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The experiment of Krasznahorkay et al observed the transition of a ®Be excited state to its ground
state and accompanied by an emission of e™e™ pair with 17 MeV invariant mass. This 6.8¢
anomaly can be fitted by a new light gauge boson. We consider the new particle as a U(1) gauge
boson, Z', which plays as a portal linking dark sector and visible sector. In particular, we study the
new U (1) gauge symmetry as a hidden or non-hidden group separately. The generic hidden U(1)
model, referred to as dark Z model, is excluded by imposing various experimental constraints.
On the other hand, a non-hidden Z’ is allowed due to additional interactions between Z’ and
Standard Model fermions. We also study the implication of the dark matter direct search on such
a scenario. We found the search for the DM-nucleon scattering cannot probe the parameter space
that is allowed by 8Be-anomaly for the range of DM mass above 500 MeV. However, the DM-
electron scattering for DM between 20 and 50 MeV can test the underlying U (1) portal model
using the future Si and Ge detectors with Se™ threshold charges.
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1. Introduction

The experiment of Krasznahorkay et al. studied the decays of a 8Be excited state to its ground
state and found a bump in both the opening angle and invariant mass distributions of e"e™ pairs
produced in the transitions [1]. This 6.8c deviation from the expectation can be fitted by the
production of a new particle X of mass around 17 MeV in the transition Be* — ®Be X and the
subsequent decay of X into electron-positron pair. In this study, we take the new particle as a Z’
gauge boson corresponding to a new U(1),; gauge symmetry. We do not specify the new quan-
tum number at the moment. After inputting a series experimental constraints, we will get some
knowledge of possibility about the new quantum number d.

2. The generic hidden U (1) model

The simplest case will be the complete gauge U (1) hidden symmetry. The generic Lagrangian

can be written as | | |
€
- uv o - I pUV Ll AUV
4BHVB + 3 208 GWZ“"B 4ZMVZ , 2.1

where € characterizes the kinetic mixing. After spontaneous symmetry breaking (SSB) W and

ggauge = -

Z bosons get their masses while photon stays massless in SM. Generically in addition to kinetic
mixing interaction as shown eq. (2.1), there is a mass mixing term between Z’ and Z. The electro-
magnetic current and weak neutral current are J£m7 r=0r FY*f and J#Q = (T —2Q 5% fY" f —
T3¢ fy"ys f respectively, where f stands for the fermions with corresponding electric charge Qy,
isospin T3y = £1. We take Mz = 16.7 £ 0.35(stat.) +-0.5(sys.) MeV as the possible new light
boson according to Ref. [1]. Therefore, the Z' considered in our framework can only decay into
ete” and VV.

As pointed in Ref. [2] and constraints summarized in Ref. [3], a protophobic feature is sug-
gested by the measurement of Krasznahorkay et al. after taking into account a series experimental
constraints such as NA48/2 [4] and E141 experiments [5]. However, for the hidden U (1) model the
same constraints also apply to (a,,ay) (e —Z" and v — Z' couplings respectively) in the generic hid-
den U (1) model. Therefore, the constraints from short baseline accelerator and/or reactor neutrino-
electron scattering experiments must be taken into account. These constraints are so stringent that
they are incompatible with the experimental constraints in the framework of generic hidden U(1)
model (see Fig. 1). In other words, a complete hidden U (1) portal as the explanation for the 8%
anomaly is excluded.

3. Non-hidden U(1) portal and DM-electron scattering process

To accommodate the new light gauge boson indicated in 3Be anomaly as well as U (1) portal
scenario, we are led to consider models with non-hidden U(1) gauge symmetry and MeV-scale
DM. Non-hidden U (1) charge suggests a certain linear combination of SM quantum number and/or
other hidden charge. Phenomenologically, such models will include a new set of direct gauge-
fermion couplings. There are various ways of model-building to impose such non-hidden U(1)
gauge symmetry motivated by 8Be anomaly [6, 7]. In this paper, we do not intend to study these



Beryllium Anomaly and U(1) Portal Chian-Shu Chen

*Be allowed e

=
Beam dump excl

lepl (=lacl)

Figure 1: The allowed parameter space on (€p,€&,) or (a.,ay) 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' mass taken into account. The allowed narrow band is however incompatible
with the TEXONO v — e scattering experiment [8]. The purple line corresponds to the constraint of |(a, +
ay)ay| <5 %1077 and blue line corresponds to |(a, —ay)ay| < 8 x 107°. The upper regions of these two
lines are excluded.

models in detail but rather assume that the couplings of Z’ to various fermions are not correlated.
In particular, we assume the severe constraint from v — e scattering can be alleviated'.

3.1 DM direct searches and the DM-nucleon cross section

Even though the non-hidden U(1) models can accommodate both Be-anomaly and v — e scat-
tering experiments, it is worthy of looking at the impact of DM direct searches on these models. In
the limit of zero momentum transfer (¢> = 0), the DM-nucleus scattering cross section is given by

1670 Olorn Oty 142
Oyn = #[eﬂﬂnm —7))? (3.1)
Z/

where oy = ef, /4m is the analogous fine structure constant for U(1), gauge interaction, fys =
mymy [ (my +my) is the DM-nucleus reduced mass, Z and A are proton number and mass number
respectively. In this case, DM-neutron coupling €, gives the main contribution to oy4 due to the
suppression of €, compared to &,. The inclusion of cosmic microwave background constraint, DM
relic abundance, DM self-interaction and big bang nucleosynthesis etc. is considered in our original
paper [9]. We refer readers to this reference for details.

We plot in Fig. 2(right) the theoretical predictions of o, for DM mass between 0.5-10 GeV.
The DM-neutron cross section is around the 1072 ¢cm? for my = 0.5 GeV. Although the direct
searches have set strong bounds on oy, we cannot naively apply such bounds. It is because the
DM cannot reach the underground detectors for 6y, ~ 10726 ¢m2.2 This can be understood by
considering a underground laboratory with 1000 m of standard rock (with Z =11, A =22 and
the density p = 2.65 g/ cm3) as the overburden. For m, =1 GeV, the DM with &y, higher than
5.4 x 1073 cm? will not be able to reach the detector since its attenuation length will be shorter

'0ne simple example is the U(1)p model with B the baryon number. In such a model the neutrino-Z’ coupling
vanishes, thus the TEXONO bounds can be evaded. An anomaly free U(1)p model is proposed in Ref. [7]
2We thank the Referee for pointing out this to us.
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Figure 2: (left)The theoretical predictions of o, from the allowed range of (g,,&,) parameter space is
shown. The purple shaded regions are the predicted DM-neutron cross section. The exclusion lines by
CRESST-11(2015) [10], DAMIC(2012) [11], CDMSlite(2015) [12], and LUX(2015) [13] are presented for
€,/&, = 1and g,/€, = 0.05, respectively, where the latter ratio is the protophobic scenario favored by 8Be
experiment. Oy, is predected to be around 10726 ~ 10727 cm?. The attenuation length of DM with these
cross section will not penetrate 1000 m rock to reach the detectors. We take the 1000 m depth as the
benchmark, and draw the gray dashed-dotted line to represent this attenuation effect. The parameter space
above this line will not be probed by the DM direct searches. Therefore, DM direct searches will not probe
the parameter space allowed by Be-anomaly. (right)The red shaded regions are the theoretical predictions of
Oye With |a,| lying in the range of 1076 — 1073 for 20 MeV < my < 50 MeV. The gray shaded region are
the predictions with |a,| lying in the range of 10~ — 10~3. XENON 10 [14] excluded the parameter space
is represented by purple shaded region. 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.

than 1000 m. On the other hand, a cross section lower than 5.4 x 1073 cm? will be subject to the
direct search constraint. Here attenuation length is defined as A = 1/(non) where n is the number
density of target nuclei and 7 is the inelasticity of DM-rock collision, i.e., the fraction of initial
DM kinetic energy transferred to the target nucleus. On average we have 1 = m, /my. For a fixed
standard rock overburden, the critical DM-neutron cross section, denoted as G%n, below which DM
can reach to the detector is proportional to my /my -m2/(my +m,)?. Clearly Oy, increases as my
decreases.

3.2 DM-electron scattering process

We note that the conventional DM direct search looks for the nuclear recoils. However, the
nuclear recoil energy, Erecoil = (myv)?/(2ma) = (m; /100 MeV)? (m4 /10 GeV)~! eV, is sub-eV for
the MeV-scale DM and is far below the threshold energies in current experiments. The DM-electron
cross section can be written as 0y, = 167raem(xda5;—%, Uye is the DM-electron reduced mass. We
show the theoretical predictions to 6;, and XENON {0 exclusion region in Fig. 2(right). The purple
shaded area is excluded by XENON 10 based on the DM-electron scattering and the capability of
charge threshold Oy, = 10e™ [14]. The projected sensitivities for Silicon and Germanium targets
with improved Qy, = Se™ are presented as green solid line and orange dashed line, respectively [15].
The red shaded region is the theoretical predictions of o, corresponding to the range of 1076 <
la,| < 107>, Our calculation on oy, shows that the MeV DM under Z’' model can be tested by

future experiments.
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4. Summary

Motivated by the possible existence of a new light boson from the experiment of Kraszna-
horkay et al. [1], we investigate the Z’-portal models. The reactor neutrino-electron scattering sets
a severe constraint which excludes the parameter space of generic hidden U(1) model. Using the
current DM direct search data, we have shown that the non-hidden U (1) models predict 6, to be
larger than 10727 ¢cm? for m, > 500 MeV. Such DM cannot reach the detector located beneath 1000
m of rock and cannot be probed by the DM-nucleon scattering approach. To probe DM lighter
than 50 MeV in non-hidden U(1) models, we propose direct searches based upon DM-electron
scatterings. The sensitivities of these detectors to the couplings strength |a,| can be determined
accordingly.
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