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ABSTRACT

For searching beyond Standard Model physics, stars are laboratories which complement terrestrial
experiments. Massless neutrinos in the Standard Model of particle physics cannot have a magnetic
moment, but massive neutrinos have a finite magnetic moment in the minimal extension of the Standard

Model. Large extra dimensions are a possible solution of the hierarchy problem. Both of these provide
additional energy loss channels in stellar interiors via the electromagnetic interaction and radiation
into extra dimensions, respectively, and thus affect stellar evolution. We perform simulations of stellar

evolution with such additional energy losses and find that they eliminate the blue loops in the evolution
of intermediate-mass stars. The existence of Cepheid stars can be used to constrain the neutrino
magnetic moment and large extra dimensions. In order for Cepheids to exist, the neutrino magnetic
moment should be smaller than the range ∼ 2×10−10 to 4×10−11µB , where µB is the Bohr magneton,

and the fundamental scale in the (4+2)-spacetime should be larger than ∼ 2 to 5 TeV, depending on
the rate of the 12C(α, γ)16O reaction. The fundamental scale also has strong dependence on the
metallicity. This value of the magnetic moment is in the range explored in the reactor experiments,

but higher than the limit inferred from globular clusters. Similarly the fundamental scale value we
constrain corresponds to a size of the compactified dimensions comparable to those explored in the
torsion balance experiments, but is smaller than the limits inferred from collider experiments and

low-mass stars.

Keywords: neutrinos — gravitation — stars: evolution — stars: variables: Cepheids

1. INTRODUCTION

Intermediate-mass stars deviate from the red giant
branch and form a loop towards the blue region in

the Hertzsprung-Russell (HR) diagram during central
helium burning (Kippenhahn, Weigert & Weiss 2012).
Such a loop is called a “blue loop.” Stars spend con-
siderable time on the blue loop, so many blue giants
have been discovered (e.g. McQuinn et al. 2011; Dohm-
Palmer & Skillman 2002; Evans 1993). The blue loops
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can cross the Cepheid instability strip if their endpoint
extend to high enough temperature. In that case, the
stars on the blue loops are observed as Cepheid vari-
ables.

Stars have been used to explore beyond-standard
physics which may be difficult to reach with laboratory
experiments (Raffelt 1996). Recently, it was pointed out

that the blue loops in the evolution of intermediate-mass
stars can be eliminated if energy loss from axion emis-
sion (Friedland, Giannotti & Wise 2013) is included in
stellar evolution calculations. Because the blue loops are
a ubiquitous characteristic of blue giants and Cepheid
variables, this is a powerful way to relate new physics
to observations. We apply this idea to the exploration
of non-standard energy losses that originate from the
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neutrino magnetic moment (µν ; NMM) and large extra
dimensions (LEDs).

In the standard model (SM) of particle physics, neutri-
nos are assumed to be massless. However, neutrino os-
cillation observations have revealed that they have mass
eigenstates (e.g. Fukuda et al. 1998). The NMM is al-
lowed only for massive neutrinos and the minimally ex-
tended SM predicts a small but finite magnetic moment
(Shrock 1982; Fujikawa & Shrock 1980).

Since the NMM is a key to physics beyond the Stan-
dard Model, several experiments have been performed
to find it and determine its magnitude (Balantekin &
Kayser 2018; Giunti & Studenikin 2015). The most
recent constraint comes from the GEMMA experiment
(Beda et al. 2013), which measures the scattering cross
sections of electrons and reactor anti-electron neutri-
nos. This constrains the magnetic moment at µν <
2.9× 10−11µB (90% C.L.).

In addition to the intermediate-mass stars consid-

ered here NMMs can also be constrained from low-mass
stars. The luminosity of the tip of red giant branch
is sensitive to the energy loss. Theoretical luminosi-
ties are compared to the color-magnitude diagram of

globular clusters (Arceo-Dı́az et al. 2015; Viaux et al.
2013a,b; Raffelt & Weiss 1992) and a stringent con-
straint, µν < 2.2 × 10−12µB, is reported (Arceo-Dı́az

et al. 2015).
The idea of LEDs is proposed by Arkani-Hamed, Di-

mopoulos & Dvali (1998) to solve the hierarchy problem,

i.e. the huge difference between the electroweak scale ∼
TeV and the Planck scale ∼ 1016 TeV (Tanabashi et al.
2018). The Planck mass MS in the (4 + n)-dimensional
spacetime is related with that MP in the 4-dimensional

spacetime as (Barger et al. 1999)

M2
P = ΩnR

nMn+2
S , (1)

where R is the size of the compactified dimensions and
Ωn is a numerical factor which depends on the ge-
ometry of compactification. For example for a torus
Ωn = (2π)n. In order for the hierarchy problem to be
solved, MS should coincide with the electroweak scale.
For the n = 1 model, this requires R ∼ 1010 km, which
is clearly excluded by the inverse-square law on the scale
of the Solar System. In this study, therefore, we focus
on the simplest possible case of n ≥ 2.

The most direct probes of extra dimensions come from
torsion balance experiments (Murata & Tanaka 2015;
Adelberger et al. 2009) which measure gravitation at the
sub-millimeter range. The gravitational field between
two masses m1 and m2 is often parametrized by the
Yukawa potential

V (r) = −Gm1m2

r

(
1 + αe−r/R

)
. (2)

The n = 2 model corresponds to α = 16/3. The most
recent torsion experiments report R ≤ 37 µm (Tan et
al. 2020) and R < 30 µm (Lee et al. 2020). For n = 2
this corresponds to a limit of MS & 3 TeV. For n = 3
this corresponds to a lower limit on MS which is well
below the electroweak scale.

Hadron colliders have also been used to search for
gravitons. These cannot be directly detected, so en-
ergetic jets are examined for missing transverse energy.
From this, the value of MD is extracted, where MD is
defined as

M2
P = RnMn+2

D . (3)

The Compact Muon Solenoid (CMS) experiment at the
Large Hadron Collider reports MD > 9.9 TeV for n =
2 (Sirunyan et al. 2018). This corresponds to a limit
of MS & 3.9 TeV. The corresponding limits from the

ATLAS collaboration are slightly lower (Aaboud et al.
2018).

A more stringent bound comes from γ-ray fluxes from
neutron stars (Fermi-LAT Collaboration et al. 2012;

Hannestad & Raffelt 2003). A recent observation by the
Fermi Large Area Telescope reports a constraint R < 9.5
nm for the n = 2 model (Fermi-LAT Collaboration et

al. 2012).
Stellar evolution calculations have shown that the tip

of the red giant branch is sensitive to LEDs. Cassisi et al.

(2000) conclude that MS > 3 TeV by comparing stars in
globular clusters and theoretical stellar evolution. This
value is similar to the experimental bounds coming from
collider and torsion experiments. Both types of exper-

iments – with very different systematic errors – yield
bounds in MS that are comparable to those derived from
evaluations of the tip of the red giant branch.

Similarly, bounds on neutrino magnetic moments ob-
tained from arguments of energy-loss in low-mass stars
are within an order of magnitude of the experimental
bounds. Terrestrial experiments looking for extra di-
mensions, such as the torsion balance experiments, and
those looking for neutrino magnetic moments are reach-
ing their limits of exploration. To improve the limits on

the inverse square law requires a significant increase in
the background-free sensitivity for the torsion balance
experiments which will be rather difficult. To improve
the limits on the neutrino magnetic moment requires
ability to measure an exceedingly small amount of the
electron recoil energy. Limits from both kind of terres-
trial experiments are subject to very different systematic
errors as compared to the limits from low-mass stars.
Hence it is desirable to explore if other astronomical
testbeds can yield limits subject to different systematic
errors. In this paper we explore bounds obtained from
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considerations of evolution of intermediate mass stars
in the ”blue loop” epoch as these would be subject to
different uncertainties than the low-mass stars.

This paper is organized as follows. Section 2 describes
the treatment of the extra energy loss due to NMMs
and LEDs in stellar models. Section 3 describes the
results of stellar evolution calculations. In Section 4, we
summarize and discuss the constraints achieved in this
study.

2. METHOD

2.1. Energy Loss by the Neutrino Magnetic Moment

For a non-zero NMM, the neutrino energy loss in-
creases because of an additional electromagnetic con-
tribution to the neutrino emissivity. Here we consider
two processes: plasmon decay (γ → νν̄) and neutrino
pair production (e+e− → νν̄). The additional energy
loss rate due to plasmon decay is given as (Heger et al.

2009; Haft, Raffelt & Weiss 1994)

εµplas = 0.318
( ωpl

10 keV

)−2
(

µν
10−12µB

)2

εplas, (4)

where εplas is the standard energy loss (Itoh et al. 1996)
and ωpl is the plasma frequency (Raffelt 1996)

ωpl = 28.7 eV
(Yeρ)

1
2

(1 + (1.019× 10−6Yeρ)
2
3 )

1
4

. (5)

Here Ye is the electron fraction and ρ is the density in
units of g cm−3. The additional energy loss rate due to

pair production is written as (Heger et al. 2009)

εµpair = 1.6× 1011 erg g−1 s−1

(
µν

10−10µB

)2
e−

118.5
T8

ρ4
,(6)

where T8 = T/(108 K) and ρ4 = ρ/(104 g cm−3).

2.2. Energy Loss by Large Extra Dimensions

A possible existence of compactified extra dimensions
results in Kaluza-Klein (KK) modes of gravitons GKK

with mass m2
n = n2/R2, where n is the index for the

nth KK modes. The KK gravitons can radiate into ex-
tra dimensions and thus work as an additional source of
the energy loss, while standard model particles are con-
fined to the 4-dimensional subspace. We consider three
processes: photon-photon annihilation (γγ → GKK),
gravi-Compton-Primakoff scattering (e−γ → e−GKK)
and gravi-bremsstrahlung (e−(Ze)→ e−(Ze)GKK).

The numerical formulae for these processes are given
in Hansen et al. (2015) and Barger et al. (1999).
The energy loss rates for photon-photon annihila-
tion, gravi-Compton-Primakoff scattering and gravi-

bremsstrahlung in the nondegenerate condition are

X Y Z

Case A 0.70 0.28 0.02

Case B 0.7389 0.2463 0.0148

Table 1. The initial composition adopted in our models.

given by

εγγ = 5.1× 10−9T 9
7 ρ

−1
6

(
MSc

2

1 TeV

)−4

erg g−1 s−1, (7)

εGCP = 4.5× 10−6T 7
7

(
MSc

2

1 TeV

)−4

erg g−1 s−1, (8)

εGB = 5.8× 10−3Z̄2
7T

3
7

(
MSc

2

1 TeV

)−4

erg g−1 s−1, (9)

respectively. Here Z̄7 is the mean ion charge relative to
nitrogen, T7 = T/(107 K) and ρ6 = ρ/(106 g cm−3).

2.3. Stellar Model

We use a one-dimensional stellar evolution code Mod-

ules for Experiments in Stellar Astrophysics (MESA; Pax-
ton et al. 2011, 2013, 2015, 2018, 2019) version 10398.
The code adopts the equation of state of Rogers & Nay-
fonov (2002) and Timmes & Swesty (2000) and opacities

of Iglesias & Rogers (1996, 1993) and Ferguson et al.
(2005). Nuclear reaction rates are taken from NACRE
(Angulo et al. 1999) with weak rates from Langanke

& Mart́ınez-Pinedo (2000); Oda et al. (1994); Fuller,
Fowler & Newman (1985). The prescription for screen-
ing is based on Alastuey & Jancovici (1978) and Itoh et

al. (1979).
The initial composition adopted in our models is based

on the solar system abundances. Conventionally, the
standard solar metallicity has been Z = 0.02 (Anders

& Grevesse 1989). However, recent literature shows
lower metallicities of Z = 0.0122 (Asplund, Grevesse &
Sauval 2005), 0.0134 (Asplund et al. 2009) and 0.0148

(Lodders 2020). In our models, we adopt two compo-
sitions: (Y, Z) = (0.28, 0.02) from Anders & Grevesse
(1989) and (Y, Z) = (0.2463, 0.0148) from Asplund et
al. (2009). We call these models Case A and Case B,
respectively (Table 1).

Convective mixing lengths are fixed to α = 1.6, which
were adopted in Friedland, Giannotti & Wise (2013).
The overshoot parameter is set to be fov = 0.005. When
the effective temperature Teff is lower than 104 K, the
mass loss table compiled by de Jager, Nieuwenhuijzen &

van der Hucht (1988) is used. When Teff is higher than
104 K, mass loss is not taken into account. Pulsation-
driven mass loss (Neilson, Cantiello & Langer 2011; Neil-
son & Lester 2008) within the Cepheid instability strip
is not considered. The nuclear reaction network includes
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22 nuclides (approx21 plus co56.net). Evolution is
followed until the end of core helium burning.

3. RESULTS

We calculate non-rotating stellar models with 7, 8,
9, and 10M�

1. The adopted NMM is µ12 = 100, 200
and 300, where µ12 is the neutrino magnetic moment in
units of 10−12µB

2, and the LED adopted mass scales are
MS = 3, 2, and 1 TeV3. In Section 3.1, we show the HR
diagrams of these models. In Section 3.2, we discuss the
evolution of the helium burning core and contribution
of each elementary process to the energy loss.

3.1. Elimination of the Blue Loops

3.1.1. Case A

The upper panel in Fig. 1 is the HR diagram for
the standard case. In this case, all of the models with

7-10M� show the blue loops. The loops in this mass
range cross the Cepheid instability strip, in which stars
pulsate as Cepheid variables.

Fig. 2 is the HR diagram of stars with NMMs of
µ12 = 100, 200 and 300. Though the morphology of
the blue loops does not change when µ12 = 100, in the

case of µ12 = 200, the loop is eliminated for the 10M�
star. When the NMM is as large as µ12 = 300, only the
7M� model exhibits a blue loop, while its morphology
is significantly affected.

Fig. 3 shows HR diagrams of stars with LEDs of
MS = 3, 2 and 1 TeV. It is seen that, when MS = 3
TeV, the blue loops remain in all of the models, but the

morphology is affected for the 7M� model. In the case
of MS = 2 TeV, the loop is eliminated for the 10M�
and 9M� stars. When MS = 1 TeV, the blue loops are
eliminated for all of the models.

Although the blue loops do not disappear for µ12 =
100 and MS = 3 TeV, the duration, tBG, of the blue
giant phase becomes shorter because of the additional
energy loss. Fig. 4 shows the evolution of the effective
temperature as a function of the stellar age for these
cases. The upper panel shows the result for various as-
sumptions of the NMM and the lower panel shows the
result for various assumptions of LED sizes. The sudden
expansion at ∼ 21.5 Myr is the Hertzsprung gap, where

1 Models heavier than 10M� do not undergo the blue loops with
the adopted parameters.

2 As noted in the Introduction these values of the magnetic moment
is in the range explored in the reactor experiments, but higher
than the limit inferred from globular clusters.

3 These values are smaller than those inferred from collider exper-
iments and low-mass stars, but they correspond to the size of
compactified dimension currently explored in the torsion balance
experiments.
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Figure 1. The HR diagram with standard physics. The
upper panel shows the models with Z = 0.02 (i.e. Case A)
and the lower shows the models with Z = 0.0148 (i.e. Case
B). The broken lines indicate the edges of the instability
strip in models. The Z = 0.02 models in Bono, Castellani &
Marconi (2000a) are adopted for Case A and the Z = 0.014
model in Anderson et al. (2016) is adopted in Case B. The
points are samples of Galactic Cepheids reported in Turner
& Burke (2002).

the helium core contracts rapidly and the envelope ex-
pands (Kippenhahn, Weigert & Weiss 2012; Sandage &
Schwarzschild 1952). The bump around ∼ 23.5 Myr
corresponds to the blue loop. It is seen that tBG = 0.64

Myr in the standard case, while tBG = 0.55 Myr when
µ12 = 100 and tBG = 0.35 Myr when MS = 3 TeV. This
difference is potentially observable from the ratio of blue
and red giants (McQuinn et al. 2011; Dohm-Palmer &
Skillman 2002).
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Figure 2. The HR diagram with the NMMs of (a) µ12 = 100, (b) µ12 = 200 and (c) µ12 = 300 in Case A.
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Figure 3. The HR diagram with LED of (a) MS = 3 TeV, (b) MS = 2 TeV and (c) MS = 1 TeV in Case A.
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Figure 4. The time evolution of the effective temperature for the 10M� models in Case A. The upper panel shows the effect
of the NMM and the lower panel shows the effect of LED.

3.1.2. Case B

The HR diagram in the standard case is shown in the
lower panel of Fig. 1. The blue loops appear in all of
the models with 7-10M�. The edges of the blue loops
are bluer than those in Case A.

Fig. 5 is the HR diagram with NMMs of µ12 = 100,

200 and 300. The blue loops remain in the case of µ12 =
100, while they are eliminated in the 10M� model when

µ12 = 200 and in all of the 7, 8, 9 and 10M� models
when µ12 = 300.

Fig. 6 is the HR diagram with LEDs of MS = 3, 2 and

1 TeV. Contrary to the result in Case A, the blue loop in
the 10M� model is eliminated even when MS = 1 TeV.
The blue loop only in 7M� model survives when when
MS = 2 TeV and all of the loops are eliminated when
MS = 3 TeV.
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Figure 5. The HR diagram with LED of (a) µ12 = 100, (b) µ12 = 200 and (c) µ12 = 300 in Case B.
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Figure 6. The HR diagram with LED of (a) MS = 3 TeV, (b) MS = 2 TeV and (c) MS = 1 TeV in Case B.

3.2. Evolution of the Core

Fig. 7 shows the central temperature and density evo-

lution for stars of various mass. The upper panel shows
the result with an assumed NMM of µ12 = 200 and the
lower panel shows the result with LED of MS = 2 TeV.

The grey contour shows the enhancement factor, log f ,
of the energy loss defined as

log f = log

(
εν + εextra

εν

)
, (10)

where εν is the standard energy loss and εextra is the
additional energy loss caused by the NMM of µ12 = 200
and LED of MS = 2 TeV. It is seen that the energy loss
rate is enhanced by 102-104 times.

From Fig. 7, one sees that the contribution of εextra

decreases as a function of the temperature when µ12 =
200, while it increases when MS = 2 TeV. This is ex-
plained in Fig. 8, which shows the energy loss rates
of each elementary process at a density of 104 g cm−3.
The upper panel assumes an NMM of µ12 = 200 and

the lower panel assumes a LED of MS = 2 TeV. Here
εµplas, ε

µ
pair, εγγ , εGCP and εGB are defined in Section

2. The values of εµtot and εKK
tot are the total energy loss

due to the NMM and LED, respectively. The values

εpair, εplas and εtot are the standard neutrino energy
losses (Itoh et al. 1996). In the case of µ12 = 200, the

dominant process at log T ∼ 8.2, where helium burning
occurs, is plasmon decay. On the other hand, in the case
of MS = 2 TeV, the dominant process is photon-photon
annihilation. The photoneutrino energy loss rate εphoto

is proportional to T 8 (Petrosian, Beaudet & Salpeter
1967), while the plasma energy loss rate εµplas is pro-

portional to T 3 (Inman & Ruderman 1964). This is

the reason why f becomes smaller in the hot region
when µ12 = 200. On the other hand, the photon-photon
annihilation rates εγγ is proportional to T 9 (Barger et
al. 1999), therefore f is larger in the hot region when
MS = 2.

The physical mechanism at the onset of the blue loops
is still under debate (e.g. Kippenhahn, Weigert & Weiss

2012; Xu & Li 2004a). One possible mechanism is the
so-called mirror reflection principle. When a star leaves
the red giant branch to the blue loop, nuclear burning
energy is used to expand the core (Choplin et al. 2017).
Because of the mirror reflection principle, the expansion
of the core leads to the contraction of the envelope and
thus higher effective temperature. However, the NMM
and LED extract energy from the core and prevent the
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Figure 7. The evolution of the central temperature and
density in Case A. The upper panel shows the effect of the
NMM of µ12 = 200 and the lower panel shows the effect of
LED of MS = 2 TeV. The contour shows the enhancement
factor log f defined in the text.

expansion of the core. Therefore a star cannot start a
detour to a blue giant.

Fig. 9 shows the evolution of the helium core radius
with different NMMs. It is seen that the core radius RHe

increases after ∼ 23.2 Myr in the case of µ12 = 0 and

100, while it decreases when µ12 = 200 and 300. This is
consistent with the explanation of the blue loop by the
mirror reflection principle.

3.3. Effects of Reaction Rate Uncertainties

In the fiducial models, we adopt the NACRE reaction
rates (Angulo et al. 1999). However, uncertainties in nu-
clear reaction rates can significantly affect morphology

of the blue loops (Valle et al. 2009; Xu & Li 2004a; Brun-
ish & Becker 1990) and thus the threshold of elimination
of the loops. In this section, we study the effects of un-
certainties in the triple-α and 12C(α, γ)16O reactions,
which govern core helium burning.

3.3.1. Triple-α Reaction

NACRE estimates temperature-dependent uncertain-
ties in the triple-α reaction to be . 20% at ∼ 108 K.
We adopt this uncertainties to study the sensitivity of
the blue loops.

Figure 8. Different contributions to the energy loss rates
at ρ = 104 g cm−3. The upper panel shows the effect of the
NMM of µ12 = 200 and the lower panel shows the effect of
LED of MS = 2 TeV.

 0.21

 0.22

 0.23

 0.24

 0.25

 0.26

 22  22.5  23  23.5  24

R
H
e
/R

☉

Age [Myr]

Standard
µ12=100
µ12=200
µ12=300

Figure 9. The radii of the helium core as a function of
stellar age for the 10M� models in Case A. The solid line
shows the result without the NMM and the others show the
results for µ12 = 100, 200 and 300.

Fig. 10 shows the evolution of the 10M� star with
the triple-α reactions changed within the NACRE un-
certainties. Although the loop extends to the slightly
bluer region when the lower rate is adopted, morphol-
ogy of the blue loops is not affected significantly by the
different triple-α rates. This suggests that the threshold

of elimination of the loops is robust against the present
uncertainties.
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Figure 10. The HR diagram of the 10M� model with
different triple-α reaction rates. The solid line adopts the
NACRE standard reaction rate, while the broken lines adopt
the higher and lower limits of the rate quoted in NACRE ta-
ble. The initial composition is set to be Case B.
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Figure 11. The HR diagram of the 10M� model with dif-
ferent 12C(α, γ)16O reaction rates. The solid line adopts
the NACRE standard reaction rate, while the broken line
adopts the rate quoted in Kunz et al. (2002). The initial
composition is set to be Case B.

3.3.2. 12C(α, γ)16O Reaction

The low-energy cross sections of the 12C(α, γ)16O re-
action have not been measured yet (e.g. deBoer et al.
2017). Kunz et al. (2002) proposed lower reaction rates
than NACRE compilation, based on their new measure-

ments of E1- and E2-capture cross sections. Their reac-
tion rates are ∼ 30% smaller than the NACRE rate at
∼ 108 K. We adopt the rate recommended by Kunz et
al. (2002) to perform a sensitivity study.

Fig. 11 shows the evolution of the 10M� model with
the different 12C(α, γ)16O reaction rates. It is seen that
the tip of the blue loop becomes redder when the Kunz
et al. (2002) rate is adopted and the shape of the loops
is significantly different around log Teff ∼ 3.65 between
the two.

Fig. 12 shows the evolution of the 7-10M� stars with
the 12C(α, γ)16O rate quoted in Kunz et al. (2002).
When beyond-standard physics is not adopted, the tip
of the blue loops becomes redder when reaction rate is
lower, as reported in Valle et al. (2009) and Brunish
& Becker (1990). Interestingly, the threshold of elim-
ination of the loops is much lower than that with the
NACRE rate. As shown in Fig. 12, the blue loops
are suppressed in the 10M� model when µ12 > 40 or

MS < 5 TeV with the rate in Kunz et al. (2002), while
these thresholds are µ12 > 200 and MS < 3 TeV for the
NACRE rate, respectively, as has already been discussed

in Figs. 2 - 6.

3.4. Effects on Heavier Cepheids

Some of Galactic Cepheid progenitors have been esti-

mated (Turner 1996) to be as massive as ∼ 20M�, using
an empirical mass-period relation of Cepheids. Models
of such a massive star do not undergo the blue loop dur-
ing central helium burning (e.g. Anderson et al. 2016;

Valle et al. 2009; Bono et al. 2000; Schaller et al. 1992).
Less massive stars with < 15M� cross the Hertzsprung
gap so rapidly that there is little chance to observe those

in the instability strip. However, massive stars with
> 15M� achieve the central temperature high enough
to ignite helium burning before they reach the red giant

branch. In this case, the time to cross the gap slows
down, so it becomes more probable to observe them in
the instability strip.

Fig. 13 shows evolution of the effective temperature
for the 20M� models in Case B. The black line shows the
standard evolution and the purple and red lines adopt
µ12 = 100 and MS = 3 TeV, respectively. It is seen that
the extra energy losses shorten the timescale of helium
burning. The dots show crossing of the blue edge of the
instability strip. Although validity of the extrapolation
of the model edge (Bono, Castellani & Marconi 2000a)

to higher luminosities is uncertain, the stars spend 10-
20 kyr in the instability strip even when µ12 = 100 or
MS = 3 TeV is adopted. Therefore these effects do not
contradict the observed rare massive Cepheids.
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Figure 12. The HR diagram (a) without beyond Standard Model physics, (b) with µ12 = 40, and (c) with MS = 5 TeV. The
12C(α, γ)16O rate is from Kunz et al. (2002). The initial composition is set to be Case B.
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Figure 13. Time evolution of the effective temperature for
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of the blue edge of the instability strip (Bono, Castellani &
Marconi 2000a).

3.5. Possible Effects of Mass Loss and Rotation

The purpose of this paper is to show fiducial models

of intermediate-mass stars with physics beyond the SM,
so exhaustive evaluation of theoretical uncertainties is
out of its scope. However, the evolution of intermediate-
mass stars is sensitive to other physical processes, which
is the very reason why they can potentially used as a
probe of new physics.

In our models, the treatment of mass loss in the red
supergiant phase and the blue loop is based on de Jager,
Nieuwenhuijzen & van der Hucht (1988), which covers
the temperature and the luminosity ranges we are in-
terested in. This mass loss rate on the main sequence
(MS) is not considered because it is as small as 10−8-
10−9M� /yr (de Jager, Nieuwenhuijzen & van der Hucht
1988). Figure 14 shows the comparison between the

10M� models with and without mass loss during the
MS. The solid line shows the fiducial model which was
also shown in Fig. 1 and the broken line shows the
model with the additional mass loss based on de Jager,
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Figure 14. The HR diagram for the 10M� models with
standard physics in Case A. The solid line shows the model
without mass loss on the MS, while the broken line shows
the model with it.

Nieuwenhuijzen & van der Hucht (1988). It is seen that

the mass loss during the MS slightly decreases the lu-
minosity of the blue loop. The effect of the mass loss
on the MS on morphology of the blue loops is moderate
and thus is not a major source of uncertainties.

It has been pointed out that shocks generated by the
pulsation drive mass loss up to 10−7M� /yr (Neilson
& Lester 2008). Because of such pulsation-driven mass
loss, Cepheid variables can lose 5-10 % of their mass
(Neilson, Cantiello & Langer 2011). Morphology of the
blue loops can be significantly affected by pulsation-
driven mass loss, so it is desirable to study uncertainties

that originate from it.
Effects of rotation are not included in our models.

However, the typical rotational velocity of B-stars on
the MS with 5-9M� is as high as 10-30 % of the critical
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velocity (Huang, Gies & McSwain 2010), so it is impor-
tant to study the rotational effect. Rotation makes the
blue loops more luminous systematically and affect the
mass-luminosity relation of Cepheids (Anderson et al.
2016; Ekström et al. 2012).

4. CONCLUSIONS

In this paper, we studied the effect of the NMM and
LED on the evolution of intermediate-mass stars. We
find that the blue loops are eliminated unless µ12 < 200
or MS > 2 TeV, placing observational limits on µ12 and
MS. In our models, 10M� stars are the most sensitive
to beyond-standard physics.

From Fig. 1, it is seen that the luminosity of 10M�
Cepheids is logL/L� ∼ 4.2. The period-luminosity re-
lation of Cepheids is written as (Cox 1980)

log

(
L

L�

)
= 1.15 log

(
P

1 day

)
+ 2.47, (11)

where P is the pulsation period. Putting logL/L� ∼
4.2 into this formula, we get P ∼ 32 days. Cepheids
with this period are observed in the Galaxy (Sandage &

Tammann 2006; Berdnikov, Dambis & Vozyakova 2000;
Turner 1996). The existence of 10M� Cepheids places
an independent constraint on the NMM and LEDs.

The current constraints that come from ground ex-
periments are µ12 < 29 (Beda et al. 2013). Depending
on the 12C(α, γ)16O rate our constraint on the NMM
is either somewhat weaker or comparable to the exper-

imental limit, but higher than the limit inferred from
globular clusters.

Using Eq. (1), the lower limit on MS is transformed

to an upper limit R < 30 to 170 µm compared to the
result R < 30 µm reported by the torsion experiment
(Lee et al. 2020). Eq. (3) shows that the constraint
MD > 9.9 TeV, which was reported by the CMS exper-
iment (Sirunyan et al. 2018), is equivalent to an upper
limit of R < 24 µm. This is to be compared with our
result of MS > 2 to 5 TeV. The fundamental scale value

we constrain corresponds to the size of the compactified
dimensions comparable to those explored in the torsion
balance experiments, but is smaller than the limits in-
ferred from collider experiments and low-mass stars. In
the above results the range depends on the input values
of both 12C(α, γ)16O rate and the metallicity.

In this study, we focused on the n = 2 case. We also
performed calculations with n = 3 extra dimensions, us-

ing formulae shown in Cassisi et al. (2000) and Barger
et al. (1999). It is found that the blue loop of a 10M�
star is eliminated when MS ≤ 60 GeV. Therefore the
mass scale for the n = 3 case can be constrained to
be MS > 60 GeV. The CMS experiment (Sirunyan et al.
2018), on the other hand, reports MD > 7.5 TeV, so col-
lider experiments can achieve much tighter constraints
than energy-loss arguments do in the n = 3 case.

More quantitative constraints could be achieved by
arguments on the timescale of stellar evolution. We
saw that the duration of blue giants is shorter when the
NMM or LED is included. In order to compare the re-
sults with observations, it is desirable to draw isochrones
and to superpose them on the color-magnitude diagram.
To do so, one must perform calculations with finer grids
of stellar masses. The quantitative approach can poten-
tially tighten the constraints on the NMM and LED, but
this is beyond the scope of this paper.

The morphology of the blue loops is very sensitive to
input physics including nuclear reaction rates and treat-

ment of metallicity (Halabi, El Eid & Champagne 2012;
Suda, Hirschi & Fujimoto 2011; Morel et al. 2010; Valle
et al. 2009; Xu & Li 2004a,b).Our results show that there

are theoretical uncertainties which originate from these
ingredients. To tighten the bounds we obtained it is
desirable to perform systematic studies on the effects
of different input physics on the constraints of beyond-

standard physics.
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