 and ap = (a0+a1)/2 are defined
in terms of

a0 = (Cu,A + Cd,A)

⇣
�u(p) +�d(p)

⌘
+ 2Cs,A�s(p) ,

a1 = (Cu,A � Cd,A)

⇣
�u(p) ��d(p)

⌘
(3.2)

with �u(p) = 0.78±0.02, �d(p) = �0.48±0.02 and �s(p) = �0.15±0.02 [4, 5]. The reduced
nuclear matrix elements of the spin operators have been computed in [3] and are given by
h0||�n||1i = �0.132 ± 0.033, h0||�p||1i = �0.047 ± 0.029 for the isoscalar 8Be⇤ ! 8Be
transition and h0||�n||1i = �0.073 ± 0.029, h0||�p||1i = 0.102 ± 0.028 for the isovector
8Be⇤0 ! 8Be transition.

The width of the Z 0 decay into SM fermions is

�(Z 0 ! f ¯f) =
MZ0

12⇡
Cf

s

1� 4m2
f

M2
Z0

"
C2
f,V + C2

f,A + 2(C2
f,V � 2C2

f,A)
m2

f

M2
Z0

#
. (3.3)

We neglect Z 0 decay into heavy neutrinos

3.1 Experimental constraints

We briefly describe the experimental constraints involving a light Z 0 gauge boson that may
be relevant for the present analysis.

• The Z 0
decays into e+e� inside the Atomki detector : the Z 0 decay length c⌧ = ��/�

in the laboratory frame should not exceed ⇠ 1 cm which is the typical distance
between the interaction point, where the excited states of the 8Be are produced, and
the Atomki spectrometer [6].

• Electron beam dump experiments: the SLAC E141 experiment [7, 8] restricts the Z 0

electron coupling to [9]

C2
e,V + C2

e,A

BR(Z 0 ! e+e�)
& 3.7⇥ 10

�9 (3.4)

for a Z 0 mass of MZ0 ' 17 MeV.

• Parity-violating Møller scattering : measured at the SLAC E158 experiment [10] im-
poses a constraint on the product Ce,V Ce,A of the Z 0 couplings to electrons, namely
|Ce,V Ce,A| . 10

�8 for MZ0 ' 17 MeV [2].

• Magnetic moments of electrons and muons :

�al =
C2
l,V

4⇡2

Z 1

0
dx

x2(1� x)

x2 + (1� x)r2l
� C2

l,A

4⇡2

1

r2l

Z 1

0
dx

2x3 + (x� x2)(4� x)r2l
x2 + (1� x)r2l

(3.5)

where rl = MZ0/ml with l = e, µ.
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5.2 The type-I 2HDM

A far more interesting scenario is realised when the scalar sector reproduces the structure
of the type-I 2HDM in which only one (�2) of the two Higgs doublets participates in the
Yukawa interactions. The corresponding Lagrangian is the same as the SM one and its
gauge invariance simply requires z�2 = �zQ+ zu = zQ� zd = zL� ze, without constraining
the U(1)

0 charge of �1. Differently from the type-II scenario in which extra coloured states
are required to build an anomaly-free model, in the type-I case the UV consistency of
the theory can be easily satisfied introducing only SM-singlet right-handed neutrinos as
demanded by the anomaly cancellation conditions of the U(1)

0U(1)

0U(1)

0 and U(1)

0GG

correlators in Eq.(2.11). Nevertheless, the mismatch between z� and zf,A = ±z�2/2 (for
up-type and down-type quarks, respectively) prevents Cf,A to be suppressed and the Z 0

interactions are given by

Cu,V =

2

3

g̃c2w + g0

z�

✓
1

2

� 4

3

s2w

◆
+ zu,V

�
, Cu,A = �g0

2

cos

2 �(z�1 � z�2) ,

Cd,V = �1

3

g̃c2w + g0

z�

✓
�1

2

+

2

3

s2w

◆
+ zd,V

�
, Cd,A =

g0

2

cos

2 �(z�1 � z�2) ,

Ce,V = �g̃c2w + g0

z�

✓
�1

2

+ 2s2w

◆
+ ze,V

�
, Ce,A =

g0

2

cos

2 �(z�1 � z�2) ,

C⌫,V = �C⌫,A =

g0

2

(z� + zL) . (5.3)

The axial couplings of the quarks and, therefore, the width of 8Be⇤ ! 8BeZ 0 decay are
solely controlled by the product g0 cos2 � while the kinetic mixing g̃ only affects the BR(Z 0 !
e+e�). For definiteness we consider a B � L charge assignment with zQ = zu = 1/3 and
z�2 = 0 and we choose z�1 = 1.

6 Conclusions

7 Appendix

�ae = 7.6⇥ 10

�6C2
e,V � 3.8⇥ 10

�5C2
e,A

�aµ = 0.009C2
µ,V � C2

µ,A (7.1)

Acknowledgements

– 12 –

RHUL,	01	November	2017



Experimental	constraints	on	the	lepton	couplings

Luigi	Delle Rose,	RAL	and	UoS

Electron-positron	colliders	(KLOE2)

𝑒$𝑒% → 𝛾𝑍?, 𝑍′ → 𝑒$𝑒%

10�7

10�6

10�5

10�4

1 10 100 1000

"2

mU (MeV/c2)

(g � 2)µ 5�

(g � 2)µ ± 2�
favored

(g
�
2)
e E774

E141

BaBar

A
P

E
X

A1
HADES

WASA

NA48/2

KLOE(1)

K
LO

E
(2

)

KLOE(3)

Figure 7: (color online) Exclusion limits on the kinetic mixing parameter
squared, "2, as a function of the U boson mass. The red curve labeled KLOE(3)
is the result of this article while the curves labeled KLOE(1) and KLOE(2) indi-
cate the previous KLOE results. Also shown are the exclusion limits provided
by E141, E774, Apex, WASA, HADES, A1, BaBar, and NA48/2. The gray
band delimited by the dashed white lines indicates the mixing level and mU
parameter space that could explain the discrepancy observed between the mea-
surement and SM calculation of the muon (g�2)µ.

6. Systematic uncertainties

The background was determined by Chebyshev-polynomial
sideband fits. The parameters of the polynomials were then var-
ied within 1� to determine the maximum variation of the poly-
nomial shape. The uncertainty of each bin was set to the extent
of that variation evaluated at the bin center. An example of
the error bars on the Chebyshev-polynomial sideband fits can
be seen in Figure 5. These bin uncertainties were taken into ac-
count in the CLS procedure when determining NCLS (mee). Since
the irreducible background is smooth for each fit range, we
assume the Chebyshev polynomials su�ciently represent the
background with negligible systematic uncertainty. Any uncer-
tainty in the shape of the smeared resonant peak was also taken
to be negligible.

The e�ciency of the e+e� ! e+e�� event selection was
determined by taking the ratio of the set of simulated events
that passed the selection criteria to the total simulated sample.
We apply a 0.1% systematic uncertainty due to the Babayaga-
NLO event generator [39–42], a 0.1% systematic uncertainty
for the trigger, and a 0.1% systematic uncertainty for the soft-
ware background filter. All together the uncertainty on the se-
lection e�ciency is dominated by the statistical uncertainty on
the selected sample. A PhokharaMC simulation [43] was per-
formed to evaluate the generator-level e�ciency due to the re-
striction EMC

� > 300 MeV and 50� < ✓MC
e+,e� < 130�. The selec-

tion e�ciency and the generator-level e�ciency are combined
to give the total e�ciency, ✏ e↵(mee). The uncertainty is given
as the error band in Figure 4, again dominated by the statistical
uncertainties in the simulated data set.

There are two e↵ects that contribute to the uncertainty in the
radiator function, H(mee). First, since the value of H(mee) is
taken from simulated data, we must take into account the statis-

tical uncertainty on those values. Second, we assume a uniform
0.5% systematic uncertainty in the calculation of H(mee), as
quoted in [43, 52–54]. The uncertainty in the integrated lumi-
nosity is 0.3% [37]. The uncertainties on H(mee), ✏ e↵(mee), and
L, propagate to the systematic uncertainty on "2(mee) via (2). A
summary of systematic uncertainties is presented in Table 1.

Table 1: Summary of systematic uncertainties. The uncertainties on the e�-
ciency, radiator function, and cross-section integral vary as a function of mee.
The numbers quoted here correspond to the largest estimate within our mee
range.

Systematic source Relative uncertainty

Background (sideband fit) negl.
✏e↵ (mee) 2%

MC generator, 0.1%
Trigger, 0.1%
Software background filter, 0.1%
Event selection, 2%

H (mee) 0.5%
I (mee) negl.
L 0.3%

7. Conclusions

We performed a search for a dark gauge U boson in the pro-
cess e+e� ! U� with U ! e+e� using the radiative return
method and 1.54 fb�1 of KLOE data collected in 2004–2005.
We found no evidence for a U boson resonant peak and set a
90% CL upper limit on the kinetic mixing parameter, "2, at
10�6–10�4 in the U-boson mass range 5–520 MeV/c2. This
limit partly excludes some of the remaining parameter space
in the low dielectron mass region allowed by the discrepancy
between the observed and predicted (g-2)µ.
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• Electron-positron colliders: the KLOE2 experiment searching for e+e� ! �Z 0, Z 0 !
e+e� [11], imposes the limit

�
C2
e,V + C2

e,A

�
BR(Z 0 ! e+e�) . 3.7⇥ 10

�7 (3.6)

for MZ0 ' 17 MeV.

• Neutrino-electron scattering :

• ⇡0
decay : the NA48/2 search for the rare pion decay ⇡0 ! �Z 0, Z 0 ! e+e� [12]

constrains the Z 0 couplings to quarks with

|2Cu,V + Cd,V | . 0.36⇥ 10

�3

p
BR(Z 0 ! e+e�)

(3.7)

for MZ0 ' 17 MeV.

• Atomic parity violation in Cesium: the measure of the weak nuclear charge of the
Cesium [13] strongly constrains the contribution of a light Z 0 through the observable
[14, 15]

�QW = �2

p
2

GF
Ce,A [Cu,V (2Z +N) + Cu,V (Z + 2N)]

K(MZ0
)

M2
Z0

(3.8)

where |�QW | . 0.71 at 2�. This represents the strongest bound in our region of
interest, requiring the effective quark vector coupling to the Cesium to be fine-tuned
to extremely small values or, equivalently, a vanishing electron axial coupling.

4 Z 0 with only vector couplings

The simplest extension of the SM, which may account for an extra neutral light gauge
boson able to explain the 8Be anomaly, is characterised by a single Higgs doublet. As
already explained before, the Yukawa interactions fix the U(1)

0 charge of the Higgs thus
leading to a suppression of the Z 0 axial-vector couplings of the quarks and charged leptons.
The vector couplings of the Z 0 are, instead, given by

Cp,V = g̃c2w � 2g0zHs2w + g0(zH + 3zQ) ,

Cn,V = �g0 (zH � 3zQ) ,

Ce,V = �g̃c2w + 2g0zHs2w � g0(zH � zL) ,

C⌫,V = �C⌫,A =

g0

2

(zH + zL) , (4.1)

where, for future convenience, we have introduced the proton and neutron couplings Cp,V =

2Cu,V +Cd,V , Cn,V = Cu,V +2Cd,V and we have exploited the gauge invariance of the Yukawa
Lagrangian. Notice that the cancellation of the anomaly in the U(1)

0SU(2)SU(2) triangle
given in Eq.(2.11) leads to 3zQ+zL = 0, namely C⌫,V = �2Cn,V . As already pointed out in
[16, 17], the electron neutrino coupling to the Z 0 is strongly constrained by ⌫̄�e scattering at

– 8 –
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e� e�

⌫̄e ⌫̄e

W
Z

e� e�

⌫̄e ⌫̄e

Figure 1. Electron neutrino electron scattering interaction takes place via both charged and neutral

currents. For neutrinos other than the electron type, only the neutral current is involved.

Table I. The parameters a and b in the SM cross section expression in Eqn. (3).

Process a b

⌫ee� ! ⌫ee� sin2✓W + 1
2 sin2✓W

⌫̄ee� ! ⌫̄ee� sin2✓W sin2✓W + 1
2

⌫
↵

e� ! ⌫
↵

e� sin2✓W � 1
2 sin2✓W

⌫̄
↵

e� ! ⌫̄
↵

e� sin2✓W sin2✓W � 1
2

B. Very Light Vector Boson Contributions

Now let us calculate the contributions of the new light vector boson to the neutrino

electron scattering processes. But first few comments are in order. The general form of the

renormalizable Lagrangian given in Eqn. (2) where the dark and conventional photons can

be mixed via kinetic term as mentioned earlier. Analyses of the current experimental results

lead to the maximum value of the mixing parameter ✏ of the order 10�2 [24]. This mixing

has been extensively studied in the literature (see [24–26] and references therein). B � L

gauged U(1)0 hidden sector scenario will also have a gauge coupling gB�L as a free parameter

in addition to its mass m
A

0 and ✏.

As mentioned in the previous section, even though one can consider all three parameters

(M
A

0 , ✏, gB�L) to do a fit to the data, in the present work, we will focus on a model with only

two free parameters M
A

0 and gB�L and ignore the e↵ect of kinetic mixing. Such analysis has

not been done for experiments like TEXONO, LSND, or CHARM II. For the BOREXINO

and GEMMA, there is a study [27] without considering the interference e↵ects. There are
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⌫̄e ⌫̄e

A0

e� e�

⌫̄e ⌫̄e

A0

e� e�

�

⌫̄e ⌫̄e

Z

e� e�

A0

(a) (b) (c)

Figure 2. Interactions of neutrinos with electron via t channel dark photon A0 exchange in

panel (a). The panels (b) and (c) are for the kinetic mixing between photon-dark photon and Z

boson-dark photon, respectively.

other studies using a broken [28] and unbroken [29] U(1)B�L scenarios to discuss neutrino-

electron scattering.

Let us mention what is new in this study. First of all, the importance of interference

e↵ects which is overlooked in the literature is discussed. Our results show that interference

e↵ects are not always negligible and can enhance the results as large as one order for some

cases. Second, we obtained bounds on gB�L without relating it through the bound on the

kinetic mixing parameter ✏. For this purpose ✏ parameter is not considered at all. Third, the

analyses for the TEXONO, LSND and CHARM II data have been done for the first time,

and we repeat analyses for GEMMA and BOREXINO and found out that, unlike GEMMA

case, the bound on gB�L gets better for the BOREXINO when the interference e↵ects are

included.

After this preliminary remarks, let calculate contributions of light dark photon to the

neutrino electron scattering processes. (See Fig. 2) Note that the diagrams Fig. 2b and 2c

would exist only when there is a kinetic mixing between the dark photon and the SM neutral

gauge bosons. Thus, such contributions are ignored.

The pure contribution of this new diagram to the neutrino electron scattering is calculated

and the di↵erential cross section is obtained as

h d�
dT

(⌫e� ! ⌫e�)
i

DP
=

g4
B�L

m
e

4⇡E2
⌫

(M2
A

0 + 2m
e

T )2

⇣
2E2

⌫

+ T 2 � 2TE
⌫

�m
e

T
⌘
, (5)
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Figure 5. The 90% C.L. exclusion limits of the gauge coupling constant gB�L of the U(1)B�L

group as a function of the dark photon mass M
A

0 by including interference e↵ects. The regions

above the curves are excluded.

100 MeV, respectively, whereas by accelerator neutrinos data from CHARM II (⌫̄
µ

) for

M
A

0 > 100 MeV.

The behavior of the exclusion curves of Fig. 5 can be understood through the dark photon

cross section expression of Eqn. (5), with a dependence of (M2
A

0 + 2mT )�2 . Accordingly,

studies of dark photons favor experiments with low energy neutrinos like those from reac-

tors. At M
A

0 ⌧ T , cross section is insensitive to M
A

0 , implying that (i) neutrino-electron

scattering experiments would not be able to resolve dark photons with mass less than keV,

which is the lower reach of current sensitivities on T ; (ii) accelerator experiments with E
⌫

and T at the GeV range would not provide good sensitivities, except at M
A

0 also larger than

GeV .

Exclusion regions from the ⌫ � e scattering experiments are displayed with other labo-

ratory and cosmological bounds in Fig. 6, which corresponds to an update of Fig. 8a in
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The simplest	solution:	one	Higgs	doublet	and	a	vector-like	Z’

we discuss in Sec. IV.
If one sets gV = e and identifies F (V )

⇢� with the electromagnetic field strength in Eq. (7), then
the leading operator in LV describes the ordinary electromagnetic transition transition via �
emission. Indeed, in this SM case, Lorentz- and parity-invariance require the characteristic
�( 8Be⇤ ! 8Be �) / |k�|3 momentum dependence of an M1 transition. The matrix elements
in Eqs. (12) and (13) thus imply that ⇤V in Eq. (7) is universal for spin-1 particles. Combining
all of these pieces, we find that

�( 8Be⇤ ! 8BeX)

�( 8Be⇤ ! 8Be �)
= ("p + "n)

2

|kX |3
|k�|3 = ("p + "n)

2


1�

⇣ mX

18.15 MeV

⌘
2

�
3/2

, (14)

when isospin is conserved. This is a convenient expression, as the experimental best fit for
the anomalous decay rate to a new vector X is presented in terms of this ratio of decay
widths, as seen in Eq. (2).

A simple, well-known vector boson candidate is the dark photon A0 [8–11]. The dark
photon is a light particle that can have small, but technically natural, couplings to the SM.
For a given mass, the dark photon interactions are controlled by a single kinetic mixing
parameter, ". This is related to the e↵ective coupling in Eq. (7) by gV = "e. Substituting this
into Eq. (14) and comparing to the experimental result in Eq. (2), one finds that "2 ⇡ 10�4,
which is experimentally excluded by, for example, ⇡0 ! A0� searches at NA48/2 [44].3

A generalization of the dark photon idea is to consider also mixing between the new boson
and the SM Z. Such a particle is spin-1 with no definite parity. Unfortunately, bounds from
atomic parity violation are extremely stringent [45] and constrain the dark Z couplings to be
too small to explain the 8Be anomaly.

Another type of spin-1 particle is a light baryon-minus-lepton number (B � L) boson [46–
48]. This scenario is constrained by neutrino scattering o↵ electrons and, assuming no kinetic
mixing, provides the upper limit gB�L . 2⇥ 10�5 [49], which is again too small to account
for the excess.

As we discuss in detail in Sec. IV, Eq. (14) may receive significant corrections in the
presence of isospin mixing and breaking. We will also see, however, that in the experimentally
viable limit of "p ⌧ "n, these corrections are small. For the cases of the dark photon, dark
Z, and B � L gauge boson discussed above, the size of the 8Be signal and the strength of
the constraints on ⇡0 ! X� essentially enforce protophobia, and so the arguments against
these candidates remain.

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.

3 Ref. [6] quotes a fit of "2 ⇠ 10�7. The discrepancy appears to come from the use of expressions for

axions [2] rather than dark photons.
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3

hypercharge, zf the B � L charge, T 3
f the third component of the weak isospin and Qf the

electric charge. Analogously, the vector and axial-vector components of the interactions are

Cf,V =
Cf,L + Cf,R

2
= (gZs

0s2w + g̃c0)Qf � 1

2
(gZs

0 + g̃c0)T 3
f + c0g0zf ,

Cf,A =
Cf,L � Cf,R

2
= �1

2
(gZs

0 + g̃c0)T 3
f . (10)

where we have exploited Yf = Qf � T 3
f and the vectorial nature of the B � L interactions,

namely zf,L = zf,R. Taking into account the expansion of ✓0 in Eq. 7, sin ✓0 ' �g̃/gZ and

cos ✓0 ' 1, we find

Cf,V ' g̃ c2w Qf + g0 zf ,

Cf,A ' 0 . (11)

The previous equations show the vector-like nature of the Z 0 boson which acts like a dark-

photon with the electromagnetic charges shifted by B � L contributions. Notice that this

behaviour results from the interplay of the kinetic mixing g̃ of the covariant derivative and

the Z � Z 0 mass mixing ✓0 (which is, again, induced by g̃).

A. The e↵ective charges

For the sake of simplicity we recast the interaction current in the following form

Jµ
Z0 = e

X

f

(✏̃Qf + ✏0 zf )  ̄f�
µ f ⌘ e

X

f

✏f  ̄f�
µ f , (12)

where we have defined g̃ c2w ⌘ e ✏̃ and g0 ⌘ e ✏0 with e being the electric charge.

The e↵ective charges of the SM fermions in unit of e reads (with flavour universal charge

assignment)

✏u =
2

3
✏̃+

1

3
✏0 ,

✏d = �1

3
✏̃+

1

3
✏0 ,

✏⌫L = �✏0 ,
✏e = �✏̃� ✏0 . (13)

The	couplings	are	usually	written	as	multiples	of	the	positron	charge	e as

The	decay	width	of	the	excited	state	of	8Be	is	given	by

2

ergy resolution, which broadens the me+e� peak signifi-
cantly [6]. They find that the observed excess’s shape and
size are beautifully fit by a new boson with mass mX =
16.7± 0.35 (stat)± 0.5 (sys) MeV and relative branching
ratio B(8Be⇤ ! 8BeX)/B(8Be⇤ ! 8Be �) = 5.8⇥ 10�6,
assuming B(X ! e+e�) = 1. With these values, the fit
had a �2/dof = 1.07.

Protophobic Gauge Bosons. A priori the X boson
may be a scalar, pseudoscalar, vector, axial vector, or
even a spin-2 particle. Some of these cases are easy to
dismiss. If parity is conserved, the X boson cannot be
a scalar: in a 1+ ! 0+0+ transition, angular momen-
tum conservation requires the final state to have L = 1,
but parity conservation requires +1 = (�1)L. Decays to
a pseudoscalar 0� state are not forbidden by any sym-
metry, but are severely constrained by experiment. For
such axion-like particles a, the two-photon interaction
ga��aFµ⌫ F̃µ⌫ is almost certainly present at some level,
but for ma ⇡ 17 MeV, all coupling values in the range
1/(1018 GeV) < ga�� < 1/(10 GeV) are excluded [7, 8].

Here we focus on the vector case. We consider a mas-
sive spin-1 Abelian gauge boson X that couples non-
chirally to standard model (SM) fermions with charges
"f in units of e. The new Lagrangian terms are

L = �1

4
Xµ⌫X

µ⌫ +
1

2
m2

XXµX
µ �XµJµ, (1)

where X has field strength Xµ⌫ and couples to the cur-
rent Jµ =

P
f e"f f̄�µf , or, at the nucleon level, JN

µ =
e"pp̄�µp+e"nn̄�µn, with "p = 2"u+"d and "n = "u+2"d.

We first determine what values of the charges are re-
quired to fit the 8Be signal. The characteristic energy
scale of the decay 8Be⇤ ! 8BeX is 10 MeV, and so we
may consider an e↵ective theory in which 8Be⇤, 8Be, and
X are the fundamental degrees of freedom. The one e↵ec-
tive operator consistent with the JP quantum numbers
of these states is

L
int

=
1

⇤
✏µ⌫↵�

�
@µ

8Be⇤⌫ � @⌫
8Be⇤µ

�
X↵�

8Be . (2)

The matrix element h8BeX|L
int

|8Be⇤i is proportional
to h8Be|JN

µ |8Be⇤i = (e/2)("p + "n)M, where M =
h8Be|(p̄�µp + n̄�µn)|8Be⇤i contains the isoscalar compo-
nent of the current, since the initial and final states are
both isoscalars. The resulting decay width is

�(8Be⇤ ! 8BeX) =
(e/2)2("p + "n)2

3⇡⇤2

|M|2|~pX |3 . (3)

To fit the signal, we need

B(8Be⇤ ! 8BeX)

B(8Be⇤ ! 8Be �)
= ("p+ "n)

2

|~pX |3

|~p� |3
⇡ 5.8⇥ 10�6, (4)

where, up to higher-order corrections [9], both the nu-
clear matrix elements and the scale ⇤ have canceled in the

ratio. For mX = 17 MeV, we require |"p + "n| ⇡ 0.011,
or

|"u + "d| ⇡ 3.7⇥ 10�3 . (5)

The 17 MeV X boson is produced through hadronic
couplings, but can decay only to e+e�, ⌫⌫̄, or ���. (We
assume there are no decays to unknown particles.) The
three-photon decay is negligible, and we will assume that
decays to neutrinos are also highly suppressed, for the
reasons given below. The X boson then decays through
its electron coupling with width [10]

�(X ! e+e�) = "2e↵
m2

X + 2m2

e

3mX

q
1� 4m2

e/m
2

X . (6)

The X boson is produced with velocity v ⇡ 0.35c in
the 8Be⇤ frame, which is moving non-relativistically with
v = 0.017c relative to the lab frame. The X mean decay
length is L ⇡ "�2

e 1.8⇥ 10�12 m in the lab frame. The X
boson must decay promptly in the experimental setup of
Refs. [3, 6] so that the e+e� decay products are detected
and the ⇥ measurements are not distorted. Requiring
L . 1 cm, for example, implies

|"e| & 1.3⇥ 10�5 . (7)

From Eq. (5), we see that a dark photon cannot ex-
plain the 8Be anomaly. For a dark photon, fermions
have charges proportional to their SM charges, "f = qf",
where " is the kinetic mixing parameter, and so Eq. (5)
implies " ⇡ 0.011. This is excluded by many experi-
ments, and most stringently by the NA48/2 experiment,
which requires " < "

max

= 8⇥ 10�4 at 90% CL [11]. The
authors of Ref. [3] estimated that "2 ⇠ 10�7 can fit the
signal, but this value of " is far too small, in part because
of the |~p|3 suppression of the signal.
The NA48/2 bound, however, does not exclude a gen-

eral vector boson interpretation of the 8Be anomaly. The
NA48/2 limit is a bound on ⇡0 ! X�. In the general
gauge boson case, this is proportional to the anomaly
trace factor N⇡ ⌘ ("uqu � "dqd)2. Applying the dark
photon bound N⇡ < "2

max

/9, we find that, for a general
gauge boson,

|2"u + "d| < "
max

= 8⇥ 10�4 . (8)

Equations (5) and (8) may be satisfied with a mild ⇠ 10%
cancelation, provided the charges satisfy

� 2.3 <
"d
"u

< �1.8 , �0.067 <
"p
"n

< 0.078 . (9)

Given the latter condition, we call the general class of
vector models that can both explain the 8Be anomaly
and satisfy pion decay constraints “protophobic.”
Constraints from Other Experiments. Although there

is no need for the gauge boson to decouple from protons
completely, for simplicity, for the rest of this work, we
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orwhich	implies
assuming	BR(Z’	->	e+e-)	=	1	

nuclear	matrix	elements	cancel	in	the	ratio
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