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We present a new statistical analysis that combines helioseismology and solar neutrino
observations to place upper limits to the properties of non standard weakly interacting
particles. We present two applications to test the method: the well studied case of axions
and the more novel case of low mass hidden photons. For axions we obtain an upper limit
at 3o for the axion-photon coupling constant of go, < 4.1-107'°GeV~'. For hidden
photons we obtain the most restrictive upper limit available accross a wide range of masses
for the product of the kinetic mixing and mass of xm < 1.8 - 107'%eV at 30. Both cases
improve the previous solar constraints based on the Standard Solar Models.

1 Introduction

Many studies have focused on using the Sun for setting limits on the properties of different
types of exotic particles. The Sun is by far the best-known star. The solar structure, revealed
by helioseismology and solar neutrinos, is well determined, and accurate solar models give us
information about the past, present and the future of the Sun [1]. While in some cases (e.g.
axions) the most restrictive limits are not inferred from solar studies, the Sun remains the
most useful benchmark for testing and validating both stellar models and different statistical
approaches to constrain particle properties. Also, it is important to keep in mind that CAST [2]
and the forthcoming TAXO [3, 4] are experiments specifically designed to detect exotic particles
directly from the Sun, so having predictions of upper limits for expected solar fluxes for exotic
particles remains an important aspect to be considered.

Solar constraints on particle properties have been generally derived from applying limits
to variations of either neutrino fluxes [5, 6] or the sound speed profile derived from helio-
seismology [5]. However, a systematic approach aimed at combining different sources of data
accounting in detail for the observational and theoretical errors is badly missing in literature.

The goal of this work is to extend the general statistical approach presented in [7] to constrain
properties of particles (e.g. mass, coupling constant) making the best possible use of all the
available information of the Sun, both observational and theoretical. For this purpose, we use
the helioseismic data combined with the neutrino fluxes in a statistical approach that includes
the theoretical and observational uncertainties and takes into account possible tensions among
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data and solar model input parameters. We then derive solar limits for the well-studied hadronic
axions —to gauge the performance of our statistical approach— and for the more novel case of
hidden photons for which the Sun sets the most restrictive limits on the kinetic mixing parameter
for small hidden photon masses, m <eV.

2 Standard Solar Models

In this work we use standard solar models (SSMs)
as reference models. SSMs have been computed
using GARSTEC [8] and are calibrated to match ' ' '

the present-day solar radius Ro = 6.9598-101° cm, ootof é(éggog ]
luminosity Le = 3.8418 - 1033 erg s~! and surface + Best fit SSM
metal-to-hydrogen ratio (Z/X)s. The choice of
this last constraint is critical because it essentially . 0.005¢
determines the distribution of metals in the entire
solar structure and it has been the subject of much 0.000F °
discussion over recent years in the context of the
solar abundance problem [9, 10, 11, 12]. -0.005 X X X
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abundance problem we use an SSM that best re-

produces the thermal stratification of the Sun and . )

th 1 trino data. Thi del ; leulated Figure 1: Comparison of sound speed profiles of
€ SO. ar neutrino data. . 18 model 15 calculate SSMs. Red and blue lines are SSMs with AGSS09

following the method used in [7] that lets the solar and @S98 reference compositions and all input

composition free and adjusts the input parame- SSM parameters fixed to their central values. The

ters in SSMs within their experimental uncertain- —Plack line shows results for the best SSM [7] result-

. . . . . . ing from finding the SSM with free composition.

ties (nuclear cross sections, microsocopic diffusion

rate, etc.). In Fig. 1 we have plotted the SSM

using different solar composition (GS98 [13] and

AGSS09 [14]) and the best fit resulting from letting the composition free, showing that this last

model matches the thermal stratification of the Sun, and thus, is a good model to be used as

reference model.

2.1 SSMs with axions and hidden photons

We have calculated different SSM adding an extra energy-loss rate in the GARSTEC code
resulting from the presence of axions or hidden photons. The dominant production of axions in
the Sun comes from the Primakoff processes (conversion of a photon to an axions in presence
of electro-magnetic fields) and the energy-loss rate used is the one in [5]. For axions, we aim
to constrain the axion-photon coupling constant (g.,). For hidden photons, we have only
considered in this paper the longitudinal component. Hidden photons are produced by the
conversion of a photon to a hidden photon, whose probability depends on the hidden photon
mass (m) and the kinetic mixing constant (x). The product ym is the parameter that can be
constrained. The limits derived from the Sun will be valid for the mass range myp < 0.3keV
because for the longitudinal hidden photons, the resonance emission will occur when its mass
is equal or smaller than the plasma frequency of the Sun (wp) as it is explained in [15]. The
energy-loss rate used is taken from [15]. In Fig. 2 we show some of the results for SSM with
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axions and hidden photons before marginalizing over the composition in order to understand
how the energy loss affects the structure and evolution of the Sun.
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Figure 2: Upper panel: 8B and Ys as a function of xm for hidden photons. Blue lines correspond to the
GS98 composition and red ones to the red ones to AGSS09. Shaded lines show the model error and black lines
the observational value and their errors. Lower pannel: Sound speed profile for hidden photons and axions for
different values of g19 and xm. Solid lines correspond to models with AGSS09 composition and dashed ones to
GS98. Red and blue shaded zones correspond to the model errors and the grey one to the observational ones.

3 Method and statistical procedure

The statistical approach is based on the procedure presented in [7] that constructs a x? function
that uses a figure-of-merit for the quality of different solar models in reproducing the observ-
ables. We build this function by considering 34 different observable quantities: the neutrino
fluxes ®(®B) and ®("Be); the convective envelope properties Yg and Roz and the sound speed
determinations ¢; = ¢(r;) for 30 different value of /R where r/Rg < 0.80.

The bounds on axions and hidden photons are obtained by marginalizing with respect to the
surface composition (best fit model), i.e. for each assumed value of g9 and ym we rescale the
surface abundances of volatile and refractory elements by the factors (1 + 02y01) and (1 + dzmet)
in order to achieve the best possible agreement with observational data (best fit model). Then,
the results have a very minimal dependence on the reference solar composition used. For
simplicity, we show here the results obtained by using the AGSS09 as reference composition
(i.e. as pivot point for expansion in dz.er and dzye1). Identical results are obtained if GS98
composition is instead used.
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4 Results

In Fig. 3, we show the y? function after marginalizing for the composition as function of g1
and ym. This function has been calculated using: 1) all the observables combined, 2) only
the sound speed profile, and 3) the neutrino fluxes combined with the surface helium and the
convective radius. This way is useful to understand how much of each piece of experimental
information contributes to the bounds. The sound speed profile gives the most restrictive limit,
however, the neutrino fluxes and the convective parameters also have a noticeable contribution
to the global bound. By setting a limit at Ay? = 9 we derive the upper bound gip < 4.1 at a
3-0 CL for axions, almost a factor of 2 lower than previous solar limits, and the upper bound
xm =1.8-10"'2eV at a 3-0 CL.
For a longer discussion and more details on the method and the results, see [16].
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Figure 3: Values of No and Ax? for models with axions and hidden photons. Solid line: using all observables
&("Be), ®(®B), Ys, Roz and 30 points of the sound speed profile. Dashed line: using the sound speed. Dotted-
dashed line: using the neutrinos and convective envelope properties.
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