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Constraints on variation of the weak scale from big bang nucleosynthesis
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Recently, the EMPRESS Collaboration has included new data in the extraction of the primordial “He
abundance from big bang nucleosynthesis (BBN), resulting in a determination that differs from the
previous value and from theoretical expectations. There have been several studies attempting to explain this
anomaly which involve variation of fundamental constants between the time of BBN and the present. Since
the Higgs vacuum expectation value (vev) is the only dimensionful parameter in the Standard Model and it
is already known to vary during the electroweak phase transition, we consider the possibility that the vev is
slightly different during BBN compared to its present value. A modification of the vev changes not only
particle masses but also affects, through mass thresholds, the QCD confinement scale. We use the recently
developed PRyMordial program to study this variation and its impact on the “He and deuterium abundances.
We find that bounds on |5v/v| are approximately 0.01, and that the EMPRESS result can be explained
within 26 if 0.008 < Sv/v < 0.02, but at the cost of worsening the current 2¢ discrepancy in the deuterium

abundance to over 3o.
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I. INTRODUCTION

The ACDM model has been extraordinarily successful in
describing the cosmological history and evolution of the
Universe. However, there are some anomalies in the model.
The most well known is the Hubble tension, in which the
value of the Hubble parameter measured from the cosmic
microwave background (CMB) by Planck [1], Hy =67.4 +
0.5km/s/Mpc, differs by 50 from the measurement
of Cepheids and type-la supernovae by the SHOES
Collaboration [2], Hy = 73.0 & 1.0 km/s/Mpc. There
have been numerous studies trying to explain this discrep-
ancy (see Ref. [3] for an extensive review). Another
anomaly concerns the “He abundance, Y p» from big bang
nucleosynthesis (BBN). A recent report by EMPRESS [4]
adds measurements from ten additional extremely metal-
poor galaxies which, combined with the previously existing
dataset, results in a fit to ¥, =0.2370 & 0.0033, which
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differs from the value obtained based only the preexisting
data [5-7]. This has led to several studies, such as the
implications of the result for the lepton asymmetry [8—11].
The variation of fundamental constants is a subject
that has been around since Dirac’s large number hypoth-
esis [12]. Most work in the past has focused on variation
in the fine-structure constant [13—15] and the electron
mass [16,17] and both have been used to study the above
anomalies. Variation of the fine-structure constant to solve
the Hubble tension was proposed in a mirror dark-sector
model recently [18]. Variation of the electron mass [16]
has also been proposed as a solution to the Hubble tension
in Ref. [19] in which they also studied the effects on big
bang nucleosynthesis; a mechanism for such a variation
was proposed in Ref. [20]. A detailed series of papers
studying variation of both the fine-structure constant
and the electron mass is by Hart and Chluba [21-23].
The helium anomaly is more recent. It was shown by
Seto et al. [24] that a variation in the fine-structure constant
alone would be sufficient to explain the ¥, anomaly.
While one can consider variation of the fine-structure
constant and the electron mass, we feel that it would be
more reasonable to consider variation in the vacuum
expectation value (vev) of the Higgs field (or, equivalently,
the Higgs mass term). The vev is the only dimensionful
parameter in the Standard Model, and it is also the most
mysterious, in the sense that its value is many, many orders
of magnitude smaller than one would naturally expect.
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In addition, the Standard Model vev is cosmologically
dynamical, and is predicted to vary substantially during the
electroweak phase transition. At high temperature, the
gauge symmetry is restored [25,26] and the vev is zero.
As the universe cools, a transition occurs and the vev
increases to the low-temperature value observed today.
Thus, it would seem to be more reasonable to consider
variations in the vev rather than in one of the many
dimensionless parameters. For example, one can imagine
an extended model in which the Higgs vev slowly rolls to
its current value but has not quite reached it at the MeV
temperature scale. One might wonder if that might affect
later observables such as the CMB, but that occurs at the
~eV temperature scale and we presume that the slow roll
would have essentially completed by then.

The possible effects of a changing vev on BBN was first
discussed in 1988 by Dixit and Sher [27], but this was a
crude calculation that only considered the “He abundance.
There have since been several studies [28-31] of BBN due
to a changing vev and other studies [32,33] on the effects of
changing many parameters, including the vev. These papers
all include the effects not only on the electron mass but also
on quark masses, which subsequently affect the pion and
other meson masses and thus the strong force (leading,
for example, to changes in the deuteron binding energy).
Other works did not directly discuss modifying the vev, but
only Agcp [34], the deuteron binding energy [35] and
quark masses [36]. Finally, there has also been work done
looking at the effect of changing the strength of the weak
interaction at late times [37]. Like these works, our
approach is phenomenological and we will not present a
specific model with a changing vev at the time of BBN. A
recent paper [38] did present a model in which the Higgs
field may not achieve a thermal spectrum at the time of
nucleosynthesis—the effects on the vev are unclear. Further
investigation of this model would be interesting.

However, these works did not include the effects of a
changing Higgs vev on the value of Agcp, which clearly
will affect strong interaction dynamics. As noted by
Agrawal et al. [39,40], a variation in the Higgs vev will
modify all of the quark masses and this in turn will impact
the running of the strong coupling constant through the
quark thresholds. The effect is somewhat smaller [they
find Agcp varying by roughly (v/vg)*%°)], but can still be
substantial. These effects were included in Ref. [41] which
was an anthropic principle based study of the triple-alpha
process in stars, but have not been included in analyses
of BBN.

Since these above works, we have learned much more
about the current baryon-photon ratio, the nuclear abun-
dances and have better codes [42]. One such code,
PRyMordial was created to fill several gaps that currently
exist in the landscape of publicly available BBN codes.
Namely, the code allows for easy and flexible exploration
of a variety of new physics models, including the

investigation of varying input parameters on both Ny
and the final abundance values. PRyMordial also allows users
to examine the uncertainties in different sets of thermonu-
clear reaction rates and to scale these chosen reaction rates
as desired. In addition, PRyMordial calculates the thermody-
namics of the plasma from first principles, the results of
which serve as the initial conditions for the full calculation
of neutron to proton conversion. Unlike other codes,
PRyMordial 1S written in Python, allowing its users to perform
Monte Carlo (MC) analyses with ease by interfacing with
standard MC libraries. In order to maximize efficiency, the
code also has an option to use Julia to speed up the
computation. PRyMordial has already been used by several
groups to study the effects of a variety of new physics
scenarios on BBN [9,43-48]. In this paper, using PRyMordial,
we will calculate the abundances of light nuclei as a
function of the Higgs vev including all of these effects
and in light of the EMPRESS result.

II. BBN AS A FUNCTION
OF THE HIGGS VEV

In looking at the effect of changing the Higgs vev on the
production of light elements, there are several important
parameters that determine the abundance of these light
elements: the neutron-proton mass difference, the deuteron
binding energy, and the rates of several key thermonuclear
reactions involving light nuclei. In this section, we consider
how each of these vary with the Higgs vev, in turn.

A. Neutron-proton mass difference
and conversion rates

In order to calculate the way in which the neutron-proton
mass difference changes with a changing vev, we first
considered the change in the masses of their constituent
quarks. When the vev is varied, the quark masses receive
fractional corrections of v/ v. While the bulk of the neutron
and proton masses are the result of confinement, their
masses, and most importantly their mass difference, is
sensitive to the change in quark masses. As is well known,
the down quark is roughly 2.5 MeV heavier than the up
quark, but the neutron is only 1.293 MeV heavier than the
proton. The discrepancy is due to the electromagnetic energy
of the up quarks within the proton, which is thus approx-
imately 1.2 MeV, independent of the Higgs vev. As a result,
we take the neutron-proton mass difference in MeV to be

m, —m, ov
— =24 1+—) —12. 1
MeV 93( - v) (m)

This mass difference has a direct impact on the rate of the
neutron-proton interconversion which occurs via six reac-
tions which, along with protons and neutrons, also involves
electrons and electron neutrinos. At temperatures above
about 1 MeV, these reactions were in chemical equilibrium
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FIG. I. The fractional change in the A(n — p) and A(p — n) rates for d = |5v/v| = 0.01. Note that the fractional change in A(p — n)
4

gets very large at low temperatures since the rate itself vanishes at low temperature. For each rate, we include a factor of 1/(1 4 d)

coming from the shift in the W mass.

and conversion happened freely and regularly. In his 1972
book, Weinberg [49] lists the reaction rates for these six
processes and one can see that both the variation in the
neutron-proton mass difference and the electron mass,
which varies as év/v like the quarks, will suffice to
determine the variation in these processes. By including
information about the neutron lifetime, the final ratio of the
number of neutrons to the number of protons at the
beginning of BBN can be determined. Because almost all
of the neutrons end up in “He, this ratio allows us to crudely
calculate the “He abundance. However, to more precisely
calculate the “He abundance, along with the abundances of
deuterium, tritium and 3He nuclei, it is necessary to include
in the calculation at least 12 thermonuclear reactions, all of
which play essential roles in the formation of nuclei
during BBN.

The theoretical expressions for the total n — p and
p — n conversion rates are given in Weinberg [49].
Using Eq. (1) for the neutron-proton mass difference and
scaling the electron mass fractionally as 6v/ v, the relation-
ship between the electron and neutrino temperatures is
slightly modified. Putting these effects together with the
factor of 1/(1 + év/v)* coming from the shift in the W
boson mass, the resulting fractional change for the n — p
and p — n conversion rates as a function of T, the
radiation temperature, for d = |6v/v| = 0.01, are shown
in Fig. 1. The fractional changes in the rates scale
approximately linearly with dv.

B. Deuteron binding energy

In addition to these thermonuclear reaction rates, the
binding energy of the deuteron is an important component
of the calculation. Its relatively low value leads to the well-
known deuterium bottleneck, which refers to the time
period during which nucleosynthesis had begun, but the
average temperature of photons in the bath was higher than
the deuterium binding energy. As a result, almost immedi-
ately after deuterium formed in the aforementioned process,

it would photodisassociate, and until the photon bath had
cooled below this value, BBN was unable to proceed.

In order to understand the way in which the deuteron
binding energy varies with a changing vev, we first
compute the way in which the pion mass varies. The pion
mass in QCD is given by m2 ~ (m, + m,)f,. While the
quark masses scale linearly with dv, the value of f, is
proportional t0 Agcp. As noted earlier, this will scale
differently from the quark masses and will depend on the
vev through mass thresholds. In the Appendix, we show
that Agcp scales as (6v)%?, and thus, the pion mass scales
as (6v)!>/2,

We now turn to the deuteron binding energy itself. Since
we are interested in the impact of a small change in the veyv,
high precision in the standard calculation is not necessary.
We model the nucleon-nucleon potential for the deuteron as
an exchange of pion, ¢ and @ mesons as discussed in the
review article by Meissner [50]. The pion mass, as
discussed above, scales as (6v/v)">/2. The @ mass comes
primarily from QCD and so scales as (6v/v)%%. The
o is believed to be a two-pion correlated state. Lin and
Serot [51] calculated the ¢ mass in terms of the pion-
nucleon coupling, the pion mass and the nucleon mass.
Varying the masses in their expressions, we find that the ¢
mass is insensitive to the pion mass, scaling as Agcp.

The net result of z, w, and o exchange results in a
potential energy function for the binding of a neutron and
a proton which can be modeled as the sum of three Yukawa
potentials—repulsive from the w and attractive from ¢ and
z. Bach potential has a corresponding coupling constant
indicated by g,, g, and g,,. These couplings are in principle
determined by QCD, but cannot be computed in perturba-
tion theory, and so we constrain them by requiring that the
resulting binding energy of the deuteron matches its
experimentally determined value of 2.2 MeV at d=
|6v/v] = 0. This selects families of viable parameters
which can be found for d = 0 by adjusting these three
parameters such that the solution to the Schrodinger
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FIG. 2. Value of the deuterium binding energy with varied
Higgs vev for positive and negative values of év/v.

equation gives a binding energy of 2.2 MeV. One
such solution," for example, has g, = 11.97, g, = 8.46,
9o = 21.19. These are dimensionless parameters and are
not expected to change much in response to small changes
in the vev. Results for small d # 0 are obtained by adjusting
the meson masses for the particular d of interest as
described above, and recalculating the binding energy.
The resulting binding energies are presented in Fig. 2
for positive and negative values of Sv/v. Values of
|6v/v| > 0.1 lead to either very large binding energies
or an unbounded deuteron for positive and negative values,
respectively. Since both very large binding energies and an
unbounded deuteron lead to predictions for the light
element abundances very far outside of what has been
observed, we find it unnecessary to consider values of év/v
outside of this range.

C. Thermonuclear reaction rates

With the change in the n <> p processes and the
deuteron binding energy in hand, we turn to the other
nuclear processes in BBN. There are 12 key reactions
which are needed to predict deuterium and helium abun-
dances and an additional 51 reactions to accurately predict
the lithium abundance which involve the binding energies
and matrix elements of heavier nuclei.

These reaction rates are typically determined empirically,
making it difficult to predict their dependence on the vev
from first principles. However, they do not involve the
weak interactions and are not as sensitive to the pion mass
and thus on dimensional grounds, we assume their rates

'We have examined other values of g,, g, and g, which give
the correct d = 0 binding energy of 2.2 MeV, and find that they
make very similar predictions for small d to the ones we have
chosen.
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FIG. 3. Value of the abundance of “He, ¥ p»» With varying Higgs
vev for positive and negative values of Sv/v. The red dashed line
is the standard result without a change in the Higgs vev and the
blue and green lines are the results with the change. The coral and
gold boxes give the experimental values from the Particle Data
Group and from the recent EMPRESS experiment.

vary as Agcp, or 192, which is expected to be a decent

approximation since the pion interactions are long range.

III. PRIMORDIAL ABDUNDANCES

Assembling all of the changes in the inputs to BBN
described above, we implement them in PRyMordial to
determine the abundances of primordial helium and deu-
terium as a function of év/v. Starting from a calculated set
of initial conditions, including the ratio of photon to
neutrino temperatures, the light element abundances are
determined via a network of Boltzmann equations. This
system of equations is solved in three steps. First, the
neutron to proton ratio at the temperature of neutron freeze-
out is determined by analyzing the neutron to proton
conversion rates.” Next, using the calculated abundance
values of protons and neutrons, the network of Boltzmann
equations using 18 of the 63 thermonuclear rates is evolved
down to the temperature of deuterium photodisassociation.
Finally, the network is further evolved down to temper-
atures of O(keV) to determine the final primordial abun-
dance values of each light element.

The result for Y s which characterizes the abundance of
“He, is shown in Fig. 3 for both positive and negative values
of 6v/v. The blue and green lines correspond to the
predicted “He abundance from PRyMordial for positive and
negative values of dv/v, respectively. The uncertainty for
Y, is negligible. The experimental value from Refs. [5,6]
(as listed in the Particle Data Group (PDG) [52] summary)

*For explicit formulas, please see Eqs. (15.7.14) and (15.7.15)
in Weinberg’s book Gravitation and Cosmology: Principles and
Applications of the General Theory of Relativity [49].
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FIG. 4. Value of the abundance of deuterium with varying
Higgs vev for positive and negative values of év/v. The red
dashed line is the standard result without a change in the Higgs
vev and the blue and green lines are the results with the change.
The coral box gives the experimental values from the Particle
Data Group. The error in the theoretical curves is similar to the
error in the experimental values, as discussed in the text.

and the 2¢ uncertainties are shown in shaded pink, and the
recent result from EMPRESS [4] in shaded yellow. For
negative 6v/v, the 2¢ upper bound on the magnitude is
approximately 0.001, whereas for positive év/v, the
magnitude must be less than 0.008 based on the PDG
result and less than 0.02 using the EMPRESS result. If the
EMPRESS result turns out to be correct, v = 0 would be
mildly excluded, and év between 0.008 and 0.02 would be
able to explain the “He abundance.

In Fig. 4, we show the results for the deuterium
abundance. Here, the theoretical calculation of the abun-
dance has an uncertainty of 0.05, which is similar to the
error in the experimental value [52,53]. Thus, the 6v = 0
limit has roughly a 2¢ discrepancy between the theoretical
and experimental values. For negative values of év/v, we
see that the magnitude of 6v/v must be less than approx-
imately 0.025, but for positive év/v the magnitude must be
substantially smaller. This is somewhat unfortunate since
positive dv/v is needed to explain the EMPRESS result for
Y,, but that would make the discrepancy with deuterium
much worse. Thus changing the vev can explain one, but
not both, of the anomalies.

IV. CONCLUSIONS

Originally motivated by anthropic arguments, many have
studied the possibility that some of the constants of nature
are time dependent. Astrophysical studies have bounded
some parameters as have some cosmological studies.
Recently, the EMPRESS Collaboration reported a meas-
urement of the primordial “He abundance which is some-
what over 3¢ from the theoretical value. There is also a

small 20 discrepancy in the deuterium abundance. In this
paper, we have considered the possibility that a difference in
the Higgs vev between the time of BBN and the present
could be responsible for one or both of these discrepancies.
We choose the Higgs vev to vary because it is the only
dimensionful parameter of the Standard Model and is already
known to vary during the earlier electroweak phase transition.

This was studied some time ago, but previous authors did
not include the fact that the QCD scale will also vary if the
quark masses vary, due to threshold effects. They also did
not use the latest BBN codes, which are more accurate than
previous ones. The varying quark masses and QCD scale
will have a substantial effect on all nuclear reaction rates as
well as the binding energy of the deuteron.

We find that the “He abundance can be noticeably
affected if the change in the Higgs vev is a few parts
per thousand or more. If év/v is between 0.008 and 0.02,
then the prediction fits well within the EMPRESS calcu-
lation error bars. If one instead uses the older PDG results,
then one must (at 2¢) have év/v less than 0.008 and greater
than —0.001.

The deuterium abundance is also affected. Here, a
positive value of §v/v makes the discrepancy with the
theoretical prediction worse. A negative value will fit
within 26 as long as its magnitude is less than 0.025.
Together, we see that no value will be able to explain both
the EMPRESS and deuterium anomalies, but can certainly
explain either one. Clearly, more experimental results for
the “He abundance are needed as are more theoretical
studies of the deuterium abundance.
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APPENDIX: THE EVOLUTION OF THE
STRONG COUPLING CONSTANT

A crude approximation to the scaling is obtained by
integrating the one-loop renormalization group equations
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for the strong coupling constant from a scale well above the
top quark mass down to somewhat below the charm quark
mass and then using the standard formula to deduce Agcp.
Using a mass-independent renormalization scheme at one-
loop, for Q much larger than 2m,, one has

1 1
a(1GeV)?  a(Q?)

:E(M log 4m,/ Q%+ 23 log m3/m?

+25log m2/m3 +27log 1 GeV?/m?).

Now, if one multiplies all of the quark masses by 1 + év/v,
one finds that

1 1 1 o

- S=——(21-27)x 2%

Apew (1 GeV)*  agq(1 GeV)* 12z v
_ Lo
oz’

and plugging this into the standard 1-loop formula for
Aqcps

A2 = ﬂze_/’u':z#z)’ (Al)
one finds that
A e —67 ox —6r +661}
new — M p 27anew =H p 27aold 27 v
26v
= Aga| 1 +5— A2
old( + 9 > (A2)

which is close to the results in [39,40]. Thus, our crude
approximation yields Aqcp scaling as (5v/v)*°.

To be more precise, we integrate the 2-loop renormal-
ization group equations. The scale dependence of the strong
coupling constant is controlled by the $ function which can
be expressed as a perturbative series:

0 ay 5 ) 5 )"
0 =t ==(5) () h @

The values of the first terms of the f series are

2
at 1-loop level and
38
ﬁl =102 —?nf, (AS)

at 2-loop level with n; the number of quark flavors active at
the scale Q2.

The exact analytical solution to Eq. (A3) is known only
to f, order, and thus we integrate numerically, defining
Aqcp to be the scale at which a; diverges. We find that
Aqcp scales as (6v/v)%?, with the exponent varying from
0.245 to 0.255 over the entire possible range of Agcp.
Thus, we use 0.25 as the exponent.
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