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We provide the first investigation of the solar production of symmetrons, a well-motivated class of
screened scalar fields with density dependent couplings to the Standard Model, and their subsequent
absorption in underground direct detection experiments. We compute the flux of symmetrons produced
through photon conversion in the magnetic field of the solar tachocline, and constrain the resulting
luminosity to not exceed 3% of the observed solar output. Even under the conservative assumption that
production occurs only in the tachocline, this criterion yields robust astrophysical bounds on previously
uncharted regions of symmetron parameter space, and predicts a keV-scale symmetron spectrum at Earth.
We then derive the corresponding absorption signal in liquid xenon detectors, where symmetrons can
interact with electrons through both conformal and disformal couplings. Using binned data from
XENONnNT, we obtain new direct-detection limits that are complementary to the solar luminosity
constraint, further tightening the viable symmetron parameter space. Our results demonstrate that the
Sun provides a testable, previously unexploited, source of symmetrons, and highlight that the interplay of
astrophysical and laboratory searches offers a powerful strategy for probing screened scalar theories.
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I. INTRODUCTION

A compelling portfolio of evidence, encompassing
observations that span from the galactic to the Hubble
scale, testifies the existence of two additional components
to the Universe: dark matter (DM) and dark energy (DE).
The former proves necessary to explain a wide range of
distinct phenomena from galactic rotation curves [1] to the
cosmic microwave background (CMB) by way of its
gravitational interactions with normal matter, whereas
the latter drives the accelerated expansion of the
Universe [2,3]. Despite decades of sustained theoretical
and experimental effort, the nature of these entities, which
vastly dominate over the visible Universe in terms of
energy budget, remains largely unknown.
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The simplest explanation for DE is a cosmological
constant resulting from the collective motion of the zero
point energy of quantum fields. The naive prediction from
quantum field theory exceeds the measured value by
several orders of magnitude however, leading to alternative
explanations being sought [4]. Moreover, recent results
from the Dark Energy Spectroscopic Instrument (DESI)
experiment [5] appear to indicate that the equation of state
of DE may evolve over time. If confirmed, this result would
rule out the cosmological constant as the source of DE (see
however Ref. [6]). Although generally considered to be
particulate in nature, DM remains similarly elusive at the
microscopic level, having evaded detection in every direct
and indirect search to-date. A cornucopia of possible
candidates ranging from wavelike sub-eV bosons to
~10'” GeV mass primordial black holes remain phenom-
enologically viable. Taking inspiration from the rich micro-
scopic offerings of the visible sector, there is a growing
consensus that DM may just be one part of an extended
suite of new states populating a range of scales. In many
models these additional states provide a portal to the visible
Universe by mediating DM-SM interactions, and are thus a
phenomenologically relevant search target which may be
able to shed new light on the dark side of the Universe.
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Light scalar fields are ubiquitous in theoretical con-
structions purporting to explain various aspects of the dark
sector. They arise in many DM models, both as DM
candidates and portal mediators, and have also been
proposed to source the accelerated expansion of the late
Universe [7-9]. Any new light scalar boson coupling to SM
matter fields generically gives rise to a long range fifth
force. Such phenomena are tightly constrained by a variety
of laboratory and astrophysical tests of gravity, including
bounds on post-Newtonian parameters and violations of the
equivalence principle. To evade these limits, which effec-
tively force any scalar-matter coupling to be far weaker
than gravity [10,11], a variety of different screening
mechanisms have been proposed. These include the cha-
meleon mechanism [12,13], the symmetron [14,15], the
Damour-Polyakov mechanism [16—18], and the Vainshtein
mechanism [19]. In the chameleon model, the scalar mass
increases with density, suppressing its range in high-density
environments. In contrast, the symmetron model is built
around a Z, reflection symmetry. The symmetron potential
and coupling to the SM conspire in such a way that below a
critical density, which depends on the model parameters,
the symmetry is spontaneously broken and the symmetron
field acquires a vacuum expectation value (VEV). The
leading effective coupling of the symmetron to SM fields is
proportional to its VEV. As a result, if the local matter
density is sufficiently high so as to restore the underlying
Z, symmetry and cause the VEV to vanish, the symmetron
effectively decouples from the SM. It is this environmental
dependence of the dominant symmetron-SM coupling:
present in sparse environments but switching off or
“screened” in dense environments, which permits the
theory to evade the aforementioned constraints from fifth
forces searches and tests of local gravity. Both the chame-
leon and symmetron mechanisms have been extensively
studied and constrained in various laboratory, astrophysi-
cal, and cosmological contexts to-date [20-28], although
limits on the symmetron mechanism are generally less
restrictive and have yet to exploit the symmetron coupling
to photons.

Analogous to axionlike particles, light scalar fields
which possess a coupling to photons can be produced in
the Sun [29-32]. Experiments monitoring properties of the
Sun and its output thus offer a novel opportunity to
constrain these theories. Although originally designed with
~GeV mass WIMP-like DM particles in mind, under-
ground direct detection experiments are also sensitive to
scalar (and axionic) particles produced in the Sun, upon
their arrival at the Earth. Indeed, in Ref. [33] solar
chameleons were identified to yield a possible explanation
of the XENONIT anomaly [34].

The study of the production of screened scalar fields in
the Sun has so far been restricted to chameleons. Initial
studies only considered production by photon conversion in
the magnetic field of the solar tachocline, assuming that the

chameleon mass became too large in the dense solar core
for production there to contribute significantly to the
overall flux. The expected emission spectrum from the
tachocline has been searched for with the CERN Axion
Solar Telescope (CAST) experiment and constraints placed
on the chameleon-photon coupling [35]. Given the ultra-
high temperature in the solar core however, it was later
realized in Ref. [36] that chameleon production in this
region is not only non-negligible, but owing to the
existence of additional production channels which become
relevant at higher densities, can dominate over that medi-
ated by the bulk magnetic field in the tachocline. As
described in that work, incorporating production beyond
the tachocline is more computationally intense given the
need to model the solar interior and magnetic field over an
extended region. Updated computations of the solar cha-
meleon flux including these additional channels, and its
subsequent absorption in direct detection experiments, have
since provided a crucial source of information on chame-
leon models, yielding novel constraints on their associated
parameter space and complementing laboratory investiga-
tions which are typically insensitive to the chameleon-
photon coupling [36,37]. In contrast, neither the production
of symmetrons in the Sun, nor their potential interaction
with underground direct detection experiments has been
explored in literature at present. The Sun thus stands as a
rich and currently unexploited test-bed to probe symmetron
models. Since the dominant effective interactions of the
symmetron with the SM vanish upon restoration of the
underlying Z, symmetry, production only occurs in envi-
ronments for which the ambient density is below the critical
density of the theory. The viability of symmetron produc-
tion in the tachocline, and its potential penetration further
into the solar interior, is thus intrinsically parameter
dependent. The symmetron differs from the chameleon
in this respect, yielding a phenomenology which is corre-
spondingly richer and more nuanced.

In this work, we provide the first investigation of the
production of symmetrons in the Sun, focusing exclusively
on production in the magnetic field of the tachocline. We
derive new constraints on symmetron models both by
considering the percentage of the total solar luminosity
emitted in symmetrons and the potential interaction of the
emitted symmetron flux with underground direct detection
experiments. We begin in Sec. II by discussing the relevant
solar physics and how the Sun may be used as a laboratory
to constrain or potentially detect scalar particles. We then
introduce the symmetron model, outline the dominant
mechanism through which symmetron particles are pro-
duced in the tachocline and compute the resulting lumi-
nosity as a function of the model parameters. In Sec. III we
present constraints on symmetron parameter space from
consideration of the solar luminosity, before exploring
direct detection prospects in the XENONnT [38] experi-
ment. We discuss our results in Sec. IV and comment on
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their relation to the wider landscape of symmetron studies.
Our work constitutes the first dedicated study of symme-
tron production in the solar magnetic field and the resulting
solar symmetron flux, bridging a crucial gap in the
literature on light scalar fields and offering unique access
to large regions of well-motivated but currently uncharted
parameter space.

In this work we adopt the mostly plus metric convention,
work in natural units with 7 =c¢ =1 throughout and
introduce the reduced Planck mass Mp, = (8zG)~!/2.

II. METHODS
A. Solar physics

The Sun has long served as a sensitive laboratory for
testing new light particles. For axionlike (i.e. pseudoscalar)
particles, two main production mechanisms are relevant.
The dominant channel is the Primakoff process, in which
thermal photons in the solar plasma convert into axions in
the Coulomb fields of charged particles [31,39-41]. The
contribution from photon-axion conversion in solar mag-
netic fields adds up to the total flux [42,43], although the
comparatively poorly constrained magnetic field structure
introduces large uncertainties to this component. The axion
flux emitted from the Sun can be searched for through
reconversion into photons in the magnetic fields of helio-
scopes such as the Tokyo Axion Helioscope [44], CAST
[45-49], and in the proposed next-generation International
Axion Observatory (IAXO) and BabyIAXO experiments
[50,51]. Alternative approaches include the direct detection
of solar axions via the axio-electric effect in underground
detectors such as XENONNT [38], PandaX [52-54], and
LUX-ZEPLIN (LZ) [55,56]. Similar stellar energy-loss
arguments can also be applied to other astrophysical
environments, such as red giants and white dwarfs
[57-61]. These strategies and corresponding results provide
a template for exploring other light scalar particles,
including those with screening mechanisms.

Light screened scalar fields which possess a coupling to
photons are also generically produced in, and emitted from
the Sun. Studies of solar chameleon production have
provided a wealth of unique information on these models,
complementing other laboratory probes which more typ-
ically constrain the chameleon coupling to SM matter fields
(fermions) as opposed to photons. An analogous inves-
tigation of the symmetron remains absent from the liter-
ature at present. While it was shown in Ref. [36] that, across
parameter space, chameleon production is viable through-
out the solar interior, including the dense core, the story for
symmetrons is more subtle. The dominant coupling of the
symmetron to the SM is proportional to its VEV, which is
nonzero only in regions for which the ambient density lies
below the parameter-dependent critical density of the
theory. In order for symmetron production from photon
conversion in the magnetic field of the tachocline, it is thus

necessary for the critical density of the theory to exceed the
tachocline density. This requirement imposes an inherent
restriction on the symmetron parameter space that can be
probed with solar studies. Within the parameter space
amenable to solar investigations, whether or not production
then penetrates further into the solar interior is also a
parameter dependent statement. Owing to the monotonic
rise in solar density toward the core, symmetron production
generically continues inward until the local density sur-
passes the critical density of the theory upon which the
resulting symmetry restoration drives the symmetron VEV
to zero, effectively decoupling the field from the SM and
terminating production.

Given both the additional challenges of modeling pro-
duction over an extended region, and that there has yet to be
any investigation of the symmetron-photon coupling in
literature to date, we restrict our attention to production in
the tachocline in this work, neglecting production further
into the solar interior. While this is a reasonable approxi-
mation for some of the parameter space which we will
consider, should the critical density significantly exceed the
tachocline density such that production mediated by the
symmetron VEV remains viable substantially further into
the solar interior, our computation of the emitted symme-
tron flux is likely to underestimate the true production rate.
In this scenario, which we will characterize quantitatively
in Sec. II C, our bounds should be viewed as a conservative
first approximation which would likely become more
stringent with the inclusion of additional production
beyond the tachocline in future analyses. Given the very
different modus operandi of the symmetron and chameleon
screening mechanisms, the relative contributions of differ-
ent regions of the Sun to the total emitted scalar flux are
likely to differ between the two theories and it is not
immediate that, even for regions of symmetron parameter
space for which production in the core is viable, that this
will dominate over that from the tachocline as in the
chameleon case. We leave a more comprehensive study of
symmetron production across the entire solar interior,
including conversion both in the bulk magnetic field and
also via Primakoff processes mediated by the magnetic
field of charged ions which become important at high
densities, to future work.

The solar tachocline consists of a thin ring shell at radius
R, ~0.7R,, with radial extent Ar~[0.01,0.05]R. This
region marks the transition between the radiative (to the
interior) and convective (to the exterior) zones in the Sun
and is believed to play a central role in the solar dynamo.
The magnetic field strength in the tachocline is expected to
reach up to B=~30T, although this value is model-
dependent and not directly measured [62-65]. In the
presence of this magnetic field, photons can convert to
symmetrons. To extract values for the necessary properties
of the tachocline beyond its magnetic field we rely on
nonmagnetic standard solar models, a variety of which exist
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in the literature [66—75]. Although they do not include
large-scale magnetic fields, these models offer robust
determinations of the Sun’s interior structure and thermo-
dynamic properties. In this work we specifically use the
AGSS09 model to obtain values for the temperature and
density of the tachocline [67].

The emission of new particles from the Sun can only
account for a fraction of the total solar Iuminosity,
L ~3.83 x 10% W, without conflicting with helioseismo-
logical observables and solar neutrino fluxes [40,76,77]. For
instance, CAST analyses adopt an upper bound of 10% of the
solar luminosity for exotic energy losses in their chameleon
searches [35]. Although state-of-the-art standard solar models
can now reproduce the observed luminosity at the ~0.1%
level, the tachocline parameters necessary to compute scalar
production therein are known with considerably lower
precision. For this reason, quoting a single, universal lumi-
nosity fraction at such high precision without explicit
justification would overstate the robustness of the resulting
constraints. In this study we conservatively assume that the
emitted symmetron luminosity cannot exceed 3% of the total
solar luminosity, matching the threshold employed in solar
chameleon studies in Ref. [36].

We now review the theoretical setup of the symmetron
model, highlighting the density-dependent screening
mechanism and the couplings relevant to solar production
and detection in underground experiments.

B. The symmetron

As discussed, in the symmetron model [14,15], the
dominant effective coupling to the SM depends on the
ambient density. In high density environments, the cou-
pling vanishes, while in low-density regions where the
underlying symmetry is broken, it is restored. The tran-
sition between these two regimes is governed by the critical
density of the theory, p,, which is set by the model
parameters. This screening mechanism is distinct from
that of the chameleon [12,13], where the couplings to the
SM remain finite but the scalar mass instead increases with
density, thereby suppressing the range of the induced fifth
force in dense environments.

The action describing the symmetron field ¢ in a scalar-
tensor framework, written in the Einstein frame with metric

Guw» 18

2
s [axyma(*BR-Jonr-v)
+ Sl - (1)

Here, S, = [d*x\/=3L(J,,.w) denotes the action for
SM fermions (i.e. “matter fields”), generically denoted v,
which are assumed to couple minimally to the Jordan-frame
metric, related to the FEinstein metric by a conformal
transformation g, = A?(¢)g,,. This term thus gives rise

to conformal interactions between the symmetron and the
SM fermions. The symmetron potential takes the sym-
metry-breaking quartic form,

V(g) =~ 32 + i, @)

where p is an energy scale corresponding to the bare
symmetron mass, and A is a dimensionless coupling constant.

Given the conformal coupling of the symmetron to SM
fermions in S, the Euler-Lagrange equations for the
symmetron field are controlled by an effective potential
that depends on the local matter density p

Veir(¢) = V($) + pA(d). (3)

The conformal function A is conventionally parametrized in
terms of the symmetron-matter coupling f,, as

B
2M3,

Alg) =1+ 9. (4)

Substituting Eq. (4) into the effective potential yields

L (pPn

V() = = (“22
ff<¢) 2 (Mlza]

1
- )E
whose minimum then depends on the ambient matter
density. For densities exceeding the critical value,

2142
u-Mp,

/)*:—7 6
/)]ﬂ’l <)

the Z, symmetry remains intact and the symmetron VEV
vanishes. On the other hand for densities p < p, the
reflection symmetry is spontaneously broken and the scalar
acquires a VEV

P> Pes

0,
=g, = 7

In the following, we choose the positive branch of the VEV
without loss of generality, as the two minima are physically
equivalent and related by the Z, symmetry ¢ — —¢.
Expanding the symmetron field around its VEV as ¢ =
¢o + 6¢ in Eq. (4), it is straightforward to see that the leading
interaction of the symmetron with SM matter fields is in fact
linear in the symmetron fluctuation, with an effective cou-
pling constant proportional to the background field value:

Pt s Q

Pl

LnD

The environmental dependence of this coupling con-
stitutes the basis of the symmetron screening mechanism.
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Under the usual rules of EFT a coupling to photons that
respects the symmetries of the model should also be
included in the action of Eq. (1). For the symmetron, the
appropriate Lagrangian density is

2
L,> ﬁysz
2M5,

F'™F,,, 9)

where F* denotes the SM electromagnetic field strength
tensor.

Unlike the chameleon, which couples linearly to photons
through operators of the form o« ¢F**F,,, we emphasize
that the symmetron coupling is necessarily quadratic as a
result of the defining Z, symmetry of the theory.
Expanding the symmetron field around its local back-

ground value as ¢ = ¢, + 5¢ then yields,

B,

£ ~
"M

(duip 300 ) F 10)

analogously to the coupling to SM fermions. The leading
interaction relevant for symmetron production and detec-
tion arises from the term linear in the symmetron fluc-
tuation. As a result, the effective symmetron-photon
coupling is suppressed by a factor ¢,/ Mp, relative to the
corresponding chameleon-photon coupling. This mapping
correctly captures the fact that symmetron-photon inter-
actions remain present only in sufficiently low density
environments where the symmetry is spontaneously broken
and the symmetron VEV is finite.

A dimension-six operator such as the symmetron-photon
coupling in Eq. (9) could plausibly arise from a variety of
UV mechanisms. For instance, if the symmetron couples to
heavy charged fermions y of mass M, through a Yukawa
interaction £ D y,,¢yy, with coupling y,,, an effective
Lagrangian term of the form

(4

2

Yoy 2
F*F 11
167r2M)2( ¢ ad ( )

'Ceff ~

is generated when the heavy fermions are integrated out at
one loop, analogous to the generation of the Higgs-photon
coupling in the SM via top-quark or W-boson loops.
In addition, such couplings arise naturally in the context
of string theory and extradimensional models, where the
four-dimensional effective action after compactification
typically contains a gauge kinetic function f(¢) which
multiplies the gauge field strength, as

Leff ) _f(¢)FMDF/,w’ (12)

where ¢ here denotes a modulus field, such as the dilaton or
geometric moduli of the internal manifold [78]. Expanding
f(¢) around its VEV generates effective operators of the

form > F?, with a suppression scale set by the compacti-
fication or string scale.

While the symmetron model is conventionally formu-
lated with a purely conformal coupling to the SM, as in
Eq. (1), more general interactions are allowed from an
effective field theory perspective. In particular, when
considering the phenomenological implications of the
symmetron model beyond solar production, it is useful
to briefly discuss the most general scalar-matter couplings
allowed by fundamental principles.

Bekenstein showed that the most general coupling of a
scalar field to matter fields consistent with causality and the
weak equivalence principle takes the form [79]

g;w = A? (d)’ X)gfu + B? (¢’ X) (aﬂ¢> (av¢)’ (13)

where as before g,, is the Einstein-frame metric and
X = (0,¢)* includes derivative self-interactions. The first
term corresponds to the conformal coupling, as used in the
standard symmetron construction, while the second term
represents a disformal coupling arising from gradients of
the scalar field. For simplicity, we take the leading
disformal factor to be constant and parametrize it in terms
of an energy cutoff scale M, as B*(¢,X) = 2/M?*. The
disformal interaction generates additional couplings with
matter and radiation through terms of the form

Wb 1,

e

Lais D : (14)
where T is the energy-momentum tensor. Bounds on the
size of the disformal photon coupling from stellar energy
loss arguments mean that for solar production, the dis-
formal channel is typically subdominant to the conformal
one within the parameter space of interest, with negligible
contribution to the overall emitted symmetron luminosity
[80,81]. In contrast, in terrestrial direct detection experi-
ments, disformal couplings of the symmetron to SM
fermion fields can provide the leading observable signature
and play a central role in constraining the model [33,37].
We will return to this point in Sec. III.

Finally, symmetron fluctuations about the background
value ¢, acquire an effective density-dependent mass as a
result of the conformal coupling to matter,

m? :2;#(1 —ﬁ). (15)

Ps

This expression, which is valid in the symmetry-broken
phase p < p,, assumes a maximum value of m? ~ 2u* in
the low-density limit, and tends to zero as the critical
density is approached from below. This relation provides a
key link between the conditions governing symmetron
production in the Sun and the prospects for directly
detecting the emitted flux in underground experiments
on Earth.
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C. Solar production of symmetrons

We now turn to the calculation of the symmetron
production rate in the solar plasma. As previously dis-
cussed, in this work we focus exclusively on production
from photon conversion in the bulk magnetic field of the
tachocline. This imposes a lower limit on the critical
density that we can probe, which must exceed the tacho-
cline density so that the theory lies in the broken phase and
production can proceed via the finite symmetron VEV.

For a given u, this requirement translates to an upper
limit on g, of

2M2 2
ﬂmgumxm%(i) : (16)
; eV

where p, ~ 0.2 gcm™ denotes the tachocline density [67].
This stands as a hard cutoff in the parameter space that can
be probed through solar production. While this condition
delineates all parameter space for which production in the
tachocline is viable, we stress that it is only upon saturating
this inequality, i.e. when p, ~ p,, that production is con-
fined to the tachocline, since all regions to the interior
necessarily lie in the symmetry restored phase of the theory.
For all other choices of (f,,, ) satisfying Eq. (16), how-
ever, p, exceeds p,, and production extends into the denser
interior, stopping only when p(r) = p,. Since we only
compute production in the tachocline in this work, our
treatment should therefore be viewed as a conservative
estimate of the total symmetron luminosity for all but the
maximum value of f,, shown on our plots. As we will
demonstrate, this approximation nonetheless permits us to
probe large regions of currently unexplored parameter
space, with the potential for further improvements, par-
ticularly at low f,,, should this additional production be
included in future analyses.

Symmetron production in the tachocline predominantly
proceeds via photon conversion in the bulk solar magnetic
field. To compute this, we adopt a thermal field theory
approach, following methods previously applied to axion
production [82,83] and to chameleons [36]. In this
framework, the relevant interaction arises from the con-
formal symmetron-photon coupling in Eq. (9). In the
presence of an external magnetic field, we decompose
the EM field strength tensor as F* = Fhy + f*, where
FA, is the background solar magnetic field and f* the
propagating photon. Keeping only the term linear in the
symmetron fluctuation and the photon field gives
F'FE,, D 2F5 f,, =4B - (V x A), where A is the vector
potential of the propagating photon. Substituting this
expression into Eq. (10) and integrating by parts, neglecting
boundary terms and gradients of the slowly varying back-
ground magnetic field, gives

4
L,> ﬁyg)o
MPI

B (Vép x A). (17)

We neglect contributions from disformal couplings which
are subdominant in magnetic-field-induced production
processes due to constraints on the size of these couplings
from stellar energy-loss arguments [33].

Using the methods described in the Appendix, the
differential production rate per unit energy integrated over
the tachocline volume is

W2y ol =m)" T pep rar
dw ”Mél (m2 _ m%)Z + (mry)Z e(u/T -1 12\ s
(18)

4

where m, is the effective mass of the photon in the solar
plasma and m is defined in Eq. (15). The photon damping
rate in the solar plasma, I, determines the width of the reso-
nant photon-symmetron conversion and is defined through
the imaginary part of the transverse photon self-energy,

Im, I (w, r)

Fy(a), r) = .

(19)

Following the treatment adopted for solar chameleons, in our
numerical analysis we approximate I, through the inverse
photon mean free path, I, ~ ¢/4,, where 4, = 0.3 cm is the
photon mean free path in the tachocline. Note that in obtaining
Eq. (18), we have treated the tachocline as a thin shell of width
Ar, centered atradius R, = 0.7R, and assumed that the bulk
magnetic field and density remain approximately constant
over this region.
The total luminosity emitted in symmetrons is then

o dv
L, = do w—. 20
= [0 (20)

The average differential flux of symmetron particles
reaching the Earth is

do, /1\ 1 dN
e _ (2 ekl 21
dw <4> 4rd?, do’ (21)

where d,, denotes the Earth-Sun distance and the factor of
1/4 arises from the geometric projection of the emitted
symmetron flux onto the Earth’s surface. We will hence-
forth refer to this quantity, which is necessary to calculate
the rate of symmetron absorption in direct detection
experiments, as the symmetron spectrum at the Earth.
Given that the quartic symmetron self-coupling 4 only

enters these expressions through the VEV as ¢ « 1/v/4,
solar production is only sensitive to the effective parameter

combination 3,/ /2 and cannot constrain either coupling in
isolation. Accordingly, the bounds on symmetron param-
eter space obtained in Sec. III of this work will be expressed

in terms of ﬂy/ﬂ.
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In addition to photon conversion in the bulk solar
magnetic field as considered above, symmetrons can also
be produced via Primakoff conversion in the microscopic
magnetic fields of charged particles. In the tachocline this
channel is vastly subdominant however and we therefore do
not include it in our analysis. To justify this, we compare
the production rate in Eq. (18) with the Primakoff rate
derived in Ref. [36],

dNpim _ BT 0’ky T
do  322°M} k, /T -1

RAr,  (22)

where « ~ 1 keV is the Debye screening scale in the solar
tachocline and 7 is a dimensionless angular integral arising
from the screened Coulomb interaction. Evaluating the ratio
of these two channels at resonance, k, ~ k, ~ w, yields

dN/do 64z B (R,)
dNPrim/d(U o T KZTFJ,

~O(10%), (23)

where the numerical evaluation is reached upon setting
7 =~ 1. In light of this, we neglect Primakoff production in
the present work, but note that since « scales with the square
root of the solar density, this channel becomes increasingly
important further into the solar interior, and should therefore
be accounted for when extending the analysis to include
production in these regions.

III. RESULTS

A. Bounds from solar luminosity

The production of symmetrons in the solar tachocline
introduces an additional energy-loss channel whose magni-
tude is constrained by the measured solar luminosity.
Following the conservative approach of Ref. [36], we require
the total symmetron luminosity to remain below 0.03L to
ensure consistency between precision helioseismological
observables and their predictions from solar models.

The color-map in Fig. 1 shows the fraction of the total
solar luminosity emitted in symmetrons (i.e. L;/Lg) across
the B, -(B,/ V/2) plane for a fixed value of y = 1 meV,
assuming a tachocline magnetic field B, = 30 T and width
Ar = 0.01R,. We plot the 3% contour for these tachocline
parameters as a solid white line, and interpret all symme-
tron parameter space above this (i.e. with greater f3, / V/7) as
excluded. To characterize the impact of the uncertainty in
the tachocline parameters on our exclusion bounds, we
show with dashed white lines the envelope of the 3%
exclusion contours when varying B,€[4,50] T and
Are0.01,0.05]Ry. These variations capture the range
of solar-model predictions, which differ in the relative
contribution of dynamo amplification and field configura-
tions. As expected from the scaling of the symmetron
production rate, larger field strengths and wider tachocline
regions result in stronger constraints.

LOQ(LS/LO)

B:=30T, Ar=0.01Re, Ls/Lo=0.03 -

L°910(5y/\/}\_)

15 20
Logio(Bm)

FIG. 1. Bounds on symmetron parameter space for 4 = 1 meV
from the requirement that the emitted symmetron luminosity does
not exceed 3% of L. The color-map displays the fraction of the
total solar luminosity emitted in symmetrons at each point in
parameter space, assuming the tachocline is of width Ar =
0.01R and has a magnetic field of B, = 30 T. The solid white
line shows the L;/L, = 0.03 exclusion contour, with all param-
eter space above this line (i.e. with greater 3,/ V7) deemed
excluded. The solid red line plots the L;/Ly = 0.1 contour, to
illustrate the effect of adopting a different exclusion threshold.
The dashed white lines correspond to the envelope of the 3%
contour as B,€[4,50] T and Are[0.01,0.05]R, are varied,
capturing the spread in the bound induced by uncertainties on
the tachocline parameters from solar modeling.

Given that various different luminosity fractions have
been deployed as exclusion thresholds in studies of solar
chameleons, for comparison purposes we also show the
10% L,/Lg contour, which corresponds to the threshold
used in the CAST chameleon search,1 as a solid red line. As
shown, this contour falls within the uncertainty associated
with modeling the tachocline. As such, the specific choice
of exclusion threshold adopted in this work is not expected
to have a significant bearing on the conclusions drawn.
Instead, the dominant uncertainty arises from the poorly
constrained properties of the tachocline, emphasizing the
importance of improving solar modeling in order to obtain
more robust limits on new scalar fields. Finally, we stress
that the choice of =1 meV in this figure is purely
illustrative; luminosity constraints for a wider range of u
will be presented and compared with the corresponding
limits from direct-detection experiments in Fig. 3.

In Fig. 2 we display the solar symmetron flux reaching
Earth, as defined in Eq. (21), after rescaling by the

'Note that the line shown here denotes the constraint derived
from demanding that no more than 10% of the solar luminosity is
emitted in symmetrons and does not correspond to a bound from the
CAST experiment, which would require modeling the back-con-
version of this flux in the magnetic field of the CAST detector. We
will extract a crude first estimate of the bound on the symmetron-
photon coupling that could be obtained should such an analysis be
performed by rescaling the CAST chameleon limit in Sec. IV,
emphasizing that our estimate is subject to several caveats.
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FIG. 2. Predicted symmetron spectrum at Earth, normalized to
remove the dependence on the couplings 4 and f3, for benchmark
values 3,, = 10'% and y = 1 meV. The spectrum peaks in the keV
range and provides the target flux for direct detection experiments.

dimensionless factor (Mp/f,¢o)>. Since the physical spec-
trum scales as (5, ¢/ M p1)?, this renormalization removes the
dependency on f, and 4 for convenience of visualization
independent of these parameters. As shown in the plot, the
symmetron spectral profile, which we emphasize is indepen-
dent of both 8, and 4, peaks in the keV range, similar to that of
the solar axion and the chameleon. For illustration we have
fixed f3,, = 10" and g = 1 meV in this plot. We highlight
that the magnitude of the physical spectrum (obtained by
reinstating the (8, ¢/ Mp;)? factor which was removed in the
normalization of this plot) directly tracks the effective
symmetron-photon coupling in the tachocline, which is
proportional to the local symmetron VEV.

B. Bounds from symmetron detection

The solar flux of symmetrons derived above provides a
direct target for underground DM detectors. Once produced
in the Sun, symmetrons reaching Earth can be absorbed in
liquid xenon via interactions with electrons, generating keV-
scale electronic recoils. Experiments such as XENONnT
[38], PandaX [52-54], and LZ [55,56] are well suited to
probe this signal, due to their large exposures and low energy
thresholds. The absorption cross section consists of two
distinct contributions, a conformal term proportional to the
effective symmetron-electron coupling and a disformal term
controlled by the energy scale M, [33]. Explicitly,

2 4 2 42 2
o o m,w ﬂe¢0w
Ope = Ope dis + O pe.conf — 877.'2M§ 27TC(M§1 Ophotos

(24)

where o, denotes the xenon photoelectric cross section
[84], m, is the mass of the electron and, assuming the
symmetron couples uniformly to the SM matter fields,
po. = Pn- The conformal term is suppressed relative to the
corresponding chameleon-electron coupling by the factor
(¢po/Mp)? and tends to zero as the local density approaches

the critical density from below. In contrast the disformal
term, which takes an identical form in chameleon theories,
remains independent of ¢, and is therefore not subject to
screening. Note that in order to obtain a symmetron flux at
the Earth from solar production, we are necessarily probing
symmetron parameter space for which the critical density
exceeds the tachocline density and therefore also that of the
detector. As such, the theory is in the broken phase and
conformal interactions are unscreened. Since the effective
conformal coupling is proportional to the local symmetron
VEV however, the size of these interactions depends
sensitively on the parameters u and A through the combi-
nation z/+/A. The disformal interactions are independent of
these parameters and can thus remain sizable even in regions
of parameter space in which the conformal channel is
suppressed due to small values of ¢. In this way direct
detection can provide access to qualitatively different parts of
the symmetron parameter space than can be reached with
experiments relying on conformal interactions alone.

Given that the disformal term grows rapidly with
energy as w*/MS3, it typically dominates the high-energy
tail of the spectrum across the parameter space probed. At
lower energies however, the relative importance of the
conformal and disformal channels depends sensitively on
the value of M,, the inverse of which sets the size of
disformal symmetron-electron coupling, relative to the
effective conformal coupling ~f,¢,. The difference
between how the conformal and disformal couplings
respond to the local environment is central to the phenom-
enology of the symmetron model and provides an addi-
tional handle with which to distinguish these fields from
axionlike particles, whose absorption is entirely governed
by Ophoto [38].

The decomposition in Eq. (24) directly follows from the
general metric coupling of Eq. (13). The conformal
coupling generates operators proportional to A(¢)T, where
T is the trace of the energy-momentum tensor. As a result
one generically expects a coupling to electrons of the form
~A(¢p)m,ee, where we have used the on-shell expression
for the trace of the energy-momentum tensor. For consis-
tency with the reflection symmetry of the theory, the
minimal choice of the conformal factor A consists of a
quadratic in ¢ as per Eq. (4). As discussed previously, when
expanded around the local background field value, the term
linear in the symmetron fluctuation has an effective
coupling constant of f,,¢y/Mz, which then enters the
cross section quadratically, giving rise to the second term in
Eq. (24).> By contrast, the minimal choice for B(¢)

*Note that for chameleons, the coupling to electrons is
intrinsically linear arising from the choice A(¢) = (5,,/Mp) .
The difference in the power of Mp, relative to the symmetron case
is necessary on dimensional grounds. As such the conformal
cross section for the symmetron in Eq. (24) is suppressed by a
factor of (¢hy/Mp;)?* relative to analogous cross section for the
chameleon.
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Direct detection bounds on the symmetron parameter space derived from the XENONnT binned data. Each panel shows the

allowed region in the g, — g,/ V4 plane for a fixed value of u. Solid colored curves correspond to different disformal scales,
log,o(M,/keV) =0, 2, 4, 6, while the dashed black line indicates the 3% solar luminosity constraint. The panels correspond to
increasing values of i from 0.1 meV to 1 GeV. Note that the horizontal scale is different in each panel, to reflect the fact that increasing y
increases the maximum f,, which can be probed with solar production following Eq. (16).

corresponds to a constant, generating a disformal inter-
action of the form (d¢)>T**. Being a derivative interaction,
this does not receive any additional suppression factors
upon expanding about the VEV and thus leads directly to
the first term in Eq. (24). The differing structure of the
disformal and conformal contributions has an important
phenomenological consequence: only the conformal con-
tribution allows for a rescaling of the photoelectric cross

section, whereas the disformal operator couples to the full
stress-energy tensor and thus cannot be inferred from
photoabsorption alone [85-87]. For completeness we note
that since the leading order disformal contribution to
Eq. (13) is already quadratic in the scalar field, the minimal
disformal symmetron-matter and chameleon-matter cou-
plings (which both arise from the choice B = constant) are
identical.
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The expected rate of symmetron absorption in the
detector is obtained by folding the solar flux with the
absorption cross section and the detector response,

(dR)m =€) / M9(60 — wg)dwg.  (25)

E da)R

where ¢(w) is the detection efficiency specified by each
experiment. For XENONNT the efficiency, corrected for
event-selection cuts, is given in Fig. 1 of Ref. [38]. The
unsmeared rate before folding in the detector response is
obtained by combining the solar flux with the absorption
cross section of Eq. (24),

dry 1 oy
—= — 064 (@
do ~ My, do 77

(26)

where My, is the xenon target mass and the solar
symmetron flux at the Earth is defined in Eq. (21).

In writing Eq. (26), we neglect symmetron production
within the low density vacuum regions surrounding the
xenon targets. Although these regions may weaken envi-
ronmental screening and allow the symmetron coupling to
become effectively unsuppressed, they do not generate an
appreciable local flux. At detector temperatures
T4 ~ 1072 eV, thermal production at the characteristic
energies @ ~ keV of the solar symmetron signal generated
by photon conversion in the magnetized solar plasma is
exponentially suppressed. Consistently, an analogous
analysis for solar chameleons found that local sources
do not compete with the incident solar flux [33].

As a representative case, we focus on the binned electron
recoil data reported by the XENONNT collaboration [38],
which we take as the benchmark for current xenon-based
direct-detection experiments. Given the comparable thresh-
olds, backgrounds, and exposures achieved by PandaX and
LZ, their sensitivities to solar-produced symmetrons are
expected to be of the same order of magnitude as
XENONNT. In practice, the most stringent limit arises
from the lowest energy bin, whose large event statistics and
high efficiency dominate the overall sensitivity once the
published binning and detector response are taken into
account. We present constraints in the parameter space
spanned by f,, and 8,/ /2, evaluated for different choices
of the disformal energy scale M, and the fundamental scale
u. Exploring these scenarios reflects the theoretical uncer-
tainty in the values of these parameters and thus captures
the range of possible phenomenological outcomes.

Our results are shown in Fig. 3. Each panel displays the
direct detection constraints on the 3, — (5,/ \//_1) plane for a
different value of the fundamental scale y ranging from
0.1 meV to 1 GeV. The solid curves in each panel
correspond different choices for the disformal scale
log,y(M,/keV) €{0,2,4,6}, with the shaded parameter

space above each curve (i.e. at greater f3,/ V) excluded.

For comparison we show the 3% solar luminosity con-
straint for the p in question as a dashed black line. The
upper horizontal axis on each plot labels the energy scale
M = My,/+/B,,, which is an alternative parametrization of
the symmetron coupling strength to SM matter fields that is
often used to report bounds from table-top experi-
ments [88,89].

Increasing u modifies both the symmetron VEV and the
critical density p, in Eq. (6), changing the region of the Sun
in which the symmetry is broken and production can occur.
In particular, we note that as y is increased, the maximum
value of S, for which production in the tachocline remains
viable, as delineated in Eq. (16), also increases. This is
reflected through the differing horizontal scale in
each panel.

The relative importance of the conformal and disformal
channels in symmetron absorption in xenon is set by the
relative size of the disformal coupling, controlled by the
inverse of the scale M,, compared to the effective con-
formal coupling which is proportional to f3,,¢po. In general,
at low values of f,, the disformal channel dominates,
resulting in a bound that is independent of f,,. Conversely,
at high $,, the conformal channel can become dominant. In
this regime the reach to 3,/ V4 is no longer constant in 3,
but improves as this parameter is increased. The value of 3,
at which the conformal interaction becomes dominant (for
any given disformal scale M,) depends on the value of y,
which sets the scale of ¢, and thus impacts the effective
conformal coupling. It thus follows that at smaller u the
cross-over between the disformal and conformal channels
is necessarily pushed to higher 3, in order to maintain the
same effective conformal coupling. Combined with the fact
that the maximum value of f3,, that can be probed with solar
production is smaller at low g, it follows that for the
smallest values of 4 considered here—namely 0.1 meV and
0.1 eV—absorption is dominated by the disformal channel
across all viable f3,,, and the conformally dominated regime
is never reached. The role that the conformal channel plays
in carving out the direct detection landscape becomes
significantly more prominent as the scale y is increased.
As expected, we note that the direct detection reach at low
P, (.e. in the disformally dominated regime) depends
sensitively on the parameter M, with improved sensitivity
at low values of this scale (where the disformal coupling is
greatest). For M, ~ GeV we note that the solar luminosity
requirement is more constraining than the direct detection
limit (at small ,,, i), whereas for the other values of M,
considered here it is weaker.

IV. DISCUSSION

In addition to the solar and xenon-based limits presented
here, symmetrons have also been tested in controlled
laboratory settings. In particular, f,, has been constrained
through torsion balance experiments [90,91], which seek
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deviations from the gravitational inverse square law at short
distances. Precision atom interferometry experiments
[21,92-94], Casimir-force measurements [95], and neutron
quantum bouncer setups [96] also provide direct sensitivity
to short-distance symmetron-mediated forces. These
searches are especially powerful in regimes where fifth
forces mediated by symmetron exchange are unscreened in
the laboratory environment. In such regimes, laboratory
experiments can outperform solar-system and astrophysical
probes, despite the latter involving considerably heavier
source masses, since the symmetron-mediated fifth force
may be screened in dense astrophysical environments while
remaining unscreened in the lab due to carefully engineered
conditions.

Current laboratory limits constrain the couplings 4 and
p,, over a wide range of u, with future technological
advances, such as next-generation atom interferometers
[94] and upgraded torsion-balance experiments [97,98],
projected to further extend coverage of this parameter
space. However, unlike the solar probes considered in this
work, these experiments are not sensitive to f,, thus
underscoring the need for a diverse search program to
fully probe symmetron phenomenology.

Taken together, solar, direct detection, and table-top
experiments provide a complementary network of con-
straints on screened scalar fields. The Sun provides a high-
intensity source of on-shell symmetrons, direct detection
experiments serve as efficient absorption targets for this
flux, and precision laboratory setups probe static symme-
tron-mediated forces in the nonrelativistic regime. Whereas
the latter are insensitive to the symmetron-photon coupling,
both solar luminosity arguments and the direct detection of
the solar symmetron flux, explicitly probe this interaction,
rendering our approach highly complementary to tradi-
tional studies. Since the symmetron-photon coupling enters
the relevant observables via the combination /3, / VA, it is
not possible, unless one specifies to a particular f,, to
directly compare our exclusion regions (which are naturally
expressed in the (5,,.5,/ \/2) plane) to those from table-top
force experiments which instead typically report limits on
the space of (f3,,, 1) couplings [88,89]. Given the nontrivial
interplay between different parameters of the model, a
consistent interpretation of symmetron parameter space
requires a joint assessment of solar and laboratory con-
straints by way of a multiparameter global fit. Such a study,
which falls beyond the scope of this work, would allow for
limits on 4 and S,/ V2 to be recast into the (B,Pn) plane
and a combined exclusion region obtained.

Since screening produces qualitatively different phenom-
enology across environments, a diverse search program
exploiting the rich variety of potential couplings of the
symmetron to the SM is essential to maximize coverage of
symmetron parameter space. As we have demonstrated,
even in regimes in which conformal couplings are sup-
pressed by small field expectation values, disformal

channels remain unaffected, rendering experiments able
to probe these latter interactions, including underground
direct detection experiments, particularly powerful. It thus
follows that a multipronged experimental strategy leverag-
ing the complementarity and nontrivial interplay between
different symmetron interactions can robustly probe sym-
metron parameter space, despite this model being subject to
environmental screening. Symmetrons therefore emerge as
a promising target for both current and near-future experi-
ments, and merit inclusion in the broader search for light
scalar fields at the interface of particle physics, cosmology,
and astrophysics.

Although not considered explicitly in this work, for
completeness we note that helioscope experiments present
a further opportunity to probe solar symmetrons. While no
such study has ever been performed for the symmetron,
these experiments constitute a well-established channel for
probing light scalar particles. In particular the CAST
experiment has been deployed to search for chameleons
(assuming that they are only produced in the tachocline) via
their conversion into x-rays in the presence of the strong
transverse magnetic field in the CAST detector [35].
The most recent analysis reports an upper bound on the
chameleon-photon coupling of ™™ < 5.7 x 101 at the
95% confidence level (CL) [49], for chameleon-matter

couplings in the range 1 < ﬂgﬁham) < 10°. While perform-
ing an analogous study for the symmetron demands a
detailed simulation of the CAST detector and thus falls
beyond the scope of this work, we may obtain a crude
estimation of the potential reach of such a study by
exploiting the correspondence between the interactions
which govern the relevant processes in the symmetron
and chameleon theories. Concretely, we note that the
Lagrangian describing the chameleon-photon interaction
which is responsible for both solar production and helio-
scope detection is

(cham)
c Sy (27)
cham—y Mp] v .

Up to the identification ™™ = f,¢o/Mp, this is of
precisely the same form as the dominant symmetron-
photon interaction given in Eq. (10). As a result, solar
production and helioscope detection of symmetrons thus
proceed analogously to the chameleon case, albeit with an
effective coupling constant which is suppressed by the
factor ¢/ Mp;. Using this mapping, it is possible to estimate
the reach of CAST in symmetron parameter space to be

B,/ <10% (%) (28)

While at face value, these estimations appear to be margin-
ally more stringent than the solar luminosity constraints
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obtained in this work, it is important to take into account
that the CAST chameleon bound was derived under a
different set of assumptions. While the tachocline was
similarly taken to be located at 0.7R, with width 0.01R,
the magnetic field was instead assumed to be 10 T
compared to our 30 T, which, as illustrated in Fig. 1 would
be expected to yield an even weaker solar luminosity
bound. More significantly however, the CAST analysis
assumes that the scalar flux emitted from the Sun i.e. their
search target, comprises 10% of the solar luminosity. As
part of their study they compare the observed upper limit on
the coupling obtained from a null result in the CAST
detector to that from assuming that chameleons cannot
account for more than 10% of the solar luminosity, finding
that at small magnetic field values, including 10 T, the
CAST bound is more constraining. At higher magnetic
field values however, including at 30 T, they instead find
the 10% solar luminosity constraint to be a more powerful
probe. One might also expect this conclusion to hold if the
luminosity threshold and flux reaching the cast detector
were commonly set to 3%. Moreover, there are many
further subtleties that this simple rescaling argument does
not capture. For instance both the solar production and
helioscope conversion rates depend on the effective mass of
the scalar field, which parametrically differs between the
two models. In the case of the symmetron, m, is governed
by u, introducing an additional, nontrivial dependence of
the relevant rates on this parameter which is not accounted
for by simply rescaling the coupling. Nonetheless this
simple estimate serves to show that bounds from helioscope
experiments could offer similar constraining power to
symmetron models as limits derived from luminosity
arguments and thus warrant a dedicated study.

While this work forms an important first step toward
fully exploiting the Sun as a testable symmetron source,
several refinements are in order. In particular we emphasize
that our study only considers production in the tachocline,
however for much of the parameter space we consider,
production is expected to continue further into the core. In
the case of chameleons, it was shown that this additional
production, which, due to the higher densities involved can
also occur via Primakoff-like processes mediated by the
microscopic magnetic fields of charged ions in the solar
plasma, can become important [36], and an extended
analysis is required to investigate the extent to which this
carries over to the symmetron. For this reason, our bounds
should be viewed as a conservative first estimate, which
may become stronger should a more comprehensive treat-
ment accounting for production further into the solar
interior, as performed in Ref. [37] for the chameleon, be
undertaken. While a back-of-the-envelope estimate indi-
cates that a dedicated application of the CAST data to the
symmetron could be fruitful, we also note that the forth-
coming BabyIAXO helioscope experiment will soon begin
data taking. A future combined study incorporating both of

these is expected to further improve the sensitivity to
symmetron models.

Before concluding, it is important to assess from a
theoretical perspective whether the symmetron potential
is radiatively stable or if loop corrections modify the mass
or screening behavior in the environments relevant for our
analysis. As we have seen, expanding the symmetron
Lagrangian around the VEV generates a coupling to
electrons of the form y, ~ﬁmmg¢0/M%,l, which induces
both thermal and vacuum corrections to the scalar mass.
The thermal correction can be estimated to be [99]

n
Amy, = y; m_i

~ (13 CV)2<ﬁT(/)s\({Z>2<;/)Z<m23n;n—3>’ (29)

which captures the leading effect of the electron bath on the
symmetron mass. The corresponding vacuum Coleman-
Weinberg correction takes the standard form

2.2 2
Am? = —2¢0¢ (m% - 1)

47
2 b2 m2

M- (In—<—1). 30
4”2Mf‘51'1<n/42 ) (30)

In addition, scalar self-interactions generate one-loop
corrections through the Coleman-Weinberg mechanism
of spontaneous symmetry breaking [100]. For the param-
eter space considered here, each of these contributions is
expected to remain subdominant. However, for symmetron
models with extremely large values of f3,,/v/4, the loop-
induced corrections can become comparable to the tree-
level mass term ~u> when

712 1043 min 1, W s (31)

potentially modifying the effective mass and screening
behavior. In this regime, an appropriate tuning of the bare
parameters would be required to realize screening.

V. CONCLUSIONS

In this work, we have investigated the solar production of
symmetrons and derived new bounds on their parameter
space using both solar luminosity considerations and direct
detection data. We showed that photon-symmetron con-
version in the solar tachocline generates a sizable flux of
keV-scale symmetrons reaching Earth. Demanding the
associated energy loss to remain below a conservative
3% of the total solar luminosity yields robust upper limits
on the conformal symmetron-photon coupling across a
broad range of fundamental scales. We further
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demonstrated that the solar symmetron flux can be
absorbed in liquid xenon detectors, resulting in detectable
electronic recoils. Using the binned data from XENONnT
as a benchmark for xenon-based experiments, we obtained
complementary bounds on symmetron interactions,
stressing the distinct roles of conformal and disformal
couplings. While solar emission mainly constrains the
conformal symmetron-photon coupling, both conformal
and disformal symmetron-electron interactions can play
a role in xenon absorption. The disformal operator domi-
nates both at high recoil energies, and in regions of
parameter space in which conformal interactions are sup-
pressed by small field expectation values. Our work
substantially tightens the viable symmetron parameter
space, with further gains expected should a more compre-
hensive treatment including production further into the
solar interior be undertaken in the future.

Our analysis emphasizes the complementarity of astro-
physical, underground, and laboratory probes. Solar emis-
sion provides a high-intensity natural source of
symmetrons, xenon detectors offer sensitivity to the absorp-
tion of this flux, and precision table-top experiments
constrain symmetron-mediated forces in controlled terres-
trial settings. Together, these methods establish a coherent
and expanding program to search for environmentally
screened scalar fields. The results presented here constitute
both the first dedicated investigation of solar symmetron
production and the first set of constraints on the symme-
tron-photon coupling to date, opening the window to large
regions of unexplored symmetron parameter space. Future
work could refine this analysis to include improved solar
magnetic field models, particularly the magnetic field
profile and plasma properties, along with refined stellar
structure inputs and updated direct detection data. Progress
in experimental sensitivity will increasingly constrain the
parameter space of symmetron models, and screened light
scalars more broadly, allowing for a more incisive explo-
ration of the physics of the dark sector. This work made use
of the open source software MATPLOTLIB [101], NUMPY
[102], and scipy [103].
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APPENDIX: DERIVATION OF THE
PRODUCTION RATE

The calculation of the production rate proceeds via the
finite-temperature field theory relation between the imagi-
nary part of the scalar self-energy I, and the emission rate.
The photon propagating in the solar plasma is described by
the polarization tensor

" (w, k) = ly(w, k)PY + 1 (0, k) P}, (Al)
where P, are the usual transverse and longitudinal
projectors with respect to the plasma rest frame. The poles
of the corresponding propagator define the dispersion
relations

0)2 - k2 - mHT.L (C(), k) = O, (AZ)
corresponding to transverse and longitudinal (plasmon)

modes. The photon spectral functions entering the thermal
calculation are given by

=230z, (0, k)
@ = k> = Ry (@, k)] + [Ny (0, k)]
(A3)

/)T,L<w’ k) = [

The imaginary part 1y ; encodes both pole (plasmon) and
continuum (Landau damping) contributions.

Following Weldon’s theorem [104], the rate per unit
phase space for producing symmetron fluctuations 6¢p of
energy @ is

1—‘prod ,k —
p (0. k) P

3(®), (A4)
where fg(w) = 1/(e®”’T —1) is the Bose-Einstein distri-

bution. At leading order, the scalar self-energy Il arises
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from the mixing of the scalar with a photon in the presence
of two insertions of the external magnetic field B. Only the
transverse photon polarization contributes at this order.
Explicitly, the imaginary part of the scalar self-energy is

brbo

2
N (o0, K) — (MZ ) B apr(@. k)., (AS)
Pl

where B is the component of the magnetic field transverse
to the direction of propagation. The factor w?p; originates
from the photon propagator contracted with the external
field insertions.

Approximating the transverse photon damping rate in the
quasiparticle approximation for the transverse photon
mode,

Sy (w, k) ~ —al, (@, r), (A6)
and inserting Eq. (A3) into the Weldon relation Eq. (A4)
gives the symmetron production rate per mode in the weak-
coupling limit,

25 T (. 1) f 5 ()
(0* — k2 = R11y)* + (oI, (0, r))*

Fzrod(w’ k) ~

(A7)

where the sum over transverse photon polarizations is
implicitly included. Near resonance, this reduces to the
familiar Breit-Wigner form. Resonant enhancement occurs
when the effective photon mass matches the symmetron
mass, m, ~my, leading to a peak in the production rate.
The damping rate I', encodes photon production and
absorption processes in the solar medium. Following
Ref. [36], we retain only Thomson scattering and free-free
(bremsstrahlung) contributions, which dominate in the keV

FIG. 4. Lowest-order contribution to the symmetron self-
energy in a plasma in the presence of an external magnetic field.
The crossed vertices denote insertions of the background field B.
Each scalar-photon vertex carries the effective coupling
ﬂquO/M]%] arising from the expansion around the background
field value.

range. The differential emission rate is obtained by inte-
grating over phase space and imposing the on-shell relation
@® = k> + m? to yield

o(w? —m?)3/? r,
(m% -m?)?+ (a)ry)2 e?/T—1"
(A8)

AN 2B2¢9% [R:
- drr?B?
o AL

In this expression we have set RII; ~m?2(r), the local
plasma frequency squared, and explicitly displayed the
photon damping/absorption rate I', (@, r) which arises from
SI7. Integrating Eq. (A8) over the tachocline volume,
assumed to be a thin shell, leads to the expression in
Eq. (18) in the main text. In Fig. 4 we show the lowest-
order contribution to the symmetron self-energy in a
magnetized plasma. The diagram represents the mixing
of the scalar field with a transverse photon in the presence
of an external magnetic field, mediated by the effective

symmetron-photon interaction proportional to ¢,/M3,.
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