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The search for dynamically screening the coupling between the scalar field and matter in high-density
environment is achievable with the symmetron model. The high-accuracy and short-range gravity
experiment is proposed to test the symmetron model. In this Letter, the data of the HUST-2020 torsion
pendulum experiment testing the inverse-square law at submillimeter range is analyzed to constrain the
symmetron model. The results show that the HUST-2020 experiment is uniquely sensitive to probe the
symmetron model with a mass scale of y = 7.2 x 1073 eV, and the self-coupling parameter A < 105 is

excluded at mass scale M = 0.3 TeV. Especially, at the dark energy scale u = 2.4 x 1073 eV, the
constraint at M = 1.3 TeV is improved by about 10 times the previous constraints on the torsion pendulum

experiment.
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Overwhelming observational evidence has indicated that
the expansion of the Universe is accelerating [1-4]. One
possible explanation is the dark energy with negative
pressure uniformly distributed in the Universe [5,6].
Although the standard lambda cold dark matter model is
compatible with astronomical observation data, this model
has some difficulties in explaining, for example, the
cosmological constant problem [7] and the cosmic coinci-
dence problem [8]. Therefore, theorists urgently need to
find alternative models [6]. An intriguing extension is the
scalar field dark energy model coupled with matter [9].

Since the fifth force has not been found on the laboratory
and solar system scale, the coupled scalar field needs some
screening mechanism to suppress the fifth force generated
in the high-density region. Some screening mechanisms
have been proposed so far, such as the chameleon mecha-
nism [10-12], the Vainshtein mechanism [13-15], the
K-mouflage mechanism [16-18], and the symmetron
mechanism [19,20]. This Letter focuses on the symmetron
mechanism, in which the coupling between the scalar field
and matter is proportional to the vacuum expectation value
(VEV) of scalar field depending on the background matter
density. In the low-density region, the VEV becomes large
and the symmetry is broken spontaneously, indicating that
the field and matter are coupled at gravitational strength. In
contrast, the VEV becomes small and the coupling is
screened in the high-density region.

To further explore the properties of the dark energy
screening mechanism, the symmetron model has been
tested by atom interferometry experiments [21-23], gravity
resonance spectroscopy [24,25], and accurate measurement
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experiments of the electron magnetic moment [26]. Also,
some forecast constraints have been performed with the
Casimir force experiment [27] and the next generation
CANNEX experiment [28]. The Eot-Wash torsion pendu-
lum experiment [29], as a short-range gravity experiment,
provides a complementary constraint of the parameter
space [30].

In this Letter, we constrain the symmetron model with
the HUST-2020 torsion pendulum experiment [31]. Since
the regular flat-plate structures of the test and attraction
masses are employed in this experiment, it is conducive to
modeling the experimental geometry structure as a plate
model, which is convenient to solve the one-dimensional
symmetron field profile. We calculate the symmetron field
profile between the torsion pendulum and the attractor,
analyze the electrostatic shielding foil effect, and finally
constrain the parameters of the symmetron model with the
experimental data. We find that this experiment excludes a
wider region of parameter spaces.

The symmetron model contains a symmetry-breaking
potential V(¢) and a matter coupling A(¢), and the
corresponding action can be written as [19,20]

(‘L;’)z - V(¢)] +S,[A%(#)gul. (1)

S = / V—gd*x {—
where ¢ is the symmetron scalar field, S,,[A%(¢)g,,] is the
coupling action of the scalar field and matter with g, being
the Einstein-frame metric. The scaler field equation of
motion and the effective potential Vs (¢, p) of the symme-
tron model can be derived as [30]
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FIG. 1. Diagram of the HUST-2020 torsion pendulum
experiment [31].
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where p is the background matter density, 4 is the
dimensionless coupling parameter, and ¢ and M are the
mass scales. In the high-density region, namely p > u>M?,
the symmetry is not destroyed, and the effective potential
has a minimum at ¢ = 0 eV, indicating that the coupling
between the field and matter is nearly vanished.
Nevertheless, in the low-density region, such as in vacuum
p < u>M?, the symmetry is spontaneously broken and two
local minima of the potential are generated, corresponding

to two nonzero ¢y = ++/6(u* — p/M?)/A. Without loss of
generality, we take ¢y as positive. In this case, the field and
matter are coupled at gravitational strength, mediating a
large symmetron force. For the symmetron with different
mass scales u, the HUST-2020 experiment can provide the
constraint of the symmetron model parameters M-A.

The HUST-2020 experiment is described in detail in
[31]. A brief review is provided here, and the structural
diagram can refer to Fig. 1. The I-shaped pendulum,
including 14.6 x 0.2 x 12.0 mm® tungsten test masses
W, and 14.6 x 0.3 x 12.0 mm? tungsten gravitational com-
pensation masses W, is symmetrical on both sides and
directly opposite to the attractor. The attractor is eightfold
symmetric, and comprises eight 17.6 x 0.2 x 11.4 mm?
tungsten attraction masses W, attached to the surface of
the equal-area glass masses Wy, and eight 17.6 x 0.4 x
11.4 mm? glass masses, attached to the surface of the
equal-area tungsten gravitational compensation masses
W,.. The attractor is rotated around the horizontal z axis
to produce the density modulation. A 30-um-thick electro-
static shielding foil is inserted between the test mass and the
attraction mass to prevent electrostatic disturbance. The
densities of the glass plate, tungsten plates, and foil are
pp=25¢g/ecm?, p, =189 g/cm?, and p, = 8.4 g/cm’
respectively. The entire experimental system is placed in a
vacuum chamber with a pressure of about 107> Pa. In
particular, the compensation masses added in this

experiment can effectively offset the Newtonian torque,
realizing a “null” measurement. The violating torque is
measured at different test-attraction mass separations as
dy =210 pm and 295 pm, in which the separation between
the test mass and the foil is 90 ym, and the experimental
resolution of the torque at 1o level is 1.0 x 1077 N - m.

Because of the density modulation adopted in the HUST-
2020 experiment, there mainly exist two experimental
configurations: the tungsten test mass and the tungsten
(or glass) attraction mass are placed on both sides of the
foil. This sandwich like structure can be easily modeled as a
three-plate model. To analyze the constraint of the HUST-
2020 experiment on the symmetron model, it is important
to calculate the symmetron torque difference in the three-
plate model. However, considering that it is very compli-
cated to directly solve the symmetron field profile as well as
torque difference in the three-plate model, we convert it
into calculating the symmetron torque difference in the
two-plate model of test mass and attraction mass, and
further analyzing the influence of the electrostatic shielding
foil, which is considered as a correction on the symmetron
torque difference.

The two-plate model mainly involves two configura-
tions: the tungsten test mass facing the tungsten or the glass
attraction mass. These correspond to two different symme-
tron field profiles, illustrated in Fig. 2(a). The red dashed
line represents the symmetric field profile for the tungsten-
to-tungsten plate, and the red solid line represents the
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FIG. 2. Sketch of symmetron field profiles for the two-plate
model (a) and the three-plate model (b). The densities of the
tungsten, glass, foil, and vacuum regions are expressed as p,,, pp,
ps» and p,,, respectively.

141101-2



PHYSICAL REVIEW LETTERS 129, 141101 (2022)

asymmetric field profile for the tungsten-to-glass plate. As
symmetric field profile is a special case of asymmetric field
profile, we take the asymmetric field profile as an example
to analyze. Based on the plate model, Eq. (2) can be
rewritten as a one-dimensional form [32,33]:

= 2Vt (i p)

(@), - ()

dz) |, dz 5

where ¢; = ¢(z;) and ¢; = ¢(z;), respectively, represent
the symmetron field values at z; and z;. ¢, and ¢,
represent the local minimum of the symmetron field inside
the test mass and the surface field value on the test mass,
respectively. ¢, represents the local maximum of the field
between both plates. From Eq. (3), both of the equations of
motion in the plate interval [¢,,, ¢, ;] and vacuum inte-
rval ¢, ¢, ] can be obtained, and further ¢, can be
derived as

- 2Veff(¢jv/))’ (3)

¢gl

12 —Pv
:l %/_\/ ‘\‘/_7<przpb L1~ PW ¢2> + b
E¢max[¢m7¢lepw]’ (4)

Conversely, the field value ¢;; can be obtained with
11 = Gmia[@m- dg1-py]. From Eq. (3), the equation of
motion in the vacuum interval [¢,¢,] can be given.
Integrating the field value from ¢ to ¢, one can obtain
Az as [30]

(-5 ) (o)
Hyac (1 2¢%/ i 2 ’ ¢ Fism ¢gl k
= Az[g. gl (5)

where ﬂ%ac = /"2 _pv/Mz’ k= ¢31/(2¢%/ - _(211)’ and
F(0.m) = [{ (1 —msin6?)~1/2d0 is the elliptic integral.
The asymmetric field profile can be solved by the
dichotomy algorithm. Guess an arbitrary field value ¢, ,
based on Egs. (4) and (5), the field value ¢, and the
distance d; from ¢, to ¢, can be determined, respec-
tively. Since the distance d, = dy — d; = Az[pg;. ¢ 1], one
can obtain the field value ¢z, and the slope ¢%,. Then, we
deduce the slope ¢, with a guess field value ¢, on the
surface of the attraction mass. If the iteration conditi-
ons g1 — pri| < 107" eV and |y, — Py | < 107" eV
cm™! are satisfied, the correct value of ¢, , is found, as well
as the entire symmetron field profile. A similar analysis can
be performed to solve the symmetric symmetron field
profile between the two plates with same density.
According to the mass blocks used in this experiment
being a regular flat-plate structure, the symmetron force per
unit area in the z direction can be expressed as [32]

1/2

Az =

Fy=—c 2% [¢?(d + D)

2

Lo #@). (6
Here, p,, is the density of the test mass, and D is the
thickness of the test mass plate. ¢(d+ D) and ¢(d),
respectively, denote the symmetron field values on the left
and right surfaces of the test mass plate. Based on the
density modulation adopted in this experiment, the sym-
metron torque difference between the two configurations in
the two-plate model can be expressed as

Sl
S (01— 47). (7)

Here, S is the area of the test mass, / is the arm length, and
¢r1(¢p) represents the field value on the right surface of
the test mass plate for the tungsten plate facing the glass
(tungsten) plate.

When a foil is inserted between the test mass and the
attraction mass, the experimental structure should be
modeled as a three-plate model. Compared with the case
of the two-plate model, the symmetron field profile is
different, illustrated in Fig. 2(b). The blue dashed line
represents the field profile of the case that the test mass and
attraction mass are tungsten to tungsten. The field values of
the critical points are denoted as ¢p;, Pog> Per> Pems> Pers
boa> and @ug. ¢pr and ¢ 4p, respectively, and represent the
surface field values on the test and attraction masses. ¢gp
(¢hos) represents the local maximum of the field between
the test (attraction) mass and foil. ¢b,; and ¢,p represent the
surface field values on the foil, and ¢,,, represents the local
minimum of the field inside the foil. The blue solid line
represents the field profile of the case that the test and
attraction masses are tungsten to glass. The difference of
the two field profiles corresponding to both configurations
is weak in the areas far from the attraction mass. The
symmetron torque difference between both configurations
is Oty Similarly, for the two-plate model, the torque
difference denotes as Oz, Lherefore, the influence of
the foil on torque difference defines as f = 671/ 67 po-toil-

In the HUST-2020 experiment, when the attractor is
rotated from tungsten to glass, the reduction of the
attraction-mass density is p,, — p,. To present an approxi-
mate analytical calculation, we regard the reduced amount
of the attraction-mass density as a small amount 6,p,,, and
the field profile in this case changes slightly compared with
the case of the three-plate configuration of the tungsten test
mass, the foil and the tungsten attraction mass. Thus, the
field values of the critical points are

5t = 2

$rs = (1 + 1), Poss = $os(1 + ),
bers = ber(1 4 33), bems = Pem(1 +6),
Pers = ber(1 + 04), Poas = Poa(l + 3s),
bars = Par(1 + ), (8)

with § ~ §¢ representing the relative increment of the field
values for the three-plate model, where the test and
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attraction masses are with the same density. The notation
is introduced as k; = 8;/8(i = 1,2...6, p). Making a first-
order Taylor expansion of ¢p;s = Pmial0, Pogs. ] at
&1 = Pmial0, Pog, p,], one gets the relationship

OPmia [O, ¢03,,0w} $o
= —k,. 9
oo dw ®)

Similarly, we determine the relationship between k, and k5.
Since the distance dB between the test mass and the foil is a
fixed value dB = Az[¢p 5. Pops] + Azlders bops| can be
described as a Taylor expansion at dB = Az[¢p;, o]+
Az[p.r, Pog], and the relationship of ky, k,, and k5 are then
derived. Further, k5 can be determined and is related to the
field values of the three-plate model with the test and
attraction masses with the same density. Similarly, the
dependent relationships of ky, ks, ks, and k, on k3 can be
derived. Thus, d7,; expresses as

ky

2 Slpw 2¢%Lkl

ok

o (10)

OTfoi| =

For the two-plate model, when the attraction-mass density
reduces by 6,p,,, the field values of critical points ¢, ¢,
and ¢ also change, as well as the relative increments &/, &',
and &,. ¢p; and ¢y represent the surface field values on the
test and attraction masses, respectively. ¢, is the local
maximum of the symmetron field in vacuum. A similar
analytical calculation can be performed to solve 67,
Finally, the influence of the foil on the torque difference can
be obtained as

_ ‘l%L klk;)

=P 11
/ ¢L koK) (1)

with k, =6,/8 and k| = &)/5'. Besides the above ana-
lytical calculations, the numerical method, which has been
presented in detail in [34] to analyze the constraints of the
chameleon model with the short-range gravity experiment,
should be adopted to solve the symmetron field profile with
the test and attraction masses with the same density. We
denote the calculation method of foil influence as a kind of
“semianalytical” method. The detailed calculation of the
foil influence is in the Supplemental Material [35].
Based on the semianalytical results in Eq. (11), the foil
influences at y = 7.2 x 1073 eV for different distances d,
are shown in Fig. 3. The results show that when the
dimensionless value of mg X ¢ is close to zero, the foil is
equivalent to a sufficiently thin plate, which has an
extremely weak influence on the symmetron torque differ-
ence, and the foil influence is f = 1; as mg X ¢; increases
gradually, about in the interval 0 < mq X ¢y < 4.5, the foil
influence satisfies f > 1, and its maximum value is
approximate to 6. The rationality of this interesting
phenomenon will be analyzed in detail in the following

10"
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107 N

107} & dy=295 um, u=7.2x10"3 eV for numerical N
ol — dp=295 pm, p=7.2x107% eV for semianalytical
10”
. do=210 pm, p=7.2x10~% eV for numerical

10"} — dp=210 pm, p=7.2x107 eV for semianalytical

foil influence f
o oo
239
(2] (%, £

10° 10"
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FIG. 3. The influence of the foil on symmetron torque differ-
ence. The dots and lines represent the results of numerical and
semianalytical calculations, respectively. Here, the self-coupling
A=1, and m} = p,/M? — .

paragraph; when m X e increases to a large enough value,
the foil is equivalent to a thick plate, indicating a strong
screening effect on the torque difference, and the foil
influence satisfies f <« 1. In addition, the numerical
method is also adopted to calculate the foil influence,
and the results agree well with the semianalytical method,
shown in Fig. 3. Similarly, one can calculate the foil
influence of other mass scales u, and can obtain similar
properties of foil influence f.

To analyze the rationality on the enhancement effect of
the foil influence in the interval about 0 < mg X ¢y < 4.5,
the limit case is constructed by making the value of
mgy x e, close to zero. We choose u=7.2x 1073 eV,
M =1/4TeV, A=1, and the experimental distance
dy = 210 ym. The semianalytical method is adopted to
calculate the foil influence for the foil thickness ¢, in the
interval 1072 cm~ 107! cm, and the result can be
approximately fitted as f = exp(14mgyey/5). For ey — 0,
one can obtain the foil influence f > 1 and the slope
f' > 0, demonstrating that it does have an enhancement
effect. In addition, one can understand this phenomenon
from a more intuitive perspective. Generally, when a thin
foil is inserted between the two plates, the foil will screen
the symmetron field profile. However, due to the density
modulation adopted in the HUST-2020 experiment, we
need to consider the influence of the foil on the symmetron
torque difference. Considering the two cases that the test
mass and the attraction mass are tungsten to tungsten and
tungsten to glass, the foil is inserted between the two plates
in these two cases. In the interval about 0 < mg x ey < 4.5,
we note that the screening effect of the foil in the tungsten-
to-glass case is weaker than that of the tungsten-to-tungsten
case. This, to some extent, explains why the foil influence
is f > 1 in this interval. The more detailed analysis on the
enhancement effect of the foil influence is given in the
Supplemental Material [35].
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FIG. 4. The constraint of the torsion pendulum experiment on
symmetron model. For the HUST-2020 experiment, the yellow
and green regions are excluded, respectively, for u =
7.2x 1073 eV and u=24x 1073 eV; a combination of the
blue (solid) and purple (both solid and dashed) curves gives lower
bounds on 1 for y = 4.8 x 1073 eV. The gray shaded region
surrounded by black curve is excluded for u = 2.4 x 1073 eV by
Eot-Wash experiment [30].

Based on the above analysis, the symmetron torque
in the HUST-2020 experiment can be calculated as
0t = 07 X f, and one can constrain the symmetron model
with the experimental data. Generally, the study of the
symmetron field profile between two plates is limited by a
minimum distance Az.;,. When the experimental distance
d between these two plates is less than the minimum
distance Az.;,, the symmetron field is near zero every-
where, and the experiment will fail to constrain the
symmetron model [30]. Az, can be determined by taking
¢ = ¢, and the limit ¢, — 0 in Eq. (5), approximately

expressed by Az, ~ 7/\/u* — p,/M?. Therefore, for
some certain mass scale pu, d > Az,;, is satisfied at all

M of interest; while for p with little values, d > Az, is
only satisfied at a certain range of M. This leads to the
curves of the constraint being “truncated.” In this Letter, we
adopt the experiment performed at dy = 210 pm, 295 ym
to analyze the constraint of the symmetron model.
Combined with the resolution level of the torque, the
constraints of the HUST-2020 experiment on symmetron
model are shown in Fig. 4. The current strongest constraint
on u = 7.2 x 1073 eV is obtained by analyzing the exper-
imental data with dy =210 ym, finding that the self-
coupling parameter 4 < 105 is excluded for the mass scale
M = 0.3 TeV. Combining the experimental data with d, =
295 um, at the dark energy scale u = 2.4 x 1073 eV, the
self-coupling parameter A <112 is  excluded for
M = 1.3 TeV, which is improved by about 10 times from
that of the Eot-Wash experiment [30]. Because of the
truncation phenomenon, this experiment can only constrain
the symmetron model at a certain range of M. Moreover, a
combined analysis of the experiments with dy = 210 ym

and dy = 295 ym has been performed to constrain the
symmetron model of the mass scale y = 4.8 x 1073 eV.

The symmetron model is one of the most successful
screening mechanism models, which helps with under-
standing the accelerating expansion of the Universe.
Therefore, it is extremely significant to place constraints
on the symmetron model. We constrain the symmetron
model with different mass scales p by combining with the
HUST-2020 experimental data. As the special design of
density modulation is adopted in the HUST-2020 experi-
ment, we found an interesting phenomenon that the
symmetron torque signal in this experiment is enhanced
in some certain interval of mg x ey. This is unique and
useful for designing the test of the symmetron model in the
future. In addition, we are currently running a new experi-
ment of the HUST torsion pendulum in the submillimeter
range [36] that may further provide meaningful constraints
on the symmetron dark energy model.
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