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Zusammenfassung/Abstract

Zusammenfassung

Diese Dissertation ist eine Sammlung von Studien, welche sich mit der Phinomenologie des 8-Winkels
der Quantenchromodynamik (QCD) im Wertebereich 0 < § < s, sowie des Axions in der Kern- und
Teilchenphysik befassen. Im ersten Teil werden die Auswirkungen eines von Null verschiedenen 6-
Winkels auf die Nukleonmassen, die Bindungsenergien leichter Kerne und den Prozess der Nukleosynthese
erforscht. In den darauf folgenden Studien werden die Wechselwirkungen des Axions mit Photonen
und Baryonen mit den Mitteln der Chiralen Storungstheorie — der effektiven Feldtheorie der starken
Wechselwirkung im Niedrigenergiebereich — untersucht. Die Ergebnisse werden schlie3lich verwendet,
um den Wirkungsquerschnitt der Pionerzeugung durch Axion-Nukleon-Wechselwirkung mit Beitragen der
A-Resonanz zu bestimmen. All diese Studien stehen somit im Zusammenhang mit dem als “Strong CP
Problem” bekannten Makel des Standardmodells der Teilchenphysik, wobei insbesondere die letztgenannten
Studien auch Beitrige zur Axionsuche darstellen.

Abstract

This thesis is a collection of studies concerned with the phenomenology of the #-angle of quantum
chromodynamics (QCD) at values 0 < 6 < s, and of the axion in nuclear and particle physics. In the first
part, the consequences of a non-vanishing #-angle for nuclear physics are determined with respect to the
nucleon masses, the binding energies of light nuclei, and the process of nucleosynthesis. In the second
part, the interaction of axions with photons and baryons is examined making use of chiral perturbation
theory, the low-energy effective field theory of the strong interaction part of the Standard Model. Finally,
these insights are used to determine the cross section of pion axioproduction with contributions from the
A resonance. All these studies hence are related to a flaw of the Standard Model of Particle Physics known
in the literature as the “strong CP problem”. In particular, the latter studies are contributions to the search
of axions.
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CHAPTER 1

Introduction

1.1 You got a problem?

The Standard Model (SM) of particle physics is the outcome of decades of tremendous research efforts
comprising milestone events on both experimental and theoretical side. The last century has seen the
prediction and discovery of numerous elementary particles that like pieces of a puzzle led to the emergence
of a coherent picture. On the experimental side this includes the discovery of antiparticles such as the
positron [1], the discovery of heavy partners of the electron, i.e. the muon [2] and the tau [3], the discovery
of parity violation in the weak interaction [4], the discovery of new generations of neutrinos [5], and the
detection of the Z and W vector gauge bosons [6—10]. Starting with the quark hypothesis (see below)
and deep inelastic scattering experiments [11, 12] accessing the substructure of nucleons, quarks finally
have been identified as the elementary constituents of hadrons systematizing the ever-growing number of
experimentally produced mesons and baryons, which culminated in the discovery of the top quark at the
end of the last century [13, 14].

These great moments of experimental physics were accompanied and in fact most often preceded by
equally great hours of theoretical physics which includes the derivation of a relativistic field equation
for spin—% particles including the prediction of antimatter by Dirac [15], the development of quantum
electrodynamics [16-22] (QED), the extension of gauge theories to non-Abelian groups [23-25] now
being called Yang—Mills theory, the electroweak unification [26-28], the Higgs mechanism [29-31]
(Englert-Brout-Higgs—Guralnik—Hagen—Kibble mechanism to be precise), the development of quantum
chromodynamics [32-38] (QCD), and the verification of the renormalizability of such gauge theories [39,
401.1

The last great highlight of this unprecedented human endeavor was the discovery of the Higgs boson
[41, 42], the period of the last sentence of a book with a large number of instructive chapters. This model
with its story of success has proven to be both highly explanatory and predictive, and in terms of its
mathematical formulation, its realized exact and approximate symmetries, it can be considered an elegant
building of modern architecture.

And it has proven to be, say, unpleasant.

One of the most unpleasant things about the SM is the large number of input parameters, which is

! The list of “milestones” is of course incomplete and rather a personal collection of works the author considers fundamental. In
reality, the Standard Model is not the completed picture of a puzzle consisting of, say, fifty pieces, but rather consisting of a
puzzle of hundreds or even thousands of pieces.
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surprising considering the fact that the fermionic matter fields clearly show a pattern in terms of their
charges and their masses (generations). Currently, no mechanism neither within nor beyond the SM is
known to explain this pattern. In fact, the SM with massless neutrinos requires the manual input of 19
parameters.” Further phenomena that currently cannot be explained within the SM are, for instance,
neutrino oscillations implying massive (though very light) neutrinos [44-50], the possible existence of
particle dark matter (see, e.g., the reviews [55-58]), or possibly the recently measured anomalous magnetic
dipole moment of the muon [59] (however, with 4.2 standard deviations this finding currently does not
meet the 5o criterion).

Another example of an unpleasant feature in the SM is the appearance of a CP non-conserving term in
the strong interaction part of the SM Lagrangian, the -term. As will be explained in more detail in the
next section, this term arises as a consequence of the instanton solution [60-62], but as opposed to this, no
such CP violation has ever been observed within the strong interaction.* The associated QCD #-angle,
which determines the strength of this strong CP violation, turns out to be # < 10~ permitting that § = 0.
So on the one hand, there is the theoretical existence of the #-term without any restriction to the value of 6
(which means that given the periodicity of this angle, it might take on any value between —s and +r), but
on the other hand, in our real world, 8 = 0 of all things. This goes by the name of “strong CP problem”.

In order to ponder the meaning of this problem, one might take a look at how this problem might be
solved (or not solved), as it is related to the question of why certain aspects of the SM are considered
“unsatisfying”. Basically, there are four possibilities:

1. There might be some mechanism within the SM yet to be unraveled that shows that 8 actually is
restricted to a value of exactly or approximately zero.

2. It might be that the SM is incomplete and that an extended SM provides an explanation of the
observed value of 6 (this might include that 8 # 0 at earlier stages of the universe, but is then relaxed
to its present value).

3. It might turn out that a new theory beyond the SM explains why 6 is restricted to a value of exactly
or approximately zero (including the possibility that 6 # O at earlier stages of the universe).

4. It might be the case that the observed value of 8 is just accidental meaning there is no problem in
the strict sense.

This list shows that a problem such as the “strong CP problem” (and the several other outstanding challenges
of the SM mentioned above) is in any case the point of departure to fresh research leading to a deeper
understanding of the physical world and the theories describing it. This even applies for the latter point:
Taking the “accidental universe” as a starting point might stimulate the questions “What if # had another
value than the one we measure? Would a world with, for example, 6 = % look different from ours?” The
answers to such questions undoubtedly would deepen the understanding of the connection between the SM

2 9 fermion masses, 3 mixing angles and one CP-violating phase of the Cabibbo—Kobayashi—Maskawa matrix, the mass and
vacuum expectation value of the Higgs, 3 gauge coupling constants, and 0 (after Ref. [43]). If one includes neutrino masses
and oscillations, 7 additional parameters appear: the 3 neutrino masses, and 3 mixing angles and one CP-violating phase of the
Pontecorvo—Maki—Nakagawa—Sakata matrix.

3 A possible extension of the SM explaining the origin of such tiny neutrino masses is the seesaw mechanism [51-54].

4 1In contrast to that, CP violation indeed is a feature of the weak interaction part of the SM [63, 64].

3 This will be elaborated in more detail below. The actual observable parameter is usually denoted @, but in this introduction, I
simply write 6 and refer to the next section for the details.
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parameter 6 and the observables of our world. Additionally, such considerations might give insights in
terms of another, related question, that is: Is it necessary from an anthropic viewpoint that the quantity 6
has exactly the observed value (or at least lies within a certain range), because otherwise there would be
no human posing this question, e.g. if 0 alters nuclear physics in such a way that element formation is
seriously impaired.

As stated already, this also applies to all challenges of the SM, meaning that in principle any of the
issues might be solved (or not solved) by one of the four points listed above (and possibly a single solution
might solve more than one SM problem). But what would all that mean for the SM, this great model with
its overwhelming success and its predictive and explanatory power? Without doubt, the SM as it stands
will certainly never be entirely replaced by a theory beyond it. This is comparable to the case of Newtonian
gravity and its successor general relativity: the new theory then simply shows the limits of validity of the
old one.

Turning now to the topic of the present thesis, it is the above-mentioned “strong CP problem” that
constitutes the starting point for the six studies presented in the main chapters of this thesis. In particular,
we followed two paths, one of which has already been indicated above, namely the question of how 8 # 0
affects nuclear physics (ch. 2 and 3). The second of these two paths is related to the second possibility in the
list above and is based on a solution to the “strong CP problem” that possibly can at the same time provide
a solution to the question of the nature of dark matter (ch. 4-7). This solution is the famous Peccei—Quinn
mechanism [65, 66], which naturally leads to a vanishing #-angle, but also to a light boson called the axion.

This thesis is thus concerned with the phenomenology of the QCD 6-angle at values # 0, in particular its
consequences for nuclear physics, and of the axion in nuclear and particle physics. The latter is performed
in the context of chiral perturbation theory [67—73], the low-energy effective field theory of the strong
interaction part of the SM. In particular, we studied its interaction with photons (ch. 4) and with baryonic
matter (ch. 5 and ch. 6), where we used the insights from the latter to finally study pion axioproduction®.
The results of these studies hence can be regarded as contributions to the search of axions and — in a greater
context — to the question of how to solve (or not solve) one (or two) open problems of the SM, that is the
unpleasant “strong CP problem”.

1.2 Short theoretical overview

The following theoretical overview focuses on the origin of the QCD 6-vacuum and gives an introduction
to the “strong CP problem” and possible solutions including the Peccei—Quinn mechanism and the axion.
Other aspects such as the models and methods used in the several studies, are not presented here, but are
each part of the respective papers, where in any case appropriate theoretical information is given.

1.2.1 Instantons and QCD vacuum structure

The QCD #-vacuum is a consequence of the famous instanton solution in classical, non-linear gauge
field theories [60].” Consider a non-Abelian pure Yang—Mills gauge theory with gauge group ¢ [23] in

% The term axioproduction has been proposed by UIf-G. MeiBner in analogy to terms like electroproduction or photoproduction.
Pion axioproduction hence means pion production induced by axions.
7 This chapter is freely based on Refs. [74-76].
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four-dimensional Euclidean space E* with action

1
# = [ a5 T[G,G ] (1.1)

where

1 .
Guy = 57Gly = 0,A, = 3,4, —ig[A,,A, ] (1.2)

is the field strength tensor in matrix notation, ¢ are the generators of the group ¥ with group index a,
A, = %TQAZ are the gauge potentials, and g is the coupling constant of the gauge field. The commutators
[, ] are determined by the corresponding Lie algebra of the group &. The dual of G ,,, is defined by

~ 1

Gy = 3€uvpoG (1.3)

po>

where €, , 5 is the four-dimensional Levi-Civita symbol with €534 = 1 for Euclidean space-time indexes

1...4. The involved objects transform under a gauge transformation U € ¥ as

i
A, >UA, U - g(a”U)U—l,

- 1.4
Gy ~UG,, U, (1.4)
G,y UG, U
Minimization of the action (1.1) leads to the classical field equations
D,G,, =0 (1.5)
with the covariant derivative
D,G,, =3,G,, —ig[A,.G,,]. (1.6)
A solution to the field equation is found when G ,,, is self-dual or anti-self-dual, i.e.
Gy = %G, (1.7)
with the boundary condition
lim G, (x) = 0. (1.8)

x—-oco MV

Of course, the field equation (1.5) is trivially satisfied if A, (x) =0V x € E*, which one would identify
with the vacuum of the theory. However, as it turns out there is another class of solutions that drastically
changes the notion of the vacuum. These solutions arise when the mapping from an element of the boundary
of Euclidean space E* into the group space ¢ fall into distinct homotopy classes, that is if the homotopy
group ,,(%) is non-trivial. As the boundary of E* is clearly isomorphic to the three-sphere S3, this is
indeed the case for gauge groups such as SU(2) or SU(3),® for which

73(%) = Z. (1.9)

8 But not for U(1) in four-dimensional space, in which case the third homotopy group is trivial. Things are, however, different in
two dimensions [62].
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The consequence is thus that the solution A p (x) = 0 at the boundary is just one solution among an infinite
number of topologically distinct solutions that are characterized by an integer v € Z. As these fall into
different homotopy classes, these solutions are non-deformable into each other. In order to determine the
consequences, note that the boundary condition (1.8) actually does not imply A P (x) = 0 at the boundary,
but rather ;
. _ -1

}L%Au(x)__g(auU)U , Ueg. (1.10)
Noting furthermore that the action is minimized by self-dual and anti-self-dual field configuration G ,,, =
+G v and using Eq. (1.10) as the boundary condition, the classical action Eq. (1.1) can then be calculated
explicitly. The result is [61, 62]

P = 8i2|v| (1.11)
8
where the Pontryagin index v is just given by
4
v = 16772 f d*xTr[G,,G,, | (1.12)

However, things become even more interesting when proceeding to the quantum theory. To that end,
it is instructive to use the gauge freedom to set A = 0 and concentrate on the time boundary of four
dimensional space-time, i.e. t - +oo, and see what happens in between. Imagine that the fields at these
boundaries belong to different homotopy classes with index n,m € Z, that is
. i _
Am A (x) = —2(3,U,) Uy,
; (1.13)
Hm 4,00 = =2 (0;U) Uy
In the quantum theory, a field configuration corresponds to an eigenstate of the field operator, which in the
case of the two boundary states Eq. (1.13) might be labeled |n) and |m). Then the functional integral

(mlexp(=i960)n) = [[DA,)nme™” (1.14)

describes the transition amplitude from vacuum |n) to |m), which is thus of order exp(—.#) with £ given
by Eq. (1.11) and v = m — n. This means that the instanton with winding number v describes a transition
from vacuum |n) to vacuum |m) = |n + v). If such instantaneous transitions between different vacuum
states of different homotopy class are hence allowed in the quantum theory, the true vacuum cannot be |0)
or any other vacuum |n), but must be a superposition of all these states up to a phase 6

0) =) e"ln), (1.15)

which is the # vacuum (this particular form ensures invariance under gauge transformations). Asking now
for the vacuum-to-vacuum transition amplitude, one gets [61, 62]

(0 exp(~i961)|0) = —0)2[ (DA, ) e 0~ (1.16)
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where the expression in the exponential function corresponds to an integral over the Lagrange density

2
£ = —%Tr[G GH | —GﬁTr[GWGN“V] (1.17)
which finally shows the notorious #-term (note that this expression now is rotated back to Minkowski
space).” As QCD as part of the SM is a gauge theory with gauge group SU(3), this #-term also shows up
in the full QCD Lagrangian causing the “strong CP problem”. As the object Tr [G WG’”] is not invariant
under P (parity) and T (time reversal) transformations and given the CPT theorem [81-83], the #-term
implies that QCD violates CP symmetry unless § = 0.!° It is clear from the derivation that 6 is a 2
periodic angle [61, 87], but also that it otherwise is not determined from the theory, meaning that it has
to be measured for our world (note that the §-distribution in Eq. (1.16) means that 6 does not transit to
another vacuum with 8’ # 6).

Now it is of course interesting to see what happens when matter fields are present. It is known that
QCD with Ny light quark flavors (realistic choices are of course only Ny = 2 and N, = 3) is approximately
invariant under global U(Np)g x U(Nf) L = SU(Npg x SU(Nf) L xU(1)y xU(1)4. While the spontaneous
breakdown of the subgroup SU(Ny) g x SU(Ny); to SU(Ny)y leads to the observed pattern of Nf2 — 1 light
mesons, the pseudo-Nambu—Goldstone bosons of the spontaneous symmetry breaking, the U(1)4 part
of the symmetry group does not persist in the quantum theory as a consequence of the invariance of the
functional integral measure [88, 89], which is known as Adler-Bell-Jackiw anomaly [90, 91]. In the
presence of a mass term, which explicitly breaks chiral symmetry, a U(1), transformation on a quark field
gy with flavor f

P
g =25 (1.18)
qr = 4y qr

has two effects: it shifts the #-angle by ¢ = Y 9 (as a consequence of the anomaly) and it adds a complex
phase to the quark mass matrix

2 2
8 5 g Sy
01— Tr (G, G*Y] - (60— ¢) = Tr[G,,G""| (1.19)
P
gMbg - qU Mo, Uq, Uy = 8 e 275 (1.20)

where ¢ is the quark vector in flavor space and /6, = diag{my} is the quark mass matrix. This means that
there exists a rather straightforward solution to the “strong CP problem”, that is if one quark were massless,
say the up quark, one might simply choose ¢, = 6 and ¢, = 0 otherwise, then the #-term cancels and CP
symmetry is restored.!! However, it appears that the massless up quark solution is ruled out [92], which is
implied by the current determinations of the quark mass ratios [93, 94] and is also suggested by Lattice
QCD calculations [95-97]. Consequently, any transformation (1.18) eliminating the #-term, effectively
just shifts the problem to the mass term, which then acquires a CP-violating phase.

9 It can be shown that Tr [G ,,,,G~/“’] can be written as a total derivative thus one may think that such a surface term stemming
from the anomaly can be dropped from the Lagrangian, but the instanton solution clearly proved that this is not the case in the
presence of instantons [77-79]. This provided a solution to the U(1), problem [80].

00Org = 7, for 0 = 7 & . However, it turns out that as a consequence of Dashen’s mechanism [84] CP is then
spontaneously broken due to the appearance of two vacuum states. The interesting physics when 6 approaches s is investigated
in [85, 86].

1 To be more precise, the shift symmetry of Eq. (1.19) becomes an exact symmetry if one quark is massless, which renders 6 an
unphysical quantity.
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The extent of this CP-violation is measurable, because the #-term causes an electric dipole moment of
the neutron o 6 [98, 99], where @ is the effective #-angle to be introduced below. Theoretical estimations
of this quantity roughly vary between |d,| =~ 10719 ecm and |d,| = 10713 ecm, see e.g. Refs. [92,
100-102], while the upper limit for its physical value determined in experiments is |d,,| < 1.8 x 1072% ecm
(90 % C.L.) [103], which taken together implies

6 <1071, (1.21)

which is the estimation mentioned already in the introduction.

To sum up, it can be said that there is a deep connection between the 6 vacuum and the quark masses
— a connection that persists when turning to hadron physics. In fact, the masses of the pseudo-Nambu—
Goldstone bosons of chiral perturbation theory are §-dependent quantities. In particular, the leading order
0-dependent pion mass in SU(2) chiral perturbation theory is known analytically (see ch. 2 and 3), which
in turn causes higher order effects on quantities such as the nucleon masses (including the proton-neutron
mass difference) or the pion-nucleon coupling constant. Note that the leading order effects are CP-even,
while CP-odd effects are subleading.

Before proceeding to the Peccei—Quinn solution of the “strong CP problem”, there is one subtlety
regarding the observable 0-angle that should be mentioned. Above, the quark mass matrix /6, has been
assumed real, positive, and y 5-free. However, the most general form of the quark mass matrix is not as a
consequence of electroweak CP-violating phases [76, 104]. For the case of such a general mass matrix, it
is convenient to decompose the quark fields into left- and right-handed parts,

1
GriL =5 (L 7s). (1.22)
Then the mass term can be rewritten into the form
L = qrAbgr + GrMbTqy, (1.23)

where the mass matrix now is /6 = diag{mfexp(i ép)}. This implies that the actual observable is not the
bare #-angle, but [76]
0 =0+ Argdet Mo = 0 + 0epy. (1.24)

This is the effective angle # mentioned above. In what follows, 6 has to be understood as the effective,
physical 6.

1.2.2 Peccei—Quinn solution of the “strong CP problem” and axions

In the previous section, the §-distribution in Eq. (1.16) has been interpreted as a superselection rule
following Refs. [61, 62], as there is no transition from one §-vacuum to another, meaning that if 6 has
its value once, it has its value forever, and different worlds with different 6 clearly have different physical
properties [105].

To be more precise, all that only applies if the theory has no classically exact global U(1), symmetry.
So the shrewd solution to the “strong CP problem” proposed by Peccei and Quinn [65, 66] is based on the
introduction of another global chiral U(1), symmetry, which ever since Weinberg’s follow-up article [106]
has been labeled U(1)pqg. As in the case of the chiral U(1)4 symmetry of QCD with at least one massless
quark described above, the quantum anomaly associated with such symmetries can be used to eliminate
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the -term via a shift symmetry similar to the one in Eq. (1.19).

However, as QCD as it stands in the SM does not possess such a symmetry, it must be hidden, meaning
that the symmetry must be realized in the Nambu—Goldstone mode in contrast to the chiral U(1), symmetry
of massless QCD which is realized in Wigner—Weyl mode. The spontaneous breakdown of U(1)pq
symmetry is therefore associated with the appearance of a massless Nambu—Goldstone boson, which
received the name axion.'? This offers another view on the mechanism that eliminates 8: Let a(x) denote
the axion field, then due to the anomaly one gets

Tr[G,,G"”] (1.25)

ny

a(x) ) g?
fu ) 1672

where f,, is a parameter to be introduced below. Setting 0.4(x) = 0 +a(x)/f,, this means that one effectively
has made the substitution from the fixed parameter 0 of the original model to the dynamical field 6 (x) in
the new model. Now consider the path integral formula for the ground state energy E(6.¢) in a Euclidean
volume V

$ag:—(9+

e VEC) = [[DA,,] det(D + Mb)

2 1.26
X exp (—% f d*XTr[G G iy ] + 0 (x) 12’]12 j d*xTr [GWGW]) . (1.26)
As has been shown by Vafa and Witten [108], if 6.4 is a dynamical variable, then the QCD vacuum energy
is minimized at .5 = O thus eliminating any CP-violation from the QCD Lagrangian.

Though being formally a massless Nambu—Goldstone boson, the axion’s intimate linking to the QCD
vacuum and the quark masses leads to a small, but non-vanishing mass [106, 109, 110]. A current estimate
of this mass is given by (see the study of ch. 4 for a derivation)

10!2 GeV
Ja

which shows a dependence on the parameter f,, the axion decay constant, which is related to the vaccum
expectation value of the scalar field/fields that enter typical axion models as discussed below. This quantity
also sets the scale for the spontaneous breakdown of the PQ symmetry and presumably is at least of
©(10° GeV) (see below).

Now that it is clear that the U(1)pgp symmetry dynamically leads to CP-conservation, one has to extend
the SM in such a way that this symmetry is manifest above a certain scale but spontaneously broken below
it. The arguably simplest model is the Kim—Shifman—Vainshtein—Zakharov axion model (KSVZ) [111,
112]. In this model, one simply introduces an entire new sector that almost completely decouples from
the SM — except for the axion. Consider a hypothetical, exotic quark Q and a complex scalar particle
o, the former being a singlet with respect to the weak interaction but might be a color triplet and carry
hypercharge, the latter being a singlet with respect to the full SM gauge group SU(3).x SU(2); x U(1)y.
A possible Lagrangian of this sector then is

m, = 5.7 ( ) x 107%eV (1.27)

gKSVZ = Q_IDQ + (3#08”0* — Y(GQ_LQR + U*Q_RQL) - Vo), (128)

12 At first sight, this name is just natural as the axion is the Nambu—Goldstone boson associated with the spontaneous symmetry
breaking of the axial U(1) symmetry. However, as “Axion” is also the brand name of a laundry detergent, it also fits in the
sense that the axion cleans up QCD from the obstinate stain the 6-term represents. In fact, Wilczek, who coined this name, saw
this product a few years before in a supermarket noting that this might be a good name for a particle [107].
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where the third term represents a Yukawa interaction with coupling constant Y and the potential is given by
V(o) = p20*c + A (c*0)>. (1.29)
This Lagrangian is indeed classically invariant under the chiral U(1) transformation
+ila 1
Orr—>€e 2 Qrr, 0 —e%. (1.30)

Here the PQ charges i% and +1 have been assigned to the left- and right-handed quark and o, respectively.
The potential V(o) is minimized by

2
o= _% = Yo (1.31)
V2
if 42 < 0. Expanding o as usual around its vacuum expectation value
1 4
og=—(vy+p)e’e (1.32)

V2

indeed leads to a pseudoscalar massless Nambu—Goldstone boson a, present in the complex phase of o.
The real scalar p as well as Q achieve masses « v, and there appear interactions among the involved
particles. The point is, if v, o f, is very large, p and Q are extraordinarily heavy particles and can thus be
integrated out from the theory. They are just phantoms [112] to fit the needs of the model.!?

However, it can be argued that the introduction of an entire new sector into the model just to ensure
CP-invariance is somehow artificial, if not as unpleasant as the original 6-term itself. Therefore, the
original approach by Weinberg [106] and Wilczek [110] after the proposal of the Peccei—Quinn mechanism
was to directly integrate this solution of the “strong CP problem” into the already existing Glashow—
Salam—Weinberg model [26-28] of the electroweak interaction, which is known by the name PQWW
axion model. The inclusion of the U(1)p, symmetry, however, required the addition of at least one
additional Higgs doublet. Let ¢,,, ¢, be two Higgs doublets, ¢; a left-handed quark doublet, and ug, dp
the corresponding right-handed up-type and down-type singlets, and let furthermore 7, j be quark generation
indexes, then a possible Lagrangian of this sector is (omitting kinetic terms) (see also [76, 113])

Beqww = YidLibuir; + YiqLidadr; + hc. = V($y, o), (1.33)

where the coefficients Y, ;;/ 4 are the Yukawa coupling constants and h.c. denotes the Hermitian conjugate.
As can be seen in this Lagrangian, the two Higgs doublets restrictively couple either to right-handed
up-type quarks or to right-handed down-type quarks. The inclusion of leptons can in principle be achieved
by introducing Yukawa couplings between leptons and either ¢, ¢, or another Higgs doublet ¢, lead-
ing to slightly different phenomenology (see [76]). Depending on the assignment of PQ charges, the
Lagrangian (1.33) can be made invariant under U(1)pq, which ensures the desired shift symmetry. In its
simplest form, the potential V(¢,,, ¢,) is just given by two distinct potentials of the same form as Eq. (1.29),
one for each Higgs doublet, where now one has ¢,,,; and ¢Z /d instead of ¢ and ¢* (in more sophisticated
models, also couplings among the Higgs doublets might appear). Let the vacuum expectation values be

13 The quark Q thus has an expected mass of @ (10'° GeV) based on usual estimations of £,,. The need for such large values of
f. is discussed below.
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(Pu) =vq/ \/E and (¢p,) = vo/ \/E, andv = ‘[v% + v%, then one can expand the scalar fields according to

o
(v +py)e™
(1.34)

.an

$)=— (o +p2)e™
V2

where p; and p, are two real Higgs fields. One of the two possible orthogonal linear combinations of a;
and a, is absorbed by the Z boson via the Higgs mechanism, whereas

q= 24N (1.35)

v

is the massless Nambu—Goldstone boson, the axion field. If x = v; /v, denotes the ratio of the vacuum
expectation values, then this produces tree-level couplings of the axion to SM quarks o 1/(xv) in the case
of up-type quarks, and o x/v in the case of down-type quarks (couplings to leptons depend on the type of
lepton-Higgs Yukawa couplings). Finally, the decay constant f,, is also of the order v. The quantity v itself
is determined by the electroweak scale,

v = (V2Gp) 2 = 246 GeV, (1.36)

where G is the Fermi constant. According to Eq. (1.27), this would correspond to an axion with a
mass of ©(10?) keV. However, already shortly after its proposal, the PQWW axion could be ruled out
experimentally [92, 114-116].

Such axions that were readily accessible to experiments already at the time of their proposal are labeled
“visible” axions, and the fact that they could be ruled out then led to the idea of the “invisible” axion
and the KSVZ axion above is such a model by simply requiring that v, is “large”. Another approach of
constructing an invisible axion that does not require the inclusion of exotic heavy quarks, is the Dine—
Fischler—Srednicki—Zhitnitsky (DFSZ) axion model [117, 118] that can be regarded as an extension of the
PQWW axion. Just as the latter, the DFSZ model comes with two Higgs doublets ¢, and ¢,, where the
former restrictively couples to right-handed up-type quarks and the latter only to right-handed down-type
quarks and right-handed leptons. The key innovation is the inclusion of a complex scalar ¢ coupling to
these Higgses, which allows one to separate the PQ scale from the electroweak scale. As in the KSVZ, ¢ is
a singlet under the full SM gauge group. The main mechanisms are basically the same as the ones discussed
above for the KSVZ and the PQWW models. After the fields ¢,,, ¢, and ¢ acquire non-trivial vacuum
expectation values, where again (o) = va/\/i, (p,) = vl/\/E and (¢,) = vz/\/i, and v = m
the quarks and vector bosons achieve their masses by the Higgs mechanism leaving a massless Nambu—
Goldstone boson appearing as a linear combination of the complex components of the Higgs doublets and
the ¢. If v, » v, which is of course needed for this axion being “invisible”, then it can be shown that the
axion is dominantly composed of the o. As in the PQWW model, the DFSZ model leads to tree-level
couplings of axions with quarks and leptons of @ (f,,), where in the case of the DFSZ model [117]

‘[4v2v2 + 122
xS+ 12 7 (1.37)

a v

thus roughly f, « v, for v, » v.
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1.2 Short theoretical overview

The models presented so far, the PQWW, KSVZ, and DFSZ models, are often considered the prototypical
axion models. In fact, each of these models leave considerable freedom of how certain aspects are finally
realized. Besides these variant models, there is a large number of different axions and axion-like particles
on the market, see, e.g., Refs. [92, 119-124].

So far, the relation between f,, and the involved vacuum expectation values always was shown as a
proportionality relation. The reason is that there is indeed a model dependent proportionality constant that
has been omitted up to now. As has been shown by Sikivie [125], in many models, a discrete subgroup Z,
of U(1)pq is left unbroken resulting in a degeneracy of the vacuum in the range of [0, 2s7f, ] and domain
walls.!* The degeneracy is characterized by the domain wall number Np,yy, which is also known as color
anomaly coefficient €. If one hence considers

_al) g? <y
By =- T Tem Tr[G,, G| (1.38)
as the definition of f,, such that
a - a+?2rxf, (1.39)

leaves Eq. (1.38) invariant, then 1/Npyw must be added as a proportionality constant when relating f,, to
the vacuum expectation values of the model. Formally, Ny can be calculated via

Now = ) Opo(g)T>. (1.40)

where the sum runs over all fermions g; carrying (normalized) PQ charge Opq(g;), and T2 is related to the
generators of SU(3),. in a given representation via Tr [T, T},] = T?/28,, [76, 128].

After rotating away the a Tr [G /wG”V] term, the QCD axion effectively couples to quarks and —
depending on the axion model — might have tree-level couplings to quarks and leptons (if there is no
tree-level coupling to leptons, it is called “hadronic”). Additionally, it couples to photons through the
electromagnetic axial anomaly, analogously to pions (the determination of the coupling strength is part of
the study in ch. 4). Thus the axion might decay into two photons, but the lifetime is extremely large [124]

a

fa V105
~ | —24 10 S 1.41

( 1012 GeV ) S (141)
thus (almost stable) axions might populate the universe making it a dark matter candidate [57, 130-135].
Cosmological considerations lead to the traditional axion window [92, 104, 130-132]

10°GeV < f, < 10'2GeV, (1.42)

corresponding to a mass of a few eV and 10! eV. As all couplings to SM particles and hadronic matter
are of @ (1/f,), the axion would indeed be “dark” matter, and consequently it has not been detected hitherto
(a summary of the recent experimental status can be found in Ref. [124]; main experimental approaches
are described, e.g., in [76, 92, 136]).

14 The appearance of domain walls in the early universe is problematic, which is known as the domain wall problem [104,
125-129].
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Chapter 1 Introduction

1.3 Overview over the studies performed

The six studies presented in the next chapters can be classified as follows: The first two studies, ch. 2 and
ch. 3, are devoted to the question of how a non-vanishing #-angle would alter nuclear physics with respect
to nucleon masses, binding energies of light nuclei, and nucleosynthesis. The third study, ch. 4, is related
to the structure of the QCD 6#-vacuum and its relation to the axion mass and includes a determination of the
axion-photon coupling. The last three studies, ch. 5-7, deal with the interaction of axions with baryonic
matter. In this section, a brief summery of these studies is given.

The first study, “#-dependence of light nuclei and nucleosynthesis” [137], grew out of an unpublished
part of the Master’s thesis [138], where it has been shown that the only previous study devoted to that topic
[139] improperly focused on subleading CP-odd effects and that a more thorough study must consider
first and foremost the leading order effects stemming from the 6-dependence of the pion mass. The topic
therefore was revived by Ulf-G. MeiBner, Mikhail Shifman, and Dean Lee, who invited me to pursue
this question anew. The central idea was to implement a one-boson exchange model for the two-nucleon
potential and collect the knowledge of the #-dependence of the involved quantities. The §-dependence
of the o, w, and p, have been adopted from [140]. As an additional effect of varying 6, the strong part
of the proton-neutron mass difference has been considered. According to our model, the diproton and
dineutron become bound states and in general the binding energies of the few-nucleon system increases
as 0 is varied from O to sr. At the same time the proton-neutron mass difference becomes larger. This
has considerable consequences for Big Bang nucleosyntheses (as seen, for instance, in a drop-off of the
Helium mass fraction) and stellar evolution (suppression of 1°O production in stars). This last part of the
study, has been worked out in collaboration with Keith Olive.

The second study, “Alpha-alpha scattering in the Multiverse” [141], updates two previous studies,
Ref. [142, 143], in which the the ground state energies of “He , 3Be and 12C, as well as the ground state
energy of the Hoyle state are determined in dependence of the light quark masses and the electromagnetic
fine-structure constant «,, including an estimation of the sensitivity of the triple-alpha process in terms of
a variation of these quantities. Besides being an update of this work, the new study additionally is extended
to also include the §-dependence of these objects. The main work has been performed by Serdar Elhatisari
as part of the Nuclear Lattice Effective Field Theory (NLEFT) Collaboration using the computational
method of the same name NLEFT. My contribution was to show that the results for the light quark mass
dependence at the same time can be used to estimate the 8-dependence. To that end, it is demonstrated
that to first order any #-dependence is primarily driven by the varying pion mass. The results are then
valid for a variation of 0 < 6 < 0.9.

The third study, “QCD #-vacuum energy and axion properties” [144], started as a project of Zhen-Yan
Lu, Meng-Lin Du, and Feng-Kun Guo, who invited me to contribute and to cross-check the calculations
performed. As the QCD #-vacuum energy and the axion mass are intimately linked, a more precise
knowledge of the vacuum energy density automatically leads to a more precise determination of the
axion mass. In this study, the topological susceptibility and the fourth cumulant of the QCD topological
charge distribution of the #-vacuum, which can directly be mapped to the axion mass and the axion
quartic self-coupling, are determined using chiral perturbation theory up to @ (p*) in the chiral power
counting. The main derivation of the vacuum energy density is performed for the general SU(Ny) case with
non-degenerate quark masses, while the final results of the quantities mentioned above are calculated for
the case of Ny = 3. As an addition, the axion-photon coupling is determined in SU(3) chiral perturbation
theory up to @ (p®). The latter is relevant as many axion searches are based on this axion-photon coupling,
for example, cavity haloscopes [145—151], axion helioscopes [145, 146, 152-156], or light shining through
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a wall experiments [157-159].

In the fourth study, “Precision calculation of the axion-nucleon coupling in chiral perturbation theory”
[86], we study the coupling of axions to the proton and neutron. While the leading order coupling has
been calculated numerous times since the development of the first axion models [114, 160-164], it is
the first study in which it is determined up to © (p3) in SU(2) baryon chiral perturbation theory. As in
the case of the axion-photon coupling, the relevance of the axion-nucleon coupling is related to axion
searches. In particular, the axion-nucleon bremsstrahlung process NN — NNa might contribute to the
cooling of proto-neutron stars. Determining the axion production rate in such stellar objects and relating it
to the cooling rate due to neutrinos and the observed cooling rate results in constraints for the axion decay
constant f,, [165—178] (see also the overviews [136, 179]).

The fifth study, “The axion-baryon coupling in SU(3) heavy baryon chiral perturbation theory” [180],
extends to previous study to the case of three light flavors. It is shown that the axion not only couples to
protons and neutrons, but to any baryon of the the full ground state baryon octet with a similar strength.
This has further phenomenological implications, because it has been suggested that hyperons might exist
in the cores of neutron stars [181-199]. As the above-mentioned constraints for the axion decay constant
from the cooling of neutron stars are based on the coupling to nucleons alone, this new finding might lead
to considerable corrections to these constraints.

The idea to the sixth study, “Pion axioproduction: The Delta resonance contribution” [200], was brought
to us by Alessandro Mirizzi, Pierluca Carenza, and Maurizio Giannotti. They proposed that there might
be an enhancement of axion emission in neutron stars by the process 7N — aN due to the appearance of
resonances, in particular the A resonance [201, 202]. The reverse process, pion axioproduction aN — 7N
might then be a candidate for a new experimental search of axions, in particular using underground water
Cherenkov detectors. It is exactly this process that we have investigated in this last study demonstrating
that there is indeed a region of enhancement. However, due to the fact that the process is a isospin
violating process, this enhancement is suppressed by a factor of @ (10~!) up to @ (1077), depending on
the underlying axion model.
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We investigate the impact of the QCD vacuum at nonzero € on the properties of light nuclei, Big Bang
nucleosynthesis, and stellar nucleosynthesis. Our analysis starts with a calculation of the 6-dependence of
the neutron-proton mass difference and neutron decay using chiral perturbation theory. We then discuss the
0-dependence of the nucleon-nucleon interaction using a one-boson-exchange model and compute the properties
of the two-nucleon system. Using the universal properties of four-component fermions at large scattering
length, we then deduce the binding energies of the three-nucleon and four-nucleon systems. Based on these
results, we discuss the implications for primordial abundances of light nuclei, the production of nuclei in stellar
environments, and implications for an anthropic view of the universe.

DOI: 10.1103/PhysRevResearch.2.033392

I. INTRODUCTION

One of the most outstanding questions in physics pertains
to the values of the fundamental parameters in the Standard
model. These include the gauge and Yukawa couplings, the
latter being responsible for fermion masses and mixings. In
the case of the gauge couplings, some hint is available from
grand unified theories where a single unified coupling is
run down from a very high energy scale to the weak scale
leading to predictions for the weak scale gauge couplings in
reasonable agreement with experiment. The Yukawa coupling
matrices are, however, a bigger mystery which includes the
generation structure of fermion masses. The answer may lie
in an as yet undefined future theory (e.g., a complete string
theory) in which case there is hope of a deeper understanding.
It is also possible that our Universe with its observed funda-
mental parameters is part of a larger structure or a Multiverse,
but we have no means to know. In this case, the observed
values, may be somewhat random with no deep explanation.
However, even in that case, our specific measurements of
these parameters can not be completely random, as not all
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values will permit a Universe which supports our form of life,
which can carry out such measurements. This is often referred
to as the anthropic principle. The anthropic principle absolves
us, the Earth dwellers, from the duty of explaining the values
of the governing constants, at least for the time being, until
data at higher scales become available.

The term anthropic principle was coined in 1974 by Bran-
don Carter [1]. In the 1980s a few influential “anthropic
papers” were published by Steven Weinberg, see, e.g., Ref. [2]
(see also Refs. [3,4]). The anthropic principle is not a predic-
tive theory, rather it is a philosophical idea that the governing
parameters in our world should fit the intervals compati-
ble with the existence of conscious life. The recent LHC
data show no signs to support an opposite philosophical
principle—that of naturalness.

The most remarkable and still incomprehensible example
of anti-naturalness is the cosmological constant (for a differ-
ent view, see e.g. [5]). Its observed value is suppressed by
124 orders of magnitude compared to the Planck scale M}
(believed to be the only fundamental scale). The suppres-
sion of the electroweak scale compared to Mp is 17 orders
of magnitude. The vacuum angle 6, whose natural order of
magnitude ~1 is less than 107'% in experiment [6].

It is obvious that the suppression of the cosmological
constant is vital for the existence of our world. Even if it
were a few orders of magnitude larger, the Universe would
have entered an inflationary stage before the onset of galaxy
formation. The smallness of the u, d quark masses compared
to Aqcp and the fact that m, < my are crucial for the genesis
of heavier elements in stars. However, it is widely believed
that there are no anthropic limitations on 6 and its suppression
must be solved through a natural mechanism such as a symme-
try including axions [7,8]. A dedicated study of this issue [9]
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revealed some 6-dependence on nuclear physics but the author
concludes with the statement that “these effects are not too
dramatic.” The authors of [7] note with regards to the vacuum
angle 6 that it “is hard to see an anthropic argument that 6
[...] is bounded by 107!, Moreover, in the flux vacua, there
is typically no light axion.” For further discussions related to
this issue, see Refs. [10-12]. In the present paper we revisit
this issue.

While it is certainly true (and will be made clear below)
that & ~ 10~ or even  ~ 10> will not change life in our
world, it seems reasonable to reconsider constraints imposed
on 6 from observations other than the neutron electric dipole
moment (nEDM) as well as the anthropic perspective. We will
see that the impact of 6 on delicate aspects of nuclear physics
is similar to that of the parameters |m,| or |m,|. Quark mass
variation of nuclear properties and reactions are considered,
e.g., in Refs. [13-26]. Furthermore, if the variation of quark
masses is due to an overall variation in the Yukawa couplings,
it will feed into variations of a host of fundamental observ-
ables including the gauge couplings, and affect Big Bang
Nucleosynthesis (BBN) [27-31], the lifetime of long-lived
nuclei [32], and atomic clocks [33]. Strictly speaking, it would
be more appropriate to combine the absolute values of the
quark masses with their phases and analyze the limitations in
the complex plane. Here, we will fix |m,| and |m,| and let
6 vary. Unlike Ubaldi [9] who focused on CP-odd vertices
and arrived at rather weak constrains, we will consider the
6-dependence due to CP-even vertices. For reviews on this
and related issues, see, e.g., Refs. [34-38].

Our approach is limited in the sense that we do not vary
all governing parameters simultaneously in a concerted way.
We do not explore how variations of some of them could be
masked by variation of others, for instance whether the change
of 6 could be compensated by that of |m, 4| or the impact of
6 on, say, the vacuum energy density. Such a global task is a
problem for the future. We will only vary 6 fixing all other
parameters to their observed values.

At this point, it is worth noting that the most often dis-
cussed physical effect of & on an observable, the nEDM
arising from strong CP-violation, does not impose strong an-
thropic constraints on 6. The nEDM stemming from the QCD
6-term is [39,40]

d,(6) = O(107'°F ecm), 1.1

where 6 = 6 + Argdet M and M the quark mass matrix.
Even if 6§ = O(1), this is still a very small number and the
physical effects of an nEDM of O(107'¢ ¢ cm) on the evolu-
tion of the universe would still be negligible.

Note also that & = 7 is a special point in which QCD has
two degenerate vacua, and physics changes drastically, see,
e.g., the lucid discussion in Ref. [41] (and references therein).
However, here we are not interested in this special point but
rather in a generic situation with0 < 6 < 7.

As we discuss below, the value of 6 does affect a host of
hadronic properties which trigger changes in nuclear prop-
erties such as the binding energies of nuclei. Changes in 6
affect the pion mass which in turn alters the neutron-proton
mass difference, Amy which further affects the neutron decay
width. We also consider the effect of & on multi-nucleon
systems and compute changes to nuclear binding energies.

The neutron-proton mass difference and the binding energy
of deuteron, B, play a sensitive role in BBN (see Ref. [42]
for the current status). As a result, changes in 6 can substan-
tially alter the abundances of the light elements produced in
BBN. Thus we can set limits on 6 (though they are weak)
entirely independent of the nEDM. However, even with large
changes in 6 and large changes in the light element abun-
dances, it is not clear that this would cause an impediment
on the formation of life in the Universe. Indeed, in a related
study, Steigman and Scherrer [43] addressed the question of
fine-tuning in the matter-antimatter asymmetry, as measured
in terms of the baryon-to-photon asymmetry 1. While the
baryon asymmetry is reliant on the existence of CP violation
[44], there is no reason to suspect that the baryon asymmetry
is itself related to 6. The authors of Ref. [45] found that even
for O ~ 1 the observed baryon asymmetry of the universe
would not be altered. Nevertheless, changes in np strongly
affect the light element abundances, though it was concluded
by Steigman and Scherrer that these could not be excluded
by anthropic arguments. A similar conclusion was reached in
[46] considering the effects of altered weak interactions on
BBN. Here, we fix n and consider the changes in abundances
due changes in Amy and B,.

The 6 induced changes will also affect stellar evolution
and can lead to very different patterns of chemical evolution.
In particular the changes in the nucleon-nucleon interaction,
can lead to stars which yield little or no carbon or oxygen,
thus potentially greatly affecting the existence of life in the
Universe.

The manuscript is organized as follows: In Sec. II, we
discuss the properties of various mesons and the nucleons
at nonzero 6. First, we collect the knowledge about the 6-
dependence of the corresponding hadron masses and coupling
constants. Next, we focus on the modification of the neutron-
proton mass difference and the neutron decay width. Then, we
turn to the two-nucleon system in Sec. III. We first construct
a simple one-boson-exchange (OBE) model to describe the
two-nucleon system and then display results for the deuteron,
the dineutron and the diproton with varying 6. In Sec. IV A,
we combine Wigner’s SU(4) symmetry with results from the
literature to get a handle on the -dependence of the three- and
four-nucleon systems. Larger nuclei are briefly discussed in
Sec. IV B. Implications of these results on the nucleosynthesis
in the Big Bang and in stars are discussed in Secs. V and
VI, respectively. We end with a summary and a discussion of
our anthropic view of the universe in Sec. VII. The Appendix
contains a derivation of the neutron-proton mass difference
with varying 6.

II. ONE NUCLEON

In this section, we first collect the 6-dependence of the
various hadrons entering our study, i.e., of the pion, the o,
p and w mesons as well as the nucleon mass. Our framework
is chiral perturbation theory, in which the 6-dependence of
the nucleon (and also of the light nuclei) is driven by the
0-dependence of the pion properties as well as the heavier
mesons, which model the intermediate and short-range part of
the nucleon-nucleon interaction. Of particular interest are the
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FIG. 1. The 6-dependence of the various meson masses M, for o« = {7, o, p, ®}. (a) The #-dependence of the pion in the case of two
degenerate flavors (blue solid line), and in the case with m, 7# m, (red dashed line). (b) The o meson (blue solid line), p meson (green dotted

line), and @ meson (orange dashed line) masses as a function of 6.

neutron-proton mass difference and the neutron decay width,
which play an important role in BBN.

A. 0-dependence of hadron properties

Consider first the pion mass. We use the leading order (LO)
6-dependence for two flavors [47,48] I

0 [%
MZ2(0) = M2 cos 5,/ 1 +£2tan25,

with M, = 139.57MeV, the charged pion mass, and & =
(myg — my)/(myg + m,) measures the departure from the
isospin limit. For two degenerate flavors, this reduces to

@2.1)

2 2 6
M;(0) = M cos 3 2.2)
A plot of both Egs. (2.1) and (2.2) is shown in Fig. 1(a). Since
the LO contribution gives about 95% [50] of the pion mass
at & = 0, we do not need to consider higher order terms, as
done e.g. in Ref. [51]. The impact of the isospin breaking
term shows up mostly as & — m. Note that while ¢ ~ 1/3,
isospin symmetry is only broken by a few percent in nature
as (mg —m,)/Aqcp < 1. Here, we take m,, = 2.27 MeV and
mq = 4.67 MeV (this refers to the conventional MS scheme
taken at the scale u = 2 GeV).

The mass of the o as well as the masses of the p and
o mesons when 6 is varied are needed for the OBE model
and are taken from Ref. [51], assuming M, (0)/M,(0) =
M, (6)/M,(0) [Fig. 1(b)].

We consider the nucleon mass in the 6 vacuum to leading
one-loop order (third order in the chiral expansion), which is
given by [48]?

3gaM;(0)

_ 2
my(0) =my — 4ci M, () — 3oF2

(2.3)

!'An equivalent expression for the 6-dependence of the pion mass
was also derived in a model of gluon dynamics in Ref. [49].

2Higher orders could be included, but that would go beyond the
accuracy of our calculation.

where mgy >~ 865MeV [52] is the nucleon mass in the chi-
ral limit, g4 = 1.27 the axial-vector coupling constant, F;; =
92.2 MeV the pion decay constant, and ¢; = —1.1GeV~!
[53] is a low-energy constant (LEC) from the second order
chiral pion-nucleon Lagrangian, Ef,f,, see, e.g., the review
[54]. The 6-dependence of the nucleon mass is thus entirely
given in terms of the pion mass, and one finds my(0) =
938.92 MeV. We show the 6 dependence of the nucleon mass
in Fig. 2(a).

Next, we discuss the #-dependence of the coupling con-
stants. The 6-dependence of the pion-nucleon coupling is
related to the Goldberger-Treiman discrepancy [55]

o
gamy(0) (1 B 2Mﬂ(9)d18)’ 2.4)
Fn 8A

gann(0) =

where dijg = —0.47 GeV~2 so that giNN(O)/(471) =13.7,
which is in accordance with the most recent and precise value
from Ref. [56].

As g,xr shows very little variation with 6 [51], we can use
universality relation g, = g,vn [57] and keep g,ny as well
as g,y fixed at their values at & = 0 in what follows. Matters
are different for the o. Similar to Ubaldi [9], we employ the
parametrization of Refs. [58,59]. Writing the scalar attractive
piece of the nucleon-nucleon interaction as

Heontact = Gs(NN)(NN), 2.5

it is evident that

g%NN

R
MU

Gs=— (2.6)
when translated to an OBE model (this corresponds to reso-
nance saturation of the corresponding LECs, see Ref. [60]).
The following dependence of Gs(0) emerges [9]:

MZ2(6)
i)

G,(0) = Gs(0) (1.4 —-04 2.7

where we have normalized again to the value at 6 = 0. Using
Eq. (2.6) together with the known 6-dependence of M,, we
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FIG. 2. The 0-dependence of the nucleon masses my: (a) proton (blue solid line) and neutron (orange dashed line) and (b) neutron-proton

mass difference.

can extract the variation of g,yy with 6. We note that the cou-
pling g, extracted from the work of Ref. [51] also decreases
with 8. We now have all of the pieces of the puzzle needed to
calculate the binding energies of the various light nuclei. First,
however, let us take a closer look at the neutron-proton mass
difference and the neutron decay width, which also play an
important role in BBN.

B. Neutron-proton mass difference

Consider the neutron-proton mass difference

Amy = (m, — m,,)QED + (m, — ml,,)QCD ~ 1.29 MeV.
(2.8)
The leading contribution to the strong part to the neutron-
proton mass difference arises from the second order effective
pion-nucleon Lagrangian and is given by [61]

(my — mp) ¥ = 4¢5 By (my, — my) + O(M2)

=—4csM2e+ O(My), (2.9)
where ¢s is a LEC. Using the most recent determina-
tion of the electromagnetic part of this mass difference,
(m, — m,,)QED = —(0.58 £0.16)MeV [62], this amounts
to (m, —m,)?P =1.87 £0.16 MeV and correspondingly,
cs = (—0.074 £ 0.006) GeV~'. In the f-vacuum, this term
turns into [63] (for a derivation, see Appendix)

2

(my — m,)2P(0) ~ 45 By MTZO) (2.10)

(mu - md)7

i.e the strong part of the neutron-proton mass increases (in
magnitude) with 0, see Fig. 2(b). At 0 >~ 0.25, Amy(6) devi-
ates already by about 1 % from its real world value, and for
the range of 6 = 1-2, we find Amy(0) = 1.51 — 2.47 MeV,
using Eq. (2.1) for M (0).

C. Neutron decay width

As we increase 6, the neutron-proton mass difference,
Amy(0), becomes larger and results in a larger three-body
phase space for neutron beta decay. This increase in the phase

space integral scales roughly as the neutron-proton mass dif-
ference to the fifth power and is dominant over any expected
0-dependence in the axial vector coupling, g4. The neutron
beta decay width can be written as (for the moment, we ex-
plicitly display factors of Planck’s constant /2 and the speed of
light ¢, otherwise we work in natural units, kg = i = c = 1)

n’Lf,C4 2
L= 27T3ﬁ6|M| .f1

where m, is the electron mass, M is the weak matrix element,
and f is the Fermi integral,

.11

My —mp,—n,
f=f F(Z, T.)peT.(my — m, —m, — T,)%dT,,
0

(2.12)
where Z =1 is the proton charge, T, is the electron kinetic
energy, p. is the electron momentum, and F(Z, T,) is the
Fermi function that takes into account Coulomb scattering
[64]. In Fig. 3, we plot [I‘n(Q)/l",,(O)]'/5 versus Amy(6) — m,
showing the linear behavior as expected. In Fig. 4, the neutron
mean life is shown as a function of 6. We see that the lifetime
drops off very quickly when O starts to deviate from the

20

r
5
o

o
T

[T (6)/T ,(0)]"°

ob— e e
0 5 10 15 20

Ampy(0) — m, [MeV]

FIG. 3. Neutron decay width I,(6) as a function of the
neutron-proton mass difference. We plot the dimensionless quantity
[T(0)/Tu(0)]'/% vs Amy(0) — m,.
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FIG. 4. Neutron life time t,,(0) as a function of 6.

Standard model value 6 &~ 0. As we will see this dependence
plays a big role at the start of BBN.

III. TWO NUCLEONS

Here, we outline the formalism underlying our study of the
two-nucleon system. First, we construct a simple OBE model,
that allows us to describe the binding energies of the deuteron
and the unbound dineutron and diproton at = 0. Then, we
discuss how these two-nucleon systems change when 6 varies
from O to 7.

A. OBE model

Consider first the case & = 0. We set up an OBE model
inspired by Ref. [65] and work with the Schrédinger equation,
as the nucleons in the deuteron move with velocities v < c.
The corresponding OBE potential is given by

Vope(q) = Z

a={m,0,w,p}

V(@) @3.D

where q denotes the momentum transfer. The static limit
is applied, i.e. the four-momentum transfer squared ¢> =

where P = (p’ + p)/2. Terms « (q x P), which in coordinate
space correspond to terms o L, the angular momentum op-
erator, and terms « S12(q) = 3(o1 - q)(02 - q) — (01 - 62)|q|?,
have been omitted. The potentials depend on the total spin
S of the two-nucleon system through the factor (o7 - 03) =
25(S + 1) — 3 and on the total isospin / through the factor
(t1-12) =2I(I + 1) — 3. Note also that we omit from the
start the NN tensor coupling as the corresponding coupling
constant g” is approximately zero, which is a good approxi-
mation, see, e.g., Refs. [65,606].

The corresponding potentials in coordinate space are of
Yukawa-type and given by

1 [ My \>e Mar
Ve(r) = (11 12)(07 - Gz)g”NN ( ) ¢ , (3.6)
4 12 r
_ SN 1M\ e Mer
Va(r) = — . (1 - Z<m7N> ) ; s (37)
2 —M,r
= B (1 (Y T ] )
4 2 my 3 r
(3.8)
2
V,(r) = (11 rz)gf’NN (1 + l(%) [1 L8
4 2 \my 8pNN
1 2 —M,r
+ *(1 + i) (01 02)])6 . (3.9
3 8pNN r

The OBE potential requires regularization since it is
ultraviolet-divergent. This can be most easily seen from
the momentum-space representation, Eqgs. (3.2)—(3.5), as
these potentials grow quadratically with increasing momen-
tum transfer. A standard regularization procedure in nuclear
physics is to apply either a single vertex form factor controlled
by the cutoff mass A for the total potential, or four individual
form factors controlled by the cutoff masses A, for each
meson exchange potential. Here, we are only interested in the
binding energies of the nucleon-nucleon systems, therefore a
single form factor is sufficient. The total OBE potential in the
coordinate-space representation is then:

(¢ — p)* = —(p' — p)*> = —¢>. Setting furthermore L = 0, _ AE_A'
i.e. focusing on the dominant S-wave and neglecting the small Vose (r) = Z Vo (r) + 47 (3.10)
D-wave contribution, the respective potentials can be reduced e=tm.o.wnp0)
to At 6 = 0, the meson masses we use are
2 M, =139.57 MeV, M, =550 MeV,
Ve(@) = —(r1 - 12)(01 - 02) ff'NN - (3.2)
+ M2 12my, M, =783 MeV, M, =769 MeV. 3.11)
V,(q,P) = — 8onN 1+ q _ p? (3.3) In order to assess the parameter dependence, we take two sets
o q2 + M2 8m12v Zm%, ’ ' of parameters, cf. Ref. [65]:
Sonn q 3P? & g &
V,(q,P) = o, 1— , oNN _ PNN oNN __
(q,P) @+ M2 2’"12\/ 1 + ((71 c02) | + 2} yp 14.17, e 0.80, Ao 20.0,
(3.4) A =1.364 GeV, (3.12)
V@) = (11 7)Y g%NN <1 Q |:l N & which we call parameter set I, and
’ 2 + M2 2m 4 8pNN gz g2 gz
oW _g06, LN —043, 2NN _ 06,
1 . 15 4 4 4
*3 g/,NN (a 02) - G A =2.039 GeV, G.13)
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FIG. 5. The binding energy of the deuteron for a #-dependent
OPE with all other meson couplings and masses are kept fixed, for
parameter set I, Eq. (3.12) (solid line) and parameter set II, Eq. (3.13)
(dashed line), respectively.

which we call parameter set II. For both sets, we take
g/%/gpNN = 6.1 [65,66]. After solving the radial Schrodinger
equation for the two nucleon system, one finds for both param-
eter sets a bound deuteron with binding energy E; = —B; =
—2.224 MeV, and an unbound dineutron with E,, = —B,,, =
0.072 MeV.

We now have all of the parts needed to investigate the
6-dependence of the binding energies of the various two-
nucleon systems.

B. Spin-triplet channel

The bound state in the spin-triplet channel is the deuteron.
Here, we work out the 8-dependence of its binding energy.

Consider first the case of a 6-dependent one-pion-exchange
(OPE) potential, whereas all other potentials remain constant.
The resulting 6-dependent deuteron binding energy is shown
in Fig. 5. If all OBE exchange potentials were independent of
6 except for the OPE potential, the deuteron’s binding energy
would slowly decrease until the deuteron would no longer be
bound for 6 2> 2.8 for parameter set I, Eq. (3.13). This is the
expected behavior of the OPE potential that led to the idea
that the deuteron for 6 # 0 might not be bound anymore. This
brief estimate demonstrates that the next-to-leading order con-
tributions calculated by Ubaldi [9], which were reevaluated
in Ref. [63], are (a) negligible (because they are CP-odd and
only account for a shift of a few percent), but also that (b) the
approach of applying first order perturbation theory is invalid,
because the effects of 6 on the leading order OPE potential are
not small.

However, the actual contribution of the OPE potential
to the total OBE potential is very small, which can be
seen, e.g., by considering the individual potentials V (r) of
Egs. (3.6)—(3.9). Clearly, the smallness of the OPE contri-
bution compared to the strong repulsion of the @ exchange
potential and the large attraction of the p and o exchange
suggests that, even if the effects of 6 on the scalar and vector
meson masses are not as pronounced as that for the pion, these
contributions finally determine the actual 6-dependence of By.

Ba(6) [MeV]

FIG. 6. The binding energy of the deuteron for the full 6-
dependent OBE model in the isospin symmetric case (blue upper
band) and in the case of broken isospin symmetry (red lower band)
for parameter set I, Eq. (3.12) (solid lines) and parameter set II,
Eq. (3.13) (dashed lines), respectively.

Consider now the case of a full #-dependent OBE poten-
tial. We study two cases: first, the isospin symmetric case
with m, = my = (2.27 + 4.67)/2 = 3.47 MeV, and second,
the case of broken isospin symmetry with m, = 2.27 MeV
and my; = 4.67 MeV. This gives the result shown in Fig. 6.
In the isospin symmetric case, we find that after increasing
and reaching a maximum at 6 >~ 3.0 (parameter set I, corre-
sponding to B; >~ 42.5MeV) and 6 >~ 2.9 (parameter set II,
corresponding to By >~ 22.8 MeV), respectively, the binding
energy decreases and seems to approach to By in the chiral
limit, BS" >~ F?/m ~ 10MeV [15], at least in the case of
parameter set II. This behavior is expected: As we have set
m, = my, 6 — m effectively corresponds to m, = my — 0,
since the charged and the neutral pion masses vanish in both
cases. Because of that, all other phenomenological quantities
such as the nucleon mass and the pion-nucleon coupling ap-
proach their respective values in the chiral limit.

In the case of broken isospin symmetry, the curve flattens
and reaches its maximum as 6 — 7, which is given by B; >~
28.3MeV (parameter set 1) and B; >~ 17.8 MeV (parameter
set II). A useful analytic approximation for B,(6) is given by

By(0) =222+ ¢;(1 — cos ) + c2(1 — cos6)?

+ c3(1 —cos6)? (3.14)
with

unbroken isospin symmetry:

c1=9.14 c=-7.19 c3 = 6.30 set I
c; =3.25 ¢, =2.55 c3; =047 setll ’
(3.15)

broken isospin symmetry:

c1 =5.68 c;=—1.02 c3 =2.36 set]
¢ =3.77 c; =045 c3; = 0.80 set IT
(3.16)
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FIG. 7. The binding energies of the dineutron ([(a) and (b)] zoom into the region # < 0.4) and of the diproton ([(c) and (d)] zoom into the
region 6 < 1) for the full -dependent OBE model. In each figure, the blue (upper) band represents the isospin symmetric case and the red
(lower) band the case of broken isospin symmetry. A band is spanned by a solid line based on parameter set I, Eq. (3.12), and a dashed line

based on parameter set II, Eq. (3.13).

C. Spin-singlet channel

The same analysis can be repeated for the dineutron with
results shown in Figs. 7(a) and 7(b). Using Egs. (3.6)-
(3.9), one sees that the OPE and the o exchange potentials
are exactly the same for both deuteron and dineutron, i.e.,
with § =1 and I = 0 (deuteron), and with S =0 and I =
1 (dineutron). The vector exchange potentials on the other
hand change in terms of the strength, but not regarding
the overall sign: the p exchange potential is still attractive,
but weakened by about 50%, whereas the @ exchange po-
tential is still repulsive, but weakened by about 1/3. The
dineutron OBE potential is thus slightly less attractive in
comparison with the deuteron OBE potential, so the dineutron
fails to be bound, as in the real world. However, anything
that happened to the deuteron OBE potential when sending
6 — m, this also happens to the dineutron potential, i.e.,
the most decisive effects come from the o exchange poten-
tial, which is getting stronger (while the increase of the p
exchange attraction and the increase of the w exchange re-
pulsion roughly neutralize), so the dineutron becomes bound.
From Fig. 7(b) one sees that this happens already for 6 =~
0.18-0.24.

The overall 6-dependence of the dineutron’s binding en-
ergy is the same as for the deuteron. Note that while the
binding energy of the dineutron steadily increases, it remains
smaller than the binding energy of the deuteron.

We note that a bound dineutron is also found in lattice QCD
calculations with pion masses larger than the physical one, see
Refs. [67-70], which span pion masses from 300 to 510 MeV.
The central binding energies in these works span the range
from 7 to 13 MeV, similar to what we find at 6 =1 — 2.

We end with a short discussion of the diproton with § = 0
and / = 1. Referring to isospin symmetry, the only difference
between the nn and the pp systems is the repulsive Coulomb
interaction in the latter case:

2
Ve(r) = - (3.17)
with e the elementary charge. Adding this to our OBE po-
tential Eq. (3.10), we find a constant shift of —0.67 and
—0.72MeV for sets I and II, respectively, compared to the
dineutron case as shown in Figs. 7(c) and 7(d). The only visi-
ble effect of this is that the crossover point from the unbound
to the bound case now happens at 0 ~ 0.6 — 0.8 [Fig. 7(d)].
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FIG. 8. (a) The SU(4)-averaged binding energy of the three- and four-nucleon systems B,(9) versus the SU(4)-averaged binding energy
of the two-nucleon system, B,(#). Blue (lower) line: n = 3. Red (upper) line: n = 4. (b) B,(6) versus 6, taking isospin breaking effects into
account, for parameter set I (solid lines), and parameter set II (dashed lines). Blue (lower) band: n = 3. Red (upper) band: n = 4.

IV. MORE THAN TWO NUCLEONS

A. Three and four nucleons

We have seen that the nucleon-nucleon interaction be-
comes more attractive as 6 increases. This is predominantly
due to the decrease in the o meson mass. Since the o meson
is a scalar particle with zero isospin, the increased attraction
is approximately the same in the spin-singlet and spin-triplet
channels. This is a realization of Wigner’s SU(4) symmetry
[71]. Wigner’s SU(4) symmetry is an approximate symmetry
of low-energy nuclear physics where the four spin and isospin
degrees of freedom are four components of an SU(4) multi-
plet.

In the SU(4) limit where the spin-singlet and spin-triplet
scattering lengths are large and equal, the properties of light
nuclei with up to four nucleons follow the same universal
behavior that describes attractive bosons at large scattering
length [72-76]. We can use this information to determine
the O-dependent binding energies of *H, *He, and “He. In
order to perform this analysis, we first average over nuclear
states which become degenerate in the SU(4) limit. For the
A =2 system, we average over the physical deuteron and
spin-singlet channel to arrive at an average binding energy
of By >~ 1MeV. For the A = 3 system, we average over the
physical *H and *He systems for an average binding energy
of B; = 8.1 MeV. For the A = 4 system, we take the physical
“He binding energy, By = 28.3 MeV.

In order to extend these binding energies to nonzero 6, we
use the numerical results from a study of bosonic clusters at
large scattering length [77]. In particular, we use an empirical
observation from Fig. 7 of Ref. [77] that

(B,/B1'"* — [B./B]"* @.1
remains approximate constant for positive scattering length
a > 0, where B is a binding energy scale set by a combination
of the range of the interaction and particle mass. Conveniently,
the value of B is approximately equal to the value of B, at
infinite scattering length. We use these empirical observations
to determine B3(6) and B4(6) in terms of B,(9) using the

approximate relation

[B.(6)/B4(0)]'* — [B2(6)/Ba(0)]'/*

= [B,(0)/B4(0)]"/* — [B2(0)/B4(0)]"/*. 4.2

In Fig. 8(a), we show the SU(4)-averaged binding energy
of the three- and four-nucleon systems, B3(#) and B4(6),
versus the SU(4)-averaged binding energy of the two-nucleon
system, B,(6), and in Fig. 8(b) directly as a function of 6.
Our results are similar to those obtained in Ref. [78], which
were computed using hyperspherical harmonics and auxiliary-
field diffusion Monte Carlo. We should also mention that we
find no evidence that varying theta will produce more exotic
states of three or four nucleons such as a bound trineutron or
tetraneutron.

B. More than four nucleons

In Ref. [79], the authors noted that the strength of the
“He - *He interaction is controlled by the strength and range
of the SU(4)-invariant local nucleon-nucleon interaction. By
local we mean an interaction that is velocity independent. We
have noted that as 0 increases, the range and strength of the
SU(4)-invariant local nucleon-nucleon interaction increases
due to the o exchange contribution. We have already observed
the increase in the binding energies of the two-, three-, and
four-nucleon systems. As discussed in Ref. [79], the increase
in the range of the local interaction will also cause alpha-like
nuclei to become more bound. This is discussed further in
Secs. V and VIB.

Across the nuclear chart, the binding energy per nucleon
will increase with 6, and the relative importance of the
Coulomb interaction will decrease. As a result, the density
of nucleons at nuclear saturation will also rise. Given the
increase in the neutron-proton mass difference and decreased
importance of the Coulomb interaction, the line of nuclear sta-
bility will shift towards nuclei with equal numbers of neutrons
and protons and extend to larger nuclei.
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V. BIG BANG NUCLEOSYNTHESIS

In the early universe the temperature, 7', is high enough to
keep neutrons and protons in thermal equilibrium through the
weak interactions

n+et < p+,,
n+v, < p+t+e,

n<p+e +7,. (G.D

The weak interaction rates scale as 7> and can be compared
with the expansion rate of the Universe, given by the Hubble
parameter, H o¢ T2 in a radiation dominated Universe. As the
temperature drops, the weak rates freeze-out, i.e., they fall
out of equilibrium when they drop below the Hubble rate. In
standard BBN, this occurs at a temperature, 7y ~ 0.84 MeV.
In equilibrium, the ratio of the number densities of neutrons
to protons follow the Boltzmann distribution

AmN:|

(5.2)

At freeze-out, this ratio is about 1/4.7. The neutron-to-proton
ratio is particularly important, as it is the primary factor deter-
mining the 4He abundance. The “He mass fraction, Y, can be
written as

y —ox, = 2P

1+ (n/p)
and its observed value is Y = 0.2449 + 0.0040 [80]. Further,
X,, is the neutron fraction. A change in 6, will therefore invari-
able affect the “He abundance, primarily through the change
in Amy. While the change in 8 and Amy does induce a change
in T, this is minor (<10% in Ty) and we neglect it here.

The helium abundance, however, is not determined by
(n/p) at freeze-out, but rather by the ratio at the time BBN
begins. At the onset of BBN, deuterons are produced in the
forward reaction

(5.3)

n+p<d+y. (5.4)

However, initially (even though 7" < B,), deuteron is photo-
disintegrated by the backward reaction at temperatures 7, 2,
0.1 MeV. This delay, often called the deuteron bottleneck,
is caused by the large excess of photons-to-baryons (or the
smallness of 7p), and allows time for some fraction of the
free neutrons to decay. A rough estimate of the temperature
at which deuteron starts to form is

_ Bu(®)
Innp

which for 8 = 0 yields 7; ~ 0.1 MeV. A more accurate eval-
uation would find 7; ~ 0.064 MeV. Below this temperature,
the photo-disintegration processes become negligible and nu-
cleosynthesis begins.

A change in the starting time of BBN changes the (n/p)
at freeze-out or more accurately the neutron fraction, X, at
freeze-out by

a~ (5.5

X, (Ty) = X (Tp)e ™/, (5.6)

where 1, is the age of the Universe corresponding to the
temperature, Ty. As noted earlier, T, &« (Amy)3, and in a

Y(6)

FIG. 9. The Helium mass fraction, Y, as a function of 6 in the
isospin symmetric case (blue upper band) and in the case of broken
isospin symmetry (red lower band) for parameter set I, Eq. (3.12)
(solid lines) and parameter set II, Eq. (3.13) (dashed lines).

radiation dominated Universe, ¢ o« 72, so that from (5.5),
ty X B;z. Thus using the dependencies of Amy, t,, and B,
on 0, we can calculate Y (0) as shown in Fig. 9. Note that to
produce Fig. 9 we have used the numerical values of I, and
B, as in Figs. 4 and 6, rather than the analytic approximations.

As one can see in the figure, the Helium mass fraction is
relatively flat for < 1. This is due to competing effects in
determining Y. As we saw in Fig. 2(b), the neutron-proton
mass difference increases with 6. This strongly suppresses the
neutron-to-proton ratio, as seen in Eq. (5.2). Furthermore, be-
cause I', o (Amy)°, an even stronger suppression in ¥ occurs
due to the increased neutron decay rate as seen in Eq. (5.6).
However these decreases are largely canceled at low 6 by the
increase in B,, which causes BBN to begin earlier, leaving less
time for neutron decay. In fact, for set I parameters, at low 0
this is the dominant change in Y and causes an increase in the
Helium abundance. The maxima occur at 6 = 0.42(0.54) and
Y = 0.248(0.252) for broken (unbroken) isospin symmetry.
Requiring Y > 0.24, sets upper limits on 6 of roughly 0.77
(0.50) for broken isospin, and 0.89 (0.61) for unbroken isospin
for parameter sets I (II), respectively. For larger values of 6,
the Helium abundance will drop below the observationally
inferred limit,> however, as we note earlier, it is not clear
that a Universe with primordial Helium and ¥ < 0.05 would
prevent the formation of life and therefore can not be excluded
anthropically. We also note that an increase in 6 and an in-
creased B, will lead to an increase in the BBN value for D/H
[31] which is now very tightly constrained by observation
D/H =2.53 +0.03 [81].

An interesting subtlety occurs in the case of unbroken
isospin symmetry for parameter set I. As one can see in Fig. 6,
the deuteron binding energy increases above ~30MeV, when
0 2 2.4. In this case, there is effectively no deuteron bot-
tleneck, as the backward reaction in (5.5) shuts off before

3While we have not run a nucleosynthetic chain in a numerical
BBN analysis, the analytic approximation for Y is quite good. For
6 = 0, we have Y = 0.2467, while the current result from a full BBN
analysis is Y = 0.24696 [42].

033392-9

35



DEAN LEE et al.

PHYSICAL REVIEW RESEARCH 2, 033392 (2020)

weak decoupling. The Helium abundance, however, is highly
suppressed due to the large value of Amy = 3.5MeV and
Y <0.05.

As described above, the other two potentially bound
dimers, the dineutron and the diproton, become bound at
6 ~ 0.2 and 6 ~ 0.7, respectively. Variations in the binding
energy of the dineutron is expected to have little effect on
the primordial abundances provided its absolute value remains
smaller than the deuteron’s binding energy [29,82,83]. Con-
sidering that, in this work the variations on the binding energy
of the deuteron are only of a few percent, we do not expect any
important role played by the binding energy of the dineutron
in the calculations. For large 6, although diprotons are bound,
their binding energy remains below that of deuteron and it
was argued that diproton production freezes-out before the
diproton bottleneck is broken [83,84].

Before concluding this section, we consider the possible
impact of changes in the binding energy of unstable nuclei. In
Ref. [30], changes in the nuclear part of the nucleon-nucleon
potential were parameterized as

Vir(ry)) = (1+ Sy Vy(r), 5.7)
where V,\‘,) (r;;) is the nucleon-nucleon potential based on the
Minnesota force adapted to low mass systems [85]. The bind-
ing energy of ®Be, was found to be [30]

Bg = (—0.09184 + 12.2088yx ) MeV (5.8)
indicating that 8Be becomes bound when Syy > 0.00752.*
The binding energy of deuteron is also affected by a change
in the nucleon-nucleon potential
By(0) = (1 +5.716 6yn(0))B4(0), (5.9)
where we have implicitly here made 6 the origin of this
change. From these expressions, we estimate that *Be be-
comes bound when By;(6) = 2.32MeV or when 6 is 0.21
(0.23) for broken isospin, and 0.19 (0.22) for unbroken isospin
for parameter sets I (II), respectively.

For stable ®Be, it may be possible in principle that BBN
produce elements beyond "Li. As we discuss further in the
next section, changes in the nuclear potential strongly af-
fects the triple o process and the production of carbon and
oxygen in stars [30]. In the context of BBN, stable 8Be in-
creases the importance of two reactions “He(a, y)SBe and
8Be(a, y) '2C. Nevertheless, the detailed study in [31], found
that while some ®Be is produced in BBN (with a mass fraction
of 10716 for 8y = 0.0116), no enhancement of carbon occurs
as the temperature and density in the BBN environment is
substantially below that in stars and the production rates are
inefficient.

4 SHe and °Li are unbound by 0.798 and 1.69 MeV, respectively,
i.e., roughly an order of magnitude more than *Be requiring a very
substantial change in 8y and we do not consider this possibility here.

V1. STELLAR NUCLEOSYNTHESIS
A. Hydrogen burning

The effects of nonzero 6 will also be manifest in stellar
nucleosynthesis. We first consider main sequence stars under-
going hydrogen burning. The first step of hydrogen burning is
proton-proton fusion,

p+p—d+et +v,. (6.1)

For 6 < 0.5, proton-proton fusion is not significantly altered
from how it occurs in the physical Universe. However for
6 2 0.7, the diproton becomes bound and the first step in hy-
drogen burning can proceed many orders of magnitude faster
via radiative capture,

ptp—>ppty. (6.2)

The diproton can then subsequently decay via the weak inter-
actions to a deuteron,

pp—d+et +v,. (6.3)

We note that while the neutron-proton mass difference grows
with 6, the diproton still has a higher mass than the deuteron
due to the larger binding energy of the deuteron.

Initially it was thought the rapid processing of protons to
diprotons would lead to stars with extremely short lifetimes,
so short so as to prevent the evolution of life on planets.
However, stellar structure compensates, and burning occurs at
lower temperatures and densities [84,96] and though the stars
would be different, it is not clear that there is an anthropic
argument against such stars.

B. Constraints on 0 from the anthropic principle

The anthropic principle can constrain 6 if changes in 6
result in a departure of normal stellar evolution so great that
planetary life would not occur. Therefore we could at min-
imum require that (a) enough metals (in the astronomical
sense) are available, and that (b) the lifetime of stars with
higher metallicity (thus allowing for rocky planets with po-
tentially living beings) is long enough that intelligent life can
evolve. Perhaps two of the most important elements for the
production of life as we know it are carbon and oxygen.

There have been many studies relating the sensitivity of
carbon production to fundamental physics in relation to the
anthropic principle [23,24,26,86-92]. The production of '2C
in stars requires a triple fine tuning: (i) the decay lifetime of
®Be, is relatively long, and is of order 107! s, which is four
orders of magnitude longer than the scattering time for two «
particles, (ii) there must exist an excited state of carbon which
lies just above the energy of 3Be + « and (iii) the energy level
of 1°0 which sits at 7.1197 MeV must be nonresonant and
below the energy of '2C+a, at 7.1616 MeV, so that most
of the produced carbon is not destroyed by further stellar
processing. It is well known of course, that the existence of
the excited state of '>C was predicted by Hoyle [93]. Any
change in fundamental physics which affects the position of
the Hoyle resonance, could severely affect the production of
carbon and oxygen and ultimately the existence of life.

We saw that it is perhaps not possible to place anthropic
bounds on 6 from BBN, as it is hard to see why a universe with
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a paucity of Helium would prevent star formation or stellar
processing. It is however possible to set some constraints on
6 based on its effect on the triple o process leading to carbon
production in stars. In addition to the change in the Be bind-
ing energy given in Eq. (5.8), changes in 6 and thus changes
in the nucleon-nucleon potential, Sy, shift the energy level of
the Hoyle resonance [30],

Er = (0.2876 —20.4126yn) MeV, (6.4)

where the resonant energy is given with respect to the *Be
+ « threshold of 7.367 MeV. In standard stellar evolutionary
models for massive stars, most '2C is produced during the He
burning phase. When the temperature becomes high enough,
the '2C(a, y) '°0 reaction begins and '2C is processed to '°0.
Massive stars end their He burning phases with a mixture of C
and O. When dyy > 0, as would be expected for 6 # 0, Ey is
reduced, and the production of carbon becomes more efficient
at a lower temperature. The burning of carbon to oxygen does
not occur and stars end their Helium burning phases with a
core of almost pure carbon.

If oxygen is not present after He burning, there is little
chance to subsequently produce it. Though some oxygen is
produced during carbon burning, the oxygen abundance in
this phase of stellar evolution is reduced as oxygen is pro-
cessed to Ne through « capture. The analysis of Ref. [30] was
based on stellar evolution models [94] of 15 and 60 Mg, zero
metallicity stars and found that for §yy = 0.3 %, negligible
amounts of oxygen survive the Helium burning phase. Thus
an upper limit of dyy < 0.002 was set which corresponds to
B; < 2.25MeV. This is a rather tight bound and corresponds
to upper limits on 6 of 0.11 (0.11) for broken isospin, and
0.11 (0.12) for unbroken isospin for parameter sets I (II),
respectively. As shown above, the dineutron and the diproton
remain unbound for such values of 6, so that a universe with
0 < 6 < 0.1 will most probably look (almost) the same as a
universe with 6 = 0.

VII. SUMMARY AND CONCLUSIONS

Let us summarize the pertinent results of our investigation
for0 <6 < m.

(1) As 6 is increased, the deuteron is more strongly bound
than in our world. This means that for 6 of the order one,
there is much less fine-tuning than for & = 0. Also, in the case
of isospin symmetry, the values for the binding energy as 6
approaches 7 are compatible with calculations for the chiral
limit.

(2) The dineutron as well as the diproton are bound for
6 2 0.2and 6 = 0.7, respectively. A bound diproton has often
been considered a disaster for the nucleosynthesis as we know
it [95], but recent stellar calculations show that this might not
be the case, see Refs. [83,84,96].

(3) Using Wigner’s SU(4) symmetry and earlier results
on systems with large scattering length, we have estimated
the SU(4)-averaged binding energies of the three- and four-
nucleon systems and found that these increase with increasing
6 or with the deuteron binding energy.

(4) In general, we have found that nuclear binding energies
are quite significantly altered when 6 = O(1). While BBN
would proceed, perhaps producing far less helium and more

deuterium, changes in the deuteron binding energy would
not prevent the formation of stars and eventually life. Even
a stable diproton can not be excluded on this basis as stars
would continue to burn Hydrogen at lower temperatures. On
the other hand, changes in the binding energy of *Be and the
resonant energy of the Hoyle state, would affect the triple o
reaction rate and lead to a world lacking in '°0Q.

(5) Applying the even stronger constraint not to upset the
world as we enjoy it, we derived that 6 must be <0.1 in order
to approximately recover the real nuclear reaction rates. In this
case, the deviation of the neutron-proton mass difference to
the real world value is less than 1% and both the diproton and
the dineutron still fail to be bound.
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APPENDIX: 6-DEPENDENCE OF THE NEUTRON-PROTON
MASS DIFFERENCE

The strong contribution to the proton-neutron mass differ-
ence can be derived from the NLO 7N Lagrangian [54]

(A.1)

T 1
LIV = Nes (X+ - E(XH)N,

where c¢s is a LEC, N = (p, n)! contains the nucleon fields,
(...) denotes the trace in flavor space, and

X+ =t xou' +uxju. (A2)

For the determination of the mass difference, U = u?, which
contains the pseudo-Nambu-Goldstone bosons of SU(2) chi-
ral perturbation theory, only needs to be expanded up
to its leading order constant term. In particular, in a 6-
vacuum U is given by the vacuum alignment Ujy. For xy =
2BMexp (i6/2), with M = diag{m,, m;} the quark mass
matrix, we use the following parametrization of the vacuum
alignment:

Uy = diag{e’*, e7}. (A3)

Minimizing the vacuum energy density in SU(2) chiral pertur-
bation theory (or equivalently removing the tree-level tadpole
term of the neutral pion), one finds [48]

0
tang = —etan —, (A4

2
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or

. —ctan$ —eM? sin §
sing = = 7] , (A.5)
J1+e2tan? 4 M (©9)
1 Mf, cos %
cosp = = 5 R (A.6)
J1+¢e2tan? g M2(9)

where we have used Eq. (2.1). With that, Eq. (A.1) becomes

m, cos (% - (p) — My COS (% + <p)

Lﬁ;\,'w = 1\74(‘530 5 T3N
= 1\74C5BOM7’% Mu —Md N, (A7)
M26) 2

which results in the strong contribution to the proton-neutron
mass difference given in Eq. (2.10).
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ABSTRACT: We investigate the phase shifts of low-energy a-a scattering under variations
of the fundamental parameters of the Standard Model, namely the light quark mass, the
electromagnetic fine-structure constant as well as the QCD #-angle. As a first step, we
recalculate a-a scattering in our Universe utilizing various improvements in the adiabatic
projection method, which leads to an improved, parameter-free prediction of the S- and
D-wave phase shifts for laboratory energies below 10 MeV. We find that positive shifts in
the pion mass have a small effect on the S-wave phase shift, whereas lowering the pion mass
adds some repulsion in the two-alpha system. The effect on the D-wave phase shift turns
out to be more pronounced as signaled by the D-wave resonance parameters. Variations
of the fine-structure constant have almost no effect on the low-energy a-a phase shifts.
We further show that up-to-and-including next-to-leading order in the chiral expansion,
variations of these phase shifts with respect to the QCD f-angle can be expressed in terms
of the #-dependent pion mass.

KEYywoRDS: Chiral Lagrangian, Other Lattice Field Theories, Flavour Symmetries

ARX1v EPRINT: 2112.09409

OPEN AcCCESs, (© The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP02(2022)001


https://doi.org/10.1007/JHEP02(2022)001

Contents

1 Introduction 1
2 Basic concepts 3
3 Pion mass dependence of the nuclear Hamiltonian 5

4 Dependence of the nuclear Hamiltonian on the fine-structure constant 8
5 Theta-dependence of alpha-alpha scattering 9

6 Adiabatic projection method and auxiliary field quantum Monte Carlo

simulations 10

7 Extracting scattering phase shifts from the adiabatic matrices 12
8 Results 14
8.1 Our universe 14
8.2 The Multiverse 15
8.2.1 Variations of the bound state energies 15

8.2.2 Pion mass variations of alpha-alpha scattering 17

8.2.3 Alpha-alpha scattering with varying agm 20

8.2.4 Remarks on the #-dependence of alpha-alpha scattering 21

9 Summary and outlook 22
A Details on the NN scattering parameters at varying pion mass 23
B Euclidean time extrapolation 24
C The Coulomb modified ERE 25
D Bound state energies for varying pion masses 25

1 Introduction

Alpha-alpha (a-«) scattering is one of the most fundamental reactions in nuclear (as-
tro)physics. It is the basic component of the triple-alpha (3a) reaction prevalent in hot old
stars, that leads to the generation of 12C and successively 60, where the '2C production is en-
hanced through a J* = 0% resonance at 7.65 MéV excitation energy close to the 3a-threshold,
the famous Hoyle state [1]. a-a scattering itself features some fine-tuning, as the large



near-threshold S-wave results from a state with (JF, ) = (0%, 0) at an energy Fg ~ 0.1 MeV
above the threshold, see e.g. the review [2], with a tiny width of I'r ~ 6 V. It is precisely
this small width (long lifetime) of the unstable ®Be nucleus that allows for the reaction
with the third « particle in the 3« reaction at sufficiently high temperatures and densities.

The fine-tunings in these (and other) fundamental nuclear reactions together with other
fine-tunings in particle physics and cosmology have led to the concept of the Multiverse, where
our Universe with its observed values is part of a larger structure of universes featuring dif-
ferent sets of the fundamental constants. Related to this are anthropic considerations, which
is the philosophical idea that the parameters governing our world should fit the intervals
compatible with the existence of life on Earth. More details can be found in the reviews [3-7].

Coming back to nuclear physics, the closeness of the Hoyle state energy to the 3«
threshold invites investigations about the stability of this resonance condition under changes
of the fundamental parameters of the strong and the electromagnetic (EM) interactions,
whose interplay guarantees the stability of atomic nuclei. While earlier investigations, see
e.g. ref. [8], suffered from some model-dependence in the description of the nuclear forces,
using the ab initio method of Nuclear Lattice Effective Field Theory (NLEFT) this topic
was re-investigated in refs. [9-11]. More specifically, the quark mass dependence as well as
the dependence on the electromagnetic fine-structure constant of the nuclear Hamiltonian
was worked out, using and combining results from chiral perturbation theory (CHPT) and
lattice QCD simulations for the pion decay constant, the nucleon mass and so on. Here,
we will use the same chiral EFT at next-to-next-to-leading order combined with the so-
called Adiabatic Projection Method (APM), that allows for ab initio calculations of nuclear
reactions, as developed in refs. [12-14]. Using the APM, the scattering of two alpha clusters
has been achieved on the lattice [15], enabled by the fact that the computational effort is
approximately quadratic in the number of nucleons in the scattering clusters. The method
was further refined in ref. [16]. Combining these different works, we are thus in the position
to investigate the sensitivity of the low-energy a-a phase shifts on variations in the light
quark mass m and the EM fine-structure constant agy. We note that a-a scattering has
also recently been studied using the no-core shell model within a continuum approach [17].

While the investigation of the resonance enhancement in the 3o process due to the
Hoyle state already sets rather stringent limits on the possible variations of the light quark
mass and the fine-structure constant, one has to be aware that these results are afflicted with
some inherent uncertainties, as in the corresponding stellar simulations only the distance of
the Hoyle state to the 3a-threshold is varied. Translating this into a dependence on, say, the
light quark mass assumes that only the nuclei directly involved in the 3a process are subject
to these changes, but of course one should perform the complete stellar simulations (reaction
networks) with appropriately modified masses and reaction rates. At present, this is only
possible for Big Bang Nucleosynthesis, see e.g. refs. [18, 19], but not for the whole nuclear
reaction networks in stars. Therefore, the ab initio computation of the dependence of a-a
scattering on the fundamental parameters of the Standard Model is not subject to such
uncertainties and paves the way for more elaborate network calculations in the Multiverse.

A parameter that has obtained less attention in such anthropic considerations is the
QCD #-term, as the bounds from the neutron electric dipole moment require § < 10710,
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see e.g. ref. [20] for a recent lattice QCD study. Still, it is worth to reconsider bounds
on the #-angle from observations other than the neutron EDM as well as from anthropic
considerations, as done e.g. in refs. [21, 22]. In particular, it was shown in [22] that nuclear
binding increases with 6 and that 8 < 0.1 would not upset the world as we know it. It is
thus also of interest to study the reaction rate of the fundamental a-a scattering process as
a function of 6, as will be done here.

In ref. [23], it was shown that symmetric nuclear matter without Coulomb interactions
lies close to a quantum phase transition between a Bose gas of alpha clusters and a nuclear
liquid. Whether one is in the Bose gas phase or the nuclear liquid phase is determined by the
sign of the a-a S-wave scattering length. In turn, the a-a scattering phase shifts depend on
the strength, range, and locality of the nucleon-nucleon interactions. The nucleon-nucleon
interactions need enough attractive strength, range, and locality to overcome the Pauli
repulsion between nucleons with the same spin and isospin [24, 25]. Locality here refers
to interactions that are diagonal when written in position space. The variation of the
light quark masses, electromagnetic fine-structure constant, and 6§ parameter will produce
changes to the leading-order interactions, and we take these changes to the nucleon-nucleon
interactions to be local. This choice is motivated by studies of Quantum Chromodynamics
in the limit of a large number of colors showing that the nucleon-nucleon interactions reduce
to local interactions with an underlying spin-isospin exchange symmetry [26-28].

The paper is organized as follows. In section 2, we introduce the dependence of the
two-alpha cluster energy on the fundamental parameters of the Standard Model, the basic
framework of NLEFT and give a first glimpse on some of the relevant quark (pion) mass
dependences. The pion mass dependence of the nuclear Hamiltonian used here is presented
in detail in section 3. Then, in section 4 we discuss the inclusion of the electromagnetic
interaction and the dependence of the nuclear Hamiltonian on the fine-structure constant.
Section 5 shows how the #-dependence of a-a scattering can be inferred from the 6-
dependence of the pion mass. In section 6 we collect the computational tools needed for this
investigations. We give the basic APM formalism needed for our investigation and show
how various quantities are obtained from Auxiliary Field Quantum Monte Carlo simulations.
In section 7, we show how to extract the scattering phase shifts from the adiabatic transfer
matrices. Our results are presented and discussed in section 8. We end with a summary
and conclusions. Some further details of the computations are relegated to the appendices.

2 Basic concepts

We aim to compute the variation of the a-a scattering phase shifts as a function of the
fundamental constants of nature following refs. [10, 11]. Since we compute the scattering
phase shifts from the spectrum, we consider a linear variation in the light quark mass and
the electromagnetic fine-structure constant agy of the two-alpha cluster energy,

OF oo 0Foq
OM MER " dagm a‘é};\/

SE 0 =~ dagM , (2.1)



where we have used the Gell-Mann-Oakes-Renner relation, M,% = 2By, with . = (my +
mg)/2 the light quark mass and By is related to the scalar quark condensate.! Throughout,
we work in the isospin limit as strong isospin breaking effects are expected to be very
small. Further, the superscript “ph” denotes the pertinent values in Nature (the physical
world). We note that this formula is applicable for changes in the modulus of the pion mass
|0M/M;| and the electromagnetic fine-structure constant by |damm/arm| S 10%. The
variation with respect to the QCD 6 angle will be discussed later in a separate section.
Our computational framework is NLEFT, see refs. [29, 30] for details. In what follows,
we employ a periodic cubic lattice with a spatial lattice spacing of ¢ = 1.97fm and a
temporal lattice spacing a; = 1.32fm. For free nucleons we use the O(a*)-improved lattice

Hamiltonian,

3 t o= L t L op
— a; (M)a; (17 +21) + a; a; (17— 21
YT, ;mzo’uzm[ (a7 +20) + al ;()a ; (7 — 21)]
1 e
- a; (M)a; ;(T+3l) +a; (T)a,; ;(7T —3)| , 2.2
180mN;m:o,u:1,z,J (a7 -+ 3D + al(Wag; (73D, (2:2)

where 77 represents the integer-valued lattice sites, my is the nucleon mass, I= 1,2,3 are
unit lattice vectors in the spatial directions, i(j) is a spin (isospin) index, and a; ; and a;f, j
denote nucleon annihilation and creation operators.

For the leading-order (LO) nuclear interaction we use an improved action which is
based on the following nucleon-nucleon (NN) scattering amplitude,

1 1., . 3 1.,
Aro = Cs=0,1=1 f(9) (Z — 40 O'j) (1 + T Tj)

31 N
+ CS:l,I:O f(@ (1 + 102 : 0]) <Z 4Tz T])

~2 o =
+ GxNTi " Tj qQ+M7% ’

where & and 7 denote the Pauli spin and isospin matrices, §,n is the strength of the
one-pion-exchange (OPE) potential defined as g-n = ga/(2 Fr) in terms of the nucleon
axial-vector coupling g4 = 1.273(19) and the pion decay constant Fr = 92.1MeV. Cg=0 =1
and Cs—1,7—o are the coupling constants of the short-range part of the nuclear force which
are adjusted to reproduce the scattering phase shifts for the two S-wave channels, and f(q)
is a smearing function which is defined to reproduce the effective ranges for the two S-wave
channels. We redefine the low-energy constants (LECs) of the short-range interactions in

!Because of this relation, we can equivalently use the wordings “quark mass dependence” and “pion mass
dependence”.
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terms of linear combinations of Cy and Cf,

3 1
Co= 105:0,1:1 + 105:1,1:07 (2.4)
1 3
= —Cg—07=1— -Cs—17-0. 2.
Cr 40570,171 40571,170 (2.5)

From egs. (2.2) and (2.3) it is obvious that the sources of implicit M,-dependence are
the nucleon mass my, the coupling constant of the OPE potential g,y, and the LECs of
the short-range interactions Cy and C7, besides the explicit pion mass dependence in the
OPE. Before discussing these in detail in section 3, let us consider the quark (pion) mass
dependence of the nucleon mass and the pion decay constant to get an idea about the
changes we can expect. At the leading one-loop order O(p?), where p is a generic small
parameter, the chiral expansion of the nucleon mass can be written as

B0 L o), 26)

M) = mg — dey M2 — 2IAn) B
m (M) = mo —delMz = 20 e )

where mgy ~ 865MeV [31] is the nucleon mass in the (two-flavor) chiral limit and ¢; =
—1.1GeV~! is a LEC from the chiral pion-nucleon Lagrangian at next-to-leading order
(NLO) [32]. Note that the leading correction of order M? is intimately linked to the
pion-nucleon o-term discussed below. At third order, the pion mass dependence of the pion
decay constant and the axial-vector coupling constant is made explicit. For the pion decay
constant we use the expression from the chiral expansion at NLO,

2
Fr(My)=F + 1(?:7’;];1'4 +O(M2), (2.7)
where F = 86.2MeéV is the pion decay constant in the (two-flavor) chiral limit, and I = 4.3
is a LEC, where we use the value from ref. [33] (which is consistent with more modern
determinations). We postpone the discussion of the nucleon axial-vector coupling g4 and of
the LECs Cy, C to the next section.

3 Pion mass dependence of the nuclear Hamiltonian

First, let us collect the knowledge about the pion mass dependence of the nuclear Hamilto-
nian. Specifically, the dependence of the energy E,, on the pion mass M can be expressed as

Eaa == aa(Mﬁva(Mﬂ)7g7TN(MTr)7CO(MTF)7C’I(M‘II'))7 (31)

where M, denotes the explicit M -dependence from the pion propagator in the OPE po-
tential. Without going into the details of the individual terms given here, we write the
variation of the two-alpha cluster energy around the physical point as

aEOcOé _ 8Eo(a x 8an¢
OJV[T‘- M,Eh o 8M7r Aﬁ?h 1 amN m?\}j
aEOtOt 8Eaa aEaa
3.2
i 0GrN o aCo |cph I4 oCT cf;h’ (32)

2Note that throughout we do not consider variations of the strange quark mass ms, as these are expected
to be very small. Hence ms is simply kept at its physical value.



where

8mN 8g7r]v E)Co 801 (3 3)
= — Ty = T3 = - T4 = . .
My [y 72 My [yon 0T M [yor T Mg |t

T

The partial derivatives in eq. (3.2) are computed using the auxiliary field quantum
Monte Carlo (AFQMC) method [29], see section 6. To obtain an accurate and model-
independent description of the M -dependence of the LO nuclear interaction, we will use
the most recent knowledge from chiral perturbation theory and lattice QCD simulations to
determine the quantities in eq. (3.3).

The partial derivative dEqq/0M, in eq. (3.2) is computed by introducing a small
change in the pion mass in the OPE of the nuclear Hamiltonian, H (M) — H (M, + AM,),
which corresponds to a perturbative shift in the energy, AEM(M,T). In our calculations, the
pion masses are shifted by AM, = 4.59 MeV, which equals to the empirical mass difference
between the neutral and charged pions. Therefore, the partial derivative 0FE,/ OM, is
defined as

0Boa|  _ ABaa(My) (3.4)
(9]\3” M};h AMﬂ- ' ’
In what follows, we will also use the so-called K-factors. These are defined via
i y 0X
= — , 3.5
= ¥yl (35)
where X is an observable and the superscript ¢ = {¢,7,a} denotes the quantity

y = {mg, My, agnm}, such that, e.g., K% measures the sensitivity of X to changes in the
light quark mass mg. For more detailed discussion on these quantities, see, e.g., ref. [19].
The parameter 1 can be determined from the pion-nucleon sigma term,

2 8mN

oxn = (N|im(uu + dd|N) = M? IR (3.6)
i.e. the quark mass dependence of the nucleon mass, via
0 2
xr1 = MmN = —OxN - (37)

My [y My

The most recent and precise values for o, are from the Roy-Steiner-equation analyses of
pion-nucleon scattering [32, 34]. In the calculation with the inclusion of pionic hydrogen
and deuterium data, the reported value is o,ny = (59.1 £ 3.5) MeV, and in the calculation
using only the pion-nucleon scattering data the value is o,y = (58.1 & 5) MeV. In this
study we use the value of ref. [32] and the uncertainty of ref. [34], which gives

z1 = 0.84(7). (3.8)
The parameter x5 in eq. (3.3) represents the dependence of the strength of the OPE potential

and is given as,

1 8914 ga OF;

T 2F, OMy| e 2F2 OMy |y

2 (3.9)
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For the dependence of F on M, we use the results reported in ref. [19]

OF: | _ Fr Kp,
OMy [ype Mn K3

= 0.066(16) . (3.10)

The M -dependence of the nucleon axial-vector coupling g4 is obtained from the analysis
of the high-precision lattice QCD calculations [35]. We define

O0ga _ Oga OM*

oML = OM* ML (3.11)
where
OM* 0 M\ 1 My OF;\
oM.~ 9IL (47rF,T) = E ( - F—ﬂaMﬂ) =0.078(2) lL.u., (3.12)

where Lu. stands for lattice units and dga/OM*|, »n = —0.08(24). In eq. (3.12) we use the

isospin-averaged pion mass M, = 138.03 MeV. Putting pieces together, we have

dga
oM, —0.006(19) l.u., (3.13)
which gives
x9 = —0.053(16) Lu.. (3.14)

So far we have discussed the quantities x1 and z9 which control the M -dependence
of the pion and nucleon properties as well as their interactions. As has been shown, we
obtained a model-independent description of these quantities utilizing the results from
CHPT calculations and the data from high-precision lattice QCD. Now we turn to the
discussion of the quantities 3 and z4 which are controlling the implicit M;-dependence
of the LECs of the short-range NN interactions, Co(M;) and Cr(M; ). Since the coupling
constants Cy and C; are adjusted to reproduce the NN scattering phase shifts in the 'Sy
and 39 partial waves, it is much more convenient to express the z3 and x4 quantities in
terms of the inverse singlet (s) and triplet (¢) NN scattering lengths,

- a7t - da;t

A= ) t —
© o OMe |y OM;

. (3.15)
MER

To obtain the desired expressions, we adopt the analysis of ref. [10], which employs the
Liischer finite volume formula to relate the spectrum of the NN system in a cubic periodic
box to the NN scattering parameters,

23 = 0.04847 + 00671321 — 02510125 — 0.37652A, — 0.20467 A4, , (3.16)
24 = 0.04990 — 0.00190z; — 0.01253x5 — 0.12551A, + 0.20467 4, . (3.17)

We further use the analysis of ref. [11], which determines A5 and A; from the most recent
available lattice QCD data, see appendix A for details:

A =0.54(24), A; =0.33(16). (3.18)



Finally, using the results given in eq. (3.18) with eq. (3.17), we get,
w3 = —0.153(96), 4 = 0.049(46) . (3.19)

In what follows, we will use the values for f_ls,t collected in eq. (3.18), noting that these are
still affected by sizeable uncertainties (for a more detailed discussion, see ref. [11]). This can
only be sharpened by more precise lattice QCD calculation at lower pion (quark) masses.

4 Dependence of the nuclear Hamiltonian on the fine-structure constant

First, we must briefly discuss how the electromagnetic interaction is included in our scheme.
This requires a multi-step procedure. In a first step, we consider 8 nucleons (4 protons and
4 neutrons) in a box of V ~ (16 fm)?, from which two « clusters are formed. Here, the EM
interaction is included using the standard power counting, see e.g. [36]. In this counting, the
EM interactions start to contribute at NLO. To account for the infinitely-ranged Coulomb
interaction between these two clusters with charge Z = 2 each, we employ a second box of
about V ~ (100 fm)3, which is far beyond the range of the strong interactions. Within this
box, a spherical wall with a radius of about 35 fm is placed subject to Coulomb boundary
conditions. This allows for an exact treatment of the long-range Coulomb forces with the
two « particles. For details on this procedure, we refer to refs. [15, 16].

Now, we are in the position to consider the second term on the right-hand side of
eq. (2.1), which is the agy-dependence of a-a scattering. To study the apy-dependence
of a-a scattering we compute the shifts AE,,(agm) and AEyq(cpp). The former is the
variation of two-alpha cluster energy due to the long-range Coulomb interaction, and the
latter is the variation of two-alpha cluster energy due to a derivative-less proton-proton
contact operator. This operator arises from the fact that the Coulomb interaction on the
lattice becomes singular when two protons are on the same lattice site which requires a
special treatment. Thus, a regularized version of the Coulomb interaction on the lattice
is employed, and the coefficient of the proton-proton contact operator, cpp, is determined
from the proton-proton phase shifts on the lattice. The energy shift becomes,

QEM(Eaa) = AE‘ozoz(O‘EM) + zpp AEaa(Cpp) 5 (41)

where xp, is the relative strength of the proton-proton contact term caused by the reg-
ularization of the Coulomb force. The coefficient x,, is computed using the data for
“He [10],

Zpp = 0.39(5) . (4.2)

Finally, the partial derivative in eq. (2.1) can be written as

8Eo¢o¢ ~ 8QEM(E0¢(1)
darm a;E)]ll‘\’I 80‘%}&{

(4.3)
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5 Theta-dependence of alpha-alpha scattering

We also strive to assess the #-dependence of a-a scattering. To that end, one might be
tempted to again employ a linear variation o 0 around the physical value of #P", similar to
what we do in the case of the M -variation and the agy-dependence of E,q, see eq. (2.1).
However, it is well known that “small” variations of 6 do not lead to drastic changes of
nuclear physics [21, 22] and after all it is interesting in its own right to assess what is
happening when 6 approaches a value of, say, O(1). In this regime, a simple linear variation
clearly would not be applicable any longer.

There is, however, a way to circumvent such a direct calculation of the 6-dependence,
which is based on the observation that in a first approximation any source of #-dependence
of E,, can be traced back to the #-dependence of M, which in the isospin limit is given
by [37)°

M?2(0) = 2By cosg L8l < 7. (5.1)

Assuming this approximation is valid, the present calculation of the M -dependence of Enq
within a range of [§M;| < 0.1MP" can directly be translated into an assessment of the
f-dependence in a corresponding range of 06| < 1.

It is not obvious that this approximation is legitimate, as M, and 6 in CHPT are in
principle independent parameters, but it can be justified as follows: removing the QCD
f-term by a suitable choice of an axial U(1) transformation adds a complex phase

M = T M = My, (5.2)

to the quark mass matrix. This #-dependent matrix enters chiral perturbation theory via
the matrix xp = 2BoMy, which in the isospin symmetric case is simply given by

Xo = (Mﬁ(@) + 2By sin g) 1. (5.3)

Hence, inserting this expression into a given chiral Lagrangian of any order will produce
terms that are either proportional to (some power of) M, (), or proportional to (some
power of) sin@/2 (or both). While the latter are naturally absent in chiral perturbation
theory at § = 0, the former simply leads to the known M -dependence of quantities such as
my, g=N, or couplings of nucleons to two or more pions.

As it turns out, at NLO, which is the maximal order we are considering here, the only
term o< sin #/2 that might alter any of the involved quantities, in particular my or g,
comes from the NLO pion-nucleon Lagrangian [40]

- 1

EEFQK, =csN (X+ — §Tr X+) N+..., (5.4)

where ¢5 is another LEC, the ellipses represent other NLO terms that are of no interest
here, and

o = ulyxul +uxtu, (5.5)

3The physics at § = 7 is a bit more involved, see, e.g., [38, 39].



with u carrying the pion fields. This term adds a contribution to the pion-nucleon coupling
that is explicitly #-dependent, but it can be shown that its actual numerical impact is
so small (S 1-2%) [21, 41] that it can safely be neglected. The smallness of these effects
can directly be traced back to the suppression of the LEC ¢5 = (—0.09 £ 0.01) GeV~! as
it parameterizes the leading isospin-breaking effects in the pion-nucleon sector [40]. This
means that as long as we stick to a calculation that is of NLO at most, any non-negligible
f-dependence indeed only appears implicitly in form of M (6) as a consequence of the first
term of eq. (5.3).

Thus, our approach here is to not perform a separate calculation for assessing the
f-dependence of a-« scattering, but to simply use the results of the M -dependence analysis
and map them onto the §-dependence using eq. (5.1).

6 Adiabatic projection method and auxiliary field quantum Monte Carlo
simulations

The adiabatic projection method is a general framework to construct a low-energy effective
theory for clusters. The adiabatic projection in Euclidean time gives a systematically
improvable description of the low-lying scattering cluster states and in the limit of large
Fuclidean projection time the description becomes exact. The details of the method can be
found in refs. [12, 16]. The method starts with defining Slater-determinant of two-alpha
initial cluster states \R') parameterized by the relative spatial separation between the clusters
on a periodic cubic lattice with a box size L,

‘E> = Z |7+ R>1 ® |7)y - (6.1)

T

To perform the calculations efficiently, we project the initial states onto spherical harmonics
with angular momentum quantum numbers ¢ and £,. To that end, we bin the cubic lattice

points (1., ny,n.) with the same distance |R| = ,/n2 + n2 4 n2 by weighting with spherical

harmonics Y ¢ (R),
0, > 53
B = 3" Yo (RS 0 | D (62)
?

Here, ¢ and ¢, are not exactly good quantum numbers, see the discussion in ref. [43]. Since
the initial cluster states are not necessarily orthonormal, we define the orthonormal initial
cluster states

. 00, —1/210,0,
R4 = SR N /}R,’m (6.3)
RI

where [Ny 1]%,’21% is the norm matrix defined as

£,0z

INg N =""(R|R)

0,0

— 10 —
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In the next step, the initial cluster states are evolved in Euclidean time by means of
multiplying by powers of the leading order (LO) transfer matrix to form dressed cluster
states,

|R)5" = M [R)S" (6.5)

This procedure, by design, incorporates all the induced deformations and polarizations of
the alpha clusters due to the microscopic interaction and it gives the true low-lying cluster
states of the transfer matrix My,o. In general the dressed cluster states are not orthonormal,
thus for further calculations we use the following form of the dressed cluster states,

ZEZ 0,0 —1 210,0.
nt = Z |R/ Lt 4 ]R’,R7 (66)

where [N, Y 2}2’,%, is the norm matrix at Euclidean time L; = 2 X n;. Finally, we define the
radial adiabatic transfer matrix at LO as,

0,0, - 04,
[(Mio. L) = & (RI Mo IR, (6.7)

In our calculation the higher-order (HO) interactions are treated using first-order
perturbation theory, thus we include the perturbative contributions from NLO, next-to-
next-to-leading order (NNLO), isospin-breaking (IB), and Coulomb interactions (EM) to
the leading-order radial adiabatic transfer matrix order-by-order in perturbation theory.
Therefore, we define the radial adiabatic transfer matrix at a given higher order in a closed
form as

. . 0,0, . 0,0,
(Mo r )55 = 55 (Rl Muo [R)) — ar 55 (R]: Vio Mo : [R'),) (6.8)

where ay = ay/a is the ratio of the temporal and the spatial lattice spacings, and Vyyo is the
higher-potential at the order of interest. The colons : ... : denote normal ordering, which
means that we reorder the creation and annihilation operators inside the colons and we
move the creation operators to the left of the all annihilation operators with the appropriate
number of anti-commutation minus signs.

So far we have discussed the adiabatic projection method for the chiral EFT Hamiltonian.
Now we turn to the main interest of this paper, which is to construct the two-cluster matrix
elements of the partial derivatives given in eq. (2.1). Due to the fact that we study the effects
of small variations in the fundamental constants of nature on a-« scattering, the partial
derivatives in eq. (2.1) are treated in a similar manner as the higher-order corrections,

g qhte 00
(M5 LR = w (Rl Mio [R),,,

—a; Y= (R VHOMLO |R’)”Z
OF
L, aq ne,l,
- s 5y .
a G5 (R| 5 yph IR (6.9)

we use the superscript y for the observables M, agy and, in principle, §. However, as
discussed in section 5, we will not perform explicit differentiations with respect to 6.
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The two-cluster matrix elements of the LO transfer matrix, the higher order corrections,
and the partial derivatives are computed by means of the auxiliary field quantum Monte
Carlo (AFQMC) method. The non-perturbative quantum Monte Carlo simulations are
performed using the neutral pion mass M, and the isospin symmetry breaking effects
are incorporated perturbatively. The calculation of the radial adiabatic transfer matrices
in egs. (6.7), (6.8) and (6.9) is divided into two separate parts. In the first part of the
calculation, we perform the AFQMC simulation for the system of A = 8 nucleons (4 protons
and 4 neutrons) to construct the radial adiabatic transfer matrices for two interacting «
clusters. Due to the computational cost associated with such simulations, this is done on a
periodic cubic lattice of length L which is not too large to prevent us from computing the
matrices accurately but is not too small so that the length L/2 is much larger than the range
of the interaction, R ~ 1/M, ~ 1.4fm. In the second part of the calculation, the AFQMC
simulations are performed for the system with A = 4 nucleons, and these simulations are
done on a periodic cubic lattice of larger length due to the less computational demand. This
single «a cluster adiabatic matrix is used to construct the radial adiabatic transfer matrices
for non-interacting two « clusters. Finally, we connect the radial adiabatic transfer matrices
of interacting a clusters with the radial adiabatic transfer matrices of non-interacting «
clusters in the asymptotic region to extend the radial transfer matrix of interacting «
clusters to a larger volume. The aforementioned two-part approach was studied extensively
for nucleon-deuteron systems in ref. [16], and it was found that the systematic errors due to
extension of the radial transfer matrix are negligible.

The first ab initio calculation of a-« scattering was performed in ref. [15] using the
same chiral Hamiltonian as adopted in this paper. However, in this paper we employ
developments in the adiabatic projection method from refs. [16, 23, 42]. As discussed above,
the first step of the adiabatic projection method is to define the initial cluster states, and on
a periodic cubic lattice of length L the total number of initial cluster states parameterized
by the relative spatial separation is Nz = 3L2%/4. In ref. [12] it was shown that it is not
required to use every possible cluster state when we are interested in only a few low-lying
energies of the system of interest. Therefore, for simulating computationally demanding
systems it is advantageous to construct a radial adiabatic transfer matrix defined in the
subspace that is spanned by Nz < 3L2%/4 cluster separation states. Following these findings,
in ref. [15] the radial adiabatic transfer matrix for non-interacting two-alpha clusters was
constructed in a smaller subspace of the two-cluster state space. In this paper, taking
advantage of powerful computational resources we perform our simulations using every
possible cluster state and construct the radial adiabatic transfer matrices in full space of
the two-cluster state space.

7 Extracting scattering phase shifts from the adiabatic matrices

What was discussed in the previous section was the first part of the adiabatic projection
method, which is constructing the adiabatic transfer matrix for the two clusters. The second
part of the method is to extract the scattering or reaction parameters for the two clusters.
In the previous section, by projecting the initial cluster states onto spherical harmonics
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with angular momentum quantum numbers ¢ and ¢,, we constructed the adiabatic transfer
matrix in radial coordinates, which provides a significant improvement in the computational
scaling [16]. Since our adiabatic transfer matrices are defined in radial coordinates, the best
approach to be used to calculate the scattering parameters is the so-called spherical wall
method [43-45].

In the spherical wall method we employ a hard boundary wall condition at r = Ryal,
which is the relative separation distance between two clusters in the asymptotic region.
In general, the spherical wall method is used to remove the periodic boundary effects
inherited from the cubic lattice and the artifacts due to the periodic boundary condition.
However, in our calculations these effects are already eliminated since we construct the
adiabatic transfer matrices in radial coordinates as explained in section 6. After imposing
the spherical hard wall to the radial adiabatic transfer matrices, we solve the Schrédinger
equation of the system and obtain the spherical scattering wave functions as well as the
spectrum. In principle, due to the imposed spherical hard wall one expects that the spherical
wave functions die out at Ray, however, as a result of non-zero spatial lattice spacing the
spherical wave functions vanish at R/

‘wa.
precise radius of the spherical wall and is defined as |eg| < a/2.

11 = Rwan + g, where €p is the correction on the

The total wave function of a two-cluster system is decomposed into the radial part
R&p ) (r) and the spherical harmonics Y, , (7),

V() = RY (r) Yy, (7) (7.1)

where r is the relative spatial separation of the clusters and p is the relative momentum.
The radial wave function in the asymptotic region is given by

R (r) = Nu(p) [cos 6,(p) Fo(pr) + sin 64(p) Ge(pr)] (7.2)

where Ny(p) is an overall normalization coefficient, and Fy (Gy) is the regular (irregular)
Coulomb wave function.

The relative momentum p is calculated from the spectrum of the radial adiabatic
transfer matrices and the dispersion relation of the two-cluster system given by,

2
E:cog—u+clp4+02p6+..., (7.3)

where pu = mg/2 is the reduced mass of the two-cluster system, m, the mass of the a-
particle, and the coefficients ¢; are determined by fitting eq. (7.3) to the lattice dispersion
relation. We determine the correction er from the roots of the regular Coulomb wave

function with the relative momentum of the non-interacting two-cluster system, pg, around

/

wal» and the relative

Ryan. Finally, we use the corrected radius of the spherical hard wall, R
momentum of the interacting two-cluster system, p, and solve eq. (7.2) for the scattering

phase shifts,

So(p) = tan™* [_m} . (7.4)
_ 13 _
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Figure 1. Left panel: S-wave a-«a scattering phase shift §y versus the energy in the laboratory
system, Ei,p. Right panel: D-wave a-a scattering phase shift do versus the energy in the laboratory
system, Fj,p. The blue circles and red squares represent our predictions at NLO and NNLO,
respectively, while the data are given by the black crosses.

We extract the scattering phase shifts from the radial adiabatic transfer matrices with L;
time steps and perform Euclidean time extrapolating to the limit L; — oo. Details of the
extrapolation fit and all associated error estimates are discussed in appendix B.

8 Results

8.1 Our universe

Here, we discuss the results for the S- and D-wave phase shifts and the effective range
parameters in the S-wave as well as the resonance parameters in the D-wave for the physical
values of M, and agy and 6 = 0. In figure 1, we show the S-wave phase shift §y (left panel)

and the D-wave phase shift dy (right panel) at NLO and NNLO in comparison to the data [2].

Note that we do not show the LO result here, as the electromagnetic interaction is not yet
included and therefore the predicted curve is far off the data (as discussed in more detail in
ref. [15]). We find a marked improvement, both for the S-wave and the D-wave, as compared
to the pioneering work in ref. [15], which is due to the improvements in the APM discussed
in the earlier sections. We note that these are parameter-free predictions. Furthermore, the
uncertainties are mostly stemming from the large Euclidean time extrapolation and these
decrease when going from NLO to NNLO, as expected in a well-behaved expansion. Up to
FErap >~ 3.5 MeV, our description of the S-wave phase shift is as good as the one obtained
using halo EFT in ref. [46]. We note that the uncertainties have somewhat increased as
compared to ref. [15] because, as discussed in the previous section, we use a much larger
subspace of the two-cluster state space, which reduces the number of configurations used
for the matrix entries, resulting in a larger statistical uncertainty. This could eventually be
overcome by utilizing much more HPC resources.
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S-wave D-wave
ag [103fm] | g [fm] Py [fm?] ER [MeV] | T'r [MeV]
NLO —1.80(93) | 1.045(15) | —2.297(156) | 3.05(4) 2.68(23)
NNLO —1.55(63) | 1.061(14) | —2.277(158) | 2.93(5) 2.00(16)
empirical | —1.65(17) | 1.084(11) | —1.76(22) 2.92(18) 1.35(50)

Table 1. S-wave: the ERE parameters ag,rg and Py at NLO and NNLO. D-wave: the resonance
parameters Eg and I'g at NLO and NNLO. The empirical values from ref. [47] are also given.

Next, we discuss the S-wave ERE parameters ag, 19 and Py (see appendix C for
definitions), collected in table 1. The fit range to determine these is from Ep,, = 1.0 to
7.7MeV. We see that these parameters are consistent with the empirical determinations,
but they are also afflicted with sizeable uncertainties. Note that there is sensitivity to the
fit range as well as to the position of the 0T resonance, the 8Be ground state, as discussed in
ref. [46]. In our calculation, 8Be is very weakly bound. This appears to be in contradiction
to the scattering lengths given in table 1, but these values are very sensitive to the fitting
range employed to extract them, see also ref. [46].

The D-wave phase shift shows a clear resonance-behaviour. Due to the large width of
the resonance, the extraction of the resonance parameters (energy and width) is affected
with some model-dependence. As in our earlier work, we fix the resonance energy Egr by
the maximum of dd/dE and its width T'g from the value of 2(dé/dE)~! at Eg, see e.g.
ref. [48]. The resonance parameters at NLO and NNLO are also given in table 1. We find
that the resonance parameters at NNLO are much closer to the empirical ones as compared
to our earlier work.

8.2 The Multiverse
8.2.1 Variations of the bound state energies

Before considering the effect of the variations of the fundamental parameters on the a-a
scattering phase shifts, we discuss briefly the variation of the various bound state energies
relevant to the 3a process. This provides some additional information to ref. [11] that
was not explicitly displayed there. Consider first pion mass variations, keeping agy and
0 at their physical values. In the left panel of figure 2, we display the variation of the
energies of ‘He, “Be, 12C and the Hoyle state '2C* as a function of the varying pion mass
for positive changes in M. These energies are denoted as E4, Eg, E12 and E7,, in order,
see the explicit expressions in appendix D. For negative energy changes in M, these curves
only differ in the sign, that is the contribution is repulsive rather than attractive as for
positive shifts in the pion mass. These different energies are obviously correlated, as shown
more clearly in the right panel of figure 2, where the various K-factors for the pertinent
eight and twelve particle systems are displayed as a function of the corresponding ‘He
K-factor, Kf,,, for independent variations of A, and A; over the range {—1,...,+1} are
shown. Of course, the actual range of these parameters as given in eq. (3.18) is smaller, but
these parameters might change when better results from lattice QCD will become available.
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Figure 3. Variation of the ground state energy of the nuclei *He, *Be, '2C and the Hoyle state
120*, respectively, under variation of the fine-structure constant (in percent).

Note that such correlations related to the production of carbon have indeed been speculated
upon earlier [49, 50].

Next, we consider variations of the fine-structure constant for physical pion masses and
vanishing 6 angle. The variations of the energies Ey, Eg, E12 and E7T, with varying apm
are displayed in figure 3 (for positive shifts in agy). Naively, one would expect the slopes
of the different nuclei to scale as Z2, that is in the ratio 1: 4 : 9 for ‘He, 8Be and '2C, in
order. The observed difference from this scaling is coming from the proton-proton derivative-
less contact interaction. In fact, removing the contribution from this term, one finds for
dapm/apm = 5% the following energy shifts: dFE4 = 30.65(10) keV, dEg = 117.5(10) keV

— 16 —

59



60

and §F1o = 283.5(10) keéV, perfectly consistent with the Z2 scaling. We note here that the
results for negative shifts in agy are of opposite sign, that is pertinent energy shifts §E4
are negative.

8.2.2 Pion mass variations of alpha-alpha scattering

We now consider pion mass variations keeping agy ~ 1/137 and 6 ~ 0 fixed. In figure 4,
we display the NLO results with variations of the pion mass up to 3% (inner red bands),
together with the 1o uncertainty of the 3% variation (outer orange bands) as well as the
variations up to 5% (inner dark green bands) and the 1o uncertainty of the 5% variation
(outer light green bands). As before, the left panel gives the S-wave §y and the right
panel the D-wave J2 phase shift. The pertinent 1o uncertainties include all statistical and
systematic errors properly propagated at this order. Consider now in more detail the S-wave.
For positive pion mass shifts, there is very little effect on &g, however, this is different for
negative pion mass shifts. At around dM, /M, ~ —5%, the additional repulsion unbinds
the two-alpha system as seen by the phase shift starting at zero.

In the D-wave, the effects of the pion mass variation are somewhat more pronounced,
as seen in the right panel of figure 4. Here, the upper (lower) part of the band refers to
positive (negative) shifts in the pion mass. The pion mass variation is also reflected in the
parameters of the D-wave resonance, which for a pion mass variation of £5% are given by

Ep=257(6)MeV, Tp=122021)MeV  6M,/M; = +5%,
Er =3.60(13) MeV, T'p=3.56(89)MeV  My/M; = —5%. (8.1)

We now turn to the results at NNLO, showing the pertinent results for the S-wave in the
left panel of figure 5 and for the D-wave in the right panel of that figure. Consider first the S-
wave, where we display results for pion mass variations in the range —7% < M, /M, < 10%.
The critical value for 0 M, /M,, where the two-alpha system becomes unbound, is moved to
—7%, where as positive changes of up to 10% do not lead to significant changes in the phase
shift dg. For the D-wave, we again find a larger sensitivity (see right panel of figure 5). This
is again reflected in the resonance parameters,

Er =252(15) MeV, Tx=0.92(33)MeV M,/ My = +5%,
Ep=322(5)MeV, T'g=2.69(26)MeV 6M;/M;=—5%. (8.2)

We note that both at NLO and NNLO, the variations of Er and I'g are almost linear in
the pion mass shift.

As noted, in our calculation at NNLO, the ®Be nucleus is slightly bound, which generates
some of the behaviour of the phase shifts close to zero energy. To overcome this, we also
consider the pion mass dependence of the S-wave effective range function Ko(Fprap) as well
as the one of the D-wave effective range function Ko(FLap), as defined in appendix C.

Let us start with the S-wave. In figure 6, we show the pion mass variation of the S-wave
effective range function with respect to the results for our Universe at NLO (left panel)
and NNLO (right panel). There appears to be little effect on Ko(Erap) at NLO, with a
somewhat increased repulsion for negative pion mass shifts. More precisely, there is some
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Figure 4. Pion mass dependence of the a-a phase shifts at NLO. Left panel: S-wave phase shift
dp versus the energy in the laboratory system, Fj,p. Right panel: D-wave phase shift dg versus the
energy in the laboratory system, Ej,,. The black crosses refer to the experimental data, the blue
circles are the NLO results in the limit L; — oo at 0 M, = 0. The red band corresponds the S-wave
phase shifts with a variation in M, within [6M, /M, | < 3%, and the golden band refers to the errors
for |6 My /M| = 3%. The dark green band corresponds to a variation in M, within |0M, /M| < 5%,
and the light green band refers to the errors for |[0M, /M| = 5%. In the case of variation in M,
by —5% in the S-wave, due to difficulty in performing Euclidean time extrapolation at low-energies
we estimate the error band from the spread in phase shifts versus the number of time steps.
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Figure 5. Pion mass dependence of the a-a phase shifts at NNLO. Left panel: S-wave phase shift
dg versus the energy in the laboratory system, Ej,;,. Right panel: D-wave phase shift dg versus the
energy in the laboratory system, F),;,. The black crosses refer to the experimental data, the red
squares are the NNLO results in the limit L; — oo at dM,; = 0. The dark gold band corresponds
to the S-wave phase shifts with a variation in M, within [0M,/M,| < 5%, and the light golden
band refers to the errors for |§ M, /M, | = 5%. The dark blue band corresponds to a variation in M,
within —7% < § M, /M, < 10%, and the light blue band refers to the corresponding errors. In the
case of variation in M, by —7% in the S-wave, due to the difficulty in performing a Euclidean time
extrapolation at low energies, we estimate the error band from the spread in phase shifts versus the
number of time steps.
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Figure 6. Pion mass dependence of the S-wave effective range function. Left panel: NLO results.
The blue points refer to the results without pion mass variation, the red and dark green bands refer
to changes by +5% and +£10%, in order, and the orange and light green bands are the corresponding
lo uncertainties. Right panel: NNLO results. The red squares refer to the results without pion
mass variation, the golden and dark blue bands refer to changes by +5% and +10%, in order, and
the yellow and light blue bands are the corresponding 1o uncertainties.

added repulsion for negative mass shifts. This trend is also found at NNLO, with some
increase in strength. We can quantify this by calculating the shift in the first parameter of
the ERE, namely the inverse S-wave scattering length at NLO

—0.0017(12) for OMy /My = —5%,
—0.0025(3) for OMy /My = —3%.
alo — 1 Z0.001901) for M, /M, =0, (8.3)
—0.0016(1) for 6M;/M, = +3%,
~0.0019(1)  for 8My /My = +5%.
and at NNLO
£0.0011(6) for 6My /My = —10%,
~0.0016(1) for §My/My = —5%,
alo = —0.0014(1) for SM,/My =0, (8.4)
~0.0013(1) for My /My = +5%,
~0.0021(1) for My /M, = +10%,

all in units of MeV. We note that the shifts at NNLO are a bit larger than the ones at NLO,
which can be traced back to the fact that there is more short-range repulsion in the NNLO
interaction and thus it is less sensitive to the pion mass dependent corrections. Clearly, the
NNLO calculation should be considered more reliable.

Consider now the D-wave. In figure 7, we show the pion mass variation of the D-wave
effective range function with respect to the results for our Universe at NLO (left panel) and
NNLO (right panel). The effect on K2(Epap) is quite pronounced, it is smallest where the
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Figure 7. Pion mass dependence of the D-wave effective range function. Left panel: NLO results.

The blue points refer to the results without pion mass variation, the red and dark green bands refer
to changes by +5% and +10%, in order, and the orange and light green bands are the corresponding
lo uncertainties. Right panel: NNLO results. The red squares refer to the results without pion
mass variation, the golden and dark blue bands refer to changes by +5% and +10%, in order, and
the yellow and light blue bands are the corresponding 1o uncertainties.

phase shift passes through the resonance. We can quantify this by calculating the shifts
in the inverse D-wave scattering length, at NLO first parameter of the ERE, namely the
inverse D-wave scattering length at NLO

9.30(2) for §M;/M,=—5%,
6.19(5) for SMy/My = —3%,

a% —1521(5) for oM, /M, —0, (8.5)
3.79(6) for SM,/M, = +3%,
2.42(12) for My /My = +5%,

and at NNLO

5.49(6) for 6My/My = —5%,
4.95(8) for OM;/M,=-3%,

;12 — 1 4.35(10) for 6M, /M, =0, (8.6)
3.02(4) for SM,/M,=+3%,
1.54(4) for SM./M, = +5%,

all in units of 107 MeV?3. Again, we find somewhat reduced changes at NNLO compared
to NLO.

8.2.3 Alpha-alpha scattering with varying agm

Here, we consider the influence of variations in the fine-structure constant on the a-a phase
shifts. Despite the various sources contributing to this type of modifications as discussed in
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Figure 8. Dependence of the a-a phase shifts on the fine-structure constant at NNLO. Left panel:
S-wave phase shift dy versus the energy in the laboratory system, Fj,,. Right panel: D-wave phase
shift dg versus the energy in the laboratory system, Ej,1,. The black crosses refer to the experimental
data, the red squares are the results for dagy = 0, the dark blue band corresponds to variations
in apm/apm < 7%(5%), for the S-(D-)wave and the light blue band represents the corresponding
lo error.

section 4, we find that the phase shifts are little affected by variations in agy, as shown in
figure 8 for the NNLO results. Here, variations of agy up to £7% are displayed, where
the upper (lower) part of the band refers to positive (negative) shifts in the fine-structure
constant. We see that the variation in agy has essentially no effect on the phase shifts.
This can be explained as follows: by far the largest EM effect is the long-range Coulomb
interaction between the two clusters. Now we are measuring the phase shifts with respect to
the Coulomb-modified effective range expansion (see appendix C), and thus this dominant
effect is already taken care of. In contrast to the bound state energies (see section 8.2.1),
the effect of the variation of the remaining, shorter-ranged EM corrections appears to be
insignificant.

8.2.4 Remarks on the #-dependence of alpha-alpha scattering

In section 5, we had shown that up to NLO, we can get the #-dependence of the a-«
scattering phase shifts directly from the #-dependence of the pion mass. Therefore, we can
directly translate the pion mass dependence of dg 2 into a §-dependence. The depicted bands
of the S-wave phase shifts for 0 M, /M, = —3% and —5% in figure 4 correspond to a variation
of # = 0.7 and 0.9, respectively. At such values of 0, the di-proton and the di-neutron are
bound and element generation would proceed differently, for details see ref. [22].

We also note that a simultaneous variation of the light quark masses and 6 can lead to
a mutual (partial) compensation of effects, or to a mutual amplification. The latter case
appears when 0 < || < 7 and at the same time dm /7 < 0 as both result in a decrease of
the pion mass. If one the other hand has 0 < dr/m < 10% one can always find a value for
6 such that M (m,8) = My phys and nuclear physics would not be altered drastically (at
least up to the order we are considering here).
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9 Summary and outlook

In this work, we have considered the fundamental process of a-a scattering based on ab
initio calculations in the framework of Nuclear Lattice Effective Field Theory, both for
the physical values of the light quark mass, the fine-structure constant, and the QCD
f-angle, as well as for variations in these parameters. The main findings of this work can
be summarized as follows:

e Due to improvements in the Adiabatic Projection Method compared to the pioneering
study of a-a scattering in ref. [15], we obtain a very good description of the S- and
D-wave phase shifts up to energies Fi,;, ~ 10 MeV at NNLO in the chiral expansion.

o For the study of the variations under changes of the pion mass with |6 M, /M,| < 10%,
we rely on the pion mass dependent nuclear Hamiltonian worked out in ref. [11]. To
this order, the ®Be nucleus is slightly bound. In the S-wave phase shift, we find a
dramatic effect (unbinding of the two-alpha system) for changes of —5% and —7% at
NLO and NNLO, respectively. We have also considered the pion mass variation of
the S-wave effective range function, which is less sensitive to the binding issue and
shows an added repulsion for negative pion mass shifts. This additional repulsion will
certainly impact the position and the lifetime of 8Be. The pion mass variation on the
D-wave is somewhat more pronounced, as seen by the effect on the corresponding
resonance parameters and also by the D-wave effective range function.

e The dominant electromagnetic effect on the a-a scattering phase shifts is the long-
ranged Coulomb potential that is included exactly by using a spherical wall with
Coulomb boundary conditions. Taking this effect into account via the Coulomb-
modified ERE, we find very small effects of variations of agy on the S- and D-wave
phase shifts.

e We have shown that up-to-and-including NLO in the chiral expansion, the dependence
of the a-a scattering phase shifts on the QCD #-angle is entirely given by the 6-
dependence of the pion mass.

In summary, we find that a-a scattering (not unexpectedly) sets weaker constraints on the
variation of the light quark masses and the fine-structure constant than that given by the
closeness of the 3a threshold to the Hoyle state. However, as discussed in detail e.g. in
refs. [8, 11], this requires stellar modelling which introduces some model-dependence. In
contrast to that, the investigation of a-a scattering discussed here is truly ab initio and not
affected by such effects. Still, to further improve these calculations, a better determination
of the pion mass dependence of the singlet and triplet NN scattering lengths from lattice
QCD is mandatory.
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A Details on the NN scattering parameters at varying pion mass

Here, we give some details on how we extract the values of As’t from lattice data combined
with EFT methods, closely following ref. [11]. In the earlier work [10] a combination of
EFT and some modelling based on resonance saturation was used to pin down the pion
mass dependence of the singlet and triplet inverse scattering lengths, which unavoidably
induced some uncertainty that is difficult to control. However, ref. [51] proposed to use
low-energy theorems to reconstruct the energy dependence of the NN scattering amplitude in
a large kinematical domain from a single observable (such as the binding energy, scattering
length, effective range) at a given fixed value of the pion mass [51]. Based on this, the
lattice QCD data for the deuteron, the dineutron binding energy and the ERE parameters
from refs. [52-56] are used to extract the quantities A, and A;, as these appear to be
mutually consistent. To perform interpolation between these five lattice-QCD points and
the experimental values of the inverse scattering lengths, a simple quadratic ansatz is used:

azt(My) = (@)™ + a(My — MP®) 4 b(M, — MED)?. (A1)

The coefficients a, b are then determined from a least square fit to the available values of
a;tl at heavier-than-physical pion masses. This leads to the values A, = 0.54 and A; = 0.33.
A cubic extrapolation yields A, = 0.78 and A; = 0.49, and we take the difference as an
estimation of the uncertainty in As,. In that way, we arrive at the values given in eq. (3.18).
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lines are fits to the data and used to extrapolate to the L; — oo limit. The hatched areas represent
the 1o error of the extrapolation.
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B Euclidean time extrapolation

We perform the AFQMC simulations and construct the radial adiabatic transfer matrices
for the S-wave and D-wave channels from L; = 4 to L; = 10. Based on that, we compute
the pertinent phase shifts with errors calculated using a jackknife analysis of the MC data.
In figures 9 and 10 we show the NLO and NNLO results for the S- and D-wave phase shifts,
respectively.

The dashed lines in these figures are the exponential curves used in the extrapolation to
the limit L; — oco. This is achieved by including some residual dependence from an excited
state at an energy AFE above the ground state, utilizing the ansatz:

54([4, E) = 5@(E) + C[(E) eXp[fAEg Ly at} , £=0,2, (Bl)
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where the ¢(E) and AEy are fit parameters. As the gap between the a-a threshold and
these excited states is rather large, one finds a fast convergence as exhibited in these figures.
There, the hatched areas represent the 1o deviation errors of the extrapolations, including
the propagated MC errors of the data points.

C The Coulomb modified ERE

Here, we collect the formulas for the Coulomb-modified ERE that was used above at NLO
and NNLO. The Coulomb modified ERE takes the form [57-60]

1 1 1
Ky(p) = Cp > cot[d¢(p)] + vhe(p) = o 37’ = P’ + 00", (C.1)

for a partial wave with angular momentum ¢ and p is the relative momentum of the two
scattering clusters. Ky(p) is also called the effective-range function for angular momentum
£. The factor Cg,é is defined as

22[

4
2 2 2 2
CTM = [(25 + 1)!]2071,0 1:[1(5 +n )7 (CZ)

where Cf]’o is the conventional Sommerfeld factor,

9 27

n,0 = e2m _ 1 (CS)
with n = ~/(2p). Here, v is the Coulomb parameter given by
v =2paem 2122, (C.4)

where i is the reduced mass of the two-alpha system and Z; = Z3 = 2 are the charges of

the two a-particles. Finally, the factor hs(p) in (C.1) is given by
2

C
he(p) = p™ 5~ (Refu(in)] ~logln) (C5)
7,

where (z) = I'(z)/T'(z), in which the prime denotes differentiation.

D Bound state energies for varying pion masses

Here, we collect the derivatives of the various ground state energies and the energy of the
Hoyle state with respect to the pion mass as a function of the parameters A, and A;, using
the updated values for x; and z2 collected in section 3 (for details, see ref. [10]),

E _ -

OF, = —0.339(5) A, — 0.698(4) A, + 0.042(10) , (D.1)
BMW M.,I})h
OF - _

= —0.796(31) A, — 1.584(22) A, + 0.098(25) , (D.2)
8Mﬂ. M,I?h
0FE,y . -

= —1.519(27) A, — 2.884(19) A, + 0.174(46) , (D.3)
aMﬂ_ ]\/[7;\?])
OET, . .

= —1.589(12) A, — 3.025(9) A, + 0.194(47) , (D.4)
oM, MED

where the error in the parenthesis is the combined statistical one from the AFQMC
calculation and the systematic one due the uncertainties in x; and xs.
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1 Introduction

A CP-violating topological term, i.e., the f-term, is allowed in the Quantum Chromody-
namics (QCD) Lagrangian. It can be written as

&2 v,cAc
Lo = eoﬁG“ G5, (1.1)

where a; is the QCD coupling constant, G***¢ is the gluon field strength tensor, with ¢
a color index, and éfw = €upsGP7°/2 its dual. Because none of the quarks is massless,
physical observables only depend on a combination of the 6y parameter and the phases
present in the quark mass matrix Mg, i.e., 8 = 0y + arg detM,. Being a dimensionless
parameter, the natural value of 6 is expected to be O(1), which would significantly affect
physical systems such as atomic nuclei, and lead to measurable effects, as nucleons, for
instance, would possess a nonvanishing electric dipole moment [1]. However, the so-far
negative results of experimental searches for the nucleon electric dipole moment lead to a
tiny upper limit: |¢] < 1071 [2-7]. To understand why the value of 6 is so small is the so-
called strong CP problem. One elegant possible solution of this problem is the Peccei-Quinn
(PQ) mechanism [8, 9], which introduces a global U(1) symmetry, called PQ symmetry.
This symmetry is spontaneously broken at energies much higher than the typical QCD scale
of order O(1 GeV) and is also broken by an anomalous coupling to gluon fields. The axion
appears as the corresponding Goldstone boson [10, 11] which has an anomalous coupling
to GG. The parameter 6 is then dynamically driven to zero at the minimum of the axion
potential, giving rise to a possible solution to the strong CP problem.

In the past few decades, there have been tremendous efforts searching for the axion, de-
noted by a, as well as constraining to its mass m, and decay constant f,, see, e.g., [12-24].



Some important quantities in axion physics, such as the axion mass and self-coupling, are
dictated by the axion potential. The visible axion models [10, 11] with the axion decay
constant at the electroweak scale or even smaller are believed to have been ruled out by ex-
periments. For the invisible axion [25-28], its mass window is usually assumed in the range
from about 1076V to 102 eV. According to constraints from astrophysical observations,
the present bounds on the axion decay constant is 10° GeV < f, < 1012 GeV [29, 30] (we
refer to refs. [24, 31-34] for several recent reviews).! Within the above available parameter
space, the axion may be the main source of cold dark matter in the universe [36—41]. In
addition, it may form a Bose-Einstein condensate [42] or even compact boson stars [43-49].
The axion can couple to the Standard Model (SM) particles like electrons, nucleons, pho-
tons and so on. However, all these couplings are suppressed by the axion decay constant
fa, which is remarkably large, resulting in the invisible axion which has very weak cou-
plings to the SM particles [36]. Since the axion-photon coupling vertex, see eq. (4.1) below,
allows for the production of an axion from the interaction of a photon with a background
magnetic field, the axion-photon coupling gq, plays a central role in axion searches in
both laboratory experiments and stellar objects [24]. In this case it is very useful to study
the axion properties, especially the axion-photon coupling, at a high precision from the
theoretical point of view.

At low energies in QCD, all hadronic degrees of freedom are frozen and thus can
be neglected except for the pseudo-Goldstone bosons of the spontaneous chiral symmetry
breaking. Chiral perturbation theory (CHPT) [50-52], as the low-energy effective theory
of QCD, can be used to describe the vacuum properties as well as the dynamics of QCD in
the non-perturbative regime reliably. In this paper, we will calculate the #-vacuum energy
density, or equivalently the QCD axion potential, up-to-and-including next-to-leading order
(NLO) in SU(N) CHPT. Setting N = 3, the mass and self-couplings of the axion can then
be extracted from a Taylor expansion of the axion potential. In addition, we also compute
the NLO corrections to the axion-photon coupling.

Before continuing, we would like to stress that a similar study was performed in ref. [53],
where the QCD axion potential derived in two-flavor CHPT up to NLO (the QCD 6-
vacuum energy density up to NLO was first derived in ref. [54]) is used, and a matching
between two-flavor and three-flavor CHPT is performed to determine the axion-photon
coupling. Here, the calculations are explicitly done in SU(N) CHPT for the #-vacuum
energy density and with NV = 3 for the other quantities. In SU(3) CHPT, the topological
susceptibility as well as the fourth cumulant of the topological distribution up to NLO have
been calculated before using the Goldstone boson masses at § = 0 [55-57]. Very recently,
the topological susceptibility and axion mass are calculated up to next-to-next-to-leading
order and including electromagnetic corrections up to O (em) in SU(2) CHPT [58]. The
axion-nucleon coupling is also calculated up to the leading one-loop order in ref. [59]. Here,
we derive the one-loop contribution to the SU(N) #-vacuum energy density by a direct
calculation of the logarithm of the functional determinant for the Goldstone bosons in a

Tt was recently argued that there is still a possibility for a viable QCD axion model with a mass in the
MeV range [35].
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f-vacuum, extending the two-flavor treatment in ref. [54] to the case of N non-degenerate
flavors.?2 This study is useful when the up and down quark masses take values close to the
strange quark one. This could happen in lattice QCD calculations where the quark masses
are parameters that can be chosen freely.

The outline of the paper is as follows. In section 2, we generalize the calculation of the
f-vacuum energy density in the framework of SU(2) CHPT [54] to the SU(N) case with
N non-degenerate quark masses. In section 3, we derive the axion properties, including
the mass and self-coupling, in detail for N = 3. In section 4, the model-independent part
of the axion-photon coupling is determined from the chiral Lagrangian supplemented with
the odd-intrinsic-parity sector of the chiral effective Lagrangian. Section 5 contains a brief
summary and discussion. The appendix provides a relatively detailed derivation of the

recursion relation giving rise to the general solution of the vacuum angles ¢;.

2 @-vacuum energy density up to NLO

The QCD axion potential as a function of a/ f, has the same form as the QCD 6-vacuum en-
ergy density as a function of 8. In this section, we compute the #-vacuum energy density in
SU(N) CHPT with N non-degenerate quark masses, which is an extension of ref. [54], where
the #-vacuum energy is computed up to NLO in the SU(2) and SU(N)-symmetric cases.

2.1 Leading order

The discovery of instantons not only solved the U(1) 4 problem, but also implied that there
is a f-term in the QCD Lagrangian. In order to study the physics with a 6 parameter, it
is common to rotate away the #-term by performing a chiral rotation on the quark fields.
At low energies, we can then match the resulting Lagrangian to the chiral Lagrangian
since now the relevant degrees of freedom are the pseudo-Goldstone bosons [51, 52]. The
Lagrangian density of the SU(N) CHPT at leading order (LO) in a f-vacuum is

F2
£® = ZO [(DMUD”UU + (xpU't + Uxé)}, (2.1)

where x, = 2BgM, exp[iX,0] contains the 6 angle and the diagonal and real quark mass
matrix is M, = diag{mi,ma,...,mn}, and (...) denotes the trace in the flavor space.
The matrix X, takes the following general form:

X, = diag{X1, Xa, ..., XN}, (Xa) =1, (2.2)

which arises from a U(1)4 chiral rotation on the quark fields eliminating the #-term in the
QCD Lagrangian. In this case, the #-dependence is completely captured by the quark mass
term. The U(1)4 chiral rotation can be distributed to different quark flavors, leading to
different choices of X,. Fy is the pion decay constant in the three-flavor chiral limit, and
By = —{(qq)/F2 is related to the scalar quark condensate. U(z) is the field configuration
for the vacuum and the Goldstone bosons of the spontaneous breaking of chiral symmetry.

2For an investigation of the axion interactions with mesons and photons using a 3-flavor chiral Lagrangian
including the U(1)4 anomaly, see ref. [60].



It can be written as U(z) = UplU(x), where U(z) collects the Goldstone bosons, and Uy
describes the vacuum, parameterized as

Up = diag{e™1, /%2, ... eV} (2.3)

subject to the constraint Zf\il @i = 0 [55, 61]. For the SU(3) case, U = ¢/®/F0 with ®
given by
m+ s Vet V2K

o = \/57‘(7 —73 + %773 \/§K0 . (24)
VIKT VIR~

Note that the neutral flavor eigenstates in the octet of the pseudoscalar mesons as shown
above, i.e. 3 and 7g, are not mass eigenstates. Diagonalizing the mass matrix of the meson
fields, one gets the physical mass eigenstates 7° and 7, which are mixtures of 73 and ns.
By expanding the LO Lagrangian in terms of the meson fields to quadratic order, the LO
f-dependent meson masses including isospin breaking effects are obtained as

]\Dﬁi = By(mq cos ¢1 + ma cos ¢2),
J\Dﬁ(i = By(mj cos ¢1 + m3 cos ¢3),
]\?[[2(0 = ]\04[2—{0 = Boy(mg cos ¢ + mg cos ¢3),

M?, = Bo(my cos g1 + ma cos ¢a) — &,

™

o 1
M,? = ng (mq cos ¢1 4+ ma cos da + 4mg cos ¢3) + &, (2.5)

where for convenience we have defined (mq,mz, m3) = (my, mg, ms) and

¢r =Xy — 5. (2.6)
The parameter £ is given by
4 1 in?
€= §BO <m3 cos ¢3 — §(m1 cos @1 + Mg cos QSQ)) % =0 (eg) , (2.7)

with €y the 7°-n mixing angle in the #-vacuum, which arises due to strong isospin breaking.
Diagonalization of the mass matrix requires

V/3(mg cos gy — my cos ¢1)

tan 2eg = .
o 2ms3 cos ¢3 — M COS 1 — M3 COS P2

(2.8)

Obviously, the above 6-dependent Goldstone boson masses reduce to the standard SU(3)
relations [52] by taking the limit § = 0 and setting ¢y = 0. The dependence of ¢ on the
# angle needs to be determined by minimizing the vacuum energy to be discussed below.

To determine the ground state, i.e. the vacuum, we set U = 1. Performing the trace
in eq. (2.1), one obtains the LO potential energy density

el = —FOQBOme cos . (2.9)
f
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Moreover, minimizing eq. (2.9) with respect to the parameters ¢; with the constraint
> 7 ¢y = 0 gives the following equations®

{m1 sin ¢1 = Mo sin ¢o = mg sin P, (2.10)

for SU(3), and similar equations for SU(NV), i.e., mgsin ¢y is the same for all flavors. The
above equations depend only on the linear combination ¢y given in eq. (2.6), instead of on
Xy and ¢y separately. This implies that ¢y is physical while Xy and ¢ are not. One can
use this freedom to choose the “gauge” most convenient for the question of interest. One
possible choice is to choose X, = 1/N, which is commonly used in the literature (see, e.g.,
refs. [54, 55, 61-63]). Noticing that the only constraint on X, is (X,) = 1, one may also
choose the U(1) 4 rotations to be

Xf:%, and gOfZO (2.11)
to simultaneously shift the 6 angle to the quark mass matrix phase and align the vacuum
properly. This is a convenient choice for the ayy coupling (with 6 changed to the dynamical
axion field a/ f,) to be discussed in section 4 since this removes the leading order a-7° and
a-n mixing.

The equations (2.10) do not admit an analytical solution in terms of elementary func-
tions in a compact form.* In the isospin symmetric case, the up and down quark masses
are degenerate m; = mg = m but m # mg, we have ¢1 = ¢3 = ¢, and then eq. (2.10)
becomes [64]

msin ¢ = mgsin(f — 2¢), (2.12)

which allows for analytic solutions, though complicated ones.
If one focuses on the cumulants of the QCD topological distribution, which are deriva-
tives of the vacuum energy density, eyac(6), with respect to 6,

B d*Mevac(9)

Con = 20 , neN, (2.13)

6=0

one may solve egs. (2.10) by expanding in powers of 6. Specifically, c2 corresponds to the
topological susceptibility. Up to O (6?), one gets [55]

— 3 _ 4
may o om
<mf> m il

1 1 1 1
%:ZE’ W:Zﬁ (2.15)

7 (2

03
— +0(6°), (2.14)

m
-9
oy + 6

my

where we have introduced

3For the vacuum alignment in SU(2) CHPT up to NLO, we refer to the appendix of ref. [62], which also
shows that it is sufficient to consider the LO vacuum alignment for the computation of the cumulants up
to O (p*).

“In the SU(2) case, there is an analytic solution [61], which then allows to derive a closed form of the
vacuum energy density up to NLO in the chiral expansion [54].



with 4 running over all the flavor indices considered in the theory. The solutions in eq. (2.14)
are not restricted to the three-flavor case but also valid for N > 3. Consequently, the
f-dependence of the vacuum energy density at LO can be obtained by substituting the
solution in eq. (2.14) into eq. (2.9), which gives [55]

e (9) = FOBO< nb? >+(9(96). (2.16)

m
© 24mB]

In appendix A, we work out a recursion relation for ¢y up to an arbitrary power of 0,

5= Cronn1t", (2.17)
n=0

with Cry1 = m/mys and

T M S (R | 530 G 1 (o R

t=1 (k1,.. i=1j=1

where k; are non-negative integers, K; = 25:1 kj, Z(kl,...,kt) means that the sum runs over
all possibilities of k; satisfying k1 + -+ + (2t — 1)k; = 2n + 1, sy, = (—1)E=D/2 ) (K1),
and (k1f<~t,kz) = Ky!/(k1!- - - k¢!) are the multinomial coefficients.

In the next subsection, we will compute the one-loop contribution of the Goldstone
bosons to the energy density.

2.2 Next-to-leading order

To study the f-vacuum energy up to the NLO, O(p*), one has to include both the tree-
level diagrams from £®) and the one-loop diagrams with innsertions from £, The SU(N)
chiral Lagrangian at NLO is given by

LY = Le(xoUT+UX) 4 Lo (xoUT = Ux5) 2+ Ls O U XU +UT xgUTxg) + Ha (X x0), (2.19)

where we only display the terms relevant for the vacuum energy. The L; and Hy are the
so-called low-energy constants (LECs) and the high-energy constant (HEC), respectively.
The latter is only required for renormalization and does not appear in observables. After
setting U = Uy and evaluating the traces, one gets the tree-level contribution to the NLO
vacuum energy density

2
Lg(Zmicosdy) —L7(Zmisin¢l> +—Zm cos( 2@)—&——2 ms|.

e(4,tree) _ _1633

vac

1

(2.20)
The LECs and HEC contain both ultraviolet (UV) finite and divergent parts. They are
related to the renormalized ones, denoted by an upper index r, by [52, 65]

N2 42 . N?2—-4 N2 4
= AN Ls=Li+——\ L;=L., Hy,=H,
oz v Ls=Det A Lo=ln M=+ =g

Le =L+ A, (221)
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with

d—4
A= % {TL; - % [In(47) +I'(1) + 1]} (2.22)

the UV divergence at the space-time dimension d = 4, where p is the scale of dimensional
regularization. The UV divergence in the NLO tree-level contribution exactly cancels the
one arising in the one-loop contribution, as will be seen below.

Now let us calculate the one-loop contribution to the #-vacuum energy density. In the
classical CHPT papers [51, 52], the one-loop effective generating functional is expanded
around the free-field configuration at # = 0. This treatment is then applied to derive the
topological susceptibility and the fourth cumulant in SU(N) CHPT in refs. [55, 56, 63].
The expression for the vacuum energy density at NLO in SU(2) with non-degenerate quark
masses, as well as that in SU(N) with degenerate quark masses, is derived in ref. [54],
where the generating functional is expanded around the free-field configuration in the 6-
vacuum. The result allows for an evaluation of any cumulant of the QCD topological charge
distribution, and is the QCD axion potential at NLO [53]. Here, we generalize the result
in ref. [54] to SU(N), with N non-degenerate quark masses. The effective action for the
free-field configuration in the #-vacuum is

Zo(0) = %lndet Do(0) = %Tr In Dy (6), (2.23)

where “Tt” denotes traces over both the flavor (in the adjoint representation) and the
coordinate spaces, and the differential operator Dy(6) takes the following form

Do,py (8) = 8py |00, + M3(0)] (2.24)

where P,Y = 1,..., N2 — 1 are the flavor indices of the Goldstone bosons, and M p(6) are
f-dependent meson masses at LO given in eq. (2.5). Within dimensional regularization,
one gets the one-loop contribution to the vacuum energy density as [54]

e(4,100p) _ _ZU(Q)

& v
_ _% zp:/ (‘;jr])’d In [—p2 + M,%(e)}

o y 2
=" Mp(0) {; - 125;2 1—-2In Még)} } ; (2.25)
P

where V' is the space-time volume, the P runs over the Goldstone boson mass eigenstates
(for the SU(3) case, they are given in eq. (2.5)), and the term proportional to A collects all
the UV divergences in the one-loop contribution.

Noticing that the matrix elements of the diagonalized mass-squared matrix of the
Goldstone bosons are given by

Spy M2(0) = < {Ap, A;} (XgUO + ngé,)> =opy, (2.26)

oo =



we obtain

ZM}:(@) = ZUPP = w Zmi oS ¢;. (2.27)
P i

P

Similarly, we have

D MBO) =) opyoyp
P Py

2 2 2
NN—;_ 2 <th cos qﬁi) + NN 1 Z(ml cos ¢i)2] . (2.28)

With egs. (2.20), (2.21), (2.25) and (2.28), it is straightforward to check that the UV
divergence in the one-loop contribution exactly cancels that in the tree-level contribution.

=2B2

Finally, we obtain the #-vacuum energy density up to NLO as

MO ME(0
evac = —F3By Y _micosgi — Y 12’;;2) 1—2In 52()]
i P
2
—16B2 | Ly ( Z m; cos ¢i> + N (NLE + L) m3 cos? ¢1} , (2.29)
i

where we have used the SU(NNV) version of eq. (2.10) to replace all m; sin ¢; by mq sin ¢,
and have neglected the f-independent terms.

From the above #-vacuum energy density, the lowest two cumulants of the topological
charge distribution up to NLO can then be easily extracted. It can be checked from
eq. (2.29) that we can reproduce the expression of topological susceptibility at NLO keeping
all orders in strong isospin breaking exactly given in ref. [66]. We are more interested
in the axion mass and its self-coupling, and thus we will extract them from the axion
potential based on the relation between the #-vacuum energy and axion potential in the
following section. Numerical values of the topological susceptibility and the normalized
fourth cumulant will also be given for reference.

3 Axion mass and self-coupling

Both the axion mass and self-coupling are important quantities, since they directly affect
experimental searches for the axion. For example, one tries to detect the axion in microwave
cavities by stimulating their conversion to photons via the Primakoff effect within an ex-
ternal magnetic field [24]. The axion self-coupling plays an important role in the formation
of an axion Bose-Einstein condensation [42] as well as possible boson stars [43-45, 47, 67].
This motivates the study of these two quantities in this section to high precision. Before
we proceed to derive the axion mass and self-coupling up to NLO, let us discuss a little bit
about the axion solution to the strong CP problem, and start with the effective Lagrangian,

a 93 [N
Loo =0+ 5 ) 3o GG 3.1
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where in addition to the #-term, a pseudoscalar axion field is introduced which couples to
gluons. As shown by Peccei and Quinn [8, 9], the periodicity of the vacuum expectation
value (VEV) (GG) in §+a/ f, forces the minimum of the axion VEV to be at 8+ (a)/f, = 0,
and thus the #-dependence is eliminated. Expanding the axion field around its VEV, one
sees that the #-vacuum energy density derived in the previous section, with 6 being replaced
by aphys/ fa, gives the axion potential, where apnys = a — (a) is the physical axion field. In
the following we will denote appys as a for simplicity, and then the axion potential is given
by V(a) = evac(a/ fa)-
Expanding V(a) in powers of the axion field around the vacuum, we obtain

1 =1 .
V((l) = imZaz + ZQ (2771)!)\2710/2 . (32)

Comparing the above equation with the definition of cumulants of the QCD topological
distribution in eq. (2.13), one finds the following relations for the axion mass and axion
self couplings:
me= 2 o= (3.3)
a a
where ¢y, are the cumulants defined in eq. (2.13) with n > 2. Thus, the axion mass and
four-axion self-coupling at LO are given by

2012 5 2012 54
) F2M?,.in F2M?2, i

_ _ L Meemt 3.4
ma’Lo 2f3fn 5 4,L.O 2fém[3]7h B ( )

respectively, where 1 = (m,, +mq)/2, and we have replaced By and Fy by M2, /(2/) and
F;, the physical pion mass squared and decay constant, respectively, which is legitimate at
LO. One sees that at LO, the difference between the SU(3) and SU(2) expressions resides
merely in the definitions of 7 and Ml in eq. (2.15).

In the same way we have calculated the axion mass and self-couplings at LO. Their
expressions at NLO, including the higher order corrections, can be extracted from eq. (2.29).
The former reads

m

, F2MZ.mn 16M2, [3m
“T 22w P2

m m m 52
+m78 (Lo +200,+ —,un)—i- <2m—d—1> Pt + <2m—u—1> fgo+O (m2) }, (3.5)

S

- (3L +Lg) —Lg}

M}
3272 F2
the pion mass and decay constant [52]:

M2,

with pp = In yr: and § = mg — my, where we have used the NLO expressions for

1 16B,
Mﬁ* = B()(mu +md) {1 + fgo — My + ?g

3
M+ Hyco 8By
FW:FO{l_MWJr_UWO_ 9 — 9 +F702

[m@%—L9+@m+mJ@%—LM},

[mLE + (2 + ms)LQ]} . (3.6)



Similarly the self-coupling up to NLO can be easily obtained as

3mbl m_, m ,
A= o ’6+36AL7+(12E—1) r

F2M?, mn* 16M2,
2 fAmmbl F2
(3,703 2 A7

i Q_@g Q+@g+_@_3@ﬂ+%ﬂ>

mgq
[ 6ml3 2 7

4 [omt (1_%> (H&) L

ms my my My

6l 2 it
+ = <1fﬁ> <1+%>+—m77 .

m3 mq

m

(33 4m bl (ms + 3m)? 62
+ 3 . m2m2 pyt O
m3 ms  m2m?(my, + mg + 4dmy) m?
Losmt [3ME 2Mi, oMy, | (2muMio + 2maMg, — msM2,)? 57)
32w f4 |mZm2  m2m2  mZm2 Im2m3im?2 T

The numerical evaluation requires the values of the quark mass ratios and of the LECs,
which have been determined by the lattice QCD calculations and experimental data. A
review of the present knowledge of the LECs appearing in the chiral Lagrangian for the
meson sector can be found in ref. [68]. Using the input values listed in table 1, we find the
axion mass and the quartic axion self-coupling at NLO to be

1 12

Mo = 5.89(10) eV - ofi(;w : (3.8)
1072 GeV\"*

M= — (5.86(19) : fie) , (3.9)

respectively. Here we have used the charged pion mass in eq. (3.6) for eliminating the overall
By(my+myg) factor in mZ and \4. Although the difference between the charged and neutral
pions from QCD is of O ((52)7 the charged pion receives an electromagnetic contribution at
LO. Such an effect to the quantities of interest here can be eliminated if using the neutral
pion mass instead, which amounts to replacing Mfr+ by Mgg in egs. (3.5) and (3.7) and
adding the following terms inside the curly brackets of these two expressions [52]:

2 2

8 Mo Mo
1+ -Agmo + —2= (1+61n K >+O(m,m )], (3.10)
3 8m2F2 M2 *

2
(MIQH - MIQ(O)QCD

3MZ, (Mg — M}jo)

with

(M = M) gop = Mo — M3y — M2 + M2,
2M7 +2M3, — 2M?2, + M2, — 3M7

2 _ M2 )
My — M7,

QCD

— 10 —
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z T M+ Mo Mg+ Mo M,
0.485(19) | 27.42(12) | 139.57 | 134.98 | 493.68(2) | 497.61(1) |547.86(2)
F, L Lt Ly cw oy
92.28(9) | 0.0(4) |-0.3(2)|0.5(2) | ~0 |0.60=£0.20

Table 1. Numerical inputs used in this paper. The pion decay constant Fj, and experimental
meson masses Mp are in units of MeV, and are taken from ref. [33]. The renormalized LECs L} are
in units of 1073; they correspond to values at scale y = 770 MeV and are taken from ref. [68]. The
NNLO anomalous LECs C¥ and C¥" are given in units of 1073 GeV~2; for their determinations,
see the text. For the quark mass ratios defined as z = m,,/mg and r = m,/m, we take the FLAG
average of the Ny = 2 + 1 lattice results [70].

where the electromagnetic effects have been taken into account. As a result, the values in
egs. (3.8) and (3.9) become

1 12

Mo = 5.71(9) eV - ofic;ev (3.12)
102 4

M= — (5.77(18) . ofieev) , (3.13)

which are regarded as our results for these quantities and will be used in the following.
As we mentioned earlier, both the axion mass and its self-coupling are tightly re-
lated to the cumulants of the QCD topological charge distribution through the f-vacuum
energy density, see eq. (3.3). Thus, from eq. (2.13) or (3.3) we can further extract the
numerical values of the topological susceptibility x; and the normalized fourth cumulant
by = ca/(12x¢) [56] with the inclusion of isospin breaking effects at zero temperature, i.e.,

W = \/mafa = 75.6(6) MeV, (3.14)
Aafs
by = 124m2 = —0.028(3). (3.15)

a

Since the masses of the octet of pseudoscalar mesons are well-known from experiments, the
uncertainties are in fact dominated by the renormalized LEC L7, while the subdominant
uncertainties are from the quark mass ratio z = m,/mg and the LECs L§ and L§. In com-
parison, the values of these quantities obtained here remain almost the same as the one in
SU(2) case numerically, which are y./* = 75.5(5) MeV and by = —0.029(2) [53]. And the
result for the topological susceptibility is in perfect agreement with recent Ny =2+ 141
lattice QCD simulation at the physical point giving th/4 = 75.6(1.8)(0.9) MeV [69]. This
indicates that the explicit inclusion of the strange quark degree of freedom does not induce
large differences on the axion properties. There are at least two compelling reasons ac-
counting for this feature. First, the effects from the heavier quark flavors have been largely
included in the corresponding SU(2) LECs. Second, in ref. [53] the authors performed their
numerical calculations with a matching between two-flavor and three-flavor CHPT LECs.
Thus, the inclusion of the strange-quark degree of freedom does not change the results

— 11 —



sizeably. Yet, the expressions given here should be useful for chiral extrapolation of lattice
results performed at unphysical quark masses, in particular when the up and down quark
masses are close to the strange quark one.

4 Axion-photon coupling
The axion-photon coupling is defined by the following Lagrangian (see, e.g., refs. [53,71,72]),

1 -

Layy = 79ar@F™ Fuv, (4.1)
where F‘,U, = %EW,,UFW, with F*” the electromagnetic field tensor with the sign convention
€o123 = +1. Specifically, the axion-photon coupling is given by

Qem € QCD

Jayy = 27/, C + Yoy s

QCD __ Qem 2 mix __ Qem g mix
9P = — o) + s = — e (3 20, ) + g (1.2

where £ /C is the ratio of the electromagnetic and color anomaly coefficients, which is given
by 3, (QprqR?)/ >, (QprqT?), with the sums running over all fermions with PQ charges
Qpq, and T* the QCD color generators satisfying (T9T?) = 7259 /2. The value of £/C

depends on the specific axion models. The first term in g,%(%D is the contribution from the

axial rotation of the quark fields, ¢ — exp (iﬁk’a%) q with (X,) = 1 (here we use the

5 = j740414243), which was introduced to eliminate the term ﬂthyéc*’“’

fa 87
from the axion Lagrangian. The second term in g(%%D, g;‘lyi§7 is the contribution from the

convention y

a-70 and a-n mixings, with the 7° and 5 coupled to two photons.

As discussed below eq. (2.10), there is a freedom of choosing the diagonal matrix X,
satisfying (X,) = 1. If it is chosen as X, = diag{m/m,,m/mgq, m/ms} = mM;l as in
refs. [29, 73], then U = U = €®/70 see eq. (2.11), and there is no a-° or a-n mixing term in
the LO chiral Lagrangian. One obtains the O (p4) contribution to the model-independent
ayy coupling to be

40P — _ Qem 2(my +3m)

27 fy 3my,
This result recovers the one derived in SU(2) CHPT [53] at O(p*) in the limit of m; — co.
The same result can also be obtained by using other choices of X,. In that case, one

(4.3)

needs to consider a-meson mixing. The Wess-Zumino-Witten (WZW) Lagrangian [74, 75]
with an external photon field can be used to get the mixing contribution. The Lagrangian
is given by [76-78]
om = f%sﬂypmu (Qauvta,uute,uUt+QUis,UUta,UUO,U )
Ne_ypo 2 iyt i f
+ic e 04,y (2QXUOUT-U'0,U) - QUIQOU+QUQOUT),  (44)

where e > 0 is the electric charge unit, @ and N, denote the usual diagonal quark charge
matrix, @ = diag{2/3,—1/3,—1/3} for the three-flavor case, and the number of quark
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colors, respectively. Here the convention is such that U transforms under SU(3).xSU(3) g
as U — gRng with g7, and gr elements in SU(3); and SU(3)g, respectively. According
to Weinberg’s power counting scheme, the above WZW Lagrangian starts to contribute
from O(p?). The axion-meson mixing contribution can be obtained by substituting U in

the above Lagrangian by exp (fiya%) with Y, = &, — qu—l. One finds

mix __ Qem m

Using eq. (4.2), one again gets the expression given in eq. (4.3).

Our goal in this section is to compute the axion-photon coupling to O(p®). The chiral
Lagrangian with a minimal set of terms in the anomalous-parity strong sector at O(p%)
has been given in ref. [79], not only for SU(2) but also for SU(N) with N > 3. Based
on the anomalous Lagrangians, several works have been done in the anomalous-parity
sector [80, 81]. In this work, only the terms proportional to C}’V and Cgv are relevant to
the axion-photon coupling, which read

‘C'El?q)o = iC;/VEHVpg <X*f+;wf+pa'> + ngVEHVpJ <X*> <f+/u/f+p0> ’ (46)

where C¥V and CY are two LECs. We have taken the same notation as in ref. [79].

In the following, we choose Xy = m/my and U = U for the computation of the ayy
coupling. With this convention the diagrams relevant for the computation of the O(p%)
corrections to gq~ are depicted in figure 1: (a) the axion-pion and axion-eta mass mixing
from the NLO tree-level Lagrangian; (b) the tree-level diagram from Lg@o; (c) one-loop
diagrams with one vertex taken from Lwyzw and the other one taken from the LO chiral
Lagrangian; the contributions from diagrams (d) and (e) exactly cancel with each other
with the upper photon line in diagram (d) being on shell. It is interesting to note that for
the anomalous processes such as 7°, i and 7’ decaying into two photons, the one-loop con-
tributions vanish when the up-down quark mass difference is neglected [82, 83]. Likewise,
in the SU(2) case the sum of all one loop corrections vanishes when both photons in the
final state are on-shell [53]. However, in the SU(3) case, diagram (c) does contribute to the
axion-photon coupling at O(p®) when taking isospin breaking effects into account. Note
that the pion-eta mixing needs to be considered in order to keep gq, scale-independent
and UV finite.

Putting together all the pieces, we obtain the axion-photon coupling keeping all orders
in strong isospin breaking up to O(p%) as

ga77:27_rfa = 5

Oem | € 2my +3m
C 3 my

102472
- 3mﬂ mMZ% (CF +308) +

2mM?, | fi(cos,sin)  f_(sin, cos) (4.7)
3 V3M?2 M, C
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a 7r“(n){ a a 7 a LLLLHH
: (d)

Figure 1. Feynman diagrams for the computation of the axion-photon coupling up to O (pﬁ). Here
the dashed lines denote Goldstone bosons and wavy lines photons. Only pseudoscalar mesons are
running in the loops.

where

f(cos,sin) = V3 (,uﬂo — un) cos(3e) £ 3 (,uKo — fe+ ) sine — V3 (g0 + Bpes — 2/@#) cose€

2
— ;\;;Ii (3L% + Lg) [2\/§(m — myg) cos e £ 30 sin 6} . (4.8)
The functions fi(sin, cos) are equivalent to fi(cos,sin) with the sine and the cosine in-
terchanged, i.e., fi(sin,cos) = fi(cos — sin,sin — cos), and € is the LO pion-eta mixing
angle in the vacuum as can be obtained by setting § = 0 in the expression of € in eq. (2.8).

For the parameters C¥ and CY", it was argued in ref. [80] that C¥ is largely suppressed
compared to 08W as the latter receives a strong contribution from the 7’ while the former

3
does not. The authors also suggested |CY| < 0.1|CY|. We use I'(n — vy) = 24/[—;|Tn\2 with
the n — v amplitude given by [80]
e? Fr 64 o w256 o (1w w 9

to extract the value of Cf from the measured value of the n — vy width: (0.516 +
0.020) keV [33]. Following ref. [80], we take F;, = (118.4 & 8.0) MeV and assign a 30%
uncertainty for the O (m?) contribution compared to that of O (m,), we get C§ = (0.60+
0.20) x 1073 GeV~2, as listed in table 1. We have set C¥V to 0 as its effect can be absorbed
into the uncertainty of C3.

With the input parameters presented in table 1, one gets

gy = ;T—;‘ (g - 2.05(3)) = {0.197(3)% — 0.404(12) Gzl{lﬂ' (4.10)
The error for the axion-photon coupling is also dominated by the uncertainties of C}/, r
and L%, which are of similar size. From eq. (4.10), we obtain gg,, ~ 1.2 x 1076 ...1.2 x
10713 GeV ! for the axion mass in the range 1...1000 peV with £/C = 8/3. Especially for
mq = 6.7 peV, this equation predicts gg =~ 8.1 x 10716 GeV ™! for models with £/C = 8/3
like the Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) model [28], which is still in the allowed
region by the recent axion dark matter search, with m, around 6.7 peV [84].

The Primakoff effect plays a key role in axion searches. For example, the working prin-
ciple for an axion helioscope [85, 86] is that axions produced in the core of the Sun are con-
verted back into photons in a strong magnetic field. Clearly, if the ratio £/C = 2, which is

— 14 —
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N | mg [peV-205CVT L (A VA [1072GeV/ fu] | 937 [ge-] | xi/* [MeV] by

2 fa
2 [53] 5.70(7) 5.79(10) ~1.92(4) | 75.5(5) |—0.029(2)
3 5.71(9) 5.77(18) —2.05(3) | 75.6(6) |—0.028(3)

Table 2. Summary of the main numerical results of the present work shown in the third line. For
comparison we also show the results in the second line obtained in the framework of the SU(2)

CHPT [53]. For the axion-photon coupling gy, only the model-independent part, denoted by

QCD

9g4~ s is shown.

quite a possibility as shown by Kaplan in ref. [71], then the g4y, would be highly suppressed.
The axion detection using the Primakoff effect, such as microwave cavity experiments, or

light shining through wall experiments (for a recent review, see ref. [87]) would thus be
extremely difficult. Here, we present the reference values of g,y for £/C =2 and 8/3:

—0.06(4) x 1073/f,, E/C =2,
g = { (4) x 1073/ fa, &/ (411)

+0.71(4) x 1073/ f,, E£/C =8/3.

With the expressions of the axion mass and the axion-photon coupling, it is straight-
forward to estimate the axion lifetime, namely,

Ghnmi  [E)C —2.05(3)]

64 3.4 x 10°* V5
Ta—~yy = i - (Me ) : (4~12)
Mg

5

o, the axion is more stable when its

> 10%3s if the lower limit

~

As the axion lifetime is inversely proportional to m,
mass is smaller. The axion lifetime is estimated as 74~
fa 2 0.5 x 10° GeV is employed. Such a cosmologically stable particle is a well-motivated
cold dark matter candidate [32, 88].

5 Summary

In this paper, we have calculated the QCD #-vacuum energy and in turn the axion potential
up-to-and-including NLO corrections in SU(N) CHPT. Unlike the SU(2) case, no analytic
solutions exist for SU(N) with N > 3. We work out for the first time a recursion relation for
¢, up to an arbitrary order in . Then, as an extension of ref. [54], by expanding the one-
loop effective generating functional around the free-field configuration in a #-vacuum, we
have calculated the f-vacuum energy density up NLO, including the one-loop contribution,
in SU(N) CHPT with N non-degenerate quark flavors. With the recursion relation for the
¢ angles, one can compute any-order cumulants of the QCD topological charge distribution
as well as the axion mass and self-couplings.

Since the QCD axion potential as a function of a/f, takes the same form as the QCD
f-vacuum energy as a function of 6, we have also calculated the axion mass and self-
coupling to NLO from the SU(3) #-vacuum energy density taking into account the strong
isospin breaking effects. With the determination of the LECs from experimental data and

— 15—



lattice simulations, we have further evaluated the numerical values for axion mass and
self-coupling up to NLO, which are similar to those obtained in the SU(2) case in ref. [53].

We also computed the axion-photon coupling up to O(p®). Numerically, it is given
by gayy = ;‘;—f:[é’/c — 2.05(3)], which implies that if £/C = 2, the axion-photon coupling
would be extremely small. In this case the axion searches using gq+~, such as light shining
through a wall or microwave cavity experiments, would be very difficult. This might also
have an important impact on the axion electrodynamics as well as the possible existence

of boson stars, in which the axion-photon coupling plays a crucial role.
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A Full solution of the vacuum angles for the SU(IN) case

Let us derive the expressions of the vacuum angles ¢, and thus the LO vacuum energy, to
all orders of 6 for SU(N) here. The starting equations are the SU(N) version of eqgs. (2.10)

mysin ¢y = constant,

N
(A1)
> o5 ="
f=1
We use the following expansions,
singy = i 32n+1¢?"+17 with so,4+1 = %7
n=0 ( n+ )
oo
¢f - Z Cf,2m+192m+1. (AQ)
m=0

Once we solve all the coefficients Cf 2,41, we then get the general solution of ¢;. Let

mysingy = Z Qon 107" (A.3)

n=0

then eqgs. (A.1) are decomposed into equations for each odd order of 6.
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At O (0), one has

N
mefJ = a3, and Zcf71 =1. (A4)
f=1
Thus, one gets
Cp= (A.5)
1= :
with m defined in eq. (2.15).
At O (03), one has
o N
3
Cps+ 5303, = my’ and ;cﬁg =0, (A.6)

the solution of which is N
m
C’f,S = 83 (W Z 01371 — C?,l) . (A?)
i=1

Combining eqgs. (A.5) and (A.7), one gets the known result in eq. (2.14).
At O (95), one has

N
5 «
Cps+353CF,Cps+ 5503 = m—5 and Y Cp5 =0, (A.8)
! —
f=1

the solution of which is

_ N _ N
m m
Cps = 3s3 <mf Y ChCis - C?,lcfﬁ) + 55 <mf > G- CJ5°,1> - (A9)
i=1 =1

Notice that for the expansion of sin ¢ in powers of # in eq. (A.3), the terms at O (92”“)
are closely related to the partition of 2n + 1 into odd parts (e.g., the partitions of 5 into
odd parts include 5,3+ 1+ 1and 1 +1+1+ 1+ 1, see the left side of eq. (A.8)) studied
in number theory.

One can go to higher orders and solve for Cf 9,41 in the same way. Finally, one gets
the recursion relation for all the coefficients as

n _ N t t
K; m ks kj
RED S DR RS |5 911 ;S | C NN Tt
t=1 (ky,..ke) byeeo ™ fim1 =1 j=1

where k; are nonnegative integers, K; = 2221 kj, Z(kl,...,m) means that the sum runs over
all possibilities of k; satisfying ki +- -+ (2t — 1)k, = 2n+1, and (, ") = K1/ (k! - - ke!)
are the multinomial coefficients.

Open Access. This article is distributed under the terms of the Creative Commons
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1 Introduction

More than forty years after the proposal to add another symmetry in QCD, viz. the Peccei-
Quinn (PQ) symmetry U(1)pq [1, 2], the pseudo-Nambu-Goldstone boson resulting from
the spontaneous breakdown of this symmetry, the QCD axion, remains one of the most
favored candidates for a Beyond the Standard Model (BSM) particle. The reasons are
manifold: originally introduced as a resolution of the so-called strong-CP problem, i.e.
the question why the observable QCD vacuum angle = fqcp + argdet M, (with M,
the quark mass matrix) is such a small quantity (current measurements of the neutron
electric dipole moment imply |8] < 107! [3-5]), its experimental detection would not only
unequivocally solve the strong-C'P problem, but potentially also provide an answer (or
complement the answer) on the question of the nature of the cosmological dark matter,
another pressing issue in contemporary physics research. At the same time a model with
PQ symmetry breaking can lead to massive Majorana or Dirac neutrinos depending on the
choice of assigning PQ charges to the SM particles and Higgses [6-15]. Moreover, the fact
that axions and PQ symmetries arise quite naturally in superstring theory [16] increases
their popularity further.

If the QCD axion indeed exists, its couplings to Standard Model particles, i.e. matter
particles and gauge bosons, and hence to composite particles as nucleons, must be very
weak, because these are controlled by the very large axion decay constant f,. Currently only
lower and upper bounds on these couplings can be given. If these bounds are determined
from nuclear processes, the exactness of the determination of f, then strongly depends on
the accuracy of our knowledge on the effective axion-nucleon coupling strength.



The leading order axion-nucleon coupling has been derived long ago in ref. [17] for
the Peccei-Quinn-Weinberg-Wilczek (PQWW) axion [1, 2, 18, 19] based on current alge-
bra techniques, and — building upon the same work — in refs. [20-23] in a more general
manner. Here, we strive for deriving the axion-nucleon interaction in heavy baryon chiral
perturbation theory (HBCHPT) for an arbitrary axion model coupling to hadrons as well
as, in particular, for the Kim-Shifman-Vainstein-Zakharov (KSVZ) axion [24, 25] and the
Dine-Fischler-Srednicki-Zhitnitskii (DFSZ) axion [26, 27]. To leading order, this has been
done in ref. [28], so we extend their analysis to sub-leading orders, because more precise
estimations of the axion-nucleon coupling allow for improved determinations of astrophys-
ical constraints on the axion mass, or, equivalently, the axion decay constant, e.g. from the
axion bremsstrahlung processes [29-36]. Of course, for improved calculations of such type
of processes one also has to analyze corrections to multi-nucleon axion couplings, which
goes beyond the scope of this work.

Our work is organized as follows: in section 2, we recapitulate the interaction La-
grangian between quarks and the axion. Then, in section 3, we derive the axion-nucleon
interaction to the third order, that is including all terms up to next-to-next-to-leading or-
der and pion loop contributions. We also give the numerical values of the axion coupling
to neutrons and protons. We end with a short summary in section 4.

2 Axion-quark interaction Lagrangian

Consider the QCD Lagrangian including the axion field a(z) at energies below the PQ
scale [1, 2] with ¢ = (u,d, s,¢, b, )T,

2 4
_ & ) v 9*a PQ
‘CQCD = [«QCD,O quq + fa 1672 Tr [G#VG :| + Qfa JH s (21)

where Lqocp o contains all terms that are not of interest in what follows, including the axion-
photon interaction term [28, 37, 38]. Furthermore, M, = diag (my,, mq, ms, me, mp, my) is
the quark mass matrix, f, is the axion decay constant, g the strong interaction coupling
constant, G, = G, A?/2 is the conventional gluon field strength tensor with A\* the Gell-
Mann matrices, and GW = %eumﬁGaB its dual, where the trace hence acts in the color
space. The PQ current is given by

JEQ = faaua + Q'YM’YSXqQa (2'2)

from which the first term gives rise to the kinetic term of the axion, whereas the second
term describes the axion-quark interactions proportional to the model-dependent coupling
constants combined in the matrix &, = diag(X,) acting in the flavor space. These are

given by
X;(SVZ — 07
1 27! 1
DFSZ __ _ L in2
Xu,c,t - gl‘ + :E_l - gbln /87 (23)
1 x 1 1
DFSZ __ _ 25 _ DFSZ
Xisp = Enpe— gcos 8= 3~ Xoet s
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for the KSVZ axion and the DFSZ axion, respectively, and x = cot 8 is the ratio of the
vacuum expectation values (VEVs) of the two Higgs doublets. We exclude the PQWW
axion from the analysis since it has been ruled out experimentally [17, 38].

Note that we do not integrate out the heavy quarks from the beginning. As, depending
on the model, the axion couplings to heavy quarks are quite a possibility, they might
contribute to the axion-nucleon interactions due to sea quark effects. Additionally, as
the couplings X, are scale-dependent quantities [28], running effects enter the couplings
to nucleons, which can only be recovered if the axion interactions with heavy quarks are
taken along within the calculations, to wit in the form of isoscalar currents.

It is advisable to perform an axial rotation on the quark fields in order to remove the
term o< a Tr [GWC;"“’} in eq. (2.1) by transforming

q — exp (%%QG) q (2.4)

with .
Mg

T M, ltztw

where z = m, /mg and w = m,,/ms. The particular form of Q, has been chosen in order to

Qu diag (1, 2,w,0,0,0) , (2.5)

avoid the leading order 7°-a mass mixing [22]. This is equivalent to the vacuum alignment
for the #-vacuum case.
With that transformation, the Lagrangian can be written as

o*a
Loep = Loepo — (GrMagr +hoc) + of Ty (2.6)
a

where now the non-derivative axion-quark interactions are entirely shifted into the phase

of the mass matrix,
Mg = exp <zfﬂg> M, (2.7)
a

whereas the derivative axion-quark interactions are present in the coupling to the axion
current

‘]ﬁ = JEQ - q77u75Qaq7 (28)

which is now anomaly-free [17, 39]. The terms in Jj must be split into isoscalar and
isovector pieces in order to translate it later into an effective field theory (EFT) language.
Consider the two-dimensional subspace of eq. (2.8) with ¢ = (u,d)™:

T = faOua + qruvs (X — Qa) g
= faapa + Cu—dq VY539 + Cutrdq VY59 (2'9)

where 73 is the conventional third Pauli matrix and we have introduced the abbreviations

1 1—2
=X, Xy - —— 2
Cu—d 2( uT 1+z+w>’

1 142
= (Xp+Xg— ——2 ).
Cu+d 2( L+ d 1—|—z+w>

(2.10)



Setting furthermore
w

Cdtztw’
and inserting eq. (2.9) into eq. (2.6), one finds the general axion-quark interaction La-

cs = X Cebt = Xc,b,t (211)

grangian

Eafq = qLMaqR +h.c.

oua

_ a,a
+ (Q”Y” 5 (Cu—qT3 + Cu+d1)75q> -
a

+ <ch‘ of 75q> , (2.12)
a q=(s,¢,b,t)T

which is now expressed in a suitable basis so that the isovector and isoscalar parts of the

q=(u,d)T

axion-nucleon interaction can easily be extracted.

3 Axion-nucleon interaction in heavy baryon chiral perturbation theory

3.1 The Lagrangian

We construct the HBCHPT Lagrangian with the additional axion field and its interactions
by adapting the one developed in ref. [40] (including the notation) and adding additional
terms allowed from symmetries containing the isoscalar axial currents. Usually, the axial
currents entering the HBCHPT Lagrangian as external sources are taken to be traceless
in order to avoid subtleties arising from the U(1)4 anomaly. However, here our model is
anomaly-free by construction and we now have to add the isoscalar axial currents appearing
separately in the Lagrangian in eq. (2.12) that are not traceless. This is done in complete
analogy to the traceless axial currents.
We introduce

T,
u=VU = exp <22F7r> (3.1)

which contains the three pseudo-Nambu-Goldstone bosons of the spontaneously broken
chiral symmetry, with the index a = 1,2, 3 and summation implied. Furthermore, F} is the
pion decay constant in the chiral limit, for which we will take the physical value 92.1 MeV
for the difference to the chiral limit value only amounts to effects of higher orders than
those considered here. The isovector axial current a, enters the theory by means of the
chiral connection I';, of the covariant derivative,

D,=0,+T,=0,+ % [ufay,u +udyut —iuta,u+ iua#uq , (3.2)
the so-called vielbein,
wy, =1 [uTﬁuu —udut —iuta,u — iuauuq , (3.3)
and the field-strength tensor,
FLR = %00, + 0ya, —ilay, a) | (3.4)

where we have set v, = 0 for the external vector field. Note that the field-strength
tensor vanishes in the present model because a, o J,a73 as can be read off from the
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Lagrangian (2.12). Introducing thus the isoscalar axial current a;,;

; < ciOual, we can

construct similar objects: a connection

~ 1 .
r,= 3 [—iuTazjiu + iuazﬂ-uq =0, (3.5)
which vanishes due to afmu = uafm7 and a vielbein equivalent
Upi =1 [—iuTafmu — iuazﬂ-uq =2ay,;. (3.6)

The corresponding field strength tensors, of course, vanish as in the case of the isovector
axial current. The index i = (u+d, s, ¢, b,t) runs over all isoscalar quark combinations, cf.
eq. (2.12). Furthermore, we need as the last building block,

ya = ufyul +uyfu, (3.7)

where x = 2B(s — ip) includes the external scalar and pseudoscalar fields s(z) and p(z),
and B is a constant related to quark condensate ¥ = —(au) via B = limy, m,—0(S/F?).
Collecting the proton and neutron fields in the isodoublet N(z) = (p,n)T, the most general
HBCHPT Lagrangian up to order O (p3) in the low-energy expansion,

Loy =L 422 + 28+ (3.8)

reads

- o - iga ige _
LWN—N{ZU~D+9AS-u+gBS~uizgm{S-D,v-u};;i{S-Dm-ui}

ga a ~
+ B DD, 8 ) + 2 (D Dy, 8 )

— i —
fg—AleS-uvaf 90 v-DS-u;v-D

4m?2 4m?
ga gh _
94 (S.uD?*+h 9% (5.5 D% b 3.9
fgw( ~uD* 4 .c.)78m2( -@; D* + h.c.) (3.9
— i —
7497A2<.S"Du-D+h.c.>f4902 (S-Dﬂi'DJrh.c.)
m m

+di6(A)S - uTr [x4] + dig(A\)S - @ Tr [x1] + di7S* Tr [ux ]
+ id1gS" [Dy, x—] + id19S" [Dy, Tr[x—]]

- — . -
+dos(\)v-DS-uv-D+dys(ANv-DS-@;v-D

+ dag(N) (S* [v - D,uy]v- D+ hee.) + dig(N) (S* [v - D, diyi]v- D+ hee.) }N,



where we only show terms that are relevant for the subsequent calculations, i.e. we consider
only terms that produce either a" NN tree-level interactions with n = 1 up to next-to-
next-to-leading order (terms with n > 1 are suppressed by factors f; "), or leading order
interactions involving pions that contribute to the leading one-loop order. For instance,
because Q, commutes with the quark mass matrix, the c5 term containing x4 in the next-
to-leading order pion-nucleon Lagrangian, which contributes to the CP-odd 7 NN coupling
in the #-vacuum, does not lead to a tree-level a NN vertex, and is only relevant to the aN N
coupling for O(p*) calculations. Note that there is no isoscalar counterpart to the di7 term
proportional to a low-energy constant (LEC) di-, since such a term would have the same
structure as the dﬁ6 term, because u; o< 1, and thus not independent. The terms in the
first line are the leading order and next-to-leading order terms, while all the other terms
are the next-to-next-to-leading order terms.

In the Lagrangian (3.9), v, is the nucleon four-velocity and N = N, are velocity-
dependent nucleon fields with mass m. Strictly speaking, m is the nucleon mass in the
two-flavor chiral limit, often denoted as my. We will suppress the index v in what follows.
The axial couplings g4 and gé should also be taken in the chiral limit, but we will later
match them with the nucleon matrix elements Ag, which refer to the physical values of the
quark masses, see below. S, is the covariant spin-operator,

7
Sy = 5750,”1)", (3.10)

which has the following properties in d dimensions needed later, employing dimensional
regularization to deal with the appearing divergences:
1-d 1

S-v=0, SQ:T, {8y S0} = 5 (vuvw = gyu) - (3.11)
Besides the parameters already mentioned, a number of new LECs dgf ) and dﬁf) appear,
of which some depend on the scale A\ and are divergent in order to absorb the one-loop
ultraviolet divergences in dimensional regularization. Of these, only the LECs di¢ and d'g
have finite pieces,
i

i i) BY i 1 M,
A =)+ PELO) =d+ B (L + T ), (312)

1
where dgzg’r()\) denote the renormalized, scale-dependent LECs, whereas d%fg denote the
scale-independent counterparts. The terms o dggjgg are only needed for the absorption of
divergences of the one-loop functional, so the corresponding LECs have no finite part,

dD () = é?zg 1 1 M,
25,20(A) = 72 L(A)er n— - (3.13)

In these equations, L(\) contains the divergence at space-time dimension d = 4,

d—4
L)) = (ZT)? (ﬁ ~ 5 In(am) + (1) + 1]) , (3.14)
_ 6 _
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and the S-functions are set to cancel the divergences of the one-loop functional, as discussed
below.

In order to derive the full axion-nucleon coupling at O(p*), the Lagrangian (3.9) has
to be expressed in terms of the axion field ¢ and the matrix-valued field v has to be
expanded to the required order. For the O(p?) tree-level contribution, we hence can set
u = 1, whereas for the O(p?) pion-loop contributions, we have to expand u to O(n?). Both
calculations are done in the subsequent sections.

3.2 Tree-level contributions at O(p3)

All interaction terms of the Lagrangian (3.9) contribute. The expressions for the external
sources can be read off from the axion-quark interaction Lagrangian (2.12):

s=M,,

p=v,=0, (3.15)
a, =cC 7aua7'

[ u7d2fa 35

adua

S M

=ci——1.
i T,

Setting hence u = 1 and expanding the exponential in My, cf. eq. (2.7), up to O(a'),
we find

D/L = 8,u7
aua
Uy, = Cufdﬁﬁh
- aua
Uy = CifLTZ‘): (3.16)
a
X+ - 4BM{17

where we have inserted the leading order pion mass M2 = B(m, + mg). Introducing the
abbreviation

Ja = gaCu—aT3 + gocil, (3.17)
the single axion-nucleon interaction Lagrangian reads

. 1 - ia
Loy = fN{ 9aS - (8a) — %{S-&v-(@a)}

ga [ " —
—|—m 0,85 (0a)o* —v-0S-(0a)v-0

—({S-8,0-(a)}v-0 +he) — <S~5(8a)-8+h.c.>>



My —m ;
+AM < [dlﬁo\)m + dl?ﬁmﬂ cu—d + dig(A)ci

My My

-1d 2d1g) —————
[d1s + 2d19] (1100 + m0)?

>S~ (9a)
+ (67250\)%7(173 + 67’55()\)61‘) v 98- (Da)v -0
+ (cizg(/\)cu_drs + d'gg(A)c,-) (SH[v-0,(da)]v-0+ h.c.)}N. (3.18)

From that, we can derive the corresponding tree-level N Na-vertex Feynman rule,

N
a 1 1 1
-"-:_ﬂ(%b+%nw_wq_Mﬂ@ﬁ+d@_wq_ﬁﬁ
N
4M2 My — My B 7 — 2 mymgq
+4M; [(dle()\)Tg + d”imu Ty ) Ce + dig(N)ei — (dis + 2d19) (- ma)?

+ [JQ5(>\)Cu,dTg + 6?25()\)02} ww' + [JQQ(A)CudeS + szg()\)cz} (UJ - W/)Z) S-q

Ya ’ 1 2 2 1., /2
—w) - —(w” — —(p* — S-p, 3.19
O Rt R e | ER (3.19)
where ¢ is the momentum of the outgoing axion, p the momentum of the incoming nucleon,
and p’ = p — ¢ the momentum of the outgoing nucleon. Furthermore, we have set wé’ ) =
v-pl). Note that this expression (3.19) contains divergences due to the terms oc d(lg(/\)
and d§5),29()\).

3.3 Pion-loop contributions

According to the usual power counting scheme, see, e.g., ref. [41], one-loop diagrams start
contributing at O(p?). The relevant diagrams are shown in figure 1. Note that axion loop
contributions are negligibly small due to the 1/ f, suppressions. We thus have to determine
the NNn-, NN7wa-, and N N7ma-vertex Feynman rules from the leading order terms of

the Lagrangian (3.9). Expanding hence

a a a b
T Ty mOTemlTy 3
_ -1 - 2.0 3.20
u exp<z2Fﬂ) +Z2F7T S + O(n), (3.20)
we find
. Cy—d b
D, =9, + Z2,;aF7'r Opa €3apmTY
Oym? oua dpa i’
Uy, = — Ta+ Cu—d— T3+ Cy—d———— (Ta036 — T30ap) » 3.21
" . Tat Cuma s udeGFg(adb 30ab) (3.21)
- oua
up,i:CifLTiiv
a
787
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and thus

. - 1 1 : _
Lot = N{ - F—S- (O 7 + —(9AaCu—daT3 + gyci)S - (Da) — Cuzd . (Da)esqpm®r®

s f(l 2faF7r
4 IACd 6 (90)mn (ruda — T30m) BN . (3.22)
2faF?2 ¢

This yields the following Feynman rules with & the outgoing pion momentum, and ¢ the
outgoing axion momentum:

. ¢ Z.6111)
1011 propagator: 5 a0
pioh propag k2 — M2 +in
nucleon propagator: # s
voptin

N Nr-vertex: ‘;—AS “kTq,

™

1 )
N Na-vertex: - f*(gACudes +90¢i)S - q,
a
N Nra-vertex: Cud V- q€3qpTI
. 2faF7-r q €3abTh 5
N Nrma-vertex: - “c;i‘fj};;.g - q (74030 — T304p) -

In what follows, we will make use of the loop functions given in the appendix of ref. [41]:

1 [ d% 1 1 M,
Ap=—= =2M? (L ——In—=~ —4
i/(27r)dk2—M,%+in ’T( N+ Gz ,\>+O(d )

(3.23)

] o e e (o), ), G ) + v T
(3.24)
where L()) is given in eq. (3.14), and
Jolw) = 4wl + (427‘”)2 <1 P %) gV~ R arccos Er0d-1), (29
Ji(w) = wlo(w) + Ar, (3.26)
@) = 7 (M2 — ) o(w) — wis] (3.27)
Js() = wh () — (). (3.28)

where in particular the expression of Jy(w) is valid for w < M, which is the region we are
interested in.



g ’ p—k—q . . Y p-k-q ]
"'d — T a + T+ _|' Fxp---=4 _|'
ne [P k kl\ Dk
NP NP NP NP
(a) (by) (by) (c)

Figure 1. Pion loop contributions to N — N + a.

3.3.1 Diagram (a)

Using the Feynman rules given above, the first loop diagram is calculated as

d
9a9% qu ul/ dk kyky 1 3.29
(&) = faFQS 545 @2m)d (k2 - M2+in) (W —v-k+in)(w—v-k+in)’ (3:29)

where we have set (summation over 4, j implied)
Ja = TiGaTj0ij = —gACu—aTs + 3ghcil . (3.30)

Using the identity

1 1 1 1
= - 3.31
(W—=v-k+in)(w—v-k+in) w’fw{w7v~k+in w/*’U'k+Z"I7:|7 (3:31)

the equation (3.29) can be written as

d
gagA " , 1 1/ d“k kuk, _ ’
(a) = faFQS 5 S ' —w (z 2m)d (k2 — M2+ in)(w —v -k +1in) W

9095 o v 1
faFZS S-q8"—

— (g [J2(w) = J2(@)] + vpvy [J3(w) — J3(w')]) - (3.32)

The terms o< J3(w?)) vanish because of eq. (3.11). The final result is found using the
anticommutator (3.11) and inserting the loop function (3.27),

. 2
Ya_ ga 2 1 3 /3
_ M _
(a) = 6fa (47rF ) { ”+w—w’ (w v
2 | (M2 2)% , Y (M2 _ '2>% N g
- — w®)? arccos 7 S —w A q

A2
9a9'A 2 N2 ’ 1 M )
tohE (3M7, 2 (w—u) 6ww) (L()\) oy ) S-q,  (3.33)

where we have separated the finite, scale-independent terms (the first and second lines)
from the divergent or scale-dependent ones (the third line).
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3.3.2 Diagrams (b1) and (b2)

Diagrams (b;) and (bs) have the same structure:

1 [ d% k
"= o4
(by) o & i / (2m)d (M2 — k2 +in)(w—v-k+in)

=S vJi(w)=0, (3.34)

where we once again made use of S -v = 0, see (3.11). For diagram (b2) one just needs to
replace w — w'.

3.3.3 Diagram (c)

The last diagram is divergent:

9gACy—d 1 ddk 1 ngCu—dMg
_ 1 _ L0\ 1
©=-"2%"0; [ Grewamrm = (P G

3.4 Axion-nucleon coupling at O(p3)

In order to remove the divergences appearing in the coupling (3.19) and diagrams (a) and
(c), we utilize the following set of S-functions:

3

A
516:%(4—9,24)» Bos = g4, 529:%,
(3.36)

3. , , , .
Bie = ggig(%v Bis = —3g%gh, Blo = —didb,

where Si6, fo25, and 29 have been calculated already before within the theory without
axions [42]. The remaining B-functions Sig, B4, and Biy are new in the theory with axions
and have been worked out here for the first time. We thus have a finite N Na-vertex with
the Feynman rule:

N 2
a 1 1 ’ 1 2 ’ ’ 2 Ja gA
Sl 1o () —— ) — _Ya
o [t g e om0 - (3
N
X MQ—L W12 (Mz—wz)% arccos — — (MQ—w'Q) : arccos '
T ow—w & M, g M,
2 7 mMy—mgq i mymgq
+4MZ {(d1673+d17m> Cu—d+digei—(dig+2dig) m} ) S-q
Ja ’ 1 2 /2 1 2 72
+mf (Ww—)=g (W =)+ (p"=p7) | S, (3.37)
a

For the following estimation of the coupling strengths of the axion-proton and the axion-
neutron vertex, we assume the rest frame of the incoming nucleon, i.e. v = (1,0,0, 07T, so
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that w =p =0 and w’' = —v - ¢ < m. In the rest frame, eq. (3.37) becomes
N 2
a 1 w' w'
= 12 (>
fa (ga [ 2m+(2m> ]
N

~ 2 / 2 3 3 /

Ja {(gaMy w 2 M ( 2 /2) 2 —w

Ja =) = —(M2— 5
% (47rF,r> +<M,T> W M2 ( 2 VA v

— MMy, — 1 — MMM
YU

(My+mg)?
_ 1 n . Ga [ 9aAMy 2 ’ N2LO
=7 <gaf1(w)+ 5 <47rF7r> fa(w')+g, S-q, (3.38)
where
fiw) = S (L 2 (3.39)
2m 2m /)’
I\ 2 3 3 /
n_ N2 (mMp e )R —w
fo(W)y=-1+ <M7r) WEVE < 5 (M,r w ) arccos M,T> , (3.40)
N2LO 2 7 My — My =i My My
=AMz || digT3 + di7——— _q+digei — (d 2dyg) —— | - (341
9a ﬂK 1673 + 17mu+md) Cu—d + digci — (dis + 2di9) (mqumd)Q] (3.41)

Since we are working in the very-low-energy regime, the function fa(w’) may be approxi-
mated for w’ < M. A series expansion around w’ = 0 yields

, 3r w5 (W2 \?
fQ(W):k?E*g(E) +O(<JO\2W> ) (3.42)

so that we find the axion-nucleon coupling at zero momentum transfer

1 1
C:aNN = —7 GaNN = — (ga + gtlloop + g§2LO) ) (343)
fa fa
with
R 2
toop _ Ja ((gaMx 3.44
Ya 6 (47er ) : (344)

The respective axion-proton and axion-neutron vertices can be determined by inserting the
expressions for ¢,_4 and the ¢;’s from eq. (2.10) and eq. (2.11) and by matching g4 and
the gé’s to the nucleon matrix elements, i.e.

ga = Au— Ad,
gt = Au+ Ad, (3.45)
g5 = Aq, for g =s,¢,b,t,
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where s*Aq = (p|gy*y5q|p), with s the spin of the proton. The proton and neutron matrix
elements are related by isospin symmetry, i.e. (p|@y ysulp) = (n|dy*vysd|n), (p|dy*vysd|p) =
(nlay*ysuln), and (p|gy"vsq|p) = (n|gy*vsq|n) for ¢ = s,¢,b,t. In particular we find

Au + zAd + wAs
P _
A ot w T AuX,+AdXg+ Y AgX,, (3.46)
q={s,c;b;t}
o (14+22)Au+ (2+ 2)Ad + 3wAs
@ 1+z+4+w
+(Au+2Ad) X, + 2Au+ Ad)Xq+3 > AgXy, (3.47)
q={s,c,b,t}
for the case of axion-proton interaction, and
zAu + Ad + wAs
g =— ot w +AdX, + AuXg+ Y AgXy, (3.48)
a={s,c,b,t}
(24 2)Au+ (1+22)Ad + 3wAs
@ 1+z+w
+ (28u+ Ad)X, + (Au+2Ad)Xq+3 > AgXy, (3.49)
q={s,c,b,t}

for the case of axion-neutron coupling.

We extract the respective quantities from the recent FLAG review [43], which are here
given in the MS scheme at the scale y = 2GeV (we utilize the nucleon matrix elements
calculated on the lattice with Ny = 2 + 1 excluding isospin breaking effects). The LEC
dyg is taken from ref. [44] (fixed by the Goldberger-Treiman discrepancy), whereas djg has
been adopted from ref. [45]:

Au = 0.847(50), Ad = —0.407(34), As = —0.035(13),
my =2.27(9)MeV,  mg =4.67(9) MeV, M, = 136.10(1.82) MeV, (3.50)
z = 0.485(19), w = 0.025(1), ry = 0.8726(31) GeV, '

dig = 0.4(1.3)GeV 2, dig = —0.44(24) GeV 2,
where the nucleon mass in the chiral limit m = mpy has been estimated via the third order
relation (which is the accuracy to which we are working)
34 M3
327 F?
with ¢; = —1.07(2) GeV~! at O(p?) from ref. [44]. Note that the pion mass is taken to

be the leading order pion mass M, = \/B(m, +mg). The dig’s are of course hitherto
undetermined since they are new LECs in the theory with axions.

MN,phys = TUnN - 401M-,2r + O(M4) (351)

Inserting these values, one finds

gP = —0.430(36) + 0.847(50) X,, — 0.407(34) X, — 0.035(13) X , (3.52)

§P = —0.433(36) + 0.033(84) X,, + 1.287(106) X4 — 0.105(39) X , (3.53)

ggvloop = —0.002(1) + 0.0001(3) X,, + 0.005(2) Xy — 0.0004(2) X, , (3.54)
_ 13 _
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for the case of axion-proton interaction, and

gl = —0.002(30) — 0.407(34) X,, + 0.847(50) Xy — 0.035(13) X, , (3.55)
4 = —0.861(30) + 1.287(106) X, + 0.033(84) X, — 0.105(39) X , (3.56)
gi1ooP = —0.003(1) + 0.005(2) X, + 0.0001(3) Xy — 0.0004(2) X , (3.57)

for the interaction of axions with neutrons. Note that gh and g7 are nothing but the pure
leading order coupling strengths, which were reported already in ref. [28] (eq. (2.49) in
their paper). Here we have used the most recent values for the involved quantities and
neglected terms o< Ac, Ab, At, because these contributions are well beyond the accuracy of
the present N?LO estimations of the coupling strengths.

The corrections to the leading order couplings (3.52) and (3.55) stemming from the
chiral expansion to N2LO is given by

gN*LO = 0.002(7)

+ (—0.036(1)&1{# — 0.001(0)d5g + 0.004(0)dy7 + 0.033(1)d19) GeV?

n (0.015(48) + [0.037(1)J1;gd - 0‘013(1)d17} GeV2> X,

+ (70.015(48) + [0.037(1)&1;;‘1 + 0.013(1)d17} GeVQ) Xy

+0.074(2) GeV3d;6 X, (3.58)
g NLO = 0.012(7)

+ (—0.036(1)&7# —0.001(0)d§g + 0.004(0)d17 + 0‘033(1)d19) GeV?

+ (—0.015(48) + [0.037(1)J§Lgd - o.o13(1)d17] GeVQ) X,

+ (0.015(48) + [0.037(1)&# + 0.013(1)d17} GeV2> Xy

+0.074(2) GeV3d; X . (3.59)

Since the values of the remaining LECs appearing in this expression are unknown, we
estimate the strength of the contribution of gaNzLO by assuming that the undetermined
LECs are of O(GeV~?) following the conventional naturalness arguments, see e.g. [45, 46].
We expect the values of these LECs to be comparable to the ones known from dig and
dis, so we make the ansatz |dig| = 0.5(5) GeV~2 and likewise |d17.19] = 0.5(5) GeV~2, and
perform a Monte Carlo simulation assuming a normal distribution for each undetermined
LEC. This yields

g2 N"LO — 0.002(35) + 0.015(56) X, — 0.015(56) X4 + 0.000(52) X, , (3.60)

gN*LO = 0.012(35) — 0.015(56) X,, + 0.015(56) X4 + 0.000(52) X , (3.61)

so that our final result for the axion-nucleon coupling (3.43) reads

Gapp = —0.430(50) + 0.862(75) X,, — 0.417(66) X, — 0.035(54) X, , (3.62)
Gann = 0.007(46) — 0.417(66) X, + 0.862(75) X4 — 0.035(54) X . (3.63)

Note that we are still working at the matching scale y = 2GeV (in contrast to [28]).
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Collecting all contributions, one gets for the KSVZ model with X, = 0,

Japp - = —0.430(50) , (3.64)
gB8SVZ — 0.007(46), (3.65)
while for the DFSZ axion,
ghm? = —0.581(58) + 0.438(38) sin® 3, (3.66)
gPESZ — (1,283(55) — 0.415(38) sin’ 3. (3.67)

The coupling of axions to nucleons hence is always non-zero in both models, even though
KSVZ _

gann

the coupling to protons gapp can range from —0.581(58) at sin? 3 = 0 to —0.143(69) at

0 is possibile within the error range. In the DFSZ model, the strength of

sin? 3 = 1. The coupling to neutrons may take on values from +0.283(55) at sin? 3 = 0
to —0.132(67) at sin? 8 = 1, which means that in the DSFZ model gan, might still vanish
depending on the value of .

4 Summary

In this work, we have calculated the axion-nucleon couplings at the next-to-next-to-leading
order in two-flavor non-relativistic baryon chiral perturbation theory. Including all phe-
nomenological knowledge from a variety of sources, we find the N2LO corrections of a few
percent only. These couplings are therefore pinned down to a high precision.

Although we have reached a higher accuracy in the framework of chiral perturbation
theory, the errors are still relatively large for two reasons. Firstly, there are still sizeable
uncertainties stemming from the LO nucleon matrix elements calculated on the lattice,
and secondly there are considerable uncertainties from the undetermined LECs. In fact, a
possible future detection of the axion could be used to determine these LECs by applying
the method of Bayesian inference. This is, however, not expected to be the case in the
near future, because one would need more precise determinations of all other involved
quantities such as the nucleon matrix elements Aq or the quark masses (which might be
achieved in a few years in lattice QCD), and at the same time very precise measurements of
the axion-nucleon coupling would be necessary. The formula in eq. (3.37) is hence primarily
of relevance particularly for any future study on the axion-nucleon interaction, since the
numerical values for the respective couplings can always be brought up to date by using the
presented formulas and inserting the most recent estimations for the involved quantities.

In the future, it would be interesting to work out explicitly the chiral corrections to
the axion-photon interaction and the influence of the strange quark.
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1 Introduction

Soon after the discovery of the instanton solution of euclidean Yang-Mills gauge field the-

ories [1], it has been realized that the vacuum structure of theories such as quantum

chromodynamics (QCD) is highly non-trivial and that a so-called #-term appears [2]

2
- 9 v
Lqcp = Lqcopo +10 (471_) Tr [GMVG ] ,

(1.1)

which is C'P non-invariant as long as no quark is massless and as long as the effective angle

6 = 6 + Argdet M is non-zero, where M refers to the quark mass matrix. In eq. (1.1),

Lqcp,o denotes the usual QCD Lagrangian without the 6-term, g is the QCD coupling



constant, G, the gluon field strength tensor, G = enreB Gop/2 its dual, and Tr denotes
the trace in color space. As a consequence, the neutron acquires an electric dipole moment
o 6 [3]. Theoretical estimations of the #-induced neutron electric dipole moment (nEDM)
roughly vary between |d,| ~ 1070 ecm and |d,| ~ 10~ fecm; see refs. [4-7]. The
extreme small upper limit for the physical value of the nEDM determined in experiments
(the most recent result is |dy,| < 1.8 x 10726 ecm (90% C.L.) [8]) implies

6 <107, (1.2)

which is a rather unnatural value for a quantity that in principle might take on values
between 0 and 27 (where § = 7 is a special point [9]). Even though 6 of O(1) would alter
nuclear physics and big bang and stellar nucleosynthesis considerably [10], such anthropic
considerations do not constrain # to such a tiny value. One possible way to explain why
0~0 (in other words, to resolve the so-called “strong CP-problem”) is the Peccei-Quinn
mechanism [11, 12], which features a new global chiral symmetry, now usually labeled
U(1)pq, and which automatically leads to § = 0. The physical relic of this mechanism
is not only a C'P-conserving QCD Lagrangian, but also a new, very light pseudoscalar
pseudo-Nambu-Goldstone boson with zero bare mass called axion [13, 14], which soon after
its theoretical description also became a serious dark matter candidate [15-21], possibly
forming Bose-Einstein condensates [22]. Both, the fact that the Peccei-Quinn mechanism
provides an elegant solution to the strong CP-problem, and that it at the same time
might provide a solution to the missing matter problem of the universe, accounts for the
unwavering interest in the axion, even though it has not been detected yet and its existence
hence remains hypothetical.

The original (“visible”) Peccei-Quinn-Weinberg-Wilczek (PQWW) axion with a decay
constant at the electroweak scale and a mass in the keV/MeV region seems to be ruled out
experimentally [4, 23—-25], although there are still attempts to make the experimental data
compatible with the original model [26, 27]. However, these models require a lot of addi-
tional assumptions including that these axions restrictively couple to the first generation
fermions (up and down quark, electron) and are accidentally pion-phobic. The clearly pre-
ferred models are the so-called “invisible” axion models such as the Kim-Shifman-Vainstein-
Zakharov (KSVZ) axion model [28, 29] (which sometimes is called “hadronic” as it does not
couple to leptons) or the Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) axion model [30, 31].
Phenomenologically, the physical properties of such an (almost) invisible axion such as
its mass and the couplings to standard model particles (quarks, leptons, gauge bosons)
are governed by its expectedly large decay constant, which is traditionally estimated as
being [4, 15, 16, 32]

10°GeV < fo S 102 GeV, (1.3)
such that the axion mass [33, 34]
10'2 GeV .
mg ~ 5.7 ey x 1070 eV (1.4)
Ja
-2 —

125



126

presumably would be somewhere between a few peV and 0.1eV. The lifetime of the QCD
axion, which may decay into two photons, is incredibly large [33]

1 5
Ta%( ev) x 1025, (1.5)

Mg

Note that the traditional axion window, eq. (1.3), is set in order to match cold dark
matter requirements of the canonical invisible axion models that solve the strong CP-
problem. However, axions and axion-like particles have been considered also in the context
of several other models with decay constants considerably smaller or larger than the window
of eq. (1.3). For example, in the case of hadronic axions a decay constant as small as
fa = 10° GeV has been proposed [35], while in string theories axions and axion-like particles
might appear at the GUT or even the Planck scale, i.e. 10'° GeV < £, < 1018 GeV [36].

As a consequence of its (model-dependent) coupling to standard model particles, the
axion of course also couples to composite particles such as mesons or baryons. One possible
method of estimating constraints on the axion decay constant (or equivalently its mass)
rests upon this coupling to baryons, in particular to nucleons, namely through nuclear
bremsstrahlung processes in stellar objects [37-51] (see also the overviews [4, 33, 52, 53]).
The leading order aN coupling has been derived several times since the early days [23,
35, 54-56]. More recently, this leading order coupling has been reexamined in ref. [57].
Moreover, such an analysis has been carried out up-to-and-including O(p?) in SU(2) heavy
baryon chiral perturbation theory (HBCHPT) in our previous work [58], where p denotes
a small parameter (see below in section 2.2).

In this paper, we extend these previous studies using SU(3) HBCHPT in two regards:
(i) we extend the calculations of the axion-nucleon couplings to the SU(3) case, up-to-and-
including O(p?), and (ii) we derive the couplings of the axion to the full ground state baryon
octet (section 4). At this point one might wonder whether this extension is indeed useful
given the fact that the most relevant coupling of the axion to baryons, i.e. the coupling
to nucleons, is already known to good precision in the literature cited above, certainly
precise enough for any phenomenological purpose. In this sense, the present study on
the one hand is of rather theoretical interest, unraveling the explicit NNLO structure
of the axion-nucleon coupling explicitly respecting the strange quark mass dependence.
On the other hand, however, extending the analysis to the SU(3) case, we show that
the traditional “invisible” axion also significantly couples to hyperons which has further
phenomenological implications, since it has been suggested that hyperons might exist in
the cores of neutron stars [59-86]. While it is a matter of ongoing research whether the
seemingly energetically inevitable existence of hyperons in dense cores are compatible with
the observed maximum masses of neutron stars (this question is related to the expected
softening of the equation of state and known in the literature as “hyperon puzzle”), it is
clear that approaches to constrain axion properties from cooling of neutron stars based
on axion-nucleon bremsstrahlung alone might turn out to be insufficient. Depending on
the underlying model and parameter sets, particularly the A and the ¥~ might appear in
significant fractions of the total baryon number. As will be shown in this study, the axion
coupling to these particular hyperons is of a similar order as that to the nucleons (in fact,



it could even be much larger than that to the neutron depending on the axion models),
suggesting a revision of axion parameter constraints from stellar cooling.

Before performing the calculations of the axion-baryon couplings, we start with the
explicit implementation of our framework and work out its ingredients and building blocks,
which are the main topics of the following section 2. This section ends with some remarks
of the general form of the axion-baryon coupling (section 2.3). The actual calculations of
the axion-baryon couplings up to the leading one-loop level are performed in section 3, and
the results are discussed in section 4.

2 SU(3) chiral perturbation theory with axions: general remarks

2.1 Ingredients from the axion-quark interaction Lagrangian

Consider the general QCD Lagrangian with axions below the electroweak symmetry break-
ing scale [32]

2
a ~ _ oua
Lqcp = Loepo + + ( J ) Tr [G,WG“”} + s - Xeq s (2.1)

fa \4m 2fa
where ¢ = (u,d, s, c,b,t)T collects the quark fields and a refers to the axion field with decay
constant f,. The second term is a remnant of the #-term of eq. (1.1) after the spontaneous
breakdown of the Peccei-Quinn symmetry. Depending on the underlying axion model,
axions might additionally couple directly to the quark fields, which is here present in the
form of the last term. Here, we assume the canonical scenario that the couplings are flavor
conserving at tree-level, i.e. X; = diag{X,} is a diagonal 6 x 6 matrix acting in flavor
space, where the X’s, ¢ = {u,d,s,c,b,t}, are the coupling constants of the respective
axion-quark interactions. These are given, for instance, by

XqKSVZ 0 ,
1 z7! 1
DFSZ .2
wel =334 = 3on 3, (2.2)
1 x 1 1
DFSZ 2 DFSZ
dob = 3pmgt 3 BT Kl

for the KSVZ-type axions and DFSZ-type axions, respectively, where x = cot 3 is the
ratio of the vacuum expectation values (VEVs) of the two Higgs doublets within the latter
models. Note that Lgcp,o in eq. (2.1) also contains a quark mass term gMyq, with M, =
diag {mg} being the real, diagonal and vs-free quark mass matrix.

As usual, it is advisable to perform a transformation on the quark fields,

q — exp <i752%19‘1> q, (2.3)

in order to remove the second term of eq. (2.1). Choosing

M! 1
= ~ diag (1 2.4
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which corresponds to vacuum alignment in the #-vacuum case, we can avoid the leading
order mass mixing between the axion and the neutral pseudo-Nambu-Goldstone bosons of
the spontaneous breaking of SU(3) chiral symmetry, the 7° and the 7, from the beginning.
Here, (...) denotes the trace in flavor space, z = m,/mg and w = m,/ms. Now the
axion-quark interaction Lagrangian is given by

_ _ aua
Loq=—(qMagr +h.c.) +a7"y5 2*} (X — Qa)a, (25)
where g7, and gqg are the left- and right-handed projections of the quark fields, and
.a
M, = exp (zf—Qa) M,. (2.6)
a

Considering only the three-dimensional subspace of flavor space, i.e. ¢ = (u, d,s)T, and
introducing

c(1>:§(xu+xd+xs—1),

1 1-=2
() _ -
¢ 2 (Xu Xa 14z +w> ’ 27)
1 1+2—-2w
®_ 1 (x X—2X—7)
¢ 2\/3( E A S ey

we can decompose the matrix X; — Q, into traceless parts and parts with non-vanishing
trace, so that

['afq = (QLMaqR + h.C.)

+ (W‘% ?}a (1 + @ + c®xg) q)

_ 0,a
+ > (qv“% #qu) ,
q={c,b,t} @

g=(u,d,5)™ (2.8)

where A3 and Ag refer to the third and eighth Gell-Mann matrices, respectively. From
this form of the axion-quark interaction Lagrangian, we can directly read off the required
ingredients for the axionic SU(3) heavy baryon chiral Lagrangian, i.e. the external currents

5=M,,
_ Oua (3 (®)
a, = E (c A3+ ¢ /\8> , (2.9)
() _  Oua -
”’i_CZQfa]L i=1,...,4.
Here we have set
c1 =C(1), co = X, c3=Xp, cy = Xy (2.10)
_ 5 _



Note that in contrast to usual chiral perturbation theory, it is also necessary to add isos-
(s)

inglet axial-vector currents a;i in order to preserve the full QCD axion interaction. This
is possible here, as the subtleties that usually arise due to the U(1) 4 anomaly are absent,
because the model is now anomaly-free.

If one considers also flavor-changing axion-quark couplings at tree-level, X, would be
non-diagonal. In this case, it is likewise appropriate to decompose X, — Q, into traceless
parts and parts with non-vanishing trace, such that

ua S i
a, = QF‘I;GUA% (2.11)

with C'Y) depending on the allowed flavor-changing processes and ); the eight Gell-Mann
matrices. This then would cause baryon conversion processes. At this point we note
that depending on the underlying model Higgs loops may induce off-diagonal couplings,
which would be loop-suppressed but might be relevant due to unsuppressed top Yukawa
couplings [87]. As stated above, we here stick to the most prevalent models excluding such
flavor-changing axion-quark couplings at tree-level.

2.2 Building blocks of the chiral Lagrangian

The framework we use in this paper is chiral perturbation theory (CHPT) including
baryons, meaning the effective field theory of QCD in the low-energy sector. CHPT is
used to explore meson-baryon systems based on a systematic expansion in small mo-
menta and quark masses below the scale of the spontaneous breakdown of chiral symmetry,
Ay ~ 1GeV, as first developed by Gasser, Sainio, and Svarc for the two-flavor case [88] and
by Krause for the three-flavor case [89]. However, while baryons can easily be incorporated
into CHPT in a consistent manner respecting all symmetries, the power-counting scheme
engineered to systematically arrange the infinitely many terms allowed by the fundamental
symmetries is spoiled by the fact that the baryon masses mp, which do not vanish in the
chiral limit, are roughly of the same order as A,. One way to overcome this problem is
to realize that all mass scales need to be assigned to a scaling in the power counting and
thus to treat the baryons as extremely heavy, static fermions, which is the idea behind
HBCHPT [90-93]. In this scheme, the four momentum of a baryon field is decomposed as

ky = mpv, + pu (2.12)

with the four-velocity v, subject to the constraint v? = 1, and Py a small residual mo-
mentum satisfying (v-p) < mp. After integrating out the heavy degrees of freedom,
the resulting Lagrangian is expressed in terms of the heavy baryon field B, which is now
characterized by a fixed velocity v, (for convenience, we refrain from writing B, to explic-
itly mark the v dependence). Additionally, it is possible to simplify the Dirac algebra by
expressing any Dirac bilinear by means of v, and the Pauli-Lubanski spin operator

1
S}u = 5’)/50'“1,1)1/, (213)
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which satisfies the relations

1 1-—
{Su, S} = 5(%% —Guw) s [Sus Su] = i€upev? S, (v-8) =0, 5% = Td’ (2.14)

where the last one is valid in d spacetime dimensions. In eq. (2.14) and in what follows,
[, ] refers to the commutator and { , } to the anticommutator.

Any term in the effective Lagrangian consists of a number of elements from a small
set of basic building blocks, from which we will present those that are relevant for axionic
SU(3) HBCHPT. In this three-flavor case, the ground state baryon octet consisting of the
nucleons p and n and the hyperons X, A, and Z are collected in a single 3 x 3 matrix

Ay, 1 +
\/523 + \/6A8 ¥ p
B= »- —%23 + %Ag n , (2.15)
=— =0 _2
= = \/éAg

where

Y5 =cose X0 —sine A,
0 (2.16)
Ag =sine X° +cose A.
Equation (2.15) corresponds to the adjoint representation of SU(3). Due to isospin break-
ing, the physical 0 and A are mixed states made of the ¥3 and Ag. This mixing is usually
parameterized by the mixing angle € and one has
</\3Mq>
tan2e = ——. 2.17
(M) 247
The pseudoscalar mesons, the pseudo-Nambu-Goldstone bosons of the spontaneous break-
down of chiral symmetry, appear in the Lagrangian in form of a unitary matrix

u=U = exp <z;}) , (2.18)

where F), is the pseudoscalar decay constant in the chiral limit and ® is a Hermitian 3 x 3
matrix given by

%Wg + ﬁns mt K*
d =2 T ~ 5Tt e K| (2.19)
K- KO

_%7]8
Again, the physical mass eigenstates of the neutral particles of the diagonal are mixed
states as a consequence of isospin breaking effects and one has

0 .
T3 = COS€ M —sinen,
. 0 (2.20)
7Ng =Sine m + COS€ 1.



Using the leading order meson masses,

Mgi = Bo(mu + md) s

2 sin? e
M,%o = Bo(my +mg) + gBo(mu +mg — 2ms)m ,

MIQ(i = BO(mu + ms) s (2'21)

MI2(0 = Bo(md + ms) ,
1 2 sin? e
Mg = gBo(mu +mg + 4mg) — gBo(mu +mg — 2ms)m ,
where By is a parameter from the O(p?) meson Lagrangian related to the scalar quark

condensate. One can further derive

2 Mp.—M;
sin 2e = —M ,
V3 M2, — M
) ) ) (2.22)
cos 2e = 22Mys = Mies — My
3 M2, — M2 ’

using eq. (2.17), which is valid at leading order.

Any other particle such as the axion enters the theory in form of an external current. In
the present case, we need five axial-vector currents a, and aﬁz, i=1,...,4, corresponding
to the isovector and isoscalar parts of the axion-matter interaction; compare eq. (2.9).
Furthermore, a scalar external field s is needed to account for the explicit chiral symmetry

breaking due to the light quark masses. Setting x = 2Bys, it is then convenient to define

Uy =1 [ Tauu — uaﬂu Tauu — iuaMuT] ,
Up i [ zuTa( )u zua( )uJr = QaLZ, (2~23)

X+ = uTqu + uxTu,

which all transform in the same way under chiral transformations. Additionally, one defines
the chiral covariant derivative

(D, B] = 8,B + [T,,, B, (2.24)

where 1
r,= 3 [u*@ltu + uauuT — z'ufauu + iuauulf] (2.25)

is the chiral connection. Assigning systematically a chiral dimension p to these building
blocks in order to establish the power-counting method mentioned above, the effective
Lagrangian is constructed by considering all combinations allowed by the underlying sym-
metries. The terms of the meson-baryon Lagrangian then can be arranged according to
the chiral dimension,

Lop=Loy+Lop+ LS, + -+ L+ +..., (2.26)
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where the superscript “(i)” denotes the Lagrangian containing all terms of O(p®). In the
case of the purely mesonic Lagrangians Eg), i is restricted to even numbers. Chiral loops
start contributing at O(p3) (see section 3.6), which means that EE}? )9 contains a number of
low-energy constants and counter-terms needed for the renormalization (ch. 3.4 and 3.5).
Note that in non-relativistic HBCHPT the Lagrangian (2.26) contains an inverse power
series in mp, the average octet mass in the chiral limit, which starts contributing at (’)(pZ)

(see section 3.2). The leading order meson-baryon Lagrangian is given by
£y, = (iBv" [D,, B]) + D (BS" {u,, BY) + F (BS" [u,, B]) + D' (BS"u,:B) , (2.27)

which in contrast to the two-flavor case contains two isovector axial-vector coupling con-
stants D and F, and in the present case of axionic HBCHPT the coupling constants D to
account for the isoscalar interactions.

2.3 General form of the axion-baryon coupling

For any process Bp — B +a, where B4 and Bp denote arbitrary baryons and a an axion,
the general Feynman rule for the vertex in the baryon rest frame has the form

By
-8 = Gaap (S q), (2.28)
By

where g, is the four-momentum of the outgoing axion. The coupling constant G,4p consists

of a power series in 1/f,
1 1
GaAB = _ﬁgaAB + O (]T%) . (229)

Due to the expected huge value of f,, it is sufficient to determine the leading order term
X gaAB/ fa, Where ) ) ,
GarB = 9\ + 94 + Iudp + - (2.30)

can be expanded according to the power counting rules of HBCHPT. Here in particular

(1) _ LO, tree

9aAB = YaAB ’
2 1

95 = i (2.31)
3 N2LO, t 1/m3 LO, 1

91(1123 =Goap A Gaan” t ian

where gl9p and gyj]éo refer to the contributions from the leading and next-to-next-to-
leading order chiral Lagrangian, i.e. from E((Pl g and ,ng)g of eq. (2.26), respectively. Further-
more, giﬁ(ZB and gigmBzB refer to the O(mz") and O(mz?) contributions from the expansion
in the average baryon mass in the chiral limit mp, which additionally appear in HBCHPT
(see section 3.2). In this paper, we will determine each of these contributions to g,ap up
to O (p%).

As we work in the physical basis, A and B in Go4p and g,4p can be understood as
SU(3) indices running from 1 to 8 that directly relate to the physical baryon fields. Ggq4, for



instance, thus gives the axion-proton coupling Gy, Whereas Gge6 gives the axion-neutron
coupling Ggny, (see appendix A). In this basis, the matrix of G,4p is mostly diagonal as
we exclude flavor-changing axion-quark couplings, i.e. Goap = 0 for A # B, with the only
exception of Ga3g = Gag3, i.e. G,xoa, which is related to the £°-A mixing.

3 Determining the axion-baryon coupling

3.1 Leading order: tree level contributions

From the Lagrangian eq. (2.27), we can determine the leading order axion-baryon coupling
by inserting’

r,=o0,
_ a3 ®)
Uy = f (c A3+ ¢ )\g) , (3.1)
Uy = Ci%ﬂv
which gives
£t Q}‘TBBA (S - 0a) By, (3.2)

where A and B are SU(3) indices in the physical basis (see appendix A). Here we have
defined

9AB = %{D <C(3) <5\TA {/\37 5‘3}> +c® <5‘1T4 {)‘8’ 5‘B}>)

(3.3)
+ F (0(3) <5\L [)\3, XB]> + 0(8) <5\TA [>\87 S\B} >) -+ QCiDi(SAB} .
The matrix elements of g4p are given in table 4 in appendix B. As we are working in the
physical basis including the £%-A mixing, gap actually includes effects of O(p?). The pure
leading order axion-baryon coupling is found by setting e = 0, i.e. by replacing A A/B —
Aay/B, see eq. (A.14) of appendix A. In this case, A3 and Ag can be replaced by Az and Ag so
that the coupling can be expressed by means of the structure constants f4apc and dapc:

9% = 9Bl =¥ (DJABs - FfABs) +c® (DczABS - FfABS) +¢DWap.  (3.4)

It is hence clear that g((llfz p in eq. (2.30) is simply given by

mn _ o
9oAB = 9AB- (3.5)
!Note that in our previous work [58], there is a typo in the corresponding SU(2) equations, i.e. egs. (3.16)
_ . - dua L dua
and (3.21): 1,; is not given by ,,; = ci;—'rg,. The correct expression is 4,,; = ¢; ; 1.
~10 -
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3.2 Expansion in the baryon mass

The Lagrangian containing the corrections due to the finite baryon masses mp in the
heavy-baryon expansion up to O (p3) corresponding to terms proportional to 1/mp and
1/m% is given by [93]

= 1 t 1 f
1/mp _ AC CB _ AC CD DB
L B — BA {QmB Yo {B(l) ] '}’06(1) 4mQB Yo [B(l) ] ’Y()A(l) B(l) } BB . (36)

Here

At = (w2 As]) 4 D ({05, A}

and

= 3 (i da]) - 3 (3 {035, 30)

where for any four-vector x,,
xj =v,(v-z)—m,y. (3.9

In the present case of axionic HBCHPT, we find

‘ 1
ALY =i(v-0)dap + 7948 (S - da), (3.10)
1

By = in"0 0 — 37,948 (v-0a)~s, (3.11)

with gap as defined in eq. (3.3), so that

1~ (i
mp _ 1 9AB (g . YAB [ _ gu (g . . . .

c faBA{2mB (8-0). (- 00)} + o[ = 0 (S - 00) B+ (0-0) (S - 00) (0-0)

—({(S-9),(v-0a)} (v-0)+h.c.)
+((S-8) (9a- ) +hc.)] }BB  (3.12)

Let p be the momentum of the incoming baryon, p’ the momentum of the outgoing baryon,
and w() = (v . p(’)>, then the resulting vertex Feynman rule reads
By

a Y9gAB 1 / 1 2 /2 ’ 2

- 11 —



which is in complete analogy to the SU(2) case [58]. In the baryon rest frame with p = 0,
w=20 v = (1,0,0,0)T7 and W' = (v-p) = —(v-q) = —qo < mp, where gy is the
relativistic energy of the outgoing axion, we finally find (see egs. (2.30) and (2.31))

/m}

2
LO, t 1/m 1 B q0 q5
Gaab  t9dAB t Yaap” = 9AB {1 " g T dm, } : (3.14)

3.3 Next-to-next-to-leading order: contributions from x_

At next-to-next-to-leading order, there are several contributions that have to be considered.
We can differentiate terms with finite low-energy constants (LECs) that are o< x_, terms
with LECs having finite and ultraviolet (UV) divergent pieces « X4, and terms proportional
some LECs that have no finite pieces serving as counter-terms to cancel UV divergences
from the loop contributions. We start with the former.

Up to O (1/fa), x—, see egs. (2.6) and (2.23), can be written as

4iM?. 2 w \ !
= 1+ ) al, 3.15
X fo (11 2)2 ( 1+ 2 (3.15)

where Mﬁi is the leading order mass of the charged pions given in eq. (2.21). The con-

tributing terms of Eg% are (here and in the following section, we enumerate the LECs

according to the list of terms in ref. [95])
LY = —idy (<(aB : 5) X,B> + <Bx,(5 : aB)>)
—ids (((9B-S) (x-) B) + (B (x-) (S-0B))). (3.16)

Inserting eq. (3.15) yields

B
a 4M2:t z w -1
T ! dy +3d5) a5 (S q) 1
Ja (1+z)2( +1—|—z) (d2 +3d3) 6ap (S - q) (3.17)
Bg

The reason for writing the coupling in this way is to match it to the corresponding terms
in the SU(2) case, which are given by [58]

N
4M?
e fﬂ':t (1_*_72:2)2 (dig + 2d19) (S - q), (3.18)
N

where N is the nucleon field, and dig and dyg9 are LECs from the next-to-next-to-leading
order SU(2) mN Lagrangian [96]. Apart from a substitution of the LECs, the main dif-
ference between the SU(3) case, eq. (3.17), and the SU(2) case, eq. (3.18), is the explicit
effect of the strange quark mass my in the factor (14 w/(14 2))~!, which reduces to unity
at ms — 00, i.e. w — 0. In the SU(3) case, the finite value of w accounts for a correction
of about two percent.

- 12 —
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3.4 Next-to-next-to-leading order: contributions from x4

From egs. (2.6) and (2.23), one can readily determine that
X+ = 4BoM, + 0 (£72). (3.19)
The relevant terms from L‘g’ ])3 are [95]

£ = du(N) ((BS" [ e, BII) + (BS” [xas [, BI]))
+di(\) ((BS" [uy, {x+ BY) + (BS" {x+ [us B]}))
+dis(N) ((BS" {ws, [+, BI}) + (BS* [x+, {us BY]))
+ dua(N) ((BS* {ups {x+, BY}) + (BS* {x+, {uy B}})) (3.20)
+das(\) ( BS* [uy, B) (x+) + dag () { BS" {u, BY) (x+)

(V) (BS"B) (wx+) + di(\) (B (S - ws) [x+, B])

di,(\) (B

N (B (S ) {x+, BY) +di(\) (B(S-w) B) (x+).

)
)
)
)
+ dazr(N)
)

The LECs depend on the scale A and are given by

_ , 0)
dP () =dD" () + [;2 L\,  k={41,...,47}. (3.21)

In this equation, dg)’T(z\) refer to the renormalized LECs, and L(\) contains the pole for
spacetime dimension d = 4,

d—4
L(\) = (ZT)Q (ﬁ - % [In(4m) — v+ 1]) ; (3.22)

where 7 is the Euler-Mascheroni constant. The -functions are set to cancel the divergences
of the one-loop functional, as discussed below. We write the resulting tree-level vertex as

B,
a AM2. - .
LA Yy d . 9
T AB(A) (S - q), (3.23)
By,

where we have set

s e (€00 (3 . [t ) (35 [t s 3]
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+das(N) (N s, An) ) (M) + das(0) (M s, An ) (M)

+ 2d47(N)oaB (Aqu>}

+ ci{d43( ) <)\A [Mq )\B]> +di,(N) <XA {Mq, XB}>

+2dig(N\)ian <Mq>}> . (3.24)

The matrix elements of dap are given in egs. (B.1)~(B.9) of appendix B.

3.5 Next-to-next-to-leading order: counter-terms

The counter-terms needed for the renormalization have been worked out in ref. [93]. For
the present case, we need the terms i = {36, 37, 38,39} from this paper, which are given by

ret — dsg(A )<<U . aB) {(S-u),(v- 83)}>

+dgr(3) ((v- 0 )[(S u), (v-9B)])

+d38<x><_{ ), (S w]l, BY) 55
+dgo (M) (BIl(v ). (S-u)l), B])

+d§6()\)< v- ) (S - w) aB)>

+dis () (BI( ), (S u)]] BY,

where we have added two terms in order to account for the isoscalar interactions. The
LECs have no finite part, i.e.
(4)

d () = 5;2 L(\),  k={36,...,39}. (3.26)
Their contribution to the tree-level vertex is given by
B
> = —EdifB( )(S-a). (3.27)
Bp
14 —
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)

)
’

q ! q

@ = e pt
12N

p p

By By

Figure 1. Non-vanishing meson loop contributions to Bg — B4 + a.

with
d5ts(\) = (dgﬁ()\)ww’ —dsg(\) (w — w')Q) (0(3)62,433 + c(s)ciABs)
- (d37()\)ww/ — dzo(N) (w — w/)Q) <0(3>fAB3 + C<8)fABS) (3.28)
+ (dhgNww = dig(V) (@ — ) cidas
3.6 Loops

There are only two non-vanishing single meson loops that contribute to the O(p?®) axion-
baryon vertex at O(1/f,), which are shown in figure 1. In this figure, mesons are identi-
fied by means of the SU(3) index C in the physical basis including the 7% mixing, cf.
egs. (2.19) and (A.3). Note that the potential diagrams with a a® BB vertex and a meson
line connected to one baryon leg vanish because (v-S) = 0, see eq. (2.14), as has been
shown in ref. [58] for the corresponding diagrams in the SU(2) case, which have the same

topology.

3.6.1 Diagram (a)

Using the leading order meson-baryon vertex rule, one finds

1
fuF2

1 1 (a) 2
= _ —M
6fa (4nF,)? ZC: Janc { te

@) e 1o d%k k. k.,
0) = g2 L 0he5" (50) 5”5 [ ¢ r
C

i) (2m)d (k2—M<12)C+in)(w’—v~k+in)(w—v-k+in)

3 /
343 2 2\2 w o 2 2 e
, (w w42 {(Mq)c w ) arccos Moy (MQC w ) arccos M<1>c}>

(SIS

wW—w

+ <3M‘%c -2 (w— u/)2 — 6ww’> <(47r)2L(>\) +In M:\DC ) } (S-q),
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where we have applied dimensional regularization and used the properties in eq. (2.14).
Moreover, we have defined

ditho = 13 (0 (4 [} (3 [ 2] o
D,E (3.30)

x (D (A, {3 As}) + F (AL [M As]))

in order to handle all meson loops for all baryons B4 and Bp at the same time. Here g% D
refers to eq. (3.4), the leading order axion-baryon coupling. Equation (3.29) contains UV
divergences, which will be treated below in section 3.6.3. The expression for diagram (a)
can be simplified by considering the baryon rest frame and expanding around gy < Mg,
for all mesons ®¢, which yields

2 2
1 @ (Mo 3™ g 5 QO
- 1+ 2 2
@) =57 = e <4wFp T2 Ma,, 3\ Moy

(3.31)
(on (o)) (oo s
3.6.2 Diagram (b)
Expanding u up to order ®? yields
oua
= W( D [@, @, A]] + ¥ [, [0, As]]) (3.32)

so the vertex rule for the aB4 Bp®c®-vertex in the physical basis derived from E( op can
be written as

1
jup2tane (S-a). (3.33)

where we have defined the coupling constant

o = {6 (930 ([ [ ] Ao} + 7 34 [ 16,35 3] )
e (030 { i [ ] An) + (34 [ [6.34] 3] )}

(3.34)

In fact, this vertex and thus diagram (b) is independent of the mixing angle € so one might
as well substitute Ao — A¢ in eq. (3.34). Therefore, one can also express the coupling
constant by means of the structure constants defined in egs. (A.9) and (A.14),

QX)])E;C Z frep (0(3)f300 [DOzAEB + FfAEB] +c® fsep [DCZAEB + FfAEB]) .
455

(3.35)
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The loops of diagram (b) for all mesons ®¢ can then be calculated as

1 . w 1 / A4k 1
(b)= 2faF2 (5 Q)Z"AB% @m)d k2= M3, + i
R (3.36)
_ ®) ®.
_ faFQ ZgABCMq)C( N+ G )

3.6.3 Renormalization

The divergences appearing in the meson loop calculations in dimensional regularization are
canceled by setting appropriate 8 functions for the LECs appearing in d AB(N), eq. (3.24),
and df3(\), eq. (3.27),

Ba6 = 2D (D2 + 3F2> , Big = —%Di (13D2 + 9F2) 7

Ba7 = %F (5D2 - 9F2) , fBag = —%D (D2 + 3F2) ,

Big = éDi (13D2 n 9F2) , B = —%F (5132 - 9F2) ,

B :—@D <9D2+7F2—9> 542:—%10 <D2—F2—1),

Bz = figF (7D2 T9F? - 9) , Biy = f%DFDi,

Baa = —%D (23D2 +9F% - 9) , Bi, = —%Di (D2 - 3F2) ,

Bus = —%F (D* —9r? -9), B = iD (17D% - 9F? 4 9),

Big = —Dl (13D2 + 9F2) Bar = 7D (D2 +3F% - ) (3.37)

of which the f’s are in accordance with the ones given in ref. [93], and the ﬂ,i’s have been
worked out here for the first time. With that, the full renormalized O(p?) contribution
reads

N2LO, tree gLO loop 4M7%iz (dr ()\) d2 +3d3

L toop,r | loop,
9aAB TY94AB 14 . \%aB *m&w) 279,2? +94m 7 (N), (3.38)

where we have neglected terms of O (¢o/Ms,). Moreover, dA:;‘B refers to eq. (3.24) with
renormalized LECs, and

2
It X 9 a M<I>
=3 g (MFi)) : (3.39)
C
2
loop.s 1 b Mg Mg
gooPe(y) = Z (—§g1(f])30 + 91(4))90) <47r1*fp In )\C . (3.40)
c

OOI)7

The matrix elements of g, 7" are given in egs. (B.10)—(B.18) of appendix B.
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4 Results

4.1 Leading order axion-baryon coupling

Using the nucleon matrix elements Ag defined by s*Aq = (p|gy*vsq|p), s* being the spin
of the proton, we set

(D+F)=ga=Au—Ad, —(D—-3F)=Au+Ad-2As, (4.1)
D' = Au+ Ad + As, D' = Ag;, for i ={2,3,4}, Ag; = {Ac, Ab, At}

where the respective baryon matrix elements are related to the ones from the nucleons by
flavor symmetry. From now on, we neglect terms o< {Ac, Ab, At}, which basically represent
sea quark effects beyond the numerical uncertainties of the dominant contributions of the
up, down, and strange quarks (at least in the standard DFSZ scenario, where the couplings
to heavy quarks are of the same order as the couplings to the light quarks; if alternatively
the couplings X., X, and X; or only one or two of them were much stronger than X,, Xy,
and X, these sea quark terms could not be ignored any longer). Inserting this into the
result for the leading order axion-baryon coupling constant 91(12 B €4. (3.4) (see also table 4
in appendix B), we find

(1) _ Au+zAs+wAd
ga2+z+ - - 1+Z+w +AuXu+Ast+Ang7
1) _ As+zAu+wAd
Ipsr-y- = — Tpp—— + AsX, + AuXyg+ AdXs,
Aut+As
o =504z +wAd | AutAs X o4 x AdX
9y5050 = Tr-+w + ) (Xu+ Xg) + AdXs,
Au+ zAd + wAs
1) _
gt =~ —— + AuX, + AdXg + AsX,,
(1) _ As+zAd+wAu i
G-z = — rp—— + AsX, + AdXg + AuXs, )
4.2
Ad + zAu + wAs
dhitn =~ X+ X+ AsX,
Ad + zA A
9(20:0:7 trAstw u+Aqu+ASXd+AUXs,
a="= l1+2z4+w
o _ Au+4€d+As (1 4 Z) 4 2Au7A3d+2Asw
Jara 1+z+w
A 4Ad + A 2Au — Ad + 2A
M(XU—Q—XCZ)—%U—HXS,
6 3
o _ TEET 0o Au—2ad+As (X — X2
Jaxon = 1+2+w 2V/3 v
In particular, gé%,)p and g(%)n are exactly the same as in the SU(2) case. Using [97]
Au = 0.847(50) Ad = —0.407(34) , As = —0.035(13), (4.3)

— 18 —

141



142

which correspond to

1 1
D=5 Au—Ad+ SAs = 0813(43),

F= %Au - %As = 0.441(26),, (4.4)

D! =0.405(62),
and [97]
2=0485(19),  w=0.025(1), (4.5)

we obtain

gl sy = —0.543(34) + 0.847(50) X.
gl . = —0.242(21) — 0.035(13) X
90 = —0.396(25) + 0.417(25) X,, + 0.395(25) X4 — 0.407(35) X, ,
gk, = —0.430(36) + 0.847(50) X, — 0.407(34) X4 — 0.035(13) X ,
= 0.140(15) — 0.035(13) X, — 0.407(34) X, + 0.847(50) X, , (4.6)

gt = —0.002(30) — 0.407(34) X, + 0.847(50) X4 — 0.035(13) X,
90 = 0.267(23) — 0.407(34) X,, — 0.035(13) X + 0.847(50) X, ,

gl = 0.126(25) — 0.147(25) X, — 0.125(25) X, + 0.677(35) X,
g\, = —0.153(10) + 0.463(25) X,, — 0.476(25) X4 + 0.013(1) X, ,

w — 0.035(13) X4 — 0.407(34) X, ,

W+ 0.847(50) X4 — 0.407(34) X, ,
(25) (35)
(34) (13)

m=

9

where we also considered corrections from the non-vanishing mixing angle e related to
isospin breaking in the cases of the £0 and the A (which is why there also appears a term
x X; in g((lIE)OA). In table 1, we list the results for the KSVZ axion, where X; = 0, and
the DFSZ axion, where the axion-quark couplings X, depend on the angle § related to
the VEVs of the involved Higgs doublets (see above, eq. (2.2)). In the KSVZ model, the
strongest couplings are hence to be expected for the X+ and the proton, which is also true
for the DFSZ model at small values of sin? 3 (in this region, also the Z° shows a considerably
large coupling with an opposite sign). As noted already in many previous works, the axion-
neutron coupling in some scenarios is strongly suppressed and might even vanish in the
KSVZ model and the DFSZ model at sin? 3 ~ 2/3 (corresponding to x = 1/\/5, where x is
the ratio of the VEVs of the two Higgs doublets). The axion-neutron coupling is also the
only baryon conserving coupling that might vanish in the DFSZ model, as it is the only
one that changes its sign when varying sin? 8 from zero to unity. At sin® 8 = 1, also the
¥0-A mixing vertex disappears. At the same value of sin? 3, the couplings are somehow
“harmonized”, i.e. the couplings of the axion to particles of the same strangeness S are
approximately the same, which is due to flavor symmetry. In case of the neutron and

in2 A—
the proton with S = 0 one then has gggn F=1 ~ —0.14, in case of the ¥ particles with

S =1, one has gé}gginz A=t —0.26, and in case of the two = baryons with S = 2, one has

in2 A—
gc(llf;’;m #=1 ~0.13. The difference among the particles with the same S can be determined
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9((123
Process KSVZ D.F‘SZ . .

general sin?f=0 | sin?p = % sin? =1
Yt = Bt +a | —0.543(34) | —0.690(36) 4 0.430(21)sin? 3 | —0.690(36) | —0.404(36) | —0.261(38)
Y~ = X7 +a | —0.242(21) | —0.095(29) — 0.158(21)sin? 8 | —0.095(29) | —0.201(23) | —0.254(22)
Y0 - %04+ a | —0.396(25) | —0.400(29) 4 0.143(12)sin? 3 | —0.400(29) | —0.305(27) | —0.257(27)
p—pt+a | —0.430(36) | —0.577(38) + 0.430(21)sin? 3 | —0.577(38) | —0.291(38) | —0.147(39)
- = Z 4a | 0.140(15) | 0.287(25) — 0.158(21)sin? 8 | 0.287(25) | 0.181(17) | 0.128(16)
n—n+a | —0.002(30) | 0.269(34) —0.406(21)sin% B | 0.269(34) | —0.002(31) | —0.138(22)
=05 =04q 0.267(23) | 0.531(29) — 0.406(21)sin? 8 | 0.531(29) | 0.267(25) | 0.131(26)
A—=A+a 0.126(25) | 0.310(29) — 0.233(12)sin?3 |  0.310(29) | 0.155(27) | 0.077(26)
2 Ata —0.153(10) | —0.308(13) + 0.309(16) sin? 3 | —0.308(13) | —0.102(11) | 0.000(13)

A—=X0+a ‘ ‘ ‘ ‘ ’ ’ ’

Table 1. Leading order axion-baryon couplings gleX p for the KSVZ axion and the DFSZ axion.

as being always

AgLsin?p=1 _ 2—dz—w

=— — (Aqp — Ag) = 0. Ag — A 4.
9aAB 3(1+z+w)( @ q2) ~ 0.008 (Aqy @), (4.7)

where AB here denotes particles of the same strangeness, and A¢; and Agy depends on the
quark content of these particles, i.e. (Ag; — Ag2) = (As — Au) in the case of the ¥ baryons,
(Aq1 — Ag2) = (Ad — Au) in the case of the nucleons, and (Agq; — Age) = (Ad — As) in the
case of the = particles (note that in cases with X° an additional factor 1/2 and corrections
from € # 0 appear in eq. (4.7)).

4.2 Loop corrections and estimation of the NNLO LECs

As stated already, the results for the leading order axion-nucleon coupling in the Ny = 3
case are entirely in line with the results of the Ny = 2 case, which is also true for the
O (p2) and O (p3) corrections stemming from the expansion in 1/mp that appear in the
non-relativistic heavy baryon limit, with the only exception that the nucleon mass in the
chiral limit mg appearing in the SU(2) case is substituted by the average baryon mass in
the chiral limit mp. In the limit of soft axions, i.e. g — 0, these terms, see eq. (3.14),
rapidly vanish.

The more significant corrections stem from the one-meson loop contributions, eq. (3.38).
For the calculation of the corresponding matrix elements, we use the physical meson masses
and decay constants [98, 99], M+ = 139.57 MeV, Mo = 134.98 MeV, M+ = 493.68 MeV,
Mo = 497.61 MeV, M,, = 547.86 MeV, Fr = 92.1(6) MeV, Fx = 110.3(5) MeV, and F, =
118(9) MeV. Inserting this numerical input, yields

g%, = 0.096(7) — 0.148(10) X,, — 0.003(5) X4 + 0.202(16) X ,
g}l"gf’z, = 0.046(6) — 0.003(5) X, — 0.148(10) X4 + 0.202(16) X ,

9% 0 = 0.072(7) — 0.076(8) X,, — 0.076(8) X4 + 0.202(16) X, ,
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Process KSVZ DFSZ

general sin? 8 = sin? B = % sin?3=1

YT ¥Yt+a 0.096(7) 0.162(9) — 0.116(7) sin? 3 0.162(9) 0.085(8) 0.046(8)
YT Y +a 0.046(6) 0.064(9) — 0.019(7) sin? 8 0.064(9) 0.051(6) 0.045(8)
0 530 4q 0.072(7) 0.114(9) — 0.068(7) sin? 8 0.114(9) 0.069(8) 0.046(8)
p—=p+a 0.046(5) 0.100(6) — 0.094(5) sin? 3 0.100(6) 0.038(6) 0.007(6)
ZT = E +a | —0.112(8) | —0.122(11) +0.038(8)sin? 3 | —0.122(11) | —0.096(8) | —0.083(8)
n—n+a —0.028(5) | —0.046(7) 4+ 0.051(5)sin%? B8 | —0.046(7) | —0.012(6) 0.05(6)
20 5 =04 a | —0.145(11) | —0.186(13) + 0.102(8) sin? B | —0.186(13) | —0.118(12) | —0.084(12)
A—=>A+a —0.095(7) | —0.112(8) 4+ 0.050(5)sin%2 B8 | —0.112(8) | —0.079(7) | —0.062(8)
M3 Ata 0.030(3) 0.060(4) — 0.059(3) sin? 3 0.060(4) 0.020(3) 0.001(4)

A—=X04+a

Table 2. One-meson loop contributions to the axion-baryon couplings gX}’Bp, eq. (3.38), for the

KSVZ axion and the DFSZ axion calculated at the scale A = 1 GeV.

giooP = 0.046(5) — 0.119(11) X, + 0.098(7) X4 + 0.064(8) X ,

) )X
gioP_ = —0.112(8) + 0.086(8) X, + 0.182(16) X4 — 0.211(16) X,
gloop — _0.028(5) + 0.098(7) X, — 0.119(11) X, + 0.064(8) X ,
g2y = —0.145(11) + 0.182(16) X,, + 0.086(8) X4 — 0.211(16) X,
9o = —0.095(7) + 0.099(9) X,, + 0.099(9) X4z — 0.149(9) X ,

)

g(lfg(?A = 0.030(3) — 0.089(7) X, + 0.089(7) X4 + 0.000(1) X, , (4.8)

where we have set the scale at A = 1 GeV. The corresponding results for the KSVZ and
DFSZ models are displayed in table 2. As expected, the loop contributions are indeed
subleading, where the orders of magnitude of the individual terms range between low
O (1071) and O (102). Note that just using Fy or F, for all the decay constants does not
lead to any notable change in these results since the formal difference is of higher order,
O(p®), in the chiral expansion.

It is remarkable that the loop corrections to the axion-proton vertex are about one
tenth of the full SU(2) result [58], which shows that in this particular case the three-flavor
expansion works similar to the case of the magnetic moments [100], but different to the
baryon masses [101] or weak hyperon decays [102]. Consequently, the largest uncertainty
in these calculations is related to the values of the LECs, as discussed next.

As for the tree-level contributions from the NNLO Lagrangian (see section 3.4), we
stated already that the values of the involved LECs are undetermined hitherto. The scale-
dependent parts oc dj(A) are expected to compensate the scale-dependence of the loop
contributions, such that the actual observable, g,4p, remains scale-independent at O (p3).
For the following estimation of these hitherto unknown LECs, we therefore only consider the
scale-independent part such that we can leave aside the scale-dependent loop contributions
in our final estimation of the axion-baryon coupling at O (p3) Our understanding of the
problem is a Bayesian one: while formally each LEC may take on any arbitrary value, we
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nevertheless expect that with sufficient probability the LECs are restricted to values that
lead to NNLO contributions to g,4p of roughly the same order as the loop contributions
discussed above. In other words: we assume that these contributions are indeed sub-
leading in comparison to the leading order contributions, which is basically a naturalness
argument [103, 104]. That this assumption is justified in the present case directly follows
from the numerical results of the loop corrections discussed before. This argument is of
course not universally valid, but it is nevertheless appropriate in a Bayesian sense, meaning
that our results from this ansatz can be used as priors in future determinations of the LECs
once suitable experimental or lattice QCD data is available for fitting procedures. Although
it is not expected that the axion-nucleon coupling will be measured experimentally with
sufficient accuracy in the near future, one may use lattice QCD to compute the relevant
couplings by introducing an external isoscalar axial source into the QCD action to mimic
the axion, and compute the corresponding form factors.

In practice, we performed a Monte Carlo sampling of the ten involved LECs dj;, ...,
dy7 and dy, dy, and dig within a reasonable range of O (1 GeViZ) and extracted those sets
of LECs that lead to NNLO corrections to g,4p of low O (10_1). In particular, we set 0.15
as a numerical constraint, which is rather conservative (in view of the loop contributions
given above). The allowed regions for the values of the respective LECs are then given by
probability distributions of GauBian type centered around zero (as the overall sign of the
NNLO corrections is in principle undetermined from this method). With this approach,
one obtains

= 0.00(4) GeV 2, "o = 0.00(4) GeV 2,
hs = 0.00(4) GeV =2, iy = 0.00(11) GeV ™2,
1y = 0.00(6) GeV 2, B =0.00(17) GeV 2, (4.9)
s = 0.00(6) GeV 2, 6 = 0.00(11) GeV 2,
dir = 0.00(14) GevV 2, o =0.00(14) GeV 2.

Moreover, one finds that some of the extrapolated probability distributions of the LECs
are correlated. The most important correlation coefficients are given by

corr(dy;,dy,) =0.72, corr(dy, dyg) = —0.59,
corr(dy;,dy;) = —0.84, corr(djy, dys) = —0.89,
corr(dyy, dy;) = —0.85, corr(dyg, dy;) = 0.70,

corr(d42, 5) = —0.85, corr(d4’47 dif)y = —0.84,

while all other correlation coefficients are negligibly small.

If one additionally considers the large- N. approach, where N, is the number of colors,
it is to be expected that the LECs for the terms with two flavor traces (djs 4647 and
d46) are suppressed relative to those with only one flavor trace (dj; 4943 44 and dys 44) by

O (1/N.); see, e.g., refs. [105, 106]. Therefore, we performed another Monte Carlo sampling
for the LECs, where this expectation is taken into account, namely by assigning a larger
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probability to such sets obeying this expected rule in comparison to sets of LECs deviating
from it, which are considered less probable. The result is

= 0.00(3) GeV 2, o = 0.00(2) GeV 2,
3 = 0.00(4) GeV 2, sy = 0.00(10) GeV ™2,
dy, = 0.00(3) GeV 2, d5; =0.00(13) GeV 2,

s = 0.00(1) GeV ™2, e = 0.00(1) GeV ™2,
it = 0.00(7) GeV~2, ho = 0.00(1) GeV 2.

As expected, the probability distributions of the rather suppressed LECs become consider-
ably thinner, even though it is not excluded that they in reality may achieve higher values.
For the following estimation of the axion-baryon coupling at NNLO, however, we stick to
the less rigid estimation of the LECs given in eq. (4.9).
The last contribution to the O (q3) axion-baryon coupling stem from terms o< y_
discussed in section 3.3. From the matching with SU(2), eq. (3.18), we deduce that
-1
w
(dis + 2d19)su(2) = (d2 + 3d3) (1 + m) ; (4.10)
where neither the value of the LEC dyg from the SU(2) case, nor the values of dy and d3 from
the SU(3) case are known. The LEC d;g is fixed by the Goldberger-Treiman discrepancy
and given by [107]
dig = —0.44(24) GeV 2. (4.11)
Using this matching with SU(2) and applying the same Bayesian approach as described
above, we extrapolate

dy = —0.45(24) GeV 2, d3 = 0.15(92) GeV 2. (4.12)
Finally, we can collect all contributions to estimate the full O (p3) axion-baryon couplings
given by ,
9aAB = gAB + 4%’:? (dQB - %&43) - %gi’%p’rv (4.13)
which results in
Jaxtxt+ = —0.547(84) + 0.850(98) X, — 0.032(88) Xy — 0.455(93) X ,
Gasi—5— = —0.245(80) — 0.030(88) X, + 0.852(99) X4 — 0.456(93) X ,
Jasoso = —0.399(78) + 0.420(63) X, + 0.397(63) Xy — 0.456(93) X ,
Gapp = —0.432(86) + 0.836(99) X, — 0.418(91) X — 0.053(84) X ,

Guz—=- = 0.166(79) — 0.083(84) X, — 0.455(91) X, + 0.854(97) X, , (4.14)
Ganm = 0.003(83) — 0.398(90) X, + 0.856(99) Xy — 0.053(84) X, ,
Gazo=o = 0.303(81) — 0.424(91) X, — 0.052(84) X, + 0.854(96) X ,
Garn = 0.138(87) — 0.159(74) X, — 0.137(74) X4 + 0.663(92) X ,
Gasop = —0.161(24) + 0.441(68) X, — 0.497(68) X, + 0.012(24) X .

The corresponding results for the KSVZ and the DFSZ axion are collected in table 3.
Note that while in the leading order case the uncertainties arise from the errors of the
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JaAB
Process KSVZ DFSZ
general sin? g = sin? 8 = % sin? g =

Yt — St +a | —0.547(84) | —0.709(94) + 0.446(54) sin? B | —0.709(94) | —0.412(88) | —0.263(91)
YT = %7 +a | —0.245(80) | —0.113(92) — 0.142(54)sin? 3 | —0.113(92) | —0.208(84) | —0.255(85)
$0 - %0+ q | —0.399(78) | —0.417(87) + 0.158(43) sin? 3 | —0.417(87) | —0.311(80) | —0.259(81)
p—p+a —0.432(86) | —0.589(96) + 0.436(53)sin? 8 | —0.589(96) | —0.298(90) | —0.153(92)
=T =22 +a 0.166(79) 0.299(91) — 0.161(52) sin? B 0.299(91) 0.192(83) 0.138(84)
n—n+a 0.003(83) 0.271(94) — 0.400(53) sin? 3 0.271(94) 0.004(87) | —0.130(88)
=0 52044 0.303(81) 0.570(92) — 0.409(52) sin? B 0.570(92) 0.298(85) 0.162(87)
A—=A+a 0.138(87) 0.314(96) — 0.228(47) sin? 8 0.314(96) 0.161(90) 0.085(90)

¥ 5 A+a . 9
Ao s04q —0.161(24) | —0.323(33) + 0.309(32) sin® 8 | —0.323(33) | —0.117(30) | —0.014(33)

Table 3. Axion-baryon couplings g,ap, eq. (4.13), for the KSVZ axion and the DFSZ axion
at O (p3 )

quark ratios z and w, and the nucleon matrix elements Au, Ad, and As, the uncertainties
in the next-to-next-to-leading order case are dominated by the lack of knowledge of the
involved LECs.

5 Summary

In this paper, we have worked out the axion-baryon coupling in SU(3) HBCHPT up to
O (¢®) in the chiral power counting and found — in the case of the axion-nucleon coupling
constants — good agreement with the already known results obtained in the SU(2) chiral
approach. One of the most important outcomes of this study is that the axion-baryon
coupling strengths are all of roughly the same order for all members of the baryon octet with
only a few exceptions. The most prominent and well-known example is the axion-neutron
coupling that might vanish in the KSVZ and the DSFZ model for particular values of sin? 3.
Given the fact that the axion couples to hyperons with similar strength as it couples to
nucleons (or even stronger, especially if the coupling to neutrons is suppressed), our results
suggest a revision of axion emissivity of dense stellar objects such as neutron stars, where
the cores might contain strange matter in large amounts, as have been proposed in the
literature (see the References given in the introduction).

In this study, we considered rather “traditional” models. Tree-level axion-quark in-
teractions, if any, are of the same order for all flavors, and there are no flavor-changing
processes. Our calculations, however, can in principle be extended to flavor non-conserving
processes by adjusting the matrix X; accordingly and follow the strategy described in
eq. (2.11). This then would lead to new terms in the axion-baryon interaction Lagrangian
including baryon-changing processes.

The other modification of our calculations would be to consider models in which the
couplings of the axion to the charm, bottom, and top quark are much stronger than the
couplings to the up, down, and strange quarks. Such a model can easily lead to very strong
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axion-nucleon couplings driven by sea-quark effects (thus avoiding the problem of vanishing
axion-neutron coupling), which in the end are balanced by correspondingly larger values
of f4, as has bee shown recently in ref. [108]. Such ideas are entirely compatible with
our calculations: while the formulae derived in section 3 would be unaffected, the only
difference would be that the numerical calculations of section 4 have to be adjusted as the
terms oc Ag; of (4.1) can not be neglected any more.

Our studies using both SU(2) and SU(3) symmetry have shown that the axion-baryon
couplings for rather standard axion models are now known to good precision, but also that
in the next-to-next-to-leading order case a higher precision is currently unattainable due to
the lack of knowledge of some LECs. In this study, we used a Monte Carlo sampling pro-
cedure to extrapolate the most probable values of these unknown LECs, where “probable”
here has to be understood in a Bayesian sense. It should thus be clear that our numerical
leading order results, eq. (4.6), are more solid than the numerical estimations of the NNLO
results.

Once the knowledge of the parameters in questions is enhanced, the numerical results
of this work can easily be updated. However, the current uncertainties of g,4p are not the
major concern considering the fact that the axion window in terms of f, is still very large.
The largest uncertainties regarding the existence of axions is hence strongly linked to the
uncertainty of f, and in the end it is not g,4p that counts, but Goap = —gaaB/ fa, see
eqs. (2.28) and (2.29). At last, we suggest that G,4p may be computed using lattice QCD
by introducing an external isoscalar axial source to mimic the axion.
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A SU(3) generators in the physical basis and structure constants

In the present work, we mainly make use of the physical basis [89], based on a set of
traceless, non-Hermitian matrices Ay, A = {1,...,8}, such that the baryon octet matrix
B, eq. (2.15), and the pseudoscalar meson octet matrix ®, eq. (2.19), can be decomposed as

1 B
B=-—)> AaBa,
Vi

_ 1 _ .
B=—2Y B\, Al
3 (A1)
APa,



where the baryon fields B4 and the meson fields ® 4 can directly be equated with the
physical particles, i.e.

By =%7, By=%", By =%", Bi=p,

Bs =27, Bg=n, By =29, Bg=A, (A.2)
and

@ =nt, Oy =7, Pz =77, oy=K",

o5 = K, g = KY, oy =K, Py =1). (A.3)

o 0v20 o 002 o 000
M=xM=|oo0oo0|, M=X=(o0oo0], X=X=[00v2],
000 000 00 0
cose—&—%sme 0 0
N3 = 0 —cose+ L si 0 ,
3 COS € \/g Sin € (A4)
0 0 —%sine
—sine—!—%cose 0 0
Ag = 0 sine—i—%cose 0 ,
0 0 f%cose

where € is the mixing angle given in eq. (2.17). These matrices are related to the common
Gell-Mann matrices A, by a unitary 8 x 8 transformation matrix N via

M= Niacda, A= Nida=> Nal. (A.5)
a A A
The non-zero matrix elements of N are (note the sign convention that deviates from the
one in [89])
N*N*N*1 N*N*N*1
1= Nag = Neo = 5 21 = N5y = 76—\/57
i i
Nay = Ns5 = Nyp = ——, Nig = Ny5 = No7 = —, A6
22 55 77 NG 12 45 67 NG (A.6)
N33 = Ngg = COS €, Ngg = —Ngg =sine
and obey
> Ni,Npa=6a, Y NiNap=0a. (A7)
a A
As the Gell-Mann matrices, the A4’s are ortho-normalized to a value of 2,
(MAp) = 2045 (A.8)
_ 26 _
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Moreover, they satisfy the commutator and anticommutator relations

3] = 3 Fancdl = ¥ Fuacic.
C C

c
o (4.9)
[AA, AB] = Z fC’BAAc )
C
s 4 ~ st 4 ~ ~
{)\A, )\B} = 5514191L + dapcAl = §5ABIL +Y dpacho,
c C
which gives the product rule
o e 2 1 - . -
Mg = 30apl+ 5 > (dABC + fABC) by
) ) ¢ (A.10)
=04l + 35 <dBAC + fBAC) Ac -
3 245
The structure constants defined in eq. (A.9) can be evaluated using
N 1 /e 1~ =~
fapc =5 <>\,T4 [)\B,ACD ;
(A.11)

dase = 3 (M {As.Ac})

and are related to the corresponding structure constants of the Gell-Mann representa-
tion via
fapc =2i Y Ni,NpyNeef*,
a,b,c

dapc =2 NiNpyNeed™™ .

a,b,c

(A.12)

In contrast to the structure constants £ (d%¢) of the Gell-Mann representation, which are
totally anti-symmetric (symmetric), the structure constants f ABC (J Apc) of the physical
basis are anti-symmetric (symmetric) in the last two indices only. Finally, there are sum
rules for the structure constants:

> facofeep =Y foapfosp = 12048,

C,D C,D
~ _ _ _ 2 (A.13)
> dacpdpep =Y deapdopp = 35,43-
C,D C,D
Often, we also need the generators at € = 0, and therefore it is convenient to set
)\A = /\A =0’
faBc = fABCL:O: (A.14)

dapc = dABC‘ .
e=0
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The properties egs. (A.8)~(A.13) are then of course also valid for the A4’s with fapc and
dapc replaced by f Apc and d ABC, respectively. Note that now one has

5\3 = A3, 5\8 = )Ag. (A.15)
The non-zero elements of the structure constants in this representation are

f147 = _f256 = f416 = _f527 = f624 = _f715 = \/5,

f443 = _f553 = _f663 = f773 = _f345 = f367 =-1,

Faas = —fsss = foos = —fris = —faas = —faor = —V/3, (A.16)
fr1s = —fooz = —farn = —2.
Similarly,
diar = dass = darg = dsor = dos = dris = V2,
dagz = dss3 = —dgss = —drrs = dsys = —dser =1,
di1s = doos = d33s = ds1o = dssz = —dsss = % , (A.17)

dysg = dsss = dges = dr7g = dgys = dge7 = —

5~

B Matrix elements of g4p, ciAB, and gfgp

Here we collect the matrix elements of the several contributions to the axion-baryon cou-
pling. Table 4 shows the matrix elements of gap as defined in eq. (3.3) in the physical
basis at € # 0, see eq. (2.17).

In egs. (B.1)—(B.9), we list the non-zero matrix elements of the next-to-next-to-leading
order contributions to the axion-baryon coupling as defined in egs. (3.23) and (3.24). Here
we refrain from explicitly marking the scale dependence of the LECs dg)()\).

o ) 1 1 1 1
dy = C(d){(4d41 + dyr) (1 - *) + 4dy2 (1 + *) + 2dy5 (1 + -+ *)}
z z z w
(8) 1 1 11
C
—<4 1— - 4 1+ - 2 1+-—4+—
Jrﬁ{ d43( Z)Jr d44< +Z)+ d46( +Z+w>
1 2
+d47(1+*—*)}
z  w
; 1 : 1 : 1 1
Adi (1= =) +d, (142)+di (1+-+—) L,
v (1= D) i (10 D) i (1 S )

— 28 —
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X . 1 1 1 1
dQQZC(S){(4d41+d47) (177)*46142 (1+*>72d45 (1+*+*)}
z z z w
c® 1 1 11
+ %{74(143 (1 — ;) + 4dyy <1+ ;) + 2dy6 (1 + Z + E)
1 2
canfio2-)
z w
. 1 ; 1 ; 1 1
id—dys (1 — — dyy |14+ = dig | 1+—-+—15¢,
+C{ 43< z)+ 44(+Z)+ 4@<+Z+w)}

. ) 1
d3s = c® (4d44 + d47) (1 — 7)
z

(B.2)

o(®

1 1 1 1 2
—<4d 1+ - 2d 1+ -4+ — d 1+-—— .
# gl (1) va (1 S+ D) wan 14 S-0)p
) 1 . 1 1
. 4 1 - Q 1 _ .
+Cz{d44< +z>+d46< +Z+’LU)}’
C 1 1
dag = V2 (dyy + daz) 1—5 + 2 (daz + daa) 1+E

11 1
+ (das + dag) (1+—+7)+d47 (177)}
z w z

+ 6\2{2 (3da1 — dus) (1 - %) +2(3da2 — daa) (1 + %) (B.4)

1 1 1 2
+ (3dys — dag) (1+*+*)+d47 (14’*_*)}
z W z

w

; 1 ; 1 ; 11

s @ 1 1

d55 =c 2 (d41 - d43) 1——]-2 (d42 - d44) 1+ —
w w

_(d45_d46)(1+%+$)+d47<1_%>}

+ C\/(&;;{Z (3dy1 + dys) (1 - %) —2(3dso + dus) (1 + %) (B.5)

1 1 1 2
— (3da5 + dag) <1+7+—)+d47 (1+f_f>}
z w z w

i N N 11
ey —dig (1— ) tdyg (14 ) +dyg {1+ -+ )
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Process A=B JAB
St Yt 4a 1 (“f)D+c(3>F>+cD1
NS 4a 2 2(S5D —IF) 4 D!
Y 53044 3 23 <c(3 sin 2¢ + ¢® cos 26) D + ¢;Di
popta 4 D+ F) - %(D 3F) + ¢; D!
—_ —_ (8) i
ET 2 E +a 5 c(3)(D7F)fC%(D+3F)+CiD
n—n+a 6 70(3)(D+F)7%(D 3F) + ¢; D'
205 =0+a 7 —c®(D - F) - W(D +3F) + ¢; D
A—>A+a 8 —% <c(3) sin 2e + ¢® cos 26) D+ ¢; Dt
Process A#B JAB
O 5A+a | A=8 B=3 9
’ 2 (.3) () g
AssOta | A=3 B=38 \/g(c cos 2e¢ + ¢ s1n26>D

Table 4. Non-zero matrix elements of gag, eq. (3.3).

A 1 1 1 1
des = 0(3){ 2 (dg1 + da3) (* - *) — 2(da + dua) (* + *)
w z w

1 1 1
— (das + dus) <1+*+*)+d47 (177)}
zw z

(8){2(361 d )(l—l)m(sd —d )(1+1>
\/g 41 — Q43 > w 42 44 > w

1 1 1 2
+(3d45_d46)<1+*+*)+d47(1—|—7——>}
z w z
11 11 , 11
Ndig (- —— | +diy (- +— ) +dig (1+=+— )7,
+C{ 45<z w)+ 44<z+w)+ 4"( +z+w)}
7 : 1 1 1 1
drr = c(3){72 (d41 d43) (7 — *) +2 (d42 — d44) <7 + —)
w z w

1 1 1
+ s —dio) (14 2+ 1) s (1- 1)
z w z

®)

_|_
V3
L1 12
_(3d45+d46)<1+7+—)+d47(1+7_f>}

zw z w

. 1 1 . 1 1 . 1 1
+Ci{* 213 (;*5)4’6&4 (;+E)+d26 (14’;4’;)}7

+

{ 2 (3dys + dus) (1 _ %) — 2 (3diz + dua) (% + %)
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N o (4 1
dgg = (*d44+d47) (1**)
3 z
®) 4 1 8 11 1 2
c
— < —dyy [ 1+ ——— ) —2dg [ 1+ -+ — dey7 (1+—-—— B.
F et () e (e ) v (2= 0)) @
1, 1 4 . 11
Aody, (1+=+ = 1+ =+ =)
+Cz{3d44( +Z+w)+d46( +z+w)}
For the only non-diagonal matrix elements, one has 338 = Jgg, which is given by

. (3) 1 1 1 4c8) o 1

c C Ci
d3gs = —=<4d 1+ - dag |1+ —+ — —d — 1--1]. (B.
38 \/3{ 44(+Z)+ 46(+z+w)}+ 3 44—&-\/344 ( z) (B.9)

Egs. (B.10)—(B.18) show the matrix elements of the finite one meson loop contributions
loop,r

gap s cf. eq. (3.39), of diagram (a) (figure 1). The expressions have been simplified using
the leading order relations (2.21) and (2.22). Moreover, we have set pe, = Mo, /(4TF))
for any meson ®¢.

g = 6‘3){—3D (3D% = 11F?) (s — o)
— F (D? = 9F2) (4425 + pifes + pco) = 24D2Fu3}i}
n i%){D (D2 +9F2) (16124 + pies + 1o ) -
+5ADF? (4420 — s — i) = 3F (TD? + 9F2) (s — ;@(o)}
+ ciDi{BODF (H3s — 130 ) + (D? + 9F?) (442 + pes + 10
+12D% (ks + i)
P = 0(3){—3D (30 = 11F?) (s — pio)
+ F (D? = 9F?) (4p2s + phes + pho) + 24D2Fuii}
+ C\/(S;{—D (D? +9F?) (1625 + ks + pco) -
+BADF? (4420 — s — o) +3F (TD? + 9F2) (s — ;@(o)}

+ ciDi{fSODF (;ﬁ{i - ;@{o) + (D2 + 9F2) (szri ol + ;@{o)

1207 (ks + i)
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g = D (17D? — 9F2) (s — i)

+ C\Z{—D (D +9F2) (16422 + ks + 1o )
(B.12)
+B4DF? (4p2s — prics — o) }
+ ciDi{ (D2 + 9F2> (4#47271 + pies + ;@(0) +12D? (H%{i + uf;(o) },
g™ = c<3){—D (D? +3F?) (52 + 8y1cs — 44 ) + 60DF? (s — pio )
— D2F (11p2e + 14ps — 10p0 ) — OF® (k2s — 203s — 2#%0)}
- i/@;{—DS (1312 — 8pus — 14p30 ) + 9DF? (9p2s — dpies — 2410 )
(B.13)
+3D2F (32s — 14pdes — Ao ) +27F° (p2s + 2@1)}
+ D' {30DF (42 o) + (D% + 9F7) (42s + Apes + i)
+12D% (uii + ;@(o) }
955" = C(S){—D (D +3F2) (52 + 8uks — dpfeo ) +60DF? (s — o)
+ D2F (1y2s + 14ps — 1050 ) + 9F3 (p2e — 2p3s — 2#%@)}
+ (’;2{—133 (132s — 8pds — 1p30 ) + 9DF? (9p2s — dpifes — 2410 )
(B.14)

—3D?F (324 — 14ps — Apdeo) — 27F% (24 + 2u§<i)}
+ ciDi{—?)ODF (12s = 30) + (D? + 9F2) (2 + 4pics + i)

#1207 (42, + i) |,
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g = c<3>{D (D? +3F?) (52 — 44cs + 81 ) + 60DF? (s — pio )

+ D2F (11p2s = 10p5ce + 14030 ) + 9F® (e — 2p3s — 2#?@)}

®)
C
+ %{—DS’ (132s — 14phes — Spdco ) + 9DF? (9p2s — 24cs — 4o )
(B.15)
+3D2F (324 — 4y — o) + 27F% (124 + 2/@0)}
4 cl-Di{soDF (12— 1es) + (D + 9F7) (42e + s + 44530 )
+12D? (s + s ) }
glooPT = c<3>{D (D +3F2) (5s — dpres + 8p3o ) +60DF? (s — o)
2 2 10,2 2\ a3 (2 60,2 o2
D’F (11%i 103+ + 14uK0) 9F (uwi 22 s 2uKo)}
(®)
C
+ %{—DS (13024 — 14pes — Spdo ) + 9DF? (9p2s — 24cs — 4yio )
(B.16)

—3DF (324 — Aphes — 14pdo) — 27F3 (24 + 2u§<o)}
+ CiDi{—?)ODF (12 = s ) + (D? +9F?) (i + s + 40 )

+12D7 (42, + s |,

" = = 5D (D2~ 9F?) (s — o)

n C\Z{D (D +27F2) (s + pheo) +4D° (1025 — 3pes — 3/&0)} (B.17)

+ ciDi{?) (D2 +9F2) (i3es + peo) = AD? (4 + s + o) }
The only non-diagonal matrix elements are given by
loop,r c® 2 2 2 2 2 2( 2 2 2
g3 = %D (D —9F ) (8;;”1 — Mgt — NK0> + 8D (,uﬂi — 2t — Z,LLKO)

+{c®D (110? - 27F%) - 33, D" (D? = 3F2) } (s — 1o
(B.18)

1 It s
and 98030p’T = gS%Op'T.
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Pion axioproduction: The Delta resonance contribution
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The process of pion axioproduction, aN — zN, with an intermediate A resonance is analyzed
using baryon chiral parturbation theory. The A resonance is included in two ways: First, deriving the
aAN-vertices, the axion is brought into contact with the resonance, and, second, taking the results of 7N
elastic scattering including the A, it is implicitly included in the form of a pion rescattering diagram. As a
result, the partial wave cross section of axion-nucleon scattering shows an enhancement in the energy
region around the A resonance. Because of the isospin breaking, the enhancement is not as pronounced as
previously anticipated. However, since the isospin breaking here is much milder than that for usual
hadronic processes, novel axion-search experiments might still exploit this effect.

DOI: 10.1103/PhysRevD.105.054029

I. INTRODUCTION

A model that might resolve two of the known problems
of two different (but related) physical fields—in the present
case the strong-CP problem of quantum chromodynamics
(QCD) and the dark matter issue of astrophysics and
cosmology [1-7]—is clearly worth investigating. Such a
model is the Peccei-Quinn model [8,9] and the theory of the
axion [10,11], especially the “invisble” axion models such
as the Kim-Shifman-Vainstein-Zakharov (KSVZ) axion
model [12,13] and the Dine-Fischler-Srednicki-Zhitnitsky
(DFSZ) axion model [14,15]. However, the time theorists
and experimentalists effortfully spent on the search for
signals that might verify this model now comprises more
than four decades, and still there is no axion in sight.
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Because of that it is important to study all kinds of related
processes hoping to figure out some underlying pheno-
menon that might enhance the chance of its detection, if
only for a few percent.

Recently, Carenza et al. [16] have proposed that the pion
axioproduction [17] aN — zN 1is such a process, because
at certain axion energies, around 200 MeV-300 MeV, an
enhanced axion-nucleon cross section due to the A reso-
nance can be expected. This in turn would possibly make
axion detections accessible for underground water
Cherenkov detectors. Such axions might be produced in
protosupernova cores in the presence of pions, where
besides the axion production via axion-nucleon brems-
strahlung NN — aNN, the pion-induced process zN —
aN might play a more important role than previously
thought [16,18], leading to a possible enhancement of the
number spectrum of axions with energies around
200 MeV-300 MeV.

In this study, we take a closer look at exactly this process,
namely aN — zN with the A resonance, showing that there
is indeed a region of enhancement. This enhancement is,
however, at least an order of magnitude less pronounced
than that anticipated by Carenza et al. [16], which we will
discuss in more detail below in Sec. IV.

Published by the American Physical Society
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Having said that, it is important to remind the reader that
the traditional window for the QCD axion as a dark matter
candidate dictates [1,2,19,20]

10° GeV < f, <102 GeV, (1)

where f, is the axion decay constant which eventually
controls and suppresses the axion mass [21,22]

102 GeV

my 5.7( ) x 1076 eV, (2)

a

and the axion-nucleon coupling G,y « 1/f,. This means
that despite the possible enhancement due to the presence
of baryon resonances, the reaction cross section still
remains tiny.

A very suitable framework for studying the process at
hand is chiral perturbation theory (CHPT), which has been
successfully extended to the meson-nucleon and A-meson-
nucleon sectors, and which in the past also has been applied
to the study of the axion-nucleon interaction [23,24], after
the leading order axion-nucleon interaction had been
studied for years in the context of current algebra, which
is equivalent to a leading-order calculation in CHPT [25-
29]. In this paper we use these results including the thereby
accrued knowledge of the underlying structure of the axion-
nucleon coupling. Moreover, we show how to include the
A baryon into the model.

In Sec. II we first give a short discussion of
the kinematics and the general isospin structure of the
aN — zN scattering amplitude, as well as a brief presen-
tation of baryon CHPT with axions and the A resonance.
Then we work out the amplitudes of the individual
Feynman diagrams contributing to the pion axioproduction
in Sec. III. Putting the pieces together, we finally discuss
the results in Sec. IV.

II. THEORETICAL FOUNDATION

A. Kinematics

The process under consideration is

a(q) + N(p) = z°(¢) + N(p'), (3)

where a denotes the axion, N is a nucleon (either the proton
or the neutron), and 7” is a pion with the isospin index b. As
usual, we define the Lorentz-invariant Mandelstam variables

s=(p+q). t=(p-p)P u=(p-4)7 4
for the four-momenta ¢, p of the incoming particles and
q', p’ of the outgoing particles. The invariants of Eq. (4)
fulfill the on shell relation

s+ 1t+u=2m3 +m3+ M2, (5)

which can be used to eliminate one of the three variables,
which we choose to be u. Throughout this paper we use the
center-of-mass system (c.m.), where for the three-momenta
p +q =p’ + ¢ = 0. Using the well-known Killén function

Ma,b,c) = a® + b> + ¢* = 2ab — 2ac — 2bc, (6)

the c.m. energies of the incoming and outgoing nucleons can
be written as

_s+m,2v—m§ E _s+m12v—M,2,
P 2\/5 ’ P 2\/} ’

and one has

E (7)

W, w2
2/s ’
(s, m%, M2)
24/s ’

Moreover, setting z = cos @, where 6 is the c.m. scattering
angle, we have

Ipl=lal =

p'[=lq'| = (8)

(p-p) = Ipllplz, )

so we can reexpress the second Mandelstam ¢ variable as
1= 2(mlzv —EEy + Ip[Ip’[2)- (10)

Before discussing how these kinematic quantities enter the
scattering amplitudes, we briefly take a look at the isospin
structure of the process.

B. Isospin structure

For the zN elastic scattering, it is common to decompose
the scattering amplitude 7%,_ ., where a is the isospin
index of the incoming pion and b for the outgoing one,
according to the isospin structure. In the isospin limit, the
decomposition reads

1
Ty =T 00+ 173 l0nl (1)

where 7, and 7, are the Pauli matrices and [,] denotes the
commutator. However, for the present process aN — 7°N
we are particularly interested in transitions including the A
resonance, as suggested in Ref. [16], which is an isospin—%
particle. As the axion is an isoscalar, no isospin symmetric
aN interaction can lead to the appearance of the A
resonance, so we are especially interested in isospin-
breaking interactions. Indeed, the isovector axial-vector
current a, (see below) introduces such isospin breaking
pieces into the axion-baryon interaction, which can be seen,
for instance, below in Egs. (27) and (33).

As it turns out, it is possible to decompose the scattering

amplitude T%,_ . into

054029-2
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1
Thyay =T703 + T 03 + 17 2 [p. 73], (12)
which is comparable to the case of #N scattering with
isospin violation, see, e.g., Refs. [30,31]. Any of the four
possible amplitudes can be expressed by means of the three

objects T+, T3+, and T,

T, .o =T 4T3,

ap—n’'p
T 0, =T+ =T3F,

an—=n'n
Tap—ﬂr*n = \/5(113Jr + Tﬁ)’

Tan—m‘p = \/E(TFr - T_)' (]3)
The part of the amplitude that leads to isospin violation and
thus to possible enhancement due to the A resonances,
which we denote by 73/, is found by taking the difference

732 =T+ -T", (14)
or alternatively,
32 =T Lr
- apanop_% ap—n'tn
1
= Tan—»non + %Tan—»ﬂ’pﬁ (15)
|
E,+my\/Ey+my
Tli(s):\/ : 2\/ : {Ai(s)+ (Vs —my)By(s
where
"+1
Afs) = / A(s. 1(5,2))Py(2)dz,
-1
+1
B = [ B p@E (8)
-1

using the well-known Legendre polynomials P;(z).

D. Partial wave cross section

For experiments, the most useful quantity is the cross
section

where the latter expressions have the advantage that one
can also easily account for differences in the charged and
neutral pion masses, which improves the accuracy of the
calculation.

C. Partial wave decomposition

It is known from zN scattering that the A resonance
chiefly affects the P33 partial wave (where we, as usual,
make use of the spectroscopic notation [ly,;, =
S,P,D, ... being the orbital angular momentum, / being
the isospin, and j = [+ s the total angular momentum).
Therefore, it is expedient to also focus on the P33 partial
wave in the present study of the aN — zN reaction.

To this end, we decompose any of the amplitudes given
above as

T = a(){AGs.0) + B0 3+ ) futp). (16

where we make use of the well-known notation, = y*q,.
One then can project out any partial wave of definite total
angular momentum j = [/ £ 1/2, abbreviated as /+, by

\/ b mN,/E/ mN

{=A11(8)+ (Vs +my)Biii(s)}.
(17)

F = 4\/ (p : q) — mymg, :4|p‘\/‘;7

and the two-body phase space

d3 / d3 / 1
/de / 3(27)2Ey2E
1 |p'|
= [do—:
/ 1672 /5

where in both cases the right-most expressions are valid in
the c.m. frame. The total cross section is hence given by

(20)

@2n)*s*(p+q-p'—4q')

(21)

1 Ip’| 2
1 7647[25m dQIMY, (22)
a:f|/\/l|2dl'[2, (19)
which can be expanded in terms of partial wave cross
with the flux factor sections as
054029-3
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o= Zali. (23)
7

The inverse of Eq. (17) is given by

=2 S{ [0 DT+ TP

. A . dpP
—ic- (@' xq)(T. —T.-) d_zl})(is (24)

where y; and y are the Pauli spinors of the incoming and
outgoing nucleons, respectively, and ) = q)/|q")|. For
the j = % case, one finds

1 [p/
=— T,. % 25
014+ Qs \p| | 1+| ( )

The bottom line of the previous elaborations then is that
we will derive the amplitudes A*3*(s,7) and B*3* (s, 1)
for any Feynman diagram of interest and use Eqgs. (12) and
(17) in order to determine the P33 partial wave amplitude
733, for the pertinent processes. This amplitude in turn
is used to ascertain the corresponding cross section via
Eq. (25). The theoretical framework of determining
A®3(s,1) and B*3* (s, 1) is CHPT.

E. Baryon chiral perturbation theory with axions

The way of incorporating the axion into CHPT is
discussed in detail in Ref. [24]. Here, we will only outline
the major steps. First, recall that in the standard QCD axion
models, the KSVZ and DFSZ ones, the axion-quark
couplings X, appearing in the QCD Lagrangian after the
spontaneous breakdown of Peccei-Quinn symmetry are
flavor diagonal and given by

1 1-z2
- (x,-x,-——=
Cud 2(” d 1+z+w)

1 1+z
——(x +x,—
Cutd 2( u+ d 1+Z+W)7
w
T+z+w’
Cebt = Xc.b.ts (27)

cy = X,

where z =m,/m,; and w = m,/m, are the quark mass
ratios of the three light quarks. In what follows, the c;,
(i ={1,....5}), refer to the isoscalar couplings {u + d, s,
¢, b, t} and in any equation a summation over repeated i is
implied. It is these couplings that enter the Lagrangian of
CHPT in the form of external currents [32]

Oﬂa (s) Gﬂa
i )= e, 2, 2
37T G = Cigp (28)

a, = Cy—q

The transition to CHPT is phenomenologically related to
the confinement of quarks and gluons into mesons and
baryons at low energies and the observation that the QCD
Lagrangian is approximately invariant under the chiral
symmetry SU(N;), x SU(Ny)g, with N, the number of
light quark flavors, which is spontaneously broken into the
vector subgroup. Hence, in SU(2) baryon CHPT nucleons
and pions are the relevant degrees of freedom rather than
the more fundamental quarks and gluons. The application
of power counting rules then leads to a systematic pertur-
bative description of any low-energy strong interaction
process, as long as the applied Lagrangian respects all
pertinent symmetries, as first worked out by Weinberg [33].

For the meson-nucleon sector that we are interested in,
we follow the description of baryon CHPT given in
Ref. [34]. The pions enter the theory in the form of a
unitary 2 x 2 matrix

't
VU = i~ 4, 2
u U =exp (z 2F,,) (29)

where F, is the pion decay constant. Strictly speaking, this

KSVZ _
Xy =0, should be the pion decay constant in the chiral limit, F, but
1 x! 1. to the order we are working on we can use the physical
Xook =3 =1 = 3sin’p. Jue. With this uni ix and th 1
<. 3x+x 3 value. With this unitary matrix and the external currents a,
1 x 1 1 and a), see Eq. (28), one forms the following basic
DFSZ __ _ 20 _ DFSZ "o »
Xoh =355 1 =308 P =5 - X0 (200 building blocks
. . . u, = i[ufaﬂu - uc‘?,,u* - iu*a,,u - iua/,u“],
where x = cotf is the ratio of the vacuum expectation
values of the two Higgs doublets in the DFSZ model. After  u,; = i [—iu*aff.?u - iuafj?u"’} = Zaffl)-,
a chiral rotation removing the axion-gluon coupling terms D —9 4T
in the Lagrangian, the whole axion-quark interaction can be T H
. . . . 1 .
decorpposed into isovector and isoscalar parts with the =0, +7[u*8ﬂu + Maﬂuf _ iu*auu +iuau’].  (30)
couplings 2
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Note that we only introduce and show the axial-vector

currents a, (isovector) and aﬂ (isoscalar) (and not the
correspondlng vector currents) as these are the only
external currents that are of interest in what follows. The
last object in Eq. (30), D,, is the so-called chiral covariant
derivative. At leading order, the axion only enters the model
via these building blocks. At higher order, it also enters in
the form of nonderivative interactions by means of terms
involving the complex phase of the quark mass matrix.

In what follows, we only need the leading order pion-
nucleon Lagrangian, which is given by

(. g 9%
Loy :N{ll)—mzv +7A}4}’5 “'%ﬁi}’S}]\L 31)

where N = (p,n)T is an isodoublet containing the proton
and the neutron spinors, my is the nucleon mass in the
chiral limit, and g, and the gi’s are the axial-vector and
corresponding isoscalar coupling constants, all also in the
chiral limit. Again, to the order we are working, we can
identify these parameters with their physical values.

In Ref. [24], we already worked out and used the relevant
vertices that can be derived from this Lagrangian and which
are also needed for the present study. Denoting the
momentum of an incoming axion with g, and setting b
as the pion isospin index, one finds for the relevant vertices,

aNN: ga—Nﬂys,

arn,NN:i

i) (32)

The latter contact interaction is often ignored in studies of
the aN reaction, which are mainly based on the former
vertex, but has recently been included in the study of axion
production in supernovae [35].

The axion-nucleon coupling appearing in Eq. (32) is a
2 x 2 matrix in isospin space defined as

Jan = Cu—agaTs + Cigh 1, (33)

from which one can directly read off the couplings of the
axion to the proton, g,,, and the neutron, g,,,, respectively.

F. The A resonance in chiral perturbation theory

The free-field Lagrangian of the four A baryons is given
by [36-41]

Lp= A”A'“’(A)Ab, (34)

where

is the spin-3 and isospin-3 vector-spinor field, and

AN (A = =1) = =(id —=my) + i(y*0" + y* O — " @y")

—may'y”. (36)
Here, m, denotes the mass of the A and A is a nonphysical

parameter that for convenience has been set to —1. The
propagator for the A with four-momentum p* is then given by

ﬂ-l—m 1 2
S lgv - y"y T3 PT VP) m  P
P m LN

(37)

The zNA and the aNA interactions are derived from the
general leading-order interaction Lagrangian given by
[37,42]

ﬂint 2 ;u(g” + Zo}’”}/ )(Tiub>N + H'C" (38)

where H.c. stands for the Hermitian conjugate and () denotes
the trace in flavor space. Furthermore, we make use of the
isospurion representation A, ; = 7;A, with the 2 x 4 iso-
spin-J-to-isospin-3 transition matrices [37,43]

I, - -3 0 1 o)’

%( 0 -1 0 V3
72:%(??

2/0 1
Ty=4/%
3\[3<00

1 0)
0 Vv3/)
0 0
, 39
L o) (39)
such that
A ] (\/.Aﬂ—A++)
ul = 5 _ )
V2\ A - AL
A i (f ﬂ+AH>
/4,2:_7 + 5
V2\ A7+ 5A

s () w
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(a) ©)
FIG. 1. Tree-level contributions to aN — zN without the A intermediate state. (a) contact interaction, (b) s channel, and (c¢) crossed

channel.

The interaction Lagrangian Eq. (38) contains two coupling
constants ¢ and z,, the latter being an off shell parameter. N
again denotes the nucleon doublet and u,, has been given
already above in Eq. (30). Note that this interaction
Lagrangian only allows for isovector interactions with
external axial currents a s whereas isoscalar interactions with

al(;,) vanish as a consequence of the trace operation. This
reflects what has been said already above; any aNA inter-
action must come with isospin violation, which is only present

(s)

notina,;.

in a,,
III. RELEVANT DIAGRAMS AND THEIR
CONTRIBUTIONS

A. Contact contribution and intermediate nucleon

Having set up the kinematic environment and the
theoretical framework, we can now explore several con-
tributions to the aN — zN scattering amplitude. We start
with the tree-level contact and Born graphs shown in Fig. 1.
The results can be obtained in a rather straightforward
fashion by using the vertices of Eq. (32) and the zN vertex
of the Lagrangian Eq. (31).

The contact interaction, Fig. 1(a), only gives a contri-
bution to B~ and is free of any kinematic variable,

By, = - (41)

This means that the contact interaction is solely present in
the ap — zntn and an — 7~ p processes, but absent in any
process involving the neutral pion. For the diagrams of
Figs. 1(b) and 1(c), one gets

2
_gACu—dmN
T i~
faFz
+ gf‘;cuft/m%] 1 1
By o(s.0) =~ 2 2 )
N F —_ —_
fuFx s—my u—m
A3+ _ 9aGoCiMmy
b.lc™ ,

f(lFﬂ

i 2
gagoCily 1 1
B3t (s, ) =— - .
lb,lc( ) faFn (s—m%, u_mz

+
Alb,lc

Al 1 =0,

2

_ GaCu—aMn 1 1

B == |42 _ R

o) =T 1 (e )
(42)

where u needs to be understood as u(s, ¢) via Eq. (5). In the
Appendix, we give a different expression of these con-
tributions in terms of the axion-nucleon coupling constants
9an and g,, for each of the four possible aN — zN
channels. However, for the study of the P33 partial wave,
it is not expedient to rewrite them in terms of g,, and g,),,
because after forming the difference Eq. (14), one can
nicely see that the isoscalar terms « ¢; stemming from a,(“,)
drop out, leaving only the isospin violating portion « c,_,
that originates from a,,. This fact makes it easy to show (as
will be done below) that in the case of the P33 partial wave
the KSVZ axion can be treated as a special case of the
DSFZ axion.

B. Intermediate A resonance

Including the A leads to the diagrams shown in Fig. 2. As
the two diagrams are related by crossing, it is convenient to
define

Ag(st) = 2Lt [220 0 dm el (5 — 1)+ —r [y 4 ) (L2 42— ] = L5 — i3]
AlS, _3,faF/r 3’”2 A N A )20 N S—Mi N A\ 5 Ma 7 3 N
1
o ((my  ma) 2+ M2 = 3] mE02) - mEpEms (s =R )| . @)
A
and
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FIG. 2.
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()

Tree-level contributions to aN — zN with an intermediate A state. (a) s channel and (b) crossed channel.

2¢%c,_
Ba(s, 1) = M{—Z—O {mi + M2 +2(s —m3) (1 + 29) + 4myma(1 + zo) + 4my(my +mA)Z0:|

3fuF, 3m3

5§ —

T em2
6my

Here the axion mass terms are kept explicitly though
they, being tiny for the standard QCD axion models, can be
safely neglected.

Then one can combine both diagrams and obtains the
following expressions

AL (s, 1) = Ap(s, 1) + Ap(u, 1),

B} (s.t) = Ba(s,1) — Bp(u, 1),

A3ls.0) = —5 [Aa(s.0) ~ As( 1),

1

By(s.1) = =5 [Ba(s. 1) + Ba(u. 1)]. (45)
where again u = u(s, r). Note that there is no contribution
to T3+, Equations (43) and (44) have a pole appearing at
c.m. energies around the A mass squared. In order to
circumvent any unnecessary subtleties related to this, we
use a Breit-Wigner propagator with a complex mass
squared

3 = mg —imply (46)
with mj =~ 1232 MeV and 'y =117 MeV the Breit-
Wigner mass and width of the A resonance. A more
refined treatment could e.g., be given by including the A
self-energy in the complex mass scheme, but that is not
required here.

C. Pion rescattering

Another sort of diagram that contributes is shown in
Fig. 3. As in the previous diagrams, the left (smaller) vertex
leads to an axion-pion conversion (so this vertex basically
comprises the contributions of Fig. 1). This pion conse-
quently gets rescattered in the ordinary zN scattering. The

o[t ., 1 1
- M2 —1t] ——m2 4+ —
”i{z[mﬂr 71 6" G

(my + my)(dmymy — M7)

(2 + M2 + 2myma) (5 — ) + m2(myma + M2) + (s — m%»ﬂ } (44)

[
latter (larger) vertex treated in a proper way also includes
contributions from the A baryon. As this is an often studied
process, we can base the treatment of this diagram on
previous results. In particular, we will adopt the method and
results of Refs. [44,45].

The diagrams that contribute to the 7N scattering at this
order are basically the same as the ones discussed in the
previous subsections, but with the axion replaced by
another pion. Using Eqs. (11) and (17) leads to a projection
to the P33 partial wave. We do not repeat the results for the
diagrams here, they can be found in Ref. [44], Eqgs. (3.4)
and (3.9) [46]. Moreover, we also adopt the results for the
renormalized chiral pion loops obtained in heavy baryon
CHPT (HBCHPT) from [47] (which are needed for the
unitarization, see below).

As the N scattering above threshold and below the
appearance of inelastic reactions fulfills the unitarity
relation (here W = /s, the c.m. energy)

|q||l

Im77, (W) = T, (W)

2 47
8xW (47)

the pole in the A propagator can be treated in a more
systematic way than the one we used in Sec. III B for the
aN — zN reaction. In particular, a suitable unitarization
technique can be used to restore unitarity which is other-
wise only fulfilled perturbatively in CHPT. The method
used in Ref. [44] is the N/D method [48,49]. In a nutshell,

a il
N
Ny - q/,l
S =S E 4
N Vs S P
S N A

N > b

P p+q—k P

FIG. 3. The pion-rescattering diagram for aN — zN.
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itis based on the observation that the unitarity relation leads
to a right-hand cut in the partial wave 7T-matrix such that
one can write down a dispersion relation for the inverse
amplitude with some extra terms which are free of any
right-hand cuts. These can be matched to the amplitudes
obtained from CHPT. This effectively corresponds to a
resummation of the relevant diagrams. Possible double
counting can be avoided by the matching procedure
discussed in Ref. [45]. The integral of the dispersion
relation can be performed analytically and is basically
given by the known two-point loop function involving one
pion and one nucleon,

9(s) = %ﬂz {“0(14) + (1 - m%) log (f_})
ar() -mee(S) |

at a renormalization scale y. We take y as the nucleon mass,
and any change in p can be reabsorbed by the subtraction
constant aq(u). Furthermore, w is the c.m. pion energy and

s+my—M: 1
xi=+si2—s,u(s,m§,,M,%). (49)

The matching procedure for unitarizing the leading one-
loop O(p?) amplitude with the A resonance leads to

NES
Toy
1
-1
(e + T T 4 BT Pol0)) ol

(50)

)

which indeed fulfills Eq. (47). Note that the tree contribu-

tions 70> and T&Ii for the resonance are taken as being the

full relativistic ones, whereas T{’é)i is only the very leading-
order HBCHPT amplitude.

Returning to pion axioproduction, we performed a full
reanalysis of the phase shift 5/, defined by

8xW . .
Tfi(W) = Wexp(zﬁ{i) SIH(‘S;i) (51)

in order to use these results for the rescattering diagram and
in order to determine accurate values for the coupling
constants g and z; of Eq. (38) and a, of Eq. (48). The latter
goal is achieved by fitting the resulting P33 phase shift to the
results of the Roy-Steiner analysis of the zN scattering [50].
As input values we used the isospin-averaged nucleon mass
my = (m, +m,)/2 = 938.92 MeV, the isospin-averaged
pion mass M, = 138.03 MeV, F, =924 MeV, and
mp = 1232 MeV. The value of g, is given below in

(%]

1.10 1.15 1.20 1.25 1.30
W[GeV]

FIG. 4. The zN phase shift § in the P33 channel (solid line)
fitted to the results of the Roy-Steiner analysis (dots) from [50].

Sec. IV where we discuss the determination of the axion-
baryon couplings, see Eq. (55). The fit to the phase shift
values at W < 1.3 GeV yields

9=1249(16), z=—-021(56), ay=-0.959(12), (52)

and is shown in Fig. 4.
Finally, the rescattering diagram is evaluated by

T 0) = (T35, (). M)

1 T33.tree

\/i ap—rn

where g(s,M o) is the pion-nucleon loop function
Eq. (48) with the meson (nucleon) mass being the charged
and neutral pion (neutron and proton) mass, respectively.
TZ?\,‘f;N denotes the partial wave projected amplitudes of
Sec. IITA and T35 the unitarized P;; partial wave
amplitude just discussed. We consider the usage of the
latter appropriate even though it is derived using on
shell kinematics, as the off shell effects are certainly
subleading [51].

The expression in the parentheses is the proper way of
getting the isospin violating part of the amplitude, as
discussed in Sec. II B, see Eq. (15), i.e., by taking the
difference of the amplitudes and the difference in the
charged and neutral pion/nucleon masses. If one neglects
this mass difference, one might as well use Eq. (14) instead
yielding

(s)g(s,M,,»)TiﬁN(s), (53)

T (5) = T ()9(s. MOTH(s),  (54)
where T35\ now is the j=3 projection of T7=%/2,
Eq. (14), and M, is the isospin-averaged pion mass. In
fact, this latter approximation gives an average deviation of
only <2% in comparison to Eq. (53), which is valid for the
KSVZ axion and the DFSZ axion at sin? # < 0.95. Only for
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values sin” # — 1 the deviation becomes more pronounced
at c.m. energies W 2 1.15 GeV reaching a maximum of
about 15%. This means that Eq. (54) is a very good
approximation for the vast majority of cases.

IV. RESULTS

Let us take the last result of the previous section as a starting
point for the discussion of the overall results of this study. If
one indeed takes the approximation of equal pion/nucleon
masses, then Eq. (12) causes that any dependence on the
isoscalar couplings gic; is canceled and any dependence on
the axion-nucleon coupling g,y in this process reduces to a
dependence on g, ¢,,_, only, which reflects that this part of the
coupling enforces the isospin violation needed to enable the A
resonance appearance. For the same reason, the diagrams of
Fig. 2 with the explicit A solely depend on ¢,,_, and not on the
¢;’s. This has two consequences: First, the total amplitude for
the DFSZ axion with sin? p in the interval [0, 1] and that for
the KSVZ model will be « ¢,_,; they have entirely the same
shape, and only the magnitude changes as sin” 3 is varied.
Second, as ¢,,_, only depends on the difference X,, — X ;, one
can easily determine a value for sin®>f such that
PP (sin? f) = ¢XSYZ, which is accomplished when
sin? f = % [see Eq. (26)]. The aN — zN scattering amplitude
in the P33 channel for the KSVZ axion is hence exactly the
same as that for the DFSZ axion at sin?f =1 As the
deviation from this approximation is only <2%, this remains
basically true even if one considers Eq. (53) instead
of Eq. (54).

For the calculation of the final scattering amplitude, we
make use of the nucleon matrix elements in order to
determine the isovector and isoscalar axial-vector couplings

g4 = Au— Ad,
gt = Au+ Ad,
gl =Aq, forgq=s,cb,t, (55)

where s Aq = (p|qy"ysq|p), with s* the spin of the proton.
Of course, for the approximation discussed in the previous
paragraph, only the value of g, is of interest. For these matrix
elements and z and w appearing in Eq. (26), we take the
recent values from Ref. [52],

Au = 0.847(50),
Ad = —0.407(34),
As = —0.035(13).
2 =0.485(19).
w = 0.025(1). (56)

and ignore Aq for g = ¢, b, t.

In Fig. 5, we show the partial wave cross sections
633, _ . consisting of all the contributions discussed in
Sec. III, for both with the approximation Eq. (54) and
without it. Actually, the cross sections are multiplied by the
factor f2 in order to get rid of the unknown prefactor 1/£2.
This unknown quantity also appears implicitly in the terms
containing the axion mass in Egs. (43) and (44), but has
practically no effect as the axion mass « 1/ f, can safely be
neglected for the typical QCD axion window [Eq. (1)].
However, this prefactor has to be kept in mind when
considering the strength of the amplitudes in Fig. 5.

As anticipated, the curves for different values of sin> 3 are
identical up to the order of magnitude. As the absolute value
of c,_q is a linearly-decreasing function of sin’, the
magnitude steadily decreases, which makes a DFSZ axion
with sin? # — 1 the most unfavorable candidate for detec-
tion. As expected from the description at the end of the
previous section, there is almost no visual deviation of the
curves with approximation Eq. (54) and without it. Only for
sin? # = 1 this deviation becomes recognizable but is still a
minor effect. Note that the figures for the limit values of
sin? # = {0, 1} are given rather for illustrative purposes, as
in realistic DFSZ models perturbative constraints from the
heavy quark Yukawa couplings yield an allowed range
[0.25, 170] for cotp [22] corresponding to approximately
sin® 8 € [0.00,0.94].

As aresult, there is indeed a considerable enhancement of
the P33 partial wave cross section in the region of the A
resonance, but this enhancement is considerably weaker than
previously assumed by Carenza er al. [16], who estimated
the cross section via f26,y_ v & F26,y_ .y taking a value
of 100 mb for o,,x_,,y [53]. This estimation suggests a peak
value f26,y_.y ~ 1 mbGeV?2. The discrepancy between
the results of Fig. 5 and such estimation can be explained by
the fact that aN — zN in the A sector is primarily an isospin
breaking process, which always comes with an extra
suppression. It is worthwhile to notice that the suppression
of the isospin breaking here, characterized by the factor
(I-2)/(14+z2)=(mg—m,)/(my+m,)~034 for the
model-independent part of c¢,_, [see Eq. (27)], is much
milder than that for usual isospin breaking in hadronic
processes, characterized by (m, —m,)/mg or (mg—m,)/
Agep- Thus, the results given in Ref. [16] are to be
multiplied by a factor 10~ to 107>, depending on the value
of the model-dependent factor sin” 4, that is a suppression by
at least one order of magnitude. Then the number of pions
produced via aN — zN through the A resonance in a
megaton water Cherenkov detector will be at most
O(100) using the axion luminosity estimated in Ref. [16]
for axions emitted from a supernova at 1 kiloparsec.

V. SUMMARY

In this study we presented an analysis of the pion
axioproduction aN — zN with an intermediate A
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resonance. We included the A resonance in two different
ways: First, we used the chiral interaction Lagrangian for
the A to bring the axion explicitly into contact with the
resonance, and, second, we used the well-known results of
7N elastic scattering with A to include it implicitly in the
form of the rescattering diagram in Fig. 3.

Asthe Aisa spin-% and isospin-% particle, it shows its full
leverage effect in the P33 partial wave, which is why we
concentrated on a study of this particular partial wave. For
the same reason, this interaction is essentially an isospin
violating process, as the axion is an isosinglet. We have
shown that an approximation that concentrates on this
isospin violation and that neglects any isoscalar coupling,
while at the same time ignoring the pion and nucleon
isospin mass splittings, is still very accurate unless sin®
approaches 1 in the DFSZ axion model (where it still gives
quite good results). In this way, it is shown that the partial
wave amplitude for the KSVZ axion equals that for the
DFSZ axion at sin® f = 1.

Finally, the enhancement of the amplitude anticipated by
Carenza et al. [16] is indeed present in the region of the A
resonance, although it is considerably weaker than their
naive estimation by at least an order of magnitude. This is
basically a consequence of the isospin breaking suppres-
sion which is much milder than that for usual isospin
breaking hadronic processes. Therefore, it might be

interesting to check whether other isospin-1/2 resonances
such as the N*(1440) Roper resonance would provide an
additional enhancement of the aN — zN cross section, as it
is accessible without isospin breaking. The next step would
hence be to investigate the impact of such resonances on the
aN — zN reaction and consequently on the axion produc-
tion in stellar objects, and whether this might be exploited
to give fresh perspectives on experimental axion searches.
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APPENDIX: AMPLITUDES OF THE
LEADING-ORDER TREE GRAPHS

In this appendix we give the full expression of the
leading-order tree graph amplitudes of the four aN — zN
channels. Using the abbreviation

—_

the contact contribution reads

Ti?\/an”N = 0’ (Az)
C
T == g Ru(p), A3
T (p")Ru(p) (A3)
Ty == a(p)Ru(p).  (A4)
V2f.F,

where the superscript refers to Fig. 1. For the other two
diagrams Figs. 1(b) and 1(c) one gets

i, =28 a1 {1 (= R ), (3)
s, = =2 ) [y (R ), (46)

I R C o L e | ] (A7)
ity =) { 2mashes + [oncmg =2 (e =2 | ). (A8)

Here, g,, and g,, are the usual axion-nucleon couplings given in Eq. (33).
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