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The W-boson mass (my = (80.4335 +0.0094) GeV) measured by the Collider Detector at Fermilab Collaboration is greater than
the standard model (SM) prediction at a confidence level of 7o, strongly suggesting the presence of new particles or fields. In
the literature, various new particles and/or fields have been introduced to explain the astrophysical and experimental data, and
their presence, in principle, may also enhance the W-boson mass. In this study, we investigate axion-like particle (ALP), dark
photon (DP), and chameleon dark energy (DE) models for a solution to the W-boson mass excess. We find that the ALP and DP
interpretations have been significantly narrowed down by global electroweak fits. The possibility of attributing the W-boson mass

anomaly to the chameleon DE is ruled out by other experiments.
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1 Introduction

With the discovery of the Higgs particles, the standard model
(SM) [1-4] has achieved unprecedented success and inter-
preted almost all the phenomena measured by the colliders.
However, astrophysical data, raises questions in the com-
munity. The observations of the galaxy rotation curves [5],
gravitational lensing [6], and cosmic microwave background
(CMB) power spectrum [7] have demonstrated that the total
mass of the universe cannot be accounted for by the ordi-
nary matter in the SM, and dark matter (DM) has been in-
troduced to explain the missing mass [8-11]. The data of Ia
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supernova [12], baryon acoustic oscillations [13], large-scale
structure [14], and CMB call for the presence of dark energy
(DE) make up 68% of the total energy density of the current
universe [15]. Though extensively explored, the nature of
DM and DE is still essentially unknown. Various new parti-
cles or fields have been introduced in refs. [16-23]. Some of
these particles or fields are also well theoretically motivated.
For instance, axion, a hypothetical sub-eV particle beyond
SM and a promising candidates for cold DM, has been ini-
tially introduced to solve the CP violation in strong interac-
tion [24,25].

Notably, some anomalies have been reported in some
physical experiments over the past few years. For example,
in 2021, the muon anomalous magnetic moment was mea-
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sured by E989 at Fermilab with a relative precision of 368
parts-per-billion. The combination with a previous measure-
ment from Brookhaven National Laboratory yielded a devi-
ation from the SM prediction at a confidence level (CL) of
420 [26]. The electroweak fit, including Z-pole data and
Myp and my, measurements, yields a well-determined mass
mysm = (80.361 +0.006) GeV of the W-boson that mediates
the electroweak interactions. Hence, the precision measure-
ment of the W-boson mass is essential in probing the SM’s in-
ternal consistency. Recently, the Collider Detector at Fermi-
lab (CDF) Collaboration reported a precise measurement of
W-boson mass [27], which is my = (80.4335+0.0094) GeV.
The deviation from the SM prediction is approximately
~T7o [27]. This remarkable discovery is the focus of this
study. The W-boson mass equals to gv/2 at the tree level,
where v= 245 GeV is the vacuum expectation value of the
Higgs field and g denotes the weak-isospin coupling param-
eter. Like other particles in the SM, its mass also suffers
from loop corrections. New particles/fields interacting with
W-boson also has loop corrections to its mass. This fact mo-
tivates us to examine whether some DM/DE models could
explain the latest CDF W-boson measurement. Accordingly,
in this study, we investigate a few models, including the mod-
els of the axion-like particle (ALP), dark photon (DP) and
the chameleon DE. We find out that the first two scenar-
ios are still viable, whereas the last one is not. All models
can enhance the loop corrections of the W-boson mass, but
some parameters have already been ruled out by other exper-
imental/astrophysical data. Although, the ALP and DP (with
mz > O(EW)) models are still viable, we have identified
some favored regions without violating other constraints.

2 Global electroweak precision fits

The W-boson mass can be measured at a hadron collider
through the charged current Drell-Yan process, i.e, pp —
W=* + X — I* + v(v) + X. There are three observables in this
process: the lepton-pair transverse mass, missing transverse
momentum, and charged lepton transverse momentum. The
measurement accuracy of the W-boson mass has improved
rapidly with the growing experimental data and advance-
ments in detection technology. Previously, the W-boson mass
was measured to a precision of 19 MeV at ATLAS [28],
23 MeV at CMS [29], 59 MeV at LHCb [30], 33 MeV at
the Large Electron-Positron (LEP) collider [31], and 16 MeV
at the Tevatron [32] by averaging the measurements of CDF
[33] and DO [34]. The global fit result of the electroweak ex-
periments available in 2018 is 7 MeV [35], which is 58% of
the 2021 PDG average of direct measurements [36].

The precision electroweak measurements in colliders in-
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volve fermions scattering each other. In these inelastic scat-
tering processes, the new gauge bosons can be exchanged by
fermions and induce an oblique correction, which would shift
the SM coupling [37-39]. When this correction dominates,
we may use the freedom from new physics, particles/fields,
to perform field redefinitions and put all new physics effects
into the vacuum polarization [40,41].

For new physical models, the loop contribution to the W-
boson mass can be described in terms of the oblique param-
eters of (S, 7, U) [40,41], i.e.,

2 .2 2 2
acs,m S co, =8
2 _ 2 W'z 2 w w
mW—mWSM+ﬁ _§+CW; + 4 2 Uu , (1)
Cw~ Sw Sw

where sy = sinfy, cw = cosfy, and Oy denotes the Wein-
berg mixing angle. « and my are the fine structure constant
and Z-boson mass, respectively. The SM-predicted W-boson
mass is mysm = (80.361 £0.006) GeV [36]. In addition, the
complete electroweak precision measurements are parame-
terized by S, 7, U that are given by refs. [40,41].

The global electroweak fit is a robust tool to explore the
correlations among observables in the SM and predict the di-
rection of new physics. Because the electroweak parameters
in the SM are closely related to each other, we can expect
that some observables in the global electroweak fits may suf-
fer from new tensions once the myy is changed [42-44]. Two
groups [45,46], replacing (80.379 + 0.012) GeV (PDF2021)
with (80.4335 + 0.0094) GeV (CDF2022), have reported
the oblique parameters, and ref. [45] used the very recent
measurement of the top quark mass by the CMS Collabo-
ration [47], the results are presented in Table 1. We could
find that these parameters are far more different from the old
S, 7, U values from PDG [36] via a comparison between
the new physics and experiments through the y? calculation
based on S, 7, U is [44]

0'? Cyos0; Cyo0, AS

X' =(AS AT AU)| Cuoyor 07 Cuovo || AT |,
Cyo50, Choioy, 0'5 AU

)

where (o, 0, 0,) are the errorbars, AA = Apogel — Ao, and
A denotes S, 7, U. We could obtain the allowed parameter
regions by Ay? = y? - sznin, and y? is dependent on the pa-
rameters in different new physical models. Below we discuss
three specific models and set the constraints.

3 New physics and constraints

3.1 Acxion-like particle

ALP, which isa type of pseudoscalar particle, appears in
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Table1 The values of the oblique parameters S, 7, and U and the correlation matrix allowed by global electroweak precision fit with the W-boson mass from
PDF (2021) [36] and CDF (2022) [27], respectively. Case A was adapted from de Blas et al. [45], and Case B was adapted from Lu et al. [46], the difference
between Cases A and B is with and without considering the very recent measurement of the top quark mass by the CMS Collaboration [47]

PDG2021 [36] Correlation Case A [45] Correlation Case B [46] Correlation
S 0.06 £ 0.10 1.00 - - 0.005 + 0.096 1.00 - - 0.06 = 0.10 1.00 - -
T 0.11 £0.12 0.90 1.00 - 0.04 +£0.12 0.91 1.00 - 0.11 £0.12 0.90 1.00 -
Uu —-0.02 £ 0.09 -0.57 —-0.82 1.00 0.134 £ 0.087 -0.63 -0.88 1.00 0.14 £ 0.09 -0.59 -0.8 1.00
2

string theory and some well-motivated models as a type of
DM [48-56]. The difference between ALP and axion mod-
els is that both mass and coupling are free parameters for the
former. The effective interactions of ALP and electroweak
gauge bosons, considered in this study, are given by the fol-
lowing dimension-5 effective Lagrangian [57-60]:

1 g @y e
_gefoS =5 (c')pa) (0"a) - 7612 + gchWXijWﬂ “

+ 82Cppc BB, 3)
A
where W;}V and B, denote the gauge field strengths of
SU(2), and U(1)y, respectively, and g and g’ denote the cor-
responding coupling constants, respectively. B and W*” are
their duals defined as B = 1&"** B, (with "' = 1). The
A ~ 1 TeV is the energy scale of new physics. The ALP
field and its mass are denoted by a and M,, respectively. The
interactions between ALP gauge bosons are contributed by
the last two terms of eq. (3). In addition, the dimensionless
couplings C,, = Cyw + Cpp describe the coupling strength
of the interactions between ALP and photon in leading order.
Because we only consider the ALP much lighter than the
electroweak scale, where the effect from the ALP mass can be
neglected, the corrections to electroweak precision observ-
ables can not be directly described by the oblique parameters
S,7 and U in principle. In ref. [57] the oblique parameters
are equivalently given in terms of p., sy, so and s, by cal-
culating the vacuum polarization function to one loop order
(please see sect. 6.3 therein for more details):

2
2 g? I,z (mZ)
S, = 2 %) — SpCyw P )
g +g m
Myw(0)  TIzz(0)  2s,, I1,z(0)
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mW mZ Cy mZ
, 2 2
oo &2 o (Tww () Mz ()
Wg2pg2 7V m%v m% ’
2 2
, g 2 [Ty (m) myy  Tzz(m)
L Y N S >t 2 2
g8 +8 Cy = Sy mZ mW mZ
4

where the vacuum-polarization functions are defined by the
decomposition I} ,(q) = Tup (qz) g"” + O(g"q"), and the

)

correction terms in the lowest-order expressions are s, =
g7/ (g2 + g’z) and ¢, = g%/ (g2 + g’z). Although the 8,7, U
parameters are actually derived for the particles with a mass
larger than the electroweak energy scale, we have checked
at least for the mass of W-boson, which is enhanced by the
ALP’s loop diagrams, that the form of the oblique parameters
is correct. Thus we adopt these expressions in our analysis.
With the x* defined in eq. (2), we obtain the allowed pa-
rameter spaces of Wilson coefficients in Figure 1. The best-
fitting results are summarized in Table 2. The results are
shown in Figure 1, where the regions of red contour lines
and blue contours are favored by Case A (Case B) of CDF II.
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Figure 1  (Color online) Allowed parameter regions of ALP coefficients

Cww-Cpp obtained from 2021 PDG results at 68% (dark gray), 95% (gray),
and 99% (light gray) CL. As a comparison, we also plot the parameter space,
adding the CDF W-boson mass, favored by global electroweak fit S, 7-, and
U at 68%, 95%, and 99% CL. The red contour lines and blue contours are
for Case A and Case B, respectively. In addition, the orange region is al-
lowed by the LEP collider at M, ~ 1 GeV and the black line is set by the
CAST observation [57]. Our best-fitting results are marked with symbols.

Table 2  Best-fitting results for ALP. The second and third columns are
the best-fitting Cyww/A and Cpp/A, respectively, for different values of the
oblique parameters. The fourth column shows the corresponding values of
my

STU value Cww/A Cgp/A my (GeV)
PDG2021 -3.35 0.85 80.3819
PDG2021 3.34 -0.85 80.3819
Case Al 7.0 -0.4 80.4174
Case A2 -7.0 0.4 80.4174
Case B1 6.1 -0.5 80.4327
Case B2 6.1 0.5 80.4327
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Our results with the previous 2021 PDG data are very sim-
ilar to the results in ref. [57], indicating that our method
is sufficiently enough. Compared with the 2021 PDG re-
sults (i.e., the regions in grey), the viable regions are sig-
nificantly narrowed down. Owing to such a paramount im-
provement, the current regions are stringently constrained
by the CAST experiment [57] for m, < O (keV) with
Cy, /A < O(1077) TeV~! (i.e., the black line shown in Fig-
ure 1). Thus only a fine-tuning parameter space for C,, ~ 0
is allowed. In other words, the interpretation of the W-boson
mass excess with ALP is just marginally acceptable (i.e., it
has been excluded at a significance level above 2¢07). Fortu-
nately, for m, ~ GeV, we have a much weaker constraint of
Cyy/A < O(1) TeV~' (shown in light orange). The corre-
sponding permitted region overlaps with the ~ 20" counters,
suggesting that such massive ALP accounts for the correct
W-boson mass without violating current observational con-
straints. Notably, the parameter regions with m, ~ GeV and
C,y/A ~ TeV~' can also explain the muon magnetic mo-
ment anomaly [57]. After analyzing the global electroweak
fit result, we conclude that the new result of CDF has signif-
icantly narrowed down the allowed parameter regions of the
ALP model.

3.2 Dark photon

The DP (or dark Z”) is a gauge boson with an additional U(1)’
symmetry. It has been widely discussed for the experimen-
tal signatures by their kinetic mixing (with photon) or mass
mixing (with Z-boson) [61-70]. In this study, we discuss the
implication of the CDF II W-boson mass on this extending
gauge structure of the SM broken at a weak scale.

The general renormalizable Lagrangian for the SM with
an extra U(1)’, neglecting the fermionic part, is given by [61]

Lo oy 10 s
Lz 2= 42" + SMyZ 2"

SINQ 5, 2y | 5 s
> Z,,B" + k2, 2", ©)

where Ig’w and Z/ v denote the field strength tensors for U(1)y
and U(1)’, respectively, Z is the Z-boson in the SM, and 2’
denotes the boson of the new U(1), i.e., the DP (dark Z’). In
addition, sina and « correspond to kinetic mixing with pho-
ton and mass mixing with Z-boson, respectively. The phys-
ical eigenbasis can be obtained by diagonalizing the mass
terms from U(1)" breaking and S U(2) x U(1) breaking. The
nondiagonal mass terms give a mixing between Z’ and Z,
thereby affecting the precision of electroweak measurements
and the coupling with neutrinos [62, 63, 69]. In the end,
one mass eigenstate is massless (the photon A,,), whereas the
other two (denoted as Z; and Z,) receive masses (we assume
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mygz, < mgz,, where Z; is the Z-boson in the SM, and Z, rep-

resents the dark Z). In terms of (B,,, Wg, Z,), or alternatively

(A,,, Zp, Z/'l), the physical mass eigenstate shows
Ay = CwBy + SwW, = A, + ey sinyZ,,
Zy, = cosé (ewW; — SwB,) + sin£Z,
=cos& (2,1 - Sw sin,\(Z/;) +sin&cos yZ!, 6)
Zoy = coséZ), — siné (ewW, — SwBy)

= cosécos yZ, — siné (Zu - Sw sinXZl’l) )

After defining
—2cosa (K + M%SW sin a/)
tan 2¢ = — —, (N
MZ, — M cos? @ + MZs3, sin® a + 2ksw sin

we can replace the mixing parameters sina and « with & and
tana. Furthermore, the Z-Z’ contribution to S, 7, U (the
leading order) could be expressed conveniently, which has
been calculated in ref. [61]. The DP enhances my via kinetic
mixing and mass mixing in our work.

In this work, we consider both the possible kinetic mixing
and mass mixing terms. We choose two independent parame-
ters, @ and &, with a mass of Z’ larger than 1 TeV. A stringent
bound on the new vector boson has been set through the cou-
pling with the SM leptons g,,7;. The constraints are from 10~*
(mz ~ GeV)to 0.1 (mz ~ TeV) [71,72]. Thus, we only con-
sider the case mz > 1 TeV to avoid the constraints from the
collider in our work.

With the above information and the new range S, 7, U
resulting in the global electroweak fit [46], we employ eq.
(2) to calculate the favored regions and best-fitting results in
the scenarios of Cases A and B (see the red contour lines and
blue contours), and obtain & ~ 3 x 1073 (see Figure 2 and
Table 3). For comparison, we also show the allowed regions
with the PDG 2021 results. Clearly, similar to Figure 1, the
inclusion of the CDF II W-boson has significantly tightened
the constraints, which is, in particular, the case of &, although
the ranges of tana < 0.2 are comparable with the previous
ones. In the future, supposing the parameters of ¢ and tan «
have been independently constrained by other experiments
or astrophysical data, the interpretation of the W-boson mass
excess with DP will be further tested.

3.3 Chameleon dark energy

DE has been one of the most mysterious topics in modern
cosmology since the discovery of the cosmic acceleration of
the present universe [12,73-79]. The prevailing dynamical
model introduces a scalar field rolling along a flat potential
so that negative pressure can be achieved. However, such a
scalar field is beyond the SM and suffers from several con-
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Figure 2  (Color online) Allowed parameter regions of dark photon ob-
tained from 2021 PDG results at 68% (dark gray), 95% (gray) and 99% (light
gray) CL. As a comparison, we also present the parameters space favored by
global electroweak fit S, 7, and U at 68%, 95%, and 99% CL. Again, the
red contour lines and blue contours are for Cases A and B, respectively. The
symbols represent the best-fitting results.

Table 3  Best-fitting results for DP. The second and third columns are the
best-fitting tane and &, respectively, for different values of the oblique pa-
rameters. The fourth column presents the corresponding my

STU value tana (x1071) £(x107%) my (GeV)

PDG2021 1.24 1.87 80.3848
Case A 1.66 2.92 80.4187
Case B 232 3.22 80.4312

ceptual issues, such as the equivalence principle [80]. One of
the methods to release this tension is the so-called chameleon
mechanism, which involves a scalar field with mass depend-
ing on the local matter density [81-85]. Models involving
these fields can give rise to acceleration naturally at late times
in the universe, and remain consistent with local constraints.
Such models have attracted considerable attention, as the re-
quirement that the scalar field can vary with the local density
of matter means that coupling to the SM states is compul-
sory. Therefore, in the early universe, chameleon fields are
constrained by precision measurements, such as Big Bang
Nucleosynthesis and the redshift of recombination. As the
universe cools down, the background chameleon fields re-
main fixed in the minimum potential, with a slow drift in
location. This induces a variation in the mass of any species
of particles, that can couple with chameleon fields. These
couplings imply that there may exist an interesting collider
phenomenology.

Precision electroweak measurements are screened from
the indirect effect of DE, making such corrections effectively
unobservable at present colliders, and limiting the DE dis-
covery potential at CDF. In this study, we shall choose to
work with a theory of the broken phase of the electroweak
force, in which the photon and the massive vector bosons
could interact with chameleon scalar ¢ according to the ac-
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tion [86]

S =- i f d*x {2?(¢) (6"W”’ —~ abW“‘) (c?aW; - oW, )

+4m3, T (¢) WHW,
+ F(9)(0°2" = 6"Z) (8aZp — O Za) + 2m3T ($) Z°Zs
+ F (@) (3°A" = 9PA") (DuAp - 05AL)}. (8)

where Wr and Z, denote the gauge fields associated with
the W* and Z, respectively, and A, denotes the gauge field
associated with the photon. In addition, we introduce two
functions 7 (¢) and J (¢), which describe how the chameleon
scalar ¢ couples to the gauge boson kinetic and mass terms,
namely,

F(¢) = exp (ﬂyﬁ%) » J(¢) = exp (ﬂmﬁ%) ; ©))

where 8, and §,, denote the dimensionless chameleon cou-
plings to photon and matter, respectively, and Mp, denotes the
reduced Planck mass. The matter coupling 3, is assumed to
be universal to all species of matter, and the chameleon scalar
is much smaller than the electroweak scale. The chameleon
scalar ¢ can also enhance my via loop diagrams, and its con-
tributions are reflected in the self-energy correction.

In ref. [86] the forms of S, 7, U, were expressed in the
terms of S, and 3, (please see sect. 4.2 therein for the de-
tails). With the new ranges of S, 7, U found in the recent
global electroweak fit [46], now we can constrain the distri-
bution of 3, and 3, with eq. (2). The resulting favorable
parameter space is presented in Figure 3, it is almost linear

10"
This Work
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Figure 3 (Color online) Allowed parameter regions of chameleon dark en-
ergy obtained from a global electroweak fit S, 7, and U at 68% (dark red),
95% (red), and 99% (light red) CL, the difference between Cases A and B
can be ignored. The constraints from other observations are also shown by
different colors, including the torsion pendulum (green) [87], CAST in 2018
(orange) [88], CHASE (purple) [89], neutrons interferometry measurements
(blue) [90] and KWISP (pink) [91]. In addition, the bounds of the atom-
interferometry technique [92,93] and the astronomical polarization [94] are
represented with cyan line and dark blue lines, respectively.
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(see the red ribbon region).

Notably, the parameters of the chameleon DE can be in-
dependently constrained by various methods; in this study,
we show some classic constraints. The torsion pendulum
tests of the presence of new scalar forces yield a lower
bound on the matter coupling g, [87]. The CAST experi-
ment excludes large parameter regions by searching for so-
lar chameleon at the soft X-ray energy range [88], and the
GammeV-CHASE also excludes large regions [89]. Neutron
interferometry [90], KWISP [91] and atom-interferometry
techniques [92, 93] yield upper limits, and provide a very
strong bound. An additional astrophysical upper bound can
be derived by analyzing the polarization of the light com-
ing from astronomical objects [94]. As shown in Figure 3,
the possibility of attributing the W-boson mass excess to the
presence of chameleon DE has already been convincingly
ruled out by other experimental/astrophysical data.

4 Summary and discussion

The W-boson mass (my = (80.4335 + 0.0094) GeV) mea-
sured by the CDF collaboration is in excess of the SM pre-
diction at a CL of 70, providing strong evidence for the pres-
ence of new physics beyond the SM. In the literature, vari-
ous new particles or fields have been introduced to explain
the DM or DE suggested by astrophysical observations. The
presence of new particles or fields will modify the oblique
parameters of S, 7, and U and in principle can enhance the
loop corrections of the W-boson mass. Thus, it is interest-
ing to examine whether these widely-investigated scenarios
are in tension with the new S, 7, and U parameters found
in the global electroweak fit including the CDF II W-boson
mass measurement. For this purpose, we investigate three
models involving either very light particles or scalar fields in
this work, including the ALP, DP (dark Z’), and chameleon
DE models. Different from the relatively loose constraints
on Cpp and Cyyw with the 2021 PDG data, now the favored
regions are separated and narrowly distributed. The interpre-
tation of the CDF II my measurement with the ALP model
is found to be just marginally consistent with the CAST con-
straint (see Figure 1) except for M, ~ 1 GeV. Anyhow, the
favored regions, though narrowly distributed, overlap with
those inferred from the previous global electroweak fit (see
Figure 1). Therefore, the CDF II W-mass measurement has
played a significant role in narrowing down the parameter
space of the ALP model, but the model is still viable. For
the DP model, the latest global electroweak fit results yield a
& ~3x1073 and tan o < 0.2 (see Figure 2) for my > O(EW).
In the future, if independent constraints on these two parame-
ters are yielded in other experimental/astrophysical data, this
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possibility can be further tested.

For the chameleon DE model, we find an almost linear
parameter region for the my excess (see Figure 3). How-
ever, such a region has been convincingly excluded by the
CAST, KWISP, and neutron interferometry experiments. In
this study, we address the possible new light particle as the
origin of the W-boson mass excess, and certainly there are
many other interesting possibilities. For instance, it is argued
that the inert two Higgs doublet model can naturally han-
dle the CDF I W-boson mass without violating other experi-
mental/astrophysical constraints, and the preferred DM mass
is between 54 and 74 GeV [95]. In light of these facts, we
conclude that the CDF II W-boson mass measurement can
initiate a new window for the new physics, and significant
progress is expected in the near future.
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