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1. The 8Be Anomaly

FIG. 1. The most relevant 8Be states, our naming conventions for them, and their spin-parities
JP , isospins T , excitation energies E, and decay widths � from Ref. [19]. Asterisks on isospin
assignments indicate states with significant isospin mixing. Decays of the 8Be⇤ (18.15) state to the
ground state 8Be exhibit anomalous internal pair creation; decays of the 8Be⇤0 (17.64) state do
not [6].

selection rules based on angular momentum and parity—these decays can be classified
by their parity (electric, E, or magnetic, M) and partial wave `. A p-wave magnetic
transition, for example, is labelled M1. The spectra of electron–positron invariant masses
and opening angles in these decays are known to be monotonically decreasing for each partial
wave in the SM [28]. It is customary to normalize the IPC rate with respect to that of
� emission for the same nuclear transition, when the latter exists. This is because the
nuclear matrix elements, up to Coulomb corrections, as well as some experimental systematic
errors, cancel in this ratio. 8Be, moreover, is of su�ciently low-Z that the e↵ects of its
Coulomb field on IPC are negligible [26]. 8Be⇤ decays to 7Li p most of the time, but its
electromagnetic transitions have branching fractions Br( 8Be⇤ ! 8Be �) ⇡ 1.4 ⇥ 10�5 [29]
and Br( 8Be⇤ ! 8Be e+e�) ⇡ 3.9⇥ 10�3 Br( 8Be⇤ ! 8Be �) [26, 28].

B. The Atomki Result

The Atomki pair spectrometer has observed the IPC decays of 8Be⇤ with high statistics [6,
30]. A sketch of the experiment and the new physics process being probed is shown in
Fig. 2. A beam of protons with kinetic energies tuned to the resonance energy of 1.03 MeV
collide with Li nuclei to form the resonant state 8Be⇤, and a small fraction of these decay via
8Be⇤ ! 8Be e+e�. The spectrometer is instrumented with plastic scintillators and multi-wire
proportional chambers in the plane perpendicular to the proton beam. These measure the
electron and positron energies, as well as the opening angle of the e+e� pairs that traverse
the detector plane, to determine the distributions of opening angle ✓ and invariant mass mee.

The experiment does not observe the SM behavior where the ✓ and mee distributions
fall monotonically. Instead, the ✓ distribution exhibits a high-statistics bump that peaks at
✓ ⇡ 140� before returning to near the SM prediction at ✓ ⇡ 170� [6]. To fit this distribution,
Krasznahorkay et al. consider many possible sources, including the M1 component from IPC,
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FIG. 2. Schematic depiction of the Atomki pair spectrometer experiment [6, 30], interpreted as
evidence for the production of a new boson X. The proton beam’s energy is tuned to excite lithium
nuclei into the 8Be⇤ state, which subsequently decays into the 8Be ground state and X. The latter
decays into an electron–positron pair whose opening angle and invariant mass are measured.

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

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

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

�( 8Be⇤ ! 8BeX)

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

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

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

m2

ee = 2Ee+Ee� � 2
q
E2

e+ �m2

e

q
E2

e� �m2

e cos ✓ + 2m2

e

= (1� y2)E2 sin2

✓

2
+ 2m2

e

✓
1 +

1 + y2

1� y2
cos ✓

◆
+O(m4

e) , (3)

where

E ⌘ Ee+ + Ee� and y ⌘ Ee+ � Ee�

Ee+ + Ee�
(4)

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

are produced with similar energies, and so one expects small |y| and mee ⇡ E sin(✓/2). The
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Experiment by Krasznahorkay et al. has recently observed unexpected 
bumps in both the distributions of open angles and invariant masses 

of e+e- pairs produced in the decays of an excited 8Be nucleus
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by their parity (electric, E, or magnetic, M) and partial wave `. A p-wave magnetic
transition, for example, is labelled M1. The spectra of electron–positron invariant masses
and opening angles in these decays are known to be monotonically decreasing for each partial
wave in the SM [28]. It is customary to normalize the IPC rate with respect to that of
� emission for the same nuclear transition, when the latter exists. This is because the
nuclear matrix elements, up to Coulomb corrections, as well as some experimental systematic
errors, cancel in this ratio. 8Be, moreover, is of su�ciently low-Z that the e↵ects of its
Coulomb field on IPC are negligible [26]. 8Be⇤ decays to 7Li p most of the time, but its
electromagnetic transitions have branching fractions Br( 8Be⇤ ! 8Be �) ⇡ 1.4 ⇥ 10�5 [29]
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collide with Li nuclei to form the resonant state 8Be⇤, and a small fraction of these decay via
8Be⇤ ! 8Be e+e�. The spectrometer is instrumented with plastic scintillators and multi-wire
proportional chambers in the plane perpendicular to the proton beam. These measure the
electron and positron energies, as well as the opening angle of the e+e� pairs that traverse
the detector plane, to determine the distributions of opening angle ✓ and invariant mass mee.

The experiment does not observe the SM behavior where the ✓ and mee distributions
fall monotonically. Instead, the ✓ distribution exhibits a high-statistics bump that peaks at
✓ ⇡ 140� before returning to near the SM prediction at ✓ ⇡ 170� [6]. To fit this distribution,
Krasznahorkay et al. consider many possible sources, including the M1 component from IPC,
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eþe− pairs of the 6.05 MeV transition in 16O, and of the
4.44 and 15.11 MeV transitions in 12C excited in the
11Bðp; γÞ12C reaction (Ep ¼ 1.6 MeV) were used to cali-
brate the telescopes. A ϵrel ¼ 20% HPGe detector was also
used at 50 cm from the target to detect the 477.61 keV γ ray
in the 7Liðp; p0γÞ reaction [37], to monitor the Li content of
the target as a function of time.
In order to check the effective thickness of the targets

during the long runs, the shape (width) of the high-energy γ
rays was measured by a 100%HPGe detector. In the case of
the broad 18.15MeV (Γ ¼ 168 keV) resonance, the energy
of the detected γ rays is determined by the energy of the
proton at the time of its capture (taking into account the
energy loss in the target), so the energy distribution of the γ
rays reflects the energy distribution of the protons. The
intrinsic resolution of the detector was less than 10 keV at
17.6 MeV and the line broadening caused by the target
thickness was about 100 keV, allowing us a reliable
monitoring.
The raw spectra were continuously monitored during the

whole experiment. The counting rates were reasonably low
and not challenging the electronics. We observed only a
few percent gain shifts of the energy detectors, but
otherwise the whole spectrometer was stable during the
typically 1 week long experiments performed at each
bombarding energy. The targets were changed every 8 h.
The acceptance as a function of the correlation angle in

comparison to isotropic emission was determined from the
same data set by using uncorrelated eþe− pairs of different
single electron events [36], and used to determine the
angular correlations of different IPC transitions
simultaneously.
Figure 1 shows the total energy spectrum of eþe− pairs

measured at the proton absorption resonance of 441 keV (a)
and the angular correlations of the eþe− pairs originated
from the 17.6 MeV 1þ → 0þ1 isovector M1 transition and
the 14.6 MeV 1þ → 2þ1 transition (b).
The Monte Carlo simulations of the experiment were

performed using the GEANT code. Target chamber, target
backing, windows, and detector geometries were included
in order to model the detector response to eþe− pairs and γ
rays. The scattering of the eþe− pairs and the effects of the
external pair creation (EPC) in the surrounding materials
were also investigated. Besides the IPC process, the
background of γ radiation, EPC, and multiple lepton
scattering were considered in the simulations to facilitate
a thorough understanding of the spectrometer and the
detector response [36].
For the 17.6 MeV transition we observed a slight

deviation from the simulated internal pair conversion
correlation (IPCC) curve at angles above 110°, but without
any structure, and the deviation could be fully explained by
admixing some E1 component typical for the background.
The background originates from the direct (nonresonant)
proton capture and its multipolarity is dominantly E1 [38],

and it adds to the M1 decay of the resonance. Previously,
pure M1 transitions from the decay of the 17.6 MeV
resonance were assumed [24–26], which is reasonable for
the resonance itself, but not for the underlying background.
The contribution of the direct capture depends on the target
thickness if the energy loss of the beam in the target is
larger than the width of the resonance. The dashed
simulated curve in Fig. 1(b) is obtained by fitting a small
(2.0%) E1 contribution to the dominant M1 one, which
describes the experimental data reasonably well.
The 18.15MeV resonance is isoscalar and much broader

(Γ ¼ 168 keV) [29], than the one at 17.6 MeV
(Γ ¼ 12.2 keV) [29] and its strength is more distributed.
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FIG. 1. Measured total energy spectrum (a) and angular
correlation (b) of the eþe− pairs originated from the decay of
the 17.6 MeV resonance compared with the simulated angular
correlations [36] assuming M1 (full curve) and M1þ 1.4%E1
mixed transitions (dashed line).
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FIG. 2. Schematic depiction of the Atomki pair spectrometer experiment [6, 30], interpreted as
evidence for the production of a new boson X. The proton beam’s energy is tuned to excite lithium
nuclei into the 8Be⇤ state, which subsequently decays into the 8Be ground state and X. The latter
decays into an electron–positron pair whose opening angle and invariant mass are measured.

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

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

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

�( 8Be⇤ ! 8BeX)

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

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

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

m2

ee = 2Ee+Ee� � 2
q
E2

e+ �m2

e

q
E2

e� �m2

e cos ✓ + 2m2

e

= (1� y2)E2 sin2
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where

E ⌘ Ee+ + Ee� and y ⌘ Ee+ � Ee�

Ee+ + Ee�
(4)

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

are produced with similar energies, and so one expects small |y| and mee ⇡ E sin(✓/2). The
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Generic hidden U(1) model:

We organized the paper as follows : in section II we describe the generic Z

0 Lagrangian

and take the Z 0 boson as the DM force mediator; in section III we derive the constraints for

the model parameters from the 8Be transition and other experiments, in particular TEXONO

experiment excludes the simple dark Z model; in section IV we investigate the implications

of DM direct search with DM-nucleus scatterings and discuss the sensitivities of future Si

and Ge detectors to DM-electron scattering in the framework of non-hidden U(1) portal

model with the WIMP mass between 20 MeV and 500 MeV; we then conclude in Section V.

II. THE FRAMEWORK

A. The generic hidden U(1) model

We assume that the dark sector interacts among themselves and links the SM particles

via a hidden abelian U(1)d gauge symmetry. The connection between visible and dark sector

is established by the U(1)d gauge boson Z

0 through its kinetic mixing with the SM U(1)

gauge boson B,

L
gauge

= �1

4
Bµ⌫B

µ⌫ +
1

2

"

cos ✓W
Z

0

µ⌫B
µ⌫ � 1

4
Z

0

µ⌫Z
0µ⌫

, (1)

where " characterizes the mixing. The massive gauge bosons Z and Z

0 obtain their masses

after spontaneous symmetry breaking as well as a further rotation between them. Hereafter

for simplicity we keep the same notation Z

0 to denote the gauge boson of U(1)d in mass

eigenstate. Without loss of generality, the interaction among Z

0 and SM fermions can be

described phenomenologically as

L
visible

= �
✓
"�eJ

µ
em

+ "Z
g

2cW
J

µ
NC

◆
Z

0

µ (2)

where "� = ", and "Z is some certain combination of " and rotation angles, which also

depends on UV complete theory and mass generation mechanism. The electromagnetic

current and weak neutral current are

J

µ
em,f = Qf f̄�

µ
f and J

µ
NC,f = (T

3f � 2Qfs
2

W )f̄�µ
f � T

3f f̄�
µ
�

5

f (3)

respectively, where f stands for the fermions with corresponding electric charge Qf , isospin

T

3f = ±1

2

. More details about this model can be found in [13, 14]. Furthermore, we assume
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If the Be decay anomaly is due to the mediation of Z’ gauge boson …….

the interaction in dark sector is

L
dark

= ed�̄�
µ
�Z

0

µ, (4)

where the DM � is assumed to be Dirac fermion carrying a charge ed under the hidden gauge

symmetry.

B. Z 0 ! e+e� and Z 0 ! ⌫⌫̄

In fitting to the measurement by Krasznahorkay et al., one obtains the mass of the light

boson to be [1]

MZ0 = 16.7± 0.35(stat.)± 0.5(sys.) MeV. (5)

Therefore, the Z

0 considered in our framework can only decay into e

+

e

� and ⌫⌫̄. The

corresponding decay widths are given by

�(Z 0 ! e

+

e

�) = ↵

em

(a2e + b

2

e)
M

2

Z0 + 2m2

e

3MZ0

s

1� 4m2

e

M

2

Z0
(6)

and

�(Z 0 ! ⌫i⌫̄i) = ↵

em

(a2⌫ + b

2

⌫)MZ0 (7)

respectively2. We have summed up three flavors of neutrino and the parameters af and bf

are defined as

af = Qf"� +
T

3f � 2Qfs
2

W

2cW sW
"Z and bf = � T

3f

2cW sW
"Z . (8)

Numerically, we have ae = �"� � 0.05"Z , be = �0.6"Z and a⌫(b⌫) = �(+)0.6"Z respectively.

III. THE CONSTRAINTS IN GENERIC HIDDEN U(1) MODEL

A. The explanation to 8Be⇤ ! 8Be Z 0 and other experimental constraints

The dark Z

0 interaction with nucleon can be characterized as

�L
N

= Z

0µ(JN
µ + J

N
5µ) (9)

2 One should bear in mind that a dark sector decay channel may also open for the corresponding final

state particle mass is kinematically allowed. Hence the branching ratio of Z 0 ! e+e� could be a tuning

parameter.
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E141 is a electron beam dump experiment at SLAC which searches for a dark photon

bremsstrahlung resulting from electrons incident on a nuclear target [17]. The experiment

sets a lower bound for the coupling strength in our scenario
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3 In general the transitions between 8Be⇤ and 8Be can be both isovector and isoscalar. A isospin breaking

derivation for the transition is presented in Ref. [2]. However, the modification is only about 20%. Since

our results are not much a↵ected, we present the isospin symmetry limit of the transition rate for simplicity.
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NA48/2 searches for rare neutral pion decays

required to explain the 8Be signal, we take

|"n| = (2� 10)⇥ 10�3 (32)

|"p|  1.2⇥ 10�3 , (33)

where the upper part of the "n range includes the coupling for the best fit branching ratio for
mX = 16.7 MeV, and the lower part presumably includes the best fit value for the larger mX

that simultaneously explain the 8Be⇤ signal and the 8Be⇤0 null results. The proton coupling
constraint follows from the NA48/2 constraints to be discussed in Sec. VIA 1. In presenting
our models in Secs. VIIA and VIIIA, we leave the dependence on "n explicit so that the
impact of various values of "n can be easily evaluated. Note that the lower values of �X/��

are still too large to accommodate a dark photon explanation.

VI. CONSTRAINTS FROM OTHER EXPERIMENTS

We now discuss the constraints on the gauge boson’s couplings from all other experiments,
considering quark, electron, and neutrino couplings in turn, with a summary of all constraints
at the end of the section. Many of these constraints were previously listed in Ref. [7]. We
discuss them here in more detail, update some—particularly the neutrino constraints—to
include new cases and revised estimates from other works, and include other constraints.

A. Quark Coupling Constraints

The production of the X boson in 8Be⇤ decays is completely governed by its couplings
to hadronic matter. The most stringent bound on these couplings in the mX ⇡ 17 MeV
mass range is the decay of neutral pions into X�. For completeness, we also list the leading
subdominant constraints on "q, for q = u, d.

1. Neutral pion decay, ⇡0 ! X�

The primary constraint on new gauge boson couplings to quarks comes from the NA48/2
experiment, which performs a search for rare pion decays ⇡0 ! �(X ! e+e�) [59]. The
bound scales like the anomaly trace factor N⇡ ⌘ ("uqu � "dqd)2. Translating the dark photon
bound N⇡ < "2

max

/9 to limits on the new gauge boson couplings gives

|2"u + "d| = |"p| . (0.8� 1.2)⇥ 10�3

p
Br(X ! e+e�)

, (34)

where the range comes from the rapid fluctuations in the NA48/2 limit for masses near
17 MeV. In Ref. [7], we observed that the left-hand side becomes small when the X boson is
protophobic—that is, when its couplings to protons are suppressed relative to neutrons.
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According to Refs. [1, 2], we have

�(8Be⇤ !8 BeZ 0)

�(8Be⇤ !8 Be�)
Br(Z 0 ! e

+

e

�) = 5.8⇥ 10�6

. (11)

In the isospin symmetry limit3, we have [2]

�(8Be⇤ !8 BeZ 0)
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3 In general the transitions between 8Be⇤ and 8Be can be both isovector and isoscalar. A isospin breaking

derivation for the transition is presented in Ref. [2]. However, the modification is only about 20%. Since

our results are not much a↵ected, we present the isospin symmetry limit of the transition rate for simplicity.
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FIG. 1: The allowed parameter space on ("p, "n) or (ae, a⌫) plane in generic hidden U(1) model.

E141 and NA48/2 exclusion regions are indicated. The green band is the allowed parameter space

resulting from 8Be anomaly with the error of Z 0 mass taken into account. The allowed narrow

band is however incompatible with the TEXONO ⌫ � e scattering experiment [12].

new set of direct gauge-fermion couplings. The interplay between these couplings with the

gauge boson mixings will modify the relations among quark and lepton couplings such as

Eq. (10a) and Eq. (10b). There are various ways of model-building to impose such non-

hidden U(1) gauge symmetry motivated by 8Be anomaly [3, 7]. In this paper, we do not

intend to study these models in detail but rather assume that the couplings of Z 0 to vari-

ous fermions are not correlated. In particular, we assume the severe constraint from ⌫ � e

scattering can be alleviated5. In this section, we first discuss various constraints on those

generic non-hidden U(1) models, including constraints from cosmology and constraints from

DM direct search with DM-nucleus scattering. We then discuss the sensitivities of future Si

and Ge detectors to DM-electron scatterings for light DM in the MeV mass range.

5 One simple example is the U(1)B model with B the baryon number. In such a model the neutrino-Z 0

coupling vanishes, thus the TEXONO bounds can be evaded. An anomaly free U(1)B model is proposed

in Ref. [7]
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protophorbic feature is suggested ! 



However, ν-e scattering experiments 

Combining the condition of Eq. (12) and two constraints, Eq. (14) and Eq. (15), we plot

the allowed parameter region for ("p, "n) in Figure 1. The green band is the allowed region

to fit the 8Be anomaly while the purple shaded and pink shaded areas are excluded by

the beam dump and NA48/2 experiments, respectively. One observes that "n lies within a

narrow region between 10�1 and 10�2 and "p is constrained in the range of 10�4 ⇠ 10�3. The

allowed coupling strength of Z 0 to proton is relatively smaller than the coupling strength of Z 0

to neutron. Hence a protophobic feature is suggested by the measurement of Krasznahorkay

et al..

B. ⌫ � e scattering experimental constraint

For the hidden U(1) model, the same constraints also apply to (ae, a⌫) as shown in

Eq. (10a) and Eq. (10b). Therefore, the constraints from short baseline accelerator and/or

reactor neutrino-electron scattering experiments must be taken into account [12, 18, 19]. A

global analysis on the nonstandard interactions that are deviated from the SM predictions

is presented in Ref. [20]. We take the e↵ective Lagrangian approach by integrating the

intermediate Z

0 boson, which yields the following bounds

|(ae � a⌫)a⌫ | . 8⇥ 10�9 and |(ae + a⌫)a⌫ | . 5⇥ 10�9 (16)

Using Eqs. (10a) and (10b), these bounds can be translated into constraints for "p and

"n. These constraints are so stringent that they are incompatible with the experimental

constraints we just derived in the framework of generic hidden U(1) model.

IV. NON-HIDDEN U(1) PORTAL AND DM-ELECTRON SCATTERING PRO-

CESS

To accommodate the new light gauge boson indicated in 8Be anomaly as well as U(1)

portal scenario, we are led to consider models with non-hidden U(1) gauge symmetry and

MeV-scale DM4. Non-hidden U(1) charge suggests a certain linear combination of SM quan-

tum number and/or other hidden charge. Phenomenologically, such models will include a

4 An axion-like or other scenario of m� < 500 MeV are viable. We concentrate our discussion on MeV-scale

DM in this paper.
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which is so stringent to be incompatible with the “photophobic allowed region” just derived 

To accommodate the new light gauge boson indicated in 8Be anomaly as well as U(1) 
portal scenario, we are led to consider models with non-hidden U(1) gauge symmetry.

4

Experiment En(MeV) T(MeV) Events Cross-Sections sin2 q
W

LSND 20 < En < 50 20-50 191 [10.1 ± 1.86]En ⇥ 10�45cm2 0.248 ± 0.051
LAMPF 7 < En < 50 7-50 236 [10.1 ± 1.74]En ⇥ 10�45cm2 0.249 ± 0.063
IRVINE I 1.5 < En < 8 1.5-3.0 381 [0.87 ± 0.25]⇥ s

V�A

0.29 ± 0.05
IRVINE II 3.0 < En < 8.0 3.0-4.5 77 [1.70 ± 0.44]⇥ s

V�A

0.29 ± 0.05
KRANOYARSK 3.2 < En < 8.0 3.2-5.2 N.A [4.5 ± 2.4]⇥ 10�46cm2/fission 0.22+0.7

�0.8
MUNU 0.7 < En < 8.0 0.7-2.0 68 [1.07 ± 0.34]⇥events/day 0.25 ± 0.08⇤

ROVNO 0.6 < En < 8.0 0.6-2.0 41 [1.26 ± 0.62]⇥ 10�46cm2/fission 0.29 ± 0.15⇤
TEXONO 3.0 < En < 8.0 3.0-8.0 414 ± 100 [1.08 ± 0.26]⇥ s

SM

0.251 ± 0.04
Global - - - - 0.249 ± 0.020

TABLE I: List of the accelerator and reactor short basline n � e and n � e scattering experiments with their energy ranges (En),
recoiled electron energies (T), the total number of observed events, cross-sections and the correponding measured values sin2 q

W

.
Notice that the entries with * in the last column are not provided by these experiments, but we find best fits of sin2 q

W

with 1s
uncertainty using the data for MUNU and ROVNO as shown in Fig 2. All of the errors displayed here are the quadrature sum of
the statistical and the systematic uncertainties. The last row shows the global best fit value of sin2 q

W

with 1s uncertainty.

and for n
e

� e scattering it is the sum of n̄
e

+ e ! n̄
e

! e, n̄
e

+ e ! n̄µ + e and n̄
e

+ e ! n̄t + e; likewise, for
nµ/n̄µ � e and nt/n̄t � e scattering processes. Defining the complex parameters #eL

ae

and #eR

ae

as |#eL

ae

| exp(ifeL

ae

) and
|#eR

ae

| exp(ifeR

ae

), where a 6= e, and feL

ae

and feR

ae

are the corresponding phases of the complex quantities, the interference
terms in Eq. (7) and Eq. (9) can be written in a form, that takes into account the phase differences of the NSI
parameters which have been ignored in the previous studies of Refs. [18–21, 24, 25], but were included for the
TEXONO case in Ref. [23],

<[(#eR

ae

)⇤#eL

ae

] = |#eR

ae

||#eL

ae

| cos(Df), (11)

where Df = feL

ae

� feR

ae

is the phase difference between the LH and RH FC NSI parameters at the detector. With this
parametrization, the values of |#eR

ae

| and |#eL

ae

| are always positive and the sign of the term is controlled by cos(Df).
The total cross section for each process will be to integrate over the recoiled electron energy for the full range of

the incoming neutrino beam as given in Table I. The total cross section for each process then becomes

⇥
s(nbe)

⇤
SM+NSI

=
2G

2
F

m

e

En

p
[eg2

bR

+ S
a 6=b

|#eR

ab|2

+
1
3

✓
(egbL

)2 + S
a 6=b

|#eL

ab|2
◆

�
✓
e
gbR

(eg
eL

) + S
a 6=b

<[(#eR

ab)
⇤#eL

ab]

◆
m

e

2En
]. (12)

In the case of antineutrinos, each total cross section is integration over the recoiled electron energy convoluted by
the incoming neutrino spectrum, energy resolution of the detector, and the efficiency factor; therefore, the theoreti-
cally modeled or expected cross section for each process is,

⇥
s(nbe)

⇤
SM+NSI

=
Z

T

max

T

min
dT

Z
E

max
n

E

min
n (T)

ds(n̄be)

dT

⇥ d f(En)
dEn

dEn, (13)

where df(En)/dEn is the reactor antineutrino spectrum, given as df(En)/dEn=
4
S

k=1
a

k

f
k

(En), where a
k

are the abun-

dances of each fission elements, 235U, 239Pu,241Pu and 238U and f
k

(En) is flux parametrization of each element and
Emin

n (T)=0.5(T+
p

T

2 + 2m

e

T) and Emax
n (T)=8 MeV [19, 42]. Notice that in Eq. (13), we do not put the efficiency fac-

tor explicitly but our calculation must take into account the efficiency factor where it is required, specially for the
MUNU experiment. As has been checked in Refs. [19–21], there are no effects of the energy resolution on the size of
neutrino cross sections in the short-baseline experiments, so we ignore the detector energy resolution effects in this
study.

In case of the short-baseline accelerator and reactor antineutrino scattering experiments, the distance between the
source and detector is of the order of a few tens of meters; therefore, oscillation effects which are proportional to



Generally, a non-hidden U(1) charge suggests a certain linear 
combination of SM quantum number and other hidden charge.

Phenomenologically, such models will include a new set of direct 
gauge-fermion couplings. Thus, the interplay between these couplings 

will modify the relations among quark and lepton couplings 

There are various ways to impose such combinations, here we simply assume those 
couplings are not correlated and can be alleviated the ν-e scattering constraint
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FIG. 2: The theoretical predictions of ��n from the allowed range of ("p, "n) parameter space is

shown. The purple shaded regions are the predicted DM-neutron cross section. The exclusion

lines by CRESST-II(2015) [21], DAMIC(2012) [22], CDMSlite(2015) [23], and LUX(2015) [24] are

presented for "p/"n = 1 and "p/"n = 0.05, respectively, where the latter ratio is the protophobic

scenario favored by 8Be experiment. It can be seen that the DM direct search excludes DM down

to m� = 500 MeV for both "p/"n ratios.

contribution to ��A, while DM-proton cross section ��p is suppressed by the factor "

2

p/"
2

n.

Additionally, the force mediator is light enough such that a suppression factor m4

Z0/(m2

Z0 +

q

2)2 due to the momentum transfer should be included in the propagator. For a single

nucleon, q ⇠ O(1MeV) when m� ⇠ 1 � 100GeV from the halo DM. In our analysis, we

consider this momentum suppression in the calculation of ��n,p. We found that the predicted

DM-nucleon cross section based upon the allowed range of ("p, "n) is far beyond the current

DM direct search constraints.

We show in Fig. 2 the theoretical predictions of ��n for DM mass between 0.5-10

GeV. The corresponding DM direct search bounds obtained by CRESST-II(2015) [21],

DAMIC(2012) [22], CDMSlite(2015) [23], and LUX [24]6 are also shown. For DM mass

higher than 10 GeV, the direct searches give even more stringent bounds. It is seen that the

6 A new update result of LUX on IDM 2016 claims a constraint four times better than the one published in

2015 during the writing of this paper. By incorporating this new result, the exclusion region will extend

to a lower DM-nucleon cross section. Nonetheless, we still present the LUX 2015 result as a benchmark

in this work.
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The allowed parameter region of non-hidden U(1) models is excluded by 
dark matter direct search for dark matter mass is greater than 0.5 GeV

A. Thermal freeze-out and cosmological constraints

DM relic abundance requires the WIMP annihilation cross section to be around h�vi ⇡
3 ⇥ 10�26 cm3 s�1. In our study we shall consider other cosmological constraints on h�vi.
For cosmic microwave background (CMB) the additional injection of energy via the DM

annihilations will increase the ionization fraction on the CMB anisotropy. Hence it will

suppress the power spectrum at small angular scales due to the broadening of the last

scattering surface, and also enhance the polarization power spectra at low multipoles due

to the increasing probability of the Thomson scattering. The Planck data puts strong

bounds on s-wave annihilation cross section for the DM mass in a range of sub-MeV to

100 GeV [25]. In particular, the constraints are stringent if the fraction of electron final

state is non-negligible. We note that the 8Be anomaly indicates a substantial fraction of

e

+

e

� final state in Z

0 decays. In such a case the Planck data sets the limits of s-wave

h�vi < 10�29 ⇠ 10�30 cm3s�1 for MeV-scale DM [25]. Therefore, we consider the process,

�� ! Z

0

Z

0, as the DM annihilation channel in this scenario. In the parity conservation

limit, this process is mostly p-wave as pointed out in [26]. We include the Sommerfeld

enhancement factor [27, 28] and find ↵d = e

2

d/4⇡, the analogous fine structure constant

for U(1)d gauge interaction, is about 5.2 ⇥ 10�5 (m�/MeV) to satisfy the thermal relic

abundance. Finally, in order to prevent the photodissociation to alter the light element

abundances during the big bang nucleosynthesis, one requires the lifetime of Z 0 to be less

than 1 second in the early universe [29]. The mixing parameter is constrained to be "Z &
6.8⇥ 10�11 ⇥p

17MeV/mZ0 [30]. In this paper, we focus on the range that m� > MZ0 and
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the interaction in dark sector is

L
dark

= ed�̄�
µ
�Z

0

µ, (4)

where the DM � is assumed to be Dirac fermion carrying a charge ed under the hidden gauge

symmetry.

B. Z 0 ! e+e� and Z 0 ! ⌫⌫̄

In fitting to the measurement by Krasznahorkay et al., one obtains the mass of the light
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MZ0 = 16.7± 0.35(stat.)± 0.5(sys.) MeV. (5)

Therefore, the Z

0 considered in our framework can only decay into e

+
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� and ⌫⌫̄. The

corresponding decay widths are given by

�(Z 0 ! e

+

e

�) = ↵
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(a2e + b
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e)
M

2

Z0 + 2m2

e

3MZ0

s

1� 4m2

e

M

2

Z0
(6)

and

�(Z 0 ! ⌫i⌫̄i) = ↵

em

(a2⌫ + b

2

⌫)MZ0 (7)

respectively2. We have summed up three flavors of neutrino and the parameters af and bf

are defined as

af = Qf"� +
T

3f � 2Qfs
2

W

2cW sW
"Z and bf = � T

3f

2cW sW
"Z . (8)

Numerically, we have ae = �"� � 0.05"Z , be = �0.6"Z and a⌫(b⌫) = �(+)0.6"Z respectively.

III. THE CONSTRAINTS IN GENERIC HIDDEN U(1) MODEL

A. The explanation to 8Be⇤ ! 8Be Z 0 and other experimental constraints

The dark Z

0 interaction with nucleon can be characterized as

�L
N

= Z

0µ(JN
µ + J

N
5µ) (9)

2 One should bear in mind that a dark sector decay channel may also open for the corresponding final

state particle mass is kinematically allowed. Hence the branching ratio of Z 0 ! e+e� could be a tuning

parameter.
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DM-electron scattering and MeV-scale DM
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FIG. 3: The red shaded regions are the theoretical predictions of ��e with |ae| lying in the range

of 10�6�10�5 for 20 MeV < m� < 500 MeV. The gray shaded region are the predictions with |ae|
lying in the range of 10�4 � 10�3. XENON 10 [35] excludes the parameter space of |ae| > 10�4 for

m� > 200 MeV. The projected sensitivities of Si and Ge detectors with threshold charges of 5e�

are represented by the green solid line and the orange dashed line, respectively.

predicted ��n based upon the allowed parameter region as indicated in Fig. 1 is excluded.

Therefore, the DM direct searches also disfavor the non-hidden Z

0 model for the DM mass

above 500 MeV. In other words, for this range of DM mass, the current DM direct search

bounds are incompatible with the parameter space derived from 8Be anomaly.

C. DM-electron scattering process

The conventional DM direct search looks for the nuclear recoils. However, the nuclear

recoil energy, E
recoil

= (m�v)2/(2mA) ⇡ (m�/100 MeV)2 (mA/10 GeV)�1 eV, is sub-eV for

the MeV-scale DM and is far below the threshold energies in current experiments.7 Instead

of detecting the nuclear recoils, it was suggested to detect the DM-electron scattering as the

DM signal [31–33]. The DM-electron cross section ��e is given by [34]

��e = 16⇡↵
em

↵da
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e

µ

2

�e

M

4

Z0
(18)

7 v ' 10�3 is the DM velocity dispersion in the halo.
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For light DM, the recoil of the target nucleus is too small to observe  



the lower bounds cutoff at 20 MeV is due to thermal freeze-out and CMB constraints 
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h�vi < 10�29 ⇠ 10�30 cm3s�1 for MeV-scale DM [25]. Therefore, we consider the process,

�� ! Z

0

Z

0, as the DM annihilation channel in this scenario. In the parity conservation
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χχ —> zʹ —> e+e-  (or other SM channels if kinematically allowed)



General bound on s-wave DM annihilation from Planck (T.R.Slatyer)

the additional injection energy will increase the ionization fraction on 
the CMB anisotropy and will suppress the power spectrum at small 
angular scales due to the broadening of the last scattering surface. 7
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FIG. 4: The upper panel shows the fe↵ coe�cients as a function of DM mass for each of a range of SM final states, as indicated
in the legend. The V V ! 4X states correspond to DM annihilating to a pair of new neutral vector bosons V , which each
subsequently decay into e

+
e

�, µ+
µ

� or ⌧+
⌧

� (labeled by X). The lower panels show the resulting estimated constraints from
recent Planck results [8], as a function of DM mass, for each of the channels. The left panel covers the range from keV-scale
masses up to 5 GeV, and only contains results for the e

+
e

�, �� and V V ! 4e channels; the right panel covers the range
from 5 GeV up to 10 TeV, and covers all channels provided in the PPPC4DMID package [27]. The light and dark gray regions
in the lower right panel correspond to the 5� and 3� regions in which the observed positron fraction can be explained by DM
annihilation to µ

+
µ

�, for a cored DM density profile (necessary to evade �-ray constraints), taken from [36]. The solid yellow
line corresponds to the preferred cross section for the best fit 4-lepton final states identified by [37], who argued that models
in this category can still explain the positron fraction without conflicts with non-observation in other channels. The red and
black circles correspond to models with 4e (red) and 4µ (black) final states, fitted to the positron fraction in [38]; as in that
work, filled and open circles correspond to di↵erent cosmic-ray propagation models.

but its e↵ect is generally small (at the percent level).
In general, we see that the final states considered fall

into three categories:

• Final states where the bulk of the power pro-
ceeds into e

+

e

� and photons, where at masses
above 100 GeV the constraint approaches h�vi .
10�27(m�/1GeV) cm3/s.

• Annihilation to neutrinos, where the constraint
arises entirely from electroweak corrections, and is
negligible below ⇠ 200 GeV; at O(TeV) masses,
cross sections as low as a few ⇥10�23 cm3/s can be
constrained. Interestingly, this bound is competi-
tive with that placed by IceCube from observations
of galaxy clusters [41], the Galactic Center [42], and
the Milky Way halo [43], and unlike those limits is
independent of uncertainties in the local DM den-
sity, the DM distribution, and the amount of DM

substructure.

• A band with a width of roughly a factor of 150% in
h�vi that encompasses all the other channels stud-
ied, which at high masses corresponds to h�vi .
2� 3⇥ 10�27(m�/1GeV) cm3/s.

Accordingly, for any linear combination of these final
states that does not contain a significant branching ratio
for DM annihilation directly to neutrinos, one must have
h�vi . 3⇥10�27(m�/1GeV) cm3/s. It is thus challenging
to obtain the correct thermal relic cross section for s-wave
annihilating DM with mass much below m� ⇠ 10 GeV,
without violating these limits (although models with sup-
pressed annihilation at late times may still be viable,
e.g. asymmetric DM models or the scenarios proposed in
[44, 45]). At higher masses, the cross sections constrained
are well above the thermal relic value, but are highly rele-
vant for DM explanations of the positron excess observed
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conclusion

Beryllium decay anomaly is introduced. 

various experimental constraints are considered, generic U(1)hidden is not compatible with 
data. 

U(1)non-hidden dark matter portal scenario for mχ above 0.5 GeV is also not favored. 

U(1)non-hidden dark matter portal scenario for MeV scale DM is the remaining possibility, we 
suggest DM-electron direct search for the sensitivity probe.


