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Abstract

This report focuses on the study of Axion-Like Particles and their impact in the early
stages of the universe. A deep analysis is performed, taking into consideration the ALP
photonic decay and its impact on the weak interconversion rates, and the ALP hadronic
decay and its effect on the neutron-to-proton ratio. Constraints for ALPs parameters have
been developed taking into consideration measurements from Big Bang Nucleosynthesis and
Cosmic Microwave Background, specifically the abundance of Helium, Y,,, and Nc¢f. It has
been observed that the ALPs decay into hadrons plays a crucial role in these constraints, as
it has a great impact on the neutron-to-proton ratio, even if the initial abundance of ALPs
is small. Additionally, different reheating temperatures, T, in which the ALPs could have
been formed, have been studied. It has been observed that the constraints developed from
the abundance of Helium, considering the hadronic decay, are less sensitive to the reheating
temperature in comparison with the constraints from Neyy.
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Introduction

The study of the early stages of the universe remains a major challenge in cosmology, and the
Standard Model (SM) provides a theoretical framework to study it. Additionally, experiments
help with the study of the beginning of the universe, going back to the Big Bang Nucleosynthesis
(BBN) and Cosmic Microwave Background (CMB).

Before the BBN, there was a hot plasma of particles composed primarily of photons, electrons,
and neutrinos, and nuclei couldn’t be formed because of the high temperatures. However, as the
universe expanded and the temperature dropped, the nuclei began to form during BBN. These
abundances can be measured precisely, such as the abundance of Helium, Y}, which provides an
essential tool to study the universe. On the other hand, from the CMB the value of the effective
number of neutrinos, Ns¢, can be obtained, which is another key observable.

The most recent experiments provide the following values for the parameters mentioned pre-
viously: Negr = 2.81 £ 0.12 and Y, = 0.245 £ 0.003 [1]. There is some tension between the
values predicted by the SM (Y}, = 0.24709 and N.¢s = 3.045 [2]) and the measured ones, which
motivates the exploration of new physics Beyond the Standard Model (BSM). In particular, this
study focuses on the Axion-Like Particle (ALPs), which are hypothetical bosons and an exten-
sion of the Axion, a particle proposed initially as a solution for the Strong CP problem, and an
excellent candidate for Dark Matter.

This report studies ALPs and their impact in the BBN, with the objective of studying the
proton-neutron interconversion driven by the ALPs decay into hadrons as well as the effect of
the ALPs’ photonic decays on the weak conversion rates. Additionally, constraints on ALP pa-
rameters are derived from measurements of Y, and N.¢s. It is found that the decay of ALPs
into hadrons provides stronger constraints, significantly affecting the neutron-proton ratio. Also,
the study explores how different reheating temperatures, at which ALPs are considered to be
produced, affect the different constraints, observing that the evolution of them is different for

the case of Y),, considering hadronic decay, and Ny .

The report is organized as follows. Section 1 introduces the ALPs as well as how they are
produced and how they decay, either into photons or hadrons. Section 2 shows the results from
the simulations of the constraints of the parameters of the ALPs given by N.¢r and Y. It is
considered an arbitrary initial abundance of ALPs as well as a specific ALP production. Also, the
results are shown for the evolution of constraints for different reheating temperatures. Finally,
in Section 3, the conclusions of the report are shown.



1 Axion-Like Particles

Axion-Like Particles (ALPs) appear in many BSM theories. This report focuses on ALPs (that
will be named a) coupled to photons, and their Lagrangian is written as follows: [3]

L~ —%aFWﬁ"“’ (1.1)

where F' is the electromagnetic field tensor and g, is the axion photon coupling. This coupling
relates the mass (m,) and the lifetime (7,) of the ALP.
64m
Ta = @ (1.2)
Both the mass and the coupling of the ALP are treated as free parameters. Two decay
channels of the ALPs will be considered: the decay into photons, which is the predominant one,
and the decay into hadrons, which will have a smaller branching ratio, but its impact will be
very significant.

1.1 ALPs production

For the production of ALPs; it is considered that at a temperature T (Reheating Temperature)
there was no abundance of ALPs, taking a conservative perspective, and at this temperature
the ALPs start to be produced. This is considering that before the BBN, some phenomena
eventually led to the reheating of the universe at a temperature Tg, and the energy density of
ALPs was negligible in comparison with the other species. After the reheating temperature, the
ALPs are produced via two processes: the scattering of charged particles (¢* ++v = ¢* +a) and
the inverse decay (v + v = a) . From these two effects, the rate of production can be obtained
from the formulas adapted from [4]
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Where m., = €T',/g,/6 is the plasmon mass in an electron-positron plasma [4] and g; (T') is the
effective number of relativistic charged degrees of freedom, which is calculated in the following

way
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Where n; is the number density of the charged fermions at a temperature 7" and Q; is its

(1.5)

charge in units of e. Only the fermions are considered, as they are the only charged particles
participating in 1.3.

Once the rates are obtained, Boltzmann’s equation can be used to calculate the abundance
of ALPs at a time %g, that in this study corresponds to Ty = 20MeV when the ALP starts to
decay, by integrating the following differential equation from Tx to Tj.

dy,
=T, (Y% -Y, 1.6
= DoV = Y0) (1.6)




Where Y, = n,/s, being s the entropy density and n, the number density of the ALPs, and
Yo% = ngl/s is the value at thermal equilibrium. An extended explanation of the calculation can

be seen in Appendix A.

1.2 Axion-Like Particle decay

At a temperature T' = Ty the ALPs starts to decay efficiently into other particles. The most
common decay channel of ALPs is into photons: a = v+ . However, ALPs can also decay into

hadrons, with a smaller branching ratio. These processes affect Ngy; and Y.

1.2.1 Photonic decays

When an ALP decays into photons, there is a transfer of energy to the electromagnetic plasma
that can be calculated with the following coupled differential equations:
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The first two equations track the evolution of the temperature of the EM plasma and neutrinos
in time, and the third one corresponds to the evolution of the energy density of the plasma in
time. The term p,/7, corresponds to the energy transfer from the ALPs to the plasma when
they decay. Additionally, neutrinos decouple at T" ~ 1MeV, causing them to stop sharing the
same temperature as the plasma, leading to an exchange of energy between the plasma and the
neutrinos. The term of exchange of energy, %, has been obtained from [5] using 7}, = T,,, and
with sy = 0.223.

Spu(T,,Ty)  8GH(1/2 + 253, + 4s}y)
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For the expressions of energy density and pressure, the following expressions have been used,

assuming Fermi-Dirac or Bose-Einstein distributions for fermions and bosons, respectively.
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By solving numerically the differential equations from 1.7, the values for the temperature of
the plasma, temperature of the neutrinos, and energy density of the ALPs are obtained. The
initial energy of the ALP is given by p,(to) = mq - nq(to), as we are considering a non-relativistic
particle. This can be considered a free parameter, or calculated as explained in Section 1.1. The
change of temperatures produced by the presence of ALPs will have a direct effect on the value
of Neyy, as its formula is



Neys = 3(2)1/?’(7%6)4 (1.12)

In Figure 1, it can be observed how the ALPs with different parameters affect the ratio of

temperatures of the EM plasma and neutrinos, making a big impact on the observables.
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Figure 1: Evolution of Tw/e/Tl, in time considering ALPs with a, = pa/pSM(To) =1 and different lifetimes.

Once the temperatures have been obtained, the reactions of neutrons and protons must be

studied. One relevant magnitude for this study is the proportion of neutrons X, defined as:

Ny,
Xp=—— 1.13
" N + Np ( )
The neutrons and protons are involved with leptons in the following reactions, changing the

value of X,.
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The evolution of X, is given by the following differential equation.

dX
d—t” =Tpon(l — Xp) — Tneyp X (1.14)

The rates account for the proton conversion into neutrons (I',—,) and the neutrons into
protons (I',—,,,) by the previous reactions. As I' = I'(T, ), T,,), the alteration of the temperatures
will directly affect the rates and consequently the values X,,.

1.2.2 Hadronic decays

In addition to the decay of an ALP into photons, if the ALP is massive enough, it can decay
into hadrons (h). It must follow the condition m, > 2my,. The process by which it is formed is
that the ALP can decay into a photon « and a virtual photon %, which will decay into hadrons.
Once the hadrons are formed, they interact with protons and neutrons: h +n/p — p/n+~. In
particular, this study will be focused in the production of pions, which correspond to masses of



ALPs of: mg ~ 290 — 900MeV. Taking larger masses would involve considering the production

of other particles such as Kaons.
Pions
Pions can interact efficiently with protons and neutrons
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The cross-sections of these reactions are the following [6]:
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Where F! is the Sommerfeld enhancement of the cross-section due to the presence of two
oppositely charged particles. Additionally, the pion decay width must be considered:

aE
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In order to solve the evolution of X,, taking into account the effect produced by n .+, n -

and ng, the following system of coupled differential equations has to be solved [6].
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Where np is the baryon number density, given by:

nB(T) = n'y(T) X nbaryon—to—photon(TCMB) X (%)3 (1.17)
n(T) = frggg (1.18)

However, for times (I' )~1 ~ 10785, that are small in comparison to the times scales

decay
that we are working with, there is a dynamical equilibrium that allows us to obtain analytical

expressions for n .+ instead of differential equations [6].
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These expressions reduce 1.16 to a single differential equation:



dX - n

= = (Tpmon + e (0700) ) (1= X0) = (T + e (07,0) ) X (1.21)
Consequently, the expression 1.21 provides a solid way for calculating X, considering the
weak interconversion rates, that depends on the temperature of the plasma and neutrinos; and

n,+, which, as expressed in 1.20 and 1.19, depends explicitly on the lifetime and abundance of
the ALPs.

In Figure 2, it can be seen the effect of the ALP decay on the value of X,,, clearly showing the
great impact of including hadronic decays. For high temperatures, the hadrons make n/p ~ 1,
and then the value of X,, decreases, having a different final value from the SM. On the other

hand, the impact of the ALPs without considering hadronic decays is more subtle.
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Figure 2: Evolution of X, for different temperatures considering an ALP with these characteristics: Bro—. =
0.001, mo = 300 MeV, 74 = 0.1, pa/psr(To) = 1. The black line corresponds to the values of SM, the orange line
corresponds to the value of X, considering just the photonic decay of ALPs, and the blue line also considers the
hadronic decays.

2 Results

The effect of the ALPs is given by their mass, their lifetime, and their initial abundance (which
can be related to the two previous parameters). For these reasons, the space of parameters
{ma, s} (or {ma,7a, pa(0)} if the initial energy density is taken as a free parameter without
considering any relation) will be studied with the goal of analyzing the effect of the hadronic
decay in different circumstances. Given that there are precise and accurate measurements of
Neyyp and Yy Nepp = 2.814+0.12 and Y, = 0.245 + 0.003 [1], these values will be the reference
for accepting or rejecting parameters as physically possible.

In the case of Neyr, a hypothesis test is performed at 95% confidence level, also the preferred
or most likely region will be given by 1o. In the case of Y}, firstly, a theoretical uncertainty is
considered, assuming the error for Y, being £0.005. This way, the parameters will be physically
possible if AYp/Y;,SM < 2%, being YPSM the abundance of Helium given by the code in the
absence of ALPs. In this study, the value of Y), is taken as Y, = 2- X,,(T" = 0.078MeV) and for
Neyy, the temperatures of the EM plasma and neutrinos are taken at the end of the simulation
at T'= 0.01MeV.



2.1 Constrains depending on 7,, mg, p.(7o)

First, ALP initial abundance is considered as a free parameter, without taking into account cal-
culations of section 1.1. Therefore, there are three free parameters to consider {mq, 74, pa(70)}-
Figure 3 shows the constraints derived by the values of N.;s and Y}, for different masses. It can
be observed that the great impact of the hadronic decay, in comparison with just considering
photon decay (blue), results in bigger constraints. This is because the hadrons interact very
efficiently with protons and neutrons, so only a small amount of ALPs can make a significant
impact on the X, ratio. The reason of this is because the cross section of the reactions mentioned
above are much larger in comparison with the weak interconversion % ~ 106(%)2[6].

Additionally, as the mass of the ALP increases, and as a consequence the branching ratio of
hadron decay, the constraints on the ALP parameters are present for smaller initial abundances,
giving orders of magnitude of difference in comparison with not considering them.
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Figure 3: The solid lines separate the physically allowed regions (left) and the forbidden regions (right) on
the parameter space, given by the comparison of the results obtained with the code and the measurements of
[1]. The blue region corresponds to the forbidden region obtained with the value of Y, without considering pion
decay (if AYp/YpSM > 0.02, then it is forbidden). The red region corresponds to the forbidden region considering
the value of Nesy with 95% of confidence. The black dashed region corresponds to the preferable region of the
parameter space given by N.ys with 1lo. The different solid lines correspond to the constraints obtained with
the value of Y, considering the pion decay for masses of 900 MeV (green), 600 MeV (yellow), 400 MeV (orange),
and 290 MeV (brown). Finally, the domain inside of the dashed lines corresponds to forbidden regions given by
AY, /YoM < —0.02.

2.2 Constrains depending on 7, and m,

For the next study, the initial abundance will be obtained with the procedure of section 1.1. Here,
the temperature at which ALPs start to be produced will be considered very high Tz = 10'°MeV,
and it will be integrated until Ty = 20MeV. Consequently, now there are two free parameters:

{ma, 7a}.

It can be observed that the addition of hadron decay implies bigger constraints from Y,,, even



exceeding the constraints from Ngf; in some regions.

studies [3| shows good agreement.

Additionally, comparison with previous
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Figure 4: Constrains developed in the parameters of m, and 7,. The solid lines separate the physically allowed
regions (left) and the forbidden regions (right) on the parameter space, given by the comparison of the results
obtained with the code and the measurements of [1]. The blue region corresponds to the forbidden region obtained
with the value of Y, without considering pion decay (if AY,/Y,”™ > 0.02, then it is forbidden). The red region
corresponds to the forbidden region considering the value of Ncrs with 95% of confidence. The black dashed
region corresponds to the preferable region of the parameter space given by Neys with 1o. The green line shows
the constraints obtained from Y} considering hadronic decays. The yellow region is the bounds obtained in the
previous study [3].

2.3 Study of different reheating temperatures

In order to perform a deeper study, different reheating temperatures can also be considered. The
early stages of the universe remain unknown to a great degree, so it is not possible to determine
at which exact temperature the ALPs could have started to be formed. Consequently, it will
be considered that at a temperature T there is no abundance of ALPs, and they begin to be
produced at this temperature.

In the Figure, it can be observed how the different constraints change for different Tr. Con-
sidering the constraints derived from Y, without considering the pion decay, it can be observed
that as the reheating temperature decreases, this bound quickly disappears, as they are very
sensitive to the initial abundance of ALPs. In the case of Nsy, the decrease of the constraints
with T is very strong, observing a great effect when the temperature decreases. However, in
the case of the constraints of Y}, considering the pion decay, they decrease more slowly than in
the previous cases, showing strong constraints for low reheating temperatures (and consequently
low initial abundances of ALPs). This is because, as was mentioned previously, just a small
amount of pions can have a significant effect on the neutron-proton ratio. Also, by looking at
the expression form [6] for the upper limit of the lifetime of a particle N that can decay into
hadrons, given the upper bound on the Helium abundance
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we find that the constraint will depend only logarithmically on the initial abundance of the
particle N (in our study case, ALPs), which explains the slow decrease of these constraints.
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Figure 5: Constraints obtained from Ny (red), Y, without considering pion decay (blue), and considering it
(green). The different dashed lines show the constraints for different reheating temperatures (solid: 10'® MeV,
dashed; 107 MeV, points: 10° MeV, and lines and points: 10° MeV).

3 Conclusion

During this study, it has been studied the effect of ALP photonic and hadronic decays and its
impact on Y, and N,y for developing constraints. It has been observed that the hadrons, specif-
ically the pions, play a crucial role in neutron-proton interconversion, even with small initial
quantities of ALPs and small branching ratios, as they interact very efficiently. As a conse-
quence, it is extremely important to take them into consideration when developing constraints
for the ALP parameters. Additionally, these constraints remain less sensitive to the reheating
temperature, as they are less affected by the initial ALP abundance, while the constraints of

Neyr and Ye without considering pion decays change drastically.

As future steps, it would be relevant to increase the regions of parameters of ALPs, both in
lifetime and in mass. However, it must be taken into consideration that for m 2 1 GeV, Kaons
must also be considered. Also, constraints from other measures, such as D/H could be obtained

and analyzed.

Additionally, the codes used for this project in python can be accessed via Github.


https://github.com/claragarciaperez/Axion-Like-Particle-Decays-into-Hadrons---CERN
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A Calculation of the ALP production rates

In order to obtain the production rates, expressions 1.3 and 1.4 are used. For obtaining I'; and
I’y we will need to integrate over the fermions and the ALPs in the following way, being fpg
and frp the Bose-Einstein and Fermi-Dirac distributions.

I I Xicte .y CalBiy Ea, T)pE fro(ms, T) [ (27°)ps f5E (14, T) /(27 dpadp;
Jo" P2 fBE(Mma, T)/(27%)dp,

Jo" Cy(E, T)p2 fpe(ma, T)/(27%)dpa
fo 2 fE(ma, T)/(272)dpa

For calculating the value of Cy as well as the effective number of relativistic charged particles,

g(’;(T), it is considered that for T' > 300MeV both leptons e, u, 7 and quarks u, d, s, ¢, b, t existed.

However for T' < 300MeV only leptons will be considered because of the QCD transition, and

0y(T) = (A1)

I (T) =

(A.2)

quarks won’t be part of this parameter. Also, the mesons, such as pions, won’t be considered as
they are bosons and don’t participate in ALP production.

However, it must be taken in consideration that the calculation of the rate with the expression

1.3 and the one provided by [3] have some discrepancies. This last expression is the following

T, — 01*‘;2 T3(1n (;;) + O.8194> (A.3)

Expression A.3 is if we just considered electrons in the scattering process and for small ALP
masses. When A.1 is calculated in this regime a misalignment of 11:—2 ~ 0.45 is found. This
differences should be treated as a future study case. However, for this study, the changes on

the results using one expression or the other have been found to be small and qualitatively similar.

On the other hand, the expression 1.6 for calculating the evolution of Y, comes from the
following expressions:
dYy d(ng/s) 1d(ng) mngds

dt dt s dt s2 dt

As s oc a3 the following expression can be obtained:

dYs _ d(ng/s) _ ld(na) ng —3da 1d(ng) 4N 1da

dt dt s dt sa=3 a*dt s dt s adt
We can express H = 194 and e — _30n, + (Iy 4+ I',)(ne? — n,). By substituting in the

previous expression:

dy, 1 a e
= S(=8Hng + Dy + D)(nf! —na)) + 3=2H = (T, + D) (¥, — Y)
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