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We propose probing sub-GeV dark photon decays into lighter dark matter using monophoton events at
the BESIII detector and future Super Tau Charm Factory (STCF). We compute the cross section due to the
dark photon associated a standard model photon production, and study the corresponding standard model
irreducible/reducible backgrounds. By using the luminosity about 14 fb~! collected at the BESIII detector
since 2012, we derive new expected leading limits of the mixing strength e, & < (1.3 = 1.7) x 107, in the
mass range of 0.04 GeV < m, <3 GeV. With the luminosity of 30 ab~!, STCF running at \/5 = 2 GeV,
can probe & down t0 5.1 x 1078 when m, = 1 GeV. For models of scalar and fermionic light thermal dark
matter production via dark photon, we present the constrains on the dimensionless dark matter parameter
y= ezao(mx/m,‘:)“ as function of the DM mass m, at BESIII and future STCE, conventionally assuming
the dark coupling constant ap = 0.5 and m . = 3m,. We find that BESIII can exclude models of scalar,
Majorana, and pseudo-Dirac (with a small splitting) DM for the mass region 0.04-1 GeV, 0.05-1 GeV and
0.4-1 GeV respectively. For values ap =< 0.005, combining the results from 2 GeV STCF with the
luminosity of 30 ab~! and BABAR. one can exclude the above three DM models in the mass region

0.001 GeV =m, =1 GeV.

DOL 10.1103/PhysRevD.100.115016

L. INTRODUCTION

To investigate the nature of dark matter (DM) particle is
one of the most pressing issues in modern physics. So far, we
have only been able to probe the DM through its gravita-
tional effects with visible matter. It is widely postulated that
DM interacts very weakly with ordinary matter, since
terrestrial searches have not yielded any results yet. An
exciting attempt is that, besides the gravity, one can
introduce an extra Up(1) force carrier, also referred to as
dark photon A’. The dark photon can provide a natural
scenario for DM interactions, which is neutral under the SM
gauge symmetries, but couples to the SM photon via kinetic
mixing [1-6]. The kinetic mixing term can be described as

£

Lyinetic mixing = ZFI:yF'"b (l)
and parameterized by the mixing strength £ << 1. Here

F, = d,A, —0,A}, is the field strength of A’, resulting in
the interaction
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Line = £eAlJem, (2)

of dark photon with the electromagnetic current JY,, with
a strength ee, where e is the electromagnetic coupling.
In order to explain observational astroparticle anomalies,
the dark photon should be relatively light, with a mass
in the MeV to GeV range [5]. Furthermore, a sub-GeV A
with £ = 10~ can also explain the 3.6¢ deviation from the
SM prediction of the muon anomalous magnetic moment
(9-2), [78]

The decay modes of the dark photon depend on its mass
and couplings, as well as on the particle spectrum of the
dark sector. Since there are no firm predictions for the dark
photon, various experiments have been searched for it over
a wide range of its mass and decay modes [9-11]. If the
dark photon is lightest in the dark sector, its dominant
decays are to the visible SM particles. The searches for
such dark photon with the mass below a few GeV have
been mainly performed in beam dump [12-23], fixed target
[24-26], collider [27-32] and rare meson decay [33-43]
experiments using narrow peak in the eTe™ or utu~
invariant mass spectra. If the lowest-mass DM state y is
sufficiently light, in particular m, < m, /2, the A" would
predominantly decay invisibly into the DM particles
provided that ep > ee. ep is the coupling constant of
the Up(1) gauge interactions. There are limits on invisible

Published by the American Physical Society
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Abstract

A stellar chromospheric activity database of solar-like stars is constructed based on the Large Sky Area Multi-Object
Fiber Spectroscopic Telescope (LAMOST) Low-Resolution Spectroscopic Survey. The database contains spectral
bandpass fluxes and indexes of Ca Il H and K lines derived from 1,330,654 high-quality LRS spectra of solar-like
stars. We measure the mean fluxes at line cores of the Ca Il H and K lines using a 1 A rectangular bandpass and a
1.09 A FWHM triangular bandpass, as well as the mean fluxes of two 20 A wide pseudoconunuum bands on the two
sides of the lines. Three activity indexes, Sy based on the 1 A rectangular bandpass and S; and S; based on the
109A FWHM triangular bandpass, are evaluated from the measured fluxes to quantitatively indicate the
chromospheric activity level. The uncertainties of all the obtained parameters are estimated. We also produce
spectrum diagrams of Ca I H and K lines for all the spectra in the database. The entity of the database is composed of
a catalog of spectral sample and activity parameters and a library of spectrum diagrams. Statistics reveal that the solar-
like stars with a high level of chromospheric activity (S.. > 0.6) tend to appear in the parameter range of 7.y
(effective temperature) < 5500 K, 4.3 < log g (surface gravity) < 4.6, and —0.2 < [Fe/H] (metallicity) < 0.3. This
database, with more than 1 million high-quality LAMOST LRS spectra of Ca I H and K lines and basal
chromospheric activity parameters, can be further used for investigating activity characteristics of solar-like stars and
the solar—stellar connection.

Unified Astronomy Thesaurus concepts: Stellar activity (1580); Astronomy databases (83); Sky surveys (1464);
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1. Introduction

With detailed observations of solar activity for several
centuries, many features and phenomena of the Sun, such as
sunspots, plages, flares, etc., have been discovered and
thoroughly studied. These features and phenomena are the
manifestations of magnetic field activity on the Sun
(Hale 1908). Observations for solar-like stars (Cayrel de
Strobel 1996) revealed that magnetic activity is also common
on other stars, and the connection between stellar activity and
solar activity (i.e., solar—stellar connection) has become a topic
of wide interest (Noyes 1996). Choudhuri (2017) collected
various stellar activity data and explored the extrapolation of
solar dynamo models for explaining magnetic activity of solar-
like stars. The knowledge of activity of solar-like stars in turn is
very helpful for understanding the activity status of the Sun
(Giidel 2007). According to the classification by Gomes da
Silva et al. (2021), the Sun is located in the high-variability
region of the inactive main-sequence star zone. Reinhold et al.
(2020) illustrated that the Sun is less active compared with
other solar-like stars.

Stellar activity is closely related to the rotation period (e.g.,
Noyes et al. 1984b; Wright & Drake 2016; Zhang et al. 2020a)
and age (e.g., Mamajek & Hillenbrand 2008; Lorenzo-Oliveira
et al. 2018; Zhang et al. 2019) of stars. In general, stellar
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activity level will decrease with an increase in stellar rotation
period or age. On the other hand, Maehara et al. (2012) found
that the maximum energy of stellar flares is not correlated with
stellar rotation period. Investigation of the relation between
stellar activity cycle and rotation by Reinhold et al. (2017)
reveals that the activity cycle period slightly increases for
longer rotation period.

As an important aspect of stellar activity, the chromospheric
activity of solar-like stars has always been a popular research
subject (Hall 2008). A detailed review of stellar chromosphere
modeling and spectroscopic diagnostics has been given by
Linsky (2017). Stellar chromospheric activity of solar-like stars
can be indicated by line core emissions of the Ca II H and K lines
in the violet band of the visible spectrum (e.g., Baliunas et al.
1995; Hall et al. 2007), the Her line in the red band (e.g., Delfosse
et al. 1998; Newton et al. 2017), the Ca II infrared triplet (Ca Il
IRT) lines (e.g.. Soderblom et al. 1993; Notsu et al. 2015), etc.
The emission of Ca I H and K lines of the Sun has long been
known to have a strong correlation with the solar chromospheric
activity (see a comprehensive review by Linsky & Avrett 1970).
‘With the discovery of the emissions of Ca I H and K lines from
other stars (e.g., Eberhard & Schwarzschild 1913), people began
to explore whether it comes from the same mechanism as the
solar activity and whether it has a long-term cyclic variation as
does the solar cycle. Wilson (1963) at the Mount Wilson
Observatory (MWO) investigated the relationship between
intensity of stellar Ca 11 H and K emission and stellar physical
nature and concluded that the chromospheric activity of main-
sequence stars decreases with age. Wilson (1978) found the long-
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ABSTRACT

Context. The dependence of stellar magnetic activity on stellar parameters is inspired by the chromospheric activity studies based on
the large-scale spectroscopic surveys.

Aims. The main objective of this project is to provide the chromospheric activity parameter database for the LAMOST Low-Resolution
Spectroscopic Survey (LRS) spectra of solar-like stars and explore the overall property of stellar chromospheric activity.

Methods. The CaiiH and Klines were employed to construct indicators for assessing and studying the chromospheric activity of solar-
like stars. We investigated the widely used bolometric- and photospheric-calibrated chromospheric activity index Ry, derived from
the method in the classic literature (Rj;. . ;.) and the method based on the PHOENIX model (R;{&I"HOENIJ()‘ Since the detailed stellar
atmospheric parameters, effective temperature (7). surface gravity (log ¢), and metallicity ([Fe/H]) are available for LAMOST, we
estimated the chromospheric activity index Ry ,yoenmy- along with the corresponding bolometric calibrated index Ryk proenix, taking
these parameters into account.

Results. We provided the database of the derived chromospheric activity parameters for 1122495 LAMOST LRS spectra of solar-
like stars. Our calculations show that log R,y pyoenx 18 approximately linearly correlated with log Ry, . . . The results based on our
extensive archive support the view that the dynamo mechanism of solar-like stars is generally consistent with the Sun; and the value of
the solar chromospheric activity index is located at the midpoint of the solar-like star sample. We further investigated the proportions of
solar-like stars with different chromospheric activity levels (very active, active, inactive, and very inactive). The investigation indicates
that the occurrence rate of high levels of chromospheric activity is lower among the stars with effective temperatures between 5600

and 5900 K.

Key words. stars: activity — stars: chromospheres

1. Introduction

Stellar chromospheric activity, known as the performance of
stellar magnetic activity, is expected to reveal the physical mech-
anism of stars (Hall 2008). The emission in the line cores of
Cair H and K lines is commonly recognized as being sensitive
to stellar chromospheric activity. An empirical chromospheric
activity index Sywo was introduced to quantify the emission
of Cail H and K lines observed in the Mount Wilson Obser-
vatory (MWO) (Wilson 1968; Vaughan et al. 1978). Since S mwo
is defined as the ratio between the emission flux in the line cores
of Call Hand K lines and the pseudo-continuum flux (the flux
of two 20 A reference bands in the violet and red sides), it is
concise and effective for characterizing the stellar activity cycle
(Wilson 1978). However, S ywo 1s related to the continuum flux,
which is governed by the stellar effective temperature (or, equiv-
alently, the color index) (Middelkoop 1982). As a result, it would

*A copy of the catalog is available at the CDS ftp to
cdsarc.cds.unistra.fr (130.79.128.5) or via https:
//cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/688/A23

be inflexible for comparing the emission of Ca 1l H and K lines
among stars of different spectral types.

The ratio between the stellar surface flux in the line core
of Call H and K lines and the stellar bolometric flux, denoted
as Ruk. is considered to be marginally affected by the stellar
effective temperature (or the color index) and can be derived
from S mwo (Linsky et al. 1979; Middelkoop 1982; Rutten 1984).
Middelkoop (1982) and Rutten (1984) introduced the bolometric
factor C.; (depends on the color index B — V) and the fac-
tor K to convert Sywo to the stellar surface flux in the line
cores of Call H and K lines. Meanwhile, the photospheric
fluxes contained in the line cores of Call H and K lines could
not be ignored, especially for solar-like stars (Hartmann et al.
1984; Noyes et al. 1984). The photospheric contribution, Ryt
which represents the photospheric flux normalized by the stel-
lar bolometric flux, can analogously be deduced as a function of
B — V (Noyes et al. 1984). Subtracting Rpho from Ryg, one can
derive the widely used bolometric- and photospheric-calibrated
chromospheric activity index R}, .

The Rj is frequently employed to characterize the relation-
ships between stellar chromospheric activity and other stellar

A23, page | of 18
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