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We discuss a new constraint on the parameter space of axion dark matter that was first
presented in [1]. The axion increases the neutron-proton mass difference at neutron freeze-
out. The precise measurements of *He produced during Big Bang Nucleosynthesis (BBN)
sets meaningful bounds on its parameter space.

1 Introduction

In 1977 Peccei and Quinn proposed what would become the classic solution to the strong CP
problem [2, 3]. Later it was noted by Weinberg and Wilczek that it implied the existence of
a light degree of freedom, the axion [4, 5]. If a U(1) symmetry, anomalous under QCD, is
spontaneously broken at an high scale f,, the QCD 6 parameter
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can dynamically be set to zero through the minimization of the axion (the U(1) pseudo-
Goldstone boson) potential.

The axion is a motivated dark matter candidate [6]. In this work we focus on relic axions
produced through the so-called misalignment mechanism [7, 8, 9, 10]. In order to solve the
strong CP problem, the leading contribution to the axion potential must come from the QCD
chiral anomaly. This contribution is generated during the QCD phase transition and earlier in
the history of the universe we can consider the axion potential to be zero. As it turns on, the
initial condition for the axion field does not need to coincide with the minimum of the potential.
So after the QCD phase transition the axion can be described as an oscillating classical field

a(t) = ag cos(mgt) = V2pDM cos(mgt) , (2)
Mg

with an amplitude proportional to the initial misalignment. In the last equality we fix the initial
condition by requiring that the axion makes up all of the observed dark matter energy density
ppy- In the simple setting described above, the axion mass m, is not a free parameter, but
is given by the QCD relation fome = frmxy/myma/(my, + mq) [4, 5], in terms of the decay
constant f,. However axion-like particles for which this equality is violated are common in a
variety of models [11, 12]. For brevity in the following we designate with “axion” both the QCD
axion and these generalizations.
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As stated above the axion coupling to gluons is the one responsible for the solution of the
strong CP problem. Current constraints on this coupling leave open many orders of magnitude
to my and f,. The axion interactions with the electromagnetic field are more strongly con-
strained [6], but the coupling is much more model dependent and given an f, can span over
orders of magnitude. Therefore we find interesting to explore in more detail axion-gluon inter-
actions. This is particularly important in view of the recent proposal of new experiments aimed
at detecting these interactions [15, 16]. In the next section we show how the measurement of
the primordial *He abundance greatly limits the parameter space available to the axion, largely
overlapping with the projected sensitivity of the proposed experiments. We conclude by giving
a fine-tuning argument that disfavors an even larger fraction of this parameter space.

2 The three graces of Big Bang Nucleosynthesis

Big Bang Nucleosynthesis is an ideal setting for constraining axion dark matter for three simple
physical reasons. First, the effects of the axion field are amplified by the redshirting of the
axion field a ~ /ppar ~ (1 + z)3/2, 2N ~ 100, Second we have precise measurements of
quantities generated at that time. For instance, the fractional error on *He abundance, Y, is
0Y,/Y, ~ 10% at 30 [6]. Last and most important, Y, is exponentially sensitive to the axion
interaction with gluons. This was first shown in [1] following a known result on the constant
QCD 6 parameter [17]. Here we briefly review the steps that led to this conclusion.

The most general Lagrangian connecting the axion with Standard Model fields charged
under SU(3). can be written as
a G@ éa,uu 8ua
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where we have ignored possible flavor violation in the cy’s that is irrelevant for what follows.
We have indicated with v all possible quark fields taken as left-handed Weyl spinors. Using
the methods of Chiral Perturbation Theory it is easy to show that these interactions, below the
QCD confinement scale, generate
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where we have introduced the nucleon field N = (p n)T and the pions 7. Clearly there are many
more terms in the QCD Chiral Lagrangian that contain also the axion, but the three above are
sufficient for our purposes. The first is the axion mass term mentioned in the introduction, the
second generates an oscillating nucleon electric dipole moment (EDM) at one loop [18] that the
experiments in [15, 16] intend to detect. The third and last term generates a neutron-proton
mass difference

M — iy = Qo +0Q,
Q= et (mez) () = 097 Mev) (7). ®
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Figure 1: Taken from [1]. Left panel: In orange we show the BBN excluded region in the (gq4,
m,) plane. The blue shaded region is excluded by static EDM searches. The green region from
excess SN 1987A cooling. Both were estimated conservatively in [16, 19]. We shade in purple
the area where f, > mp1. Right panel: The projected sensitivity of the oscillating EDM search
of [15, 16]. CASPErl and CASPEr2 are the two generations of the experiment. The black line
in both panels represents the QCD axion, f, mg = AQQCD.

where we have taken g,nn =~ 0.023 as measured from baryon decays [17, 18]. It is this effect
that feeds into the measured *He abundance though the neutron to proton ratio at freeze-out,
(/D) treoroont = €~ 9F/TF. Here Qp is the value of Qp + 6Q at Tr ~ 0.8 MeV. The neutron to
proton ratio stays approximately constant until the time of nucleosynthesis, when almost all
neutrons bind into *He nuclei: Y, &~ 2(n/p)Nuc/(1 + (7/P)Nuc)-

Imposing conservatively §Y,,/Y, < 10%, we find the constraint f, m, = 107 GeV2. A full
numerical calculation gives f, m, = 1.3 x 1079 [1]. In the left panel of Figure 1 we compare this
bound with known constraints from static EDM measurements [13, 14, 16] and the excess cooling
of SN 1987A [19, 16] and in the right panel with the sensitivity of the experiments proposed
in [15, 16]. Note that this comparison is meaningful because the ¢, in the UV Lagrangian do not
appear at leading order in f/f, in (5) and (6). So the nucleon EDM and proton-neutron mass
difference are dominated by the GG coupling of the axion and thus proportional to each other.
The y-axis is given by a rescaling of the axion decay constant g4 =~ (2.4 x 10716 ¢ Cm)/fa. We
can clearly see that the bound adds on known results and strongly overlaps with the sensitivity
of future experiments. For more details we refer to [1].

3 Conclusion and fine-tuning

We have shown that the measurement of the He abundance from BBN sets a strong constraint
on the axion dark matter parameter space. This bound overlaps with most of the sensitivity of
projected experiments for the measurement of an oscillating nucleon EDM [15, 16].

It is worth to notice that the whole parameter space above the QCD line in Figure 1, albeit
not excluded, is strongly disfavored by fine-tuning arguments. In that region m, < m%°P,
so we are implicitly adding a Lagrangian term AL(a) o ém?(a + 66)2, to cancel the QCD
contribution to the axion mass. The tuning required by the mass cancellation can be estimated

PATRAS 2014 49



RAFFAELE TITO D’ AGNOLO

as: Amass ~ f2m2/f2m2 ~ 1071 (fym,/107° GeV2)2. At the same time 66 must also be
tuned to avoid reintroducing the strong CP problem. It is not possible to avoid these tunings by
introducing multiple axions [1]. However the experiments in [15, 16] have a concrete chance of
being built. Furthermore tuning arguments in other sectors of the Standard Model Lagrangian
have started to appear less reliable since LEP and the trend seems to be confirmed by the LHC.
So we find useful to give solid observational bounds such as the one discussed in this note.
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