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Abstract. The pp-chain of nuclear reactions is the primary route for energy production
in the Sun. The first step in that reaction sequence converts two protons to a deuterium
nucleus with the emission of a positron and electron neutrino. This reaction is extremely slow
because it is a weak interaction, and significantly, it involves quantum tunneling through the
Coulomb barrier. Though the reaction rate can be calculated with high confidence in the
Standard Model, it has not been measured at solar energies. If there exist interactions that
are engendered by non-standard mediators then the rate of this reaction in the Sun could be
altered. We probe such non-standard interactions by comparing calculations of solar evolution
to the current solar system age in the presence and absence of the non-standard mediators.
These reveal ranges of non-standard mediator mass and couplings that are inconsistent with
measured properties of the Sun, including solar neutrino results. Our constraints on these
non-standard parameters, in many cases overlapping those derived via other considerations,
could be extended further with better confidence in the value of the metalicity of the Sun
and the solar neutrino CNO flux. Intriguingly, our work reveals a degeneracy between the
solar metalicity and the presence of the invoked non-standard mediators.
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1 Introduction

In this paper we explore a surprising connection between speculative issues in elementary
particle physics and the Sun. In particular, we show how the extreme sensitivity of nuclear
reaction Coulomb barrier penetration at the low energies of the solar core could be leveraged
to probe aspects of the non-standard interactions involving light mediators recently invoked
to explain anomalies in short baseline neutrino experiments [1–6].

The Standard Solar Model (SSM) has been extremely successful in revealing the inner
workings of the Sun. It has enabled using solar neutrino measurements to probe fundamental
neutrino physics. In fact, that effort played a key role in the discovery of neutrino flavor oscil-
lations and establishing non-vanishing neutrinos masses. This is the only concrete discovery
to date of Beyond Standard Model (BSM) physics. The SSM has also played a vital part in
constraining BSM scenarios [7–24]. Most of these studies rely on energy loss arguments [25].
Such arguments revolve around the creation of light particles escaping the core of the Sun,
thereby altering energy transport and so modifying the solar temperature and other solar
structure parameters in ways amenable to constraint. In this paper, we focus instead on a
different BSM physics possibility: modified interactions between quarks/nucleons.

The conversion of four protons to an alpha particle is the main route for energy genera-
tion in main sequence stars like the Sun. Obviously, this process requires the weak interaction
to convert two of the protons into neutrons. In the Sun and other lower main sequence stars,
this is accomplished primarily by the first reaction step in the pp-chain, the fusion of two
protons to produce a deuteron (D), positron, and electron flavor neutrino. This first step,
p + p → D + e+ + νe, is a weak nuclear reaction. It is extremely slow in the Sun for two
reasons. First, the process is a weak interaction, and second, the temperature at the center
of the Sun is not high enough to allow for the classical penetration of the Coulomb barrier
and the reaction must proceed by quantum tunneling through the Coulomb barrier. The
probability that a proton will undergo the first step of the pp-chain reaction is one in 10
billion years, which gives the approximate time-scale of the life-span of the Sun. The subse-
quent reactions in the pp-chain, which involve the Coulomb barrier penetration, are mediated
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by the strong or electromagnetic forces. They occur on much faster timescales. This fact
highlights the importance of the key first step. This key first step has also not been measured
in any laboratory. On the other hand, all other pp-chain and many other nuclear reactions
of consequence in astrophysics have been measured in the laboratory.

Reaction cross section data usually is obtained in energy ranges well above the range of
most effective stellar energies, necessitating extrapolation of the cross section to the relevant
low energy regime. This extrapolation is effected via an S-factor, factoring out a generic
barrier penetration and geometric factor. Sometimes this procedure is augmented with a cross
section-energy dependence taken from a nuclear model. For example, this latter procedure is
followed in cases for light nuclear reactions that proceed through the wings of a higher energy
resonance or resonances. Introducing BSM modifications to the effective Coulomb barrier is,
as we will show below, a tricky complication. Though in principle cross sections extrapolated
from laboratory measurements would already include the effects of this BSM physics, in
practice this new physics may only manifest at very short range, calling into question the
extrapolation procedure. In fact, as we will see, the current experimental precision on the
relevant cross sections is not sufficient to rule out the very small BSM barrier modifications
that we consider here. However, this level of BSM physics modification of the barrier would
have a significant effect on the weak interaction first step in the pp-chain.

Absent experimental measurements, the SSM must rely on a theoretical calculation of
the rate for the first step of the pp-chain reaction. With Standard Model physics this can
be done with high confidence [26–29]. In fact, effective field theory and ab initio techniques
(see refs. [30] and [31]) can be brought to bear on calculations of the nuclear matrix element
for this and other light nuclei [26, 27, 32–37], further increasing confidence in the veracity of
the Standard Model result. Moreover, the reverse process can be measured [38, 39], albeit at
energies considerably higher than those relevant for solar fusion.

However, the presence of interactions beyond the Standard Model could modify the
matrix element and the overall reaction rate at solar core energies. In this work, we calculate
the evolution of the Sun with such BSM modifications to the rate of p+p→ D+e+ +νe. We
also discuss BSM modifications to other reactions relevant to the pp-chain and CNO cycle.
In this way, we can probe a range of parameters in a general framework for non-standard
interactions in the p+ p channel.

We consider massive non-standard vector boson and scalar mediators that can couple
to nucleons. There would be an additional repulsive force between the protons in the case of
a vector boson mediator, and an attractive force for the scalar, respectively decreasing and
enhancing the quantum tunneling probability at a given temperature. This would alter the
evolution and current structure of the Sun. For example, attaining hydrodynamic equilib-
rium in the presence of BSM barrier penetration modification would require the center of the
Sun to have a different temperature, with a consequent change in the rate of the subdomi-
nant Carbon-Nitrogen-Oxygen (CNO) cycle contribution to energy generation and neutrino
emission. We use a 1D stellar evolution/hydrodynamics code to calculate the effect of a
massive non-standard vector or scalar boson on the evolution and structure of the Sun, and
use the results to probe or constrain the couplings and the masses of these BSM particles.
We want to stress that the main goal of this work is to explore the effects of the non-standard
mediators coupling to protons on the solar evolution and to derive limits on the mass and
coupling of non-standard mediators where possible. Our intent in exploring this hypothetical
BSM physics is not to use it to solve the solar metallicity problem [40] or any other potential
problem with the current solar model.
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This paper is organized as follows. In section 2, we discuss the motivation for considering
models of non-standard interactions involving a massive vector boson. In section 3 we briefly
review the SSM with a focus on issues pertinent to this paper. In sections 4 and 5 we
describe the numerical techniques used in this paper and present the results. We discuss
the implications of these results and put them in a broader context in section 6. Finally, we
conclude in section 7.

2 Non-standard interactions

The existence of Dark matter and non-vanishing neutrino masses indicate physics beyond
the Standard Model. Furthermore, the smallness of the neutrino masses suggests that these
are suppressed by a high energy scale, which is non-standard in origin. The existence of
non-standard interactions could potentially have implications for low energy interactions,
although none have been found. The most probable scenario for non-standard physics involves
additional gauge interactions, which would imply the existence of gauge bosons beyond the
ones currently known. Interactions of these non-standard gauge bosons with Standard Model
particles cannot be ruled out.

Physics beyond the Standard Model has been invoked to explain various anomalies [41–
45]. Although the origin of these anomalies is not known, and they could very well be due
to experimental uncertainties, efforts have been made to address these anomalies by invok-
ing interactions that are beyond the Standard Model. This includes the LSND/MiniBoone
anomaly [1–6], the neutron decay anomaly [46–48], the Beryllium-8 decay anomaly [49–52],
and the KOTO anomaly [53]. There are several studies in the literature dedicated to con-
straining the interaction of Standard Model particles with the non-standard sector. Because
neutrinos interact with other particles and with themselves via the weak interaction, the
non-standard interactions of neutrinos is the least constrained and, consequently, the most
interesting.

The interactions of charged leptons are measured with much better accuracy than are the
interactions of nucleons [54]. Specifically, electroweak precision measurements constrain the
interactions of the charged leptons to a greater level of confidence than do experimental probes
of the hadronic sector. For example, the presence of any non-standard mediator that inter-
acts with charged leptons would also inevitably modify the magnetic moment of the muon,
vitiating the ultra-precise agreement between standard model theory and experiment [55].

In this paper, we focus on the non-standard interactions that could plausibly affect
the nucleons. The participation of nucleons in non-standard interactions is of particular
importance. For example, such interactions could encompass modification of the neutrino-
nucleon interactions by 6-dimensional effective operators of the form,

Opν6 ∼ 〈ν̄|Γµ|ν〉〈p̄|Γµ|p〉, (2.1)
Onν6 ∼ 〈ν̄|Γµ|ν〉〈n̄|Γµ|n〉, (2.2)

where, p and n denote the proton and neutron, respectively, while Γµ is a linear combina-
tion of 1, γ5, γµ, γµγ5, i2 [γµ, γν ], with γµ, γν , γ5 denoting the Dirac-gamma matrices. Those
operators can arise in several models. The simplest are theories with an additional U(1)
gauge symmetry. These are invoked for the neutrino non-standard interactions in, for exam-
ple, refs. [56–63].

The most natural way to incorporate the 6-dimensional operators described in eq. (2.2) is
to add a new particle that mediates an interaction between neutrinos and nucleons. The new
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interaction leads to resonant enhancement of cross-section near the center-of-mass energies
that are close to the mass of the new mediator. The new mediator can also lead to new
channels of decay for particles in the Standard Model.

However, if neutrinos interact with nucleons by exchanging a mediator, it is plausible,
likely inevitable, that similarly neutrinos interact with themselves, and likewise for nucleons.
We likely cannot avoid having 6-dimensional operators of the form,

Opp6 ∼ 〈p̄|Γµ|p〉〈p̄|Γµ|p〉. (2.3)

We focus on the protons instead of neutrons in this paper, though we will assume that
whatever interactions we posit are isospin invariant and parity preserving.

It should be noted that the operator in eq. (2.3) is written as an interaction between
protons and not quarks; this is on purpose, and for two reasons. The operator in eq. (2.3) can
arise due to the interaction of a non-standard mediator with the constituents of the proton,
but since it is an operator in an effective field theory, the constraints on the coupling strength
of the operator cannot be extrapolated from the interactions with other composite particles.
The process of extrapolation inherently assumes that we can ascertain the interaction strength
of the new mediator with each constituent of every composite particles in question.

We should also be careful when comparing constraints from two different experiments
or observations when dealing with low energy effective operators. The low energy effective
operator is presumably a result of an UV-complete theory and hence has a well-defined renor-
malization group evolution of the coupling strength. When dealing with specific operators
of the form eq. (2.3) in isolation, the constraints at one energy scale may not be valid at an-
other energy scale. It is therefore prudent to ensure that constraints on low energy effective
operators are not unreasonably extrapolated from one scenario to another and a multiplicity
of constraints from several experiments and observations is vital.

Extrapolation of constraints from one scenario to another is, of course, more reasonable
in certain scenarios than in others. In the case of invoking a new mediator to explain the low
energy excess in LSND/MiniBoone [1–6], an additional interaction between nucleons would
be virtually inevitable. A non-standard interaction that can explain the LSND/MiniBoone
excess involves two couplings: the coupling constant of the non-standard mediator to neutri-
nos; and the coupling constant of the non-standard mediator to quarks. A sufficiently large
coupling of the non-standard interaction to quarks would be in conflict with the SSM. Addi-
tionally, the recoil experienced by nucleons inside the carbon nuclei involves relatively low en-
ergies. In this paper, we focus on the constraints on additional interaction between protons at
low energy in the Sun. The constrains we obtain are therefore of potential importance to the
models that invoke an additional mediator to explain the excess events in LSND/MiniBoone.

Operators of the form eq. (2.3), cannot lead to creation or annihilation of particles;
they cannot contribute to the decay of particles with low masses. However, these operators
would result in an attractive or repulsive force between protons depending on the form of
the matrix Γµ. We consider two representative cases in this paper: Γµ = γµ and Γµ = 1,
corresponding to a vector and scalar mediator, respectively. The vector mediator, denoted
by Z ′, results in a repulsive force between protons, while the scalar mediator, denoted by φ,
results in an attractive force. Of course, these interactions would be in addition to the usual
nucleon-nucleon standard model strong interaction and to the Coulomb repulsion between the
protons [64]. The interaction between the new mediators and the protons is fully described
by the corresponding interaction Lagrangians,

LZ′ = gZ ′µp̄γµp ,Lφ = gφp̄p . (2.4)

where g is the coupling to the new mediator.
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E0 < E1 and mZ ′,0 < mZ ′,1
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SM

NSI mZ ′,0

NSI mZ ′,1

Figure 1. Standard Model Coulomb potential (solid blue line) and the modified potential shown as
a function of proton separation. Modified, non-standard interaction (NSI) potentials correspond to
a low mass non-standard vector boson (dash-dotted orange line) and a high mass mediator (dashed
pink line). The horizontal dashed lines provide examples of the classical turning point for different
energies. For reference, the nuclear radius (nuclear touching point) is marked with R.

The new non-standard interaction (NSI) leads to an additional repulsive or attractive
potential between the protons of the form,

V (r) = e2

r
± g2

r
e−m{Z′,φ}r, (2.5)

where, e is the Standard Model coupling, e2 ≈ 1/137.036, m(Z′,φ) is the mass of the ap-
propriate mediator, and g is the coupling of the mediator to the proton. The range of the
NSI between the protons may be larger than that of the nucleon-nucleon strong potential,
and so may modify Coulomb barrier penetration, from the classical turning point to the
proton-proton contact point.

Figure 1 illustrates the radial evolution of the Coulomb potential between two protons in
the absence of the NSIs with a solid blue line. This figure also shows the NSI modification of
the barrier for a vector mediator with low (high) mass designated with a dash-dotted orange
(dashed pink) line, both with the same coupling. The Coulomb potential increases with
respect to the Standard Model case regardless of the new vector mediator mass. However,
the range over which the growth is affecting the potential depends on the mediator mass; for
higher masses, it is shorter than for lower ones. Additionally, the fraction of the barrier that
the incoming proton needs to penetrate for the interaction to occur depends on the energy of
the incoming proton; higher energies have an advantage over the lower ones. For the scalar
mediator, we expect a decrease in the repulsive Coulomb potential, making penetration easier
for a given entrance channel center of mass energy.

Any suppression or enhancement in the barrier will have ramifications for the rate of
p+ p→ D + e+ + νe. Given the some three order of magnitude discrepancy between thermal
kinetic energies (∼ keV) of the proton reactants in the Sun and the Coulomb energy at
proton-proton contact (∼ MeV), quantum mechanical tunneling through this barrier leads to
exponential suppression of the rate of this reaction. Clearly, even modest NSI modification
of this barrier may have significant consequences for solar structure and evolution.
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3 Standard solar model and beyond

The fusion of hydrogen nuclei into helium is the primary source of energy in the Sun [65–71].
It is the only known process that suffices to continuously produce the needed amount of
energy for Sun to shine for 4.55× 109 yrs. The confirmation that this nuclear fusion process
occurs inside the Sun came from the observation of solar neutrinos [72–78] and the discovery
of neutrino oscillations [79, 80]. For a recent review on solar neutrinos, see ref. [81].

As outlined above, the primary energy generating reaction sequence is the proton-proton
chain (pp-chain) and the key first step in this chain is nuclear weak reaction

p+ p→ D + e+ + νe . (3.1)

Note that 0.24% [82, 83] of the time the weak interaction flow will go through the pep process,
p+ e− + p→ D + νe, instead of the pp reaction in the above equation. Both reactions have
essentially the same barrier penetration physics and will be treated accordingly in what
follows.

The rate of this reaction depends on two factors, the weak interaction cross section (and
weak nuclear matrix element), and the quantum tunneling probability. The overall rate is
obtained by integrating over the entrance channel proton energy spectrum,

Γpp = 〈σv〉 =
∫ ∞

0
dEσ(E)v(E)u(E) , (3.2)

where σ is the pp interaction cross section, v(E) is the relative velocity between the particles,
and u(E) is the Maxwell-Boltzmann distribution written in terms of the relative energy
between two protons in the center of mass frame, E,

u(E) = 2√
π

√
E

(kbT )
3
2
e
− E
kbT , (3.3)

where kb is the Boltzmann constant, and T is the temperature of the medium. It should
be noted that σ is the product of the weak cross section and the tunneling probability,
both of which are calculated from first principles and cannot be measured. In this paper,
we keep the weak interaction cross section (transition matrix element) unchanged because
we assume that the NSI is not isospin violating. Instead, we investigate quantum tunneling
probability modification stemming from physics beyond the Standard Model. In the following
subsection, we discuss the computation of the tunneling probability through the standard
Coulomb barrier, closely following ref. [84].1 We then discuss the techniques we employ to
estimate the effect of an NSI contribution to the barrier.

3.1 Quantum tunneling probability

We set the stage for NSI effects by giving a quick overview of the standard nuclear reaction
rate Coulomb barrier penetration treatment. The wave function describing the relative mo-
tion (non-relativistic kinematics) of 2 particles A and B with a relative angular momentum
l in spherical coordinates

ψ(r, θ, φ) = χl(r)
r

Y m
l (θ, φ) (3.4)

1For a recent exposition on the topic see ref. [85].
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for a central field problem can be separated into the angular and radial part, where Y m
l (θ, φ)

are the spherical harmonics and χl(r) satisfies a wave equation

d2χl
dr2 + 2µ

~2 (E − Vl(r))χl(r) = 0 . (3.5)

The effective radial potential Vl(r) entering the above equation

Vl(r) =


l(l+1)~2

2µr2 + Z1Z2e2

r r > R
l(l+1)~2

2µr2 + Vc + Vnuc r < R ,
(3.6)

where µ is the reduced mass, Zi charge number for reactant nucleus i, e is the elementary
electric charge, ~ Planck constant, Vc is the Coulomb potential, Vnuc the nuclear potential,
and R is the nuclear radius (separation of the nuclear centers at contact). In order for the
interaction to occur the incoming, entrance channel, particles need to penetrate the potential
barrier. The penetration factor is defined as,

Pl = χ∗l (∞)χl(∞)
χ∗l (R)χl(R) . (3.7)

Note that the penetration factor depends only on the values of the χl(r) ratio for r > R,
i.e., outside the standard nucleon-nucleon strong potential range, where the wave functions
are effectively Coulomb waves. However, when the entrance channel kinetic energy is well
below the barrier height at contact, E � Vl(R), the penetration factors can be calculated to
high precision using the WKB (Wentzel, Kramers, and Brillouin) method. (See ref. [86] for
a discussion of approximate differential equation solutions using WKB.) The solution found
using this method yields

χl(r) =


A eiπ/4√

(Vl(r)−E)
exp

(∫ R0
r

√
−f(r′)dr′

)
Vl(r) > E

A 1√
(E−Vl(r))

exp
(
i
∫ r
R0

√
f(r′)dr′

)
Vl(r) < E ,

(3.8)

where
f(r) = 2µ

~
(E − Vl(r)) . (3.9)

By inserting eq. (3.8) and eq. (3.9) into eq. (3.7), the penetration factor becomes

Pl(r) =

√
Vl(r)− E

E
exp

(
−2
√

2µ
~

∫ R0

R

√
Vl(r)− E dr

)
. (3.10)

The quantum tunneling probability for the initial state l = 1 is suppressed in comparison
to the l = 0 initial state because of the centrifugal barrier in addition to the Coulomb
barrier. Consequently, we focus here on s-wave, l = 0 initial states. By performing the
integral in the exponent for l = 0 and replacing the numerator in the factor before the
exponent,

√
Ec − E, by

√
Ec (as this is in better agreement with the exact solution), where

Ec = e2 Z1 Z2/R ≈ 1.44 MeV (Z1 Z2)/(R/fm), the penetration factor is

P0 ≈
Ec
E

exp
[
−4e2

~v

(
π

2 − sin−1

√
E

Ec
−
√
E

Ec

(
1−

√
E

Ec

))]
≈ Ec

E
exp [−W0], (3.11)
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where the last approximation follows when Ec � E, as is appropriate in the solar core, and
where

W0 ≡
(

2πe2

~v

)
· Z1 · Z2 ≡ bE−1/2. (3.12)

Because our focus here is on the pp-chain first step reaction, we set Z1 = Z2 = 1 in expressions
that subsequently appear in this paper.

In the non-relativistic limit, again valid in the solar core, the proton-proton relative
entrance channel velocity v can be written as

√
2E/µ. Local thermodynamic equilibrium in

the Sun dictates that the probability distribution for this relative velocity is Maxwellian. In
turn, this means that this distribution is an exponentially decreasing function of the relative
center of mass kinetic energy E = 1

2µv
2 of the two protons. This feature, together with a

rapid rise in the penetration factor with E, guarantees that the cross section (or probability)
for the reaction will be proportional to the sharply-peaked function,

h(E) ≡ exp(−E/kbT )× exp(−b/
√
E). (3.13)

The peak energy of h(E), the Gamow peak [87], is at energy

E0 =
(
b kbT

2

)2/3
. (3.14)

From this, it is clear that NSI modifications to the barrier, and hence the reaction rate, will
manifest as an altered value of the parameter b in the above. In the Standard Model case
this factor is b =

(√
2π Z1 Z2 e

2/(~c)
)
µ1/2 ≈ 0.702 MeV1/2, with the latter approximation

pertaining to the proton-proton reaction with Z1 = Z2 = 1 and reduced mass µ taken to be
half the bare proton rest mass.

4 Effective dependence on the new coupling

With the new mediator that couples to protons, we can expect an additional term in the
Standard Model potential, eq. (3.6). This non-standard potential will act as a additional
repulsive (Z ′) or attractive (φ) force:

Vl(r) =


l(l+1)~2

2µr2 + e2

r ±
g2

r e
−m{Z′,φ}r r > R

l(l+1)~2

2µr2 + Vc + Vnuc + VNSI r < R .
(4.1)

The biggest change to the pp reaction rate induced by the new mediator will arise in the
penetration factor eq. (3.11).

In the limit of low mediator mass and small coupling g, the penetration factor does
not depend on the mediator mass and the new, modified, penetration factor has a simple
analytical form expressed as

WNSI
0 = W0 ·

(
1± g2

e2

)
, (4.2)

where “+” and “−” in this expression correspond to repulsive (Z ′) and attractive (φ) potential
modifications, respectively. As the mediator mass increases, the range of the NSI addition to
the potential shrinks and the integral in the penetration factor cannot be rendered into the
simple analytical form in eq. (4.2). However, it is possible to compute the integral numerically

– 8 –



J
C
A
P
0
7
(
2
0
2
1
)
0
4
2

for a given energy and then compare the value of the integral with and without the NSIs.
For a given energy and temperature, this gives a good estimate of the change in the reaction
rate arising from the NSIs. For each energy, we compare the obtained value with the one
calculated without the new mediator (g = 0) and define

α ≡

∣∣∣∣W 2
3

0,NSI −W
2
3

0,SM

∣∣∣∣
W

2
3

0,SM

, (4.3)

where NSI and SM denote calculations of the full penetration factor with and without,
respectively, the mediator modification to the overall potential.

To summarize the logic used in this paper: the pp-chain reaction rate depends on the
quantum tunneling probability, which can be adjusted in the numerical simulations of evo-
lution of the Sun. For each value of the quantum tunneling probability that is different from
the Standard Model value, it is possible to calculate the loci of points in the (g,m{Z′,φ}) plane
that give a specific change in quantum tunneling probability. For example, the decrease in
the quantum tunneling probability caused by a vector mediator results in a hydrostatic equi-
librium in the Sun at higher temperatures, while the opposite is true in the case of scalar
mediators.

Apart from the change in the temperature in the core of the Sun, which can be indirectly
measured using the measured solar neutrino fluxes, as described in the next section, the
change in temperature can also affect the rate of other reactions that contribute to hydrogen
fusion. In the core of the Sun, the CNO cycle contributes at a sub-percent level to hydrogen
fusion energy generation and neutrino production. In stars that are more than 1.3 times the
mass of the Sun, the CNO cycle dominates over the pp-chain in energy generation via fusion.
Where the bottleneck in the pp-chain is the weak interaction first step, the bottleneck(s)
in the CNO cycle are the Coulomb barriers in the electromagnetic (p, γ) and strong (p, α)
nuclear reactions in the cycle. These involve C and N with Z = 6 and 7, respectively,
making for larger Coulomb barriers and, hence, high temperature sensitivity in the associated
penetration factors and reaction rates. Of course, an NSI mediator also would modify these
CNO nuclear reaction rates. However, these modifications should be already included in
the cross sections for those reactions, as those cross sections are extrapolated from nuclear
physics measurements [88–96] (see section 1). Nevertheless, discussion in section 5 we re-
simulated our results for a case with modified Coulomb barriers not only in the pp and pep
reactions but also in the 14N(p, γ)15O reaction.

The strong temperature sensitivity of the rates of the key processes in the CNO cycle
compared to the key first step in the pp-chain is what we use to constrain the NSIs. This
sensitivity is not altered by the NSIs. Likewise for the high energy 8B neutrinos from the
side branch of the pp-chain that arises from the Coulomb barrier penetration-sensitive, and
hence temperature sensitive, 7Be(p, γ)8B reaction.

Finally, it should be noted that the nuclear reaction rates that play a role in the CNO
cycle cannot be calculated with sufficient accuracy from first principles and are measured in
the laboratory. As mentioned before, any effect of the NSI would already be incorporated in
the present rate calculation, or be so small at the level considered here that its effect on these
CNO reactions would be within the current errors in the extrapolation of their S-factors to
the range of most effective energies in the Sun. In our analysis we neglect NSI effects on the
HEP reaction, 3He + p→ 4He + e+ + νe, contribution to the solar neutrino flux [77, 97, 98].
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The CNO cycle positron decay-produced neutrinos were measured in the Borexino ex-
periment [78]. These CNO cycle positron decays are 13N → 13C + e+ + νe and 15O →
15N + e+ + νe. Although the error-bars on the CNO neutrinos are large, we can still use the
data to constrain the parameters of the NSIs. In the next section, we present the constraints
on these NSI parameters using the temperature in the core of the Sun as well as the ratio of
CNO to pp-reactions.

5 Results

We consider the effects of a non-standard vector and scalar boson mediator in turn. Let us
first discuss the general effects of the vector mediator case. The vector mediator leads to an
additional repulsive force in the effective proton-proton interaction.

The additional repulsive potential implies that the interior of the Sun must contract to a
higher temperature before an equilibrium state is reached where nuclear energy generation is
balanced by energy transport. The increased temperature has two distinct observable effects.
We exploit these effects to explore and even constrain the effects of a non-standard addition
to the repulsive force.

We simulated the evolution of a solar mass star using the Modules for Experiments in
Stellar Astrophysics (MESA) code [99–103].

In this code, we changed only the pp and pep reactions’ rate exponent factors to include
the effects of the non-standard mediators. In the Standard Model case, those interaction
rates scale as [84]

Γpp ∝ exp
(
−3.381(1 + ∆)

(
T

109 K

) 1
3
)
, (5.1)

with ∆ = 0. The new mediator physics can be incorporated by taking ∆ > 0 for the vector
boson mediator and ∆ < 0 for the scalar mediator. By assuming that the energy dependence
of the calculated WNSI

0 will not change significantly, we obtain the relation ∆ ≈ α, with α
defined in eq. (4.3).

We are working under the assumption that the key weak interactions, pp and pep, have
the largest impact on the outcome of the nuclear fusion inside the core of the Sun and that
they have not been measured in the laboratory at stellar energies. We leave further studies of
the impact of such NSIs on stellar evolution in general for future work. In MESA, we did not
change any of the default values of the initial parameters except for the initial metallicity,
which in our study we vary over the range Zinit = 0.014 − 0.02, a range consistent with the
theoretical uncertainty [82] and the inferred observational uncertainty in this quantity [77].
We evolve a 1 M� stellar model for a time corresponding to the known solar age, 4.55×109 yrs,
and then compare the structure and parameters of this configuration to solar measurements.

The left panel of figure 2 shows the temporal evolution of the Sun’s core temperature
(Tcore) for the changed exponent factors inside the penetration factor, eq. (3.11), resulting
from the presence of a new vector boson mediator (∆ > 0). As the barrier increases, the
core temperature follows that trend. That behavior is a consequence of the need for the
higher proton energies required to penetrate the modified Coulomb barrier. This figure also
demonstrates that for smaller initial metallicities (different colors), the core’s temperature
increases regardless of the change in the exponent. We note that small changes in the barrier
could be compensated with an altered initial metallicity. For example, a higher barrier could
be interpreted as a lower metallicity and no change in the Coulomb potential.
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Figure 2. The temporal evolution of a 1 M� star’s core temperature, Tcore, in the presence of the
new vector (scalar) mediator is shown in the left (right) panel. In both panels the standard model
case corresponds to the solid lines (∆ = 0) and the NSI case (∆ 6= 0) results are presented as dashed
lines. Initial metallicity, Zinit, color scale is given at far right. The colors reflect the various initial
values for metallicity, taken in the range Zinit = 0.014− 0.020. The grey dashed horizontal lines mark
the values consistent with the current solar core temperature. The positive (negative) change in the
barrier height, corresponding to ∆ > 0 (∆ < 0), causes the core to heat up, i.e., reach an equilibrium
state at a higher (lower) temperature.

On the contrary, for the scalar mediator (right panel of figure 2, ∆ < 0), and a conse-
quent decrease in the Coulomb barrier, the temperature of the core of the Sun does not grow
to as high a value as without the presence of the non-standard mediator. This is because
efficient and sustainable fusion is possible with lower proton energies. Analogously to the
vector case, we see that lower initial metallicities result in higher core temperatures, even
without an NSI alteration of the penetration factor.

The temperature at the core of the Sun can be estimated by measuring the neutrino
fluxes originating from the side branches of the pp-chain involving 7Be and 8B [104, 105]. The
nearly mono-energetic beryllium neutrino flux is a result of the electron capture reaction,

7Be + e− → 7Li + νe . (5.2)

The rate of this reaction depends on the 11th power of temperature. The Boron-decay
neutrino flux resulting from the reaction sequence

7Be + p→ 8B + γ → 8Be∗ + e+ + νe (5.3)

depends on 21st − 25th power of temperature. We leverage the high temperature sensitivity
of these reaction rates, coupled with the measured neutrino fluxes to probe and constrain
our non-standard mediators. We note that the small effects of our mediators on altering the
effective Coulomb barriers in these side-branch reactions will not appreciably change their
temperature sensitivity, the key effect our probe depends on.

We estimate the allowed change in the temperature of the core of the Sun with the
uncertainties in the theoretical predictions of the side branch neutrino fluxes. The uncertainty
in the 8B neutrino flux is 12%, while it is 6% for the 7Be [82] flux. Taking into account those
values and the steep temperature dependence of the reaction rates, the uncertainty in the
temperature of the core of the Sun should be between 0.5 − 0.6%. In the following, we will
assume conservatively that the solar core’s temperature uncertainty is 1%.
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Figure 3. Contours of the current Sun’s core temperature, Tcore, shown in the initial metallicity, Zinit,
and rate exponent alteration, ∆, plane. Contour color key at far right. Left panel shows the vector
mediator case; right panel shows the scalar mediator case. The acceptable (non-ruled out) change
in the core’s temperature lays under the solid black line in the left-hand panel. The allowed (non-
ruled out) region lays between the two solid lines in the right-hand panel, with the upper contour
representing the allowed limit on temperature increase, and the bottom one the allowed limit on
temperature decrease in this case.
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Figure 4. Contours of the current Sun’s CNO to pp energy generation ratio, RCNO/pp, shown in
the initial metallicity Zinit and ∆ plane. Contour color key at far right. Left panel shows the vector
mediator case; right panel shows the scalar mediator case. The left panel shows the Borexino upper
limit (white dashed line). The right panel shows the Borexino best fit (dark line) and lower limit
(white dashed line). The ratio RCNO/pp is larger for the low metallicities than for the high ones, as a
result of the corresponding bigger change of the core temperature for the lower initial metallicity cases.

Figure 3 shows contours of temperature for the stellar (solar) core in the initial metal-
licity, Zinit, rate exponent alteration, ∆, plane. This figure shows the effects of a new vector
mediator in the left panel, and the scalar mediator effects in the right panel. These results
are calculated with a consistent stellar model evolved to the current age of the Sun. As
illustrated in figure 2, the temperature of the Sun’s core increases (decreases) in the presence
of the non-standard vector boson (scalar) mediator. The acceptable change in the core’s

– 12 –



J
C
A
P
0
7
(
2
0
2
1
)
0
4
2

temperature lays under the solid black line representing the allowed increase of the solar
core’s temperature for the non-standard vector mediator. In the case of the scalar mediator,
the allowed (non-ruled out) region lays between the two solid lines, where the upper contour
represents the allowed limit on temperature increase, and the bottom one the allowed limit
on temperature decrease.

The Standard Solar Model predicts the flux of electron neutrinos from the pp reaction
to be between 5.98− 6.03× 1010 cm−2 s−1 depending on the initial metallicity [82]. The flux
measured by the Borexino collaboration is in agreement with those values [77]. In addition,
the CNO neutrino flux has also recently been observed, 7+3

−2 × 108 cm−2 s−1 [78]. Those
observations permit us to calculate the observational constraint on the CNO to pp neutrino
flux ratio, RCNO/pp. We find the allowed region of the ratio to be in a range 0.0083− 0.0167,
with the 68% C.L. best fit value being 0.0117.2

We investigated the impact of the non-standard mediators on the energy ratio between
the CNO to pp (RCNO/pp) reactions at the current solar age. Our findings are depicted in
figure 4. Similar to figure 3, the presence of the vector boson (scalar) mediator increases
(decreases) the probed parameter. For the positive change in the Coulomb barrier height,
the parameter RCNO/pp increases due to the higher temperature of the core, which allows
the CNO reactions producing neutrinos to proceed more rapidly than in case of a lower core
temperature. On the other hand, the presence of a non-standard scalar mediator suppresses
the efficiency of CNO neutrino production because of the lower temperature of the solar
core. Note that lower metallicities are characterized by a higher RCNO/pp regardless of the
∆ value for both kinds of the mediators. This might be counter-intuitive at first since for
lower metallicities, we would expect smaller RCNO/pp. However, the CNO cycle requires high
temperatures to occur efficiently [66, 68, 69], and that is the case for the low metallicities as
can be seen in figure 3.

Additionally, for completeness, we have re-simulated our models to obtain the results
for changed Coulomb barrier heights, not only in the pp and pep reactions but also in the
bottleneck CNO reaction — 14N(p, γ)15O. This is done to investigate the sensitivity of the
obtained results to the experimental and extrapolation uncertainties in the total S-factor
for the 14N(p, γ)15O reaction. With the non-standard interactions invoked here actually
present, the measured laboratory cross sections would already have their effect included.
But we must add the caveat that the non-standard physics may introduce a different energy
dependence not taken into account in the standard extrapolation procedures. This merits
further investigation.

The simplified value of the b parameter for 14N(p, γ)15O reaction is bCNO ' 6.72 MeV1/2.
For each ∆ change in the Coulomb barrier of the pp and pep reactions (b = bpp =
0.702 MeV1/2) the change in the 14N(p, γ)15O is (bCNO/bpp)2/3 ' 4.5 times higher. A 1%
shift in the pp and pep barriers corresponds to a 4.5% change in the CNO barrier height,
which corresponds to 14.5% change in the reaction rate for T = 1.56 × 107 K. For higher
temperatures (energies), the change decreases.

The implemented shifts in the Coulomb barrier coming from the non-standard mediators
introduce cross section modifications that are comparable to the experimental uncertainty,
O(10%) [88–96].3 Besides, the cross section extrapolated from the laboratory measurements
should already include the effects imposed by the non-standard mediators.

2This calculation assumes that the survival probabilities for pp and CNO neutrinos do not vary significantly,
and taking that effect into account is subleading to the uncertainty of the detected CNO flux.

3Ref. [106], which presents new measurements of the lifetimes of the excited states in 15O, also promises a
forthcoming paper with an updated estimate of the total astrophysical S-factor for the 14N(p, γ)15O interac-
tion.
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Figure 5. Contours of the current Sun’s core temperature, Tcore, shown in the initial metallicity,
Zinit, and rate exponent alteration in the deuteron fusion reaction, ∆, plane; results for calculations
where the change in the CNO bottleneck reaction, 14N(p, γ)15O was also included. Contour color key
at far right. Left panel shows the vector mediator case; right panel shows the scalar mediator case.
The acceptable (non-ruled out) change in the core’s temperature lays under the solid black line in the
left-hand panel. The allowed (non-ruled out) region lays between the two solid lines in the right-hand
panel. Changes with respect to the default case (rate exponent alterations only in the pp and pep
reactions) are not significant.
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Figure 6. Contours of the current Sun’s CNO to pp energy generation ratio, RCNO/pp, shown in the
initial metallicity Zinit and ∆ plane for calculations where the change in the CNO bottleneck reaction,
14N(p, γ)15O was also included. Contour color key at far right. Left panel shows the vector mediator
case; right panel shows the scalar mediator case. The left panel shows the Borexino lower limit (white
dashed line) and the Borexino best fit (dark line). The lower limit (white dashed line) is on the right
panel. The ratio RCNO/pp is larger for the scalar case than for the vector case, as a result of the
corresponding decrease in the Coulomb barrier.

Figures 5 and 6 illustrate the changes in the solar core temperature and the CNO to pp
energy generation ratio for the re-simulated models. One can notice that while the changes
in the temperature of the solar core are modest with respect to the default case (i.e., with
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Figure 7. Bounds (colored regions) on the new vector boson (left panel) and scalar (right panel)
coupling to protons shown in the mediator mass, m{Z′,φ}, coupling plane, g, plane. The bounds are
calculated for three different proton energies: 100 keV (solid red), 50 keV (orange dashed), and 10 keV
(dash-dotted green). The region of the parameter space excluded in the vector boson case is bigger
because of the tighter constraints on the temperature and RCNO/pp for that case.

only the barriers in the pp and pep reactions changed), the behavior of the CNO to pp energy
generation ratio flips. The reason behind this is a more prominent lowering (increasing) of
the Coulomb barrier than in the pp and pep reactions.

To calculate the respective bounds on the mass and the coupling of the non-standard
mediators, we use the maximal value of allowed ∆ from the figure 4. In the case of the vector
boson this is ∆ ' 0.4%, while for the scalar case it is ∆ ' −1.25%. This allows us to rule out
the non-standard mediators with masses and couplings that lead to change in the absolute
value of ∆ larger than 0.4% (1.25%) for the vector boson (scalar) mediator.

The respective limits on the non-standard vector and scalar mediators are depicted in
the left and right panels of figure 7. The bounds were calculated for three different proton
energies: 10 keV (green, dash-dotted line); 50 keV (dashed, orange line); and 100 keV (solid,
red line). These energies are representative of the conditions extant in the solar core. In this
figure, the excluded parameter regions are shaded. In both cases, the shape of the ruled-
out region follows the same trend. In the low mediator mass limit, the eliminated region
depends only on the coupling to the new mediator. This can be understood by examining
eq. (2.5). In the limit of m{Z′,φ} � r, this equation shows that the potential depends only
on the coupling to the new particle, as the exponent approaches unity. With increasing mass
for the mediator, the range of the new force decreases, hence larger couplings are needed to
make a measurable change in the final penetration factor. The figure also shows that the
excluded region shrinks as the mediator mass increases for smaller proton energies used in
the calculation. That feature is a result of a smaller region of the potential affected by the
non-standard mediator in the intermediate and high mass limit.

Depending on the nature of the NSIs, the additional force could result in other observable
effects. However, the additional force between two protons is the most generic outcome that
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cannot be avoided in any model of physics beyond the Standard Model that involves a
mediator that can couple with nucleons. In the next section, we discuss other observable
quantities that may be affected by the NSIs considered in this paper.

6 Discussion

We have considered the case where new NSIs alter the effective interaction between nucleons,
in particular in the proton-proton interaction channel with our attention on how that new
interaction alters penetration through the Coulomb barrier. The arguments used in this work
to constrain NSIs in the proton-proton channel are largely independent of model features.
However, general nuclear physics considerations dictate some qualifications on possible NSIs
in nucleon-nucleon interactions. This includes isospin violation of sufficient magnitude that
it is not allowed by other constraints. Proposed NSIs obviously cannot violate anything
measured or otherwise known about nuclei.

As discussed above for our NSIs, the force between two protons is repulsive if mediated
by a vector boson, and attractive if mediated by a scalar. In fact, the force mediated by a
scalar is always attractive, but the force mediated by a vector boson is repulsive only between
particles of like charge. In this paper, we have not discussed or specified whether protons
and neutrons have the same or opposite charge under the new coupling to a vector boson; in
principle either is possible. Any feature of NSIs that break isospin symmetry are problematic
at some level.

For example, depending on the details of the model, the introduction of a new force in
the neutron-proton channel could change the binding energy or quadrupole moment of the
deuteron. It should be noted, however, that the additional couplings considered here, and
not ruled out by the considerations in this paper, are very small. Effective field theory and
other ab initio structure calculations, as described above, could model these effects. However,
given experimental errors, it is not obvious whether these small effects can be constrained.

Isospin symmetry, inherent in the strong interaction, is broken by the Coulomb inter-
action in nuclei. Mirror nuclei are nuclei with two different atomic numbers, but the same
number of nucleons. It is well known that in such nuclei, the Coulomb repulsion between
protons leads to a lower binding energy in the case of nuclei with larger atomic number.
The energy shift of the ground states and other energy levels in these nuclei associated with
the Coulomb repulsion can be calculated using semi-empirical methods. It may be possible
to eliminate the possibility of a sub-class of isopsin symmetry violating non-standard inter-
actions on the basis of trends in the energy level and binding energy systematics of nuclei.
Parity violation in the NSI nucleon-nucleon channel is likewise problematic and again might
be constrained through nuclear structure systematics.

We, once more, want to bring to the reader’s attention that we model the Sun by relying
on the publicly available, open-source MESA code [99–103]. While this allows us to obtain
robust qualitative trends of the NSI effects on the solar evolution, the quantitative results
might vary slightly if simulations employ a different solar model.

It would be interesting to see the variation of the trends and bounds derived in our work
if a more sophisticated, higher precision solar model code were employed. Examples of more
sophisticated codes include those employed in state-of-the-art standard solar models [82, 107].
These models also include calibration procedures that rely on adjusting free parameters
— mixing length, initial helium, and metal abundances — in the models to match the
present-day solar observables, i.e, solar luminosity, radius, and surface metal abundances.
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Our simulations do not include such a procedure. The potential impact of the re-calibration
on the obtained bounds is left to future work.

Finally, although we focus on the Sun in this paper, it may be possible to get better con-
straints based on other astrophysical systems that generate energy by hydrogen fusion. This
might be achieved, for example, either by studying individual stars or astrophysical objects
in general or by statistical analysis of a class of astrophysical objects. One particularly inter-
esting consequence of non-standard interactions between protons could be the change in the
hydrogen burning limit in brown dwarfs [108, 109]. A change in the magnitude of the repulsive
force between protons would change the minimum mass required for the onset of hydrogen
burning in low mass stars, which is approximately 0.07M� in the absence of any non-standard
interactions. The theoretical limiting mass separating the objects which can sustain hydro-
gen burning from those which cannot, i.e., the mass boundary between red dwarfs and brown
dwarfs, is close to 0.07 M� [108–115]. This limit should be sensitive to the non-standard
mediators proposed in our work. However, as a consequence of the large uncertainties in the
determination of the red and brown dwarfs masses [116, 117], the bounds calculated in this
work should be more constraining. Additionally, this limiting mass is also sensitive to the
initial composition of the star such that metal-rich stars need smaller mass to fuse hydrogen.
Another factor complicating using the hydrogen-burning mass limit to constrain the non-
standard mediators is the possibility of the existence of the over-massive brown dwarfs [118].

6.1 Additional constraints

Obviously there are other ways to constrain some of the mediator mass and coupling param-
eter space probed by our considerations. Here we discuss these alternative constraints that
might apply depending on the details of the assumed model.

The limits on the mass and coupling of new leptophobic dark gauge bosons have been
studied in ref. [119]. There it was found that mediators with masses below 200 MeV and
couplings 3× 10−10 . g . 4× 10−8 can be excluded by applying to core collapse supernovae
an energy-loss argument [25] and trapping criterion. Those limits test a mediator mass range
similar to that considered in this work but for a parameter range with smaller couplings.
Similarly, in ref. [120], by assuming a cooling effect in the Sun, it was argued that for mediator
mass m . 2 keV couplings between 3× 10−11 . g . 10−3 can be excluded.

Additional constraints coming from the limits on the branching ratio for pion decays into
a photon and a non-standard vector boson should apply in the models with an equal coupling
of the new mediator to the first generation of quarks [121, 122]. Those limits [57, 123, 124] are
comparable to the ones presented in our work for mediators with masses below 120 MeV, in
the low mass limit the difference is less than a factor of six. However, we used a conservative
estimate of the uncertainty on the core temperature of the Sun. For a more relaxed estimation
involving 2.5% uncertainty on the flux of neutrinos from the 8B decay [125], our limits improve
and are worse by a factor of ∼ 2 than the ones obtained with pion decays. Moreover, with
an improved determination of solar metallicity, and a more precise measuremnet of the CNO
flux it is very likely that our limits will improve even more.

In models with equal coupling to both nucleons, the limits on the non-standard mediator
coming from the neutron scattering on lead [126–128] dominate our bounds for m . 70 MeV.

In the low mediator mass ranges there are more constraining bounds coming from fifth
force searches. The explorations focused on testing the gravity at short distances (see [129]
and references therein) exclude the region of the parameter space with mediator masses
smaller than . 5 × 10−3 eV. Additionally, the bounds from the exotic systems such as
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antiprotonic helium (p̄4He+) and HD+ were calculated by comparing the observed and theo-
retically derived high angular momentum nuclear “atomic” transition frequencies [130, 131].
The limits resulting from those estimations can exclude the region of parameter space with
m . 50 keV.

We also note that if the new mediator kinetically mixes with the Standard Model Z bo-
son or the electromagnetic field tensor, additional constraints might apply (see, for example,
refs. [132, 133]).

7 Conclusions

There are several conclusions to be drawn from this study. We have leveraged the high
sensitivity of quantum tunneling through a barrier, in the limit where the reactant energies
are small compared to the barrier height, to connect speculative ideas from BSM particle
physics to well measured properties of the Sun. In broad brush, our analysis shows that
introducing new vector or scalar mediators in the proton-proton interaction channel can
be problematic with respect to the measured solar properties, allowing constraints on the
mediator masses and couplings. Of course, there are many other ways to constrain much of
the parameter space of mediator character, mass, and coupling probed here. However, each
of these modalities for constraint are different, each probing a somewhat different aspect of
the underlying physics and each based on differing underlying assumptions.

Of all the nuclear reactions of consequence in the Sun, the first stage of the pp-chain
reaction is the only one that has not been measured in the laboratory. The possibility of
non-standard interaction between two protons cannot be ruled out, and the existence of such
non-standard interaction can result in a change of temperature at the core of the Sun. The
temperature at the core of the Sun can be indirectly measured to within an accuracy of
0.09% and the theoretical uncertainty of 0.5% from the Standard Solar Models, and this can
be used to put a limit on the parameters of non-standard interactions. In this paper, we
error on the side of caution and assume an uncertainty of 1% in the determination of the
temperature at the core of the Sun. We would like to emphasize that the goal of this paper is
not to reproduce the SSM results but to highlight the effects of the non-standard mediators
on the solar evolution and demonstrate the utility of the solar measurements in constraining
physics beyond the Standard Model.

In the case of non-standard interaction between protons that is mediated by vector
bosons, there is a repulsive force between in the protons in addition to the Coulomb force,
while the converse is true in the case of scalar interactions. A higher temperature is required
to achieve hydrodynamic equilibrium in the case of a vector mediator and a lower temperature
is required in the case of a scalar mediator. The neutrino flux from the Sun is highly sensitive
to the temperature at the core of the Sun. In addition, the ratio of the prevalence of the CNO
cycle to pp-chain reaction is also sensitive to the temperature. The conversion of two protons
to a deuterium nucleus occurs via weak interaction, but it is highly suppressed because the
reaction requires overcoming the Coulomb barrier by quantum tunneling. The addition of
non-standard interactions changes the quantum tunneling probability.

We change the quantum tunneling probability in the 1-dimensional hydrodynamic
simulation of the Sun to obtain the parameter range of non-standard interactions that
can change the temperature of the core within allowed limits. One of the most significant
systematic uncertainties that limits our analysis is the fact that the initial metallicity of
the Sun has an uncertainty stemming from a disagreement between the solar metallicity
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values obtained from helioseismology and those inferred from the Standard Solar Model. A
narrowing of the uncertainty in the solar metallicity values would lead to improved limits
on the non-standard interactions.

We note that the introduced NSI will modify the Coulomb barriers not only in the key
first step of the pp-chain. We have investigated the variability of our results by changing
the Coulomb barriers, not only in the pp reaction but also in the CNO bottleneck. This
was done to mimic the experimental uncertainty in that reaction cross section. While the
core temperature changed insignificantly relative to the default case, we noticed a significant
alteration of the energy generation ratio from the CNO to pp. However, the modifications
introduced by us to the 14N(p, γ)15O reaction rate are subdominant or comparable with
respect to the SM nuclear physics experimental uncertainties. We stress that the goal of
this paper is not to conduct a systematic study of the impact of experimental uncertainties
in the aforementioned reactions on the solar evolution; it is rather to bring to attention that
even though the fitted and extrapolated cross sections had already achieved a great level of
accuracy O(5− 10%) (see reviews on the topic: refs. [93, 107]), there is still an open door for
NSI to sneak in. Our work thereby highlights the necessity for a better, higher sensitivity,
probes of those reactions in the laboratory experiments.

There are other astrophysical systems where hydrogen fusion occurs via pp-chain reac-
tions and the effects of new mediators on these systems merits further study. However, the
Sun offers a wide range of observables, with a degree of statistical uncertainty that is not
possible in the case of any other astrophysical system. In any case, the connection between
a frontier issue in BSM particle and nuclear physics and the known properties of our nearby
star is intriguing.
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