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Resumo

Esta dissertacao de mestrado examina os axions solares, focando-se na sua base teérica,
mecanismos de producao e métodos de deteccao. Inicialmente propostos como solucao para
o problema CP das interacgoes fortes e possiveis candidatos a matéria escura, os axions
potencialmente desempenham um papel fundamental na fisica de particulas e astrofisica.
A exploracao tedrica esclarece a fundagao da cromodindmica quéntica dos axions e suas
caracteristicas unicas. Passando para a producao, a tese investiga varios mecanismos
que contribuem para a geracao de axions solares. A secdo subsequente aprofunda os
métodos experimentais para a detecgdo de axions, examinando os desafios e avangos neste
campo. Este trabalho fornece uma sintese atualizada dos fundamentos teodricos, producao

e estratégias de deteccao dos axions solares.

Palavras-chave: Axions, Axions Solares, Helioscope, Efeito Primakoff, problema CP

forte, fisica de particulas.



Abstract

This master thesis examines solar axions, focusing on their theoretical framework, produc-
tion mechanisms, and detection methods. Initially proposed as solutions to the strong
CP problem and potential candidates for dark matter, axions potentially play a key role
in particle physics and astrophysics. The theoretical exploration elucidates the quantum
chromodynamics foundation of axions and their unique characteristics. Shifting to produc-
tion, the thesis investigates various mechanisms contributing to solar axion generation,
such as the ABC processes and the Primakoff conversion. The subsequent section delves
into experimental methods for axion detection, such as axion helioscopes and underground
detectors, examining the challenges and advancements in this field. This work provides an
up-to-date synthesis of solar axions’ theoretical foundations, production, and detection

strategies.

Keywords: Axions, Solar Axions, Helioscope, Primakoff Effect, Strong CP probblem,
Particle Physics.
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1 Introduction

The Standard Model (SM) of particle physics is a triumph of human intellect,
providing a comprehensive framework to understand the fundamental building units of
our universe and the forces that govern their interactions. The SM is very succesfull at

explaining and describing numerous phenomens of the nature, which include:

e Electrowek Unification: Sheldon Glashow [1], Abdus Salam [2], and Steven
Weinberg [3] independently proposed the unification of electromagnetic and weak
nuclear forces into a single theoretical framework. They were awarded the 1979
Physics Nobel Prize.

e Prediction and Discovery of the Higgs Boson: The Higgs mechanism, proposed
by Peter Higgs [4,5] and others in the 1960s, was a crucial element in the SM. The
Large Hadron Collider (LHC) at CERN [6] successfully discovered the Higgs boson
in 2012, providing experimental evidence for the mechanism responsible for giving

mass to fundamental particles.

e Accurate Prediction of Particle Properties: The SM accurately predicts var-
ious properties of particles to an extraordinary level of precision. Experimental
measurements have consistently validated these predictions, confirming the model’s

accuracy.

e Quantum Chromodynamics (QCD): The theory of QCD, which is part of the
SM, successfully describes the strong nuclear force that binds quarks into protons,
neutrons, and other hadrons. QCD has been extensively tested through experiments

and plays a crucial role in our understanding of the behavior of quarks and gluons.

e Precision Tests of Quantum Electrodynamics (QED): The SM incorporates
QED, the theory of electromagnetic interactions. Experiments testing QED predic-
tions, such as the anomalous magnetic dipole moment of the electron, have confirmed

the accuracy of this aspect of the model.

e Consistency with Cosmic Microwave Background (CMB): The SM’s pre-
dictions for the early universe, including the behavior of particles in the primordial
plasma, align with observations of the Cosmic Microwave Background, providing

further support for its validity.

Yet, as with any intellectual endeavor, the Standard Model is not without its

enigmas and unresolved mysteries. Such puzzles include:
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e Nature of Dark Matter: The SM does not account for dark matter (DM), which
makes up approximately 27% of the universe’s mass-energy content. The existence
and properties of dark matter remain elusive, prompting searches for new particles

and interactions beyond those described by the SM.

e Neutrino Masses and Mixing: The Standard Model assumes massless neutrinos,
contrary to experimental evidence indicating that neutrinos have non-zero masses
and undergo flavor oscillations. The origin of neutrino masses and the nature of

neutrino mixing are a very strong research field.

e Baryon Asymmetry of the Universe: The observed asymmetry between matter
and antimatter (baryon asymmetry) in the universe is not adequately explained by
the SM. Understanding the mechanisms responsible for generating this asymmetry,

potentially involving processes like baryogenesis, remains an open question.

¢ Quantum Gravity: The SM does not incorporate gravity, as described by general
relativity. Developing a consistent quantum theory of gravity and reconciling it with
the principles of quantum mechanics is a major challenge, pointing toward the need

for a more unified theory of fundamental forces.

e Cosmic Inflation: The SM does not provide a mechanism for cosmic inflation,
the rapid expansion of the universe in its early stages. Explaining the origins and

dynamics of inflation requires extending our understanding beyond the Standard

Model (BSM).

e The Hierarchy Problem: The hierarchy problem in particle physics is the signifi-
cant contrast in energy scales between the gravitational and the weak nuclear forces.
The mass of the Higgs boson is affected by quantum corrections that involve very
high energy scales, such corrections could make its mass much larger than observed.
This large discrepancy, spanning 16 orders of magnitude, requires fine-tuning in the
SM.

e Flavor Problem: The origin and pattern of fermion masses and mixing angles
(flavor structure) in the SM are not fully understood. Explaining the hierarchical
structure of quark and lepton masses and the observed mixing patterns is an ongoing

challenge.

e Strong CP Problem: While the strong CP problem is intimately related to the
SM, it remains unsolved within its framework. The problem involves explaining why
the combination of charge conjugation and parity (CP) symmetry violation in QCD

is extremely small.
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This master thesis embarks on a compelling exploration into the heart of a persistent puzzle
that has thus far resisted a satisfactory resolution, yet promises intriguing consequences
— the Strong CP problem.

Within this work, we jump on a journey through the axion theory, tracing its
origins to the problems that precipitated its proposal. Our focus centers on solar axions —
those generated by the Sun — their production, and the mechanisms for their detection.
An intriguing historical note is that the term azion was given to this hypothetical particle
by Frank Wilczek, inspired by a famous detergent, signifying its virtue in cleansing the
Standard Model of its strong CP stain [7].

The initial chapters meticulously delineate the problems that led to the axion
proposal. Beginning with the U(1) problem and its resolution, we navigate through the
consequences of symmetry breaking, addressing the nature of the U(1)4 symmetry in
QCD. Subsequently, we confront the Strong CP problem, emphasizing its most favorable
resolution — the Peccei-Quinn (PQ) mechanism. This leads to the introduction of the axion,
and we delve into its properties and dynamics. The subsequent exploration extends to
prominent axion models, ranging from the initially proposed PQWW model to the notable
KSVZ and DFSZ models. Our primary interest lies in comprehending and calculating axion
couplings to SM matter, especially to photons, electrons, and nucleons. With these tools
in hand, we elucidate axion production mechanisms within the solar interior, detailing
the calculation of the total solar axion flux. Finally, we explore contemporary detection
mechanisms, with a special focus on axion helioscopes — an exceptionally promising

avenue for solar axion detection.

As following chapters reveals, the axion is very weakly interacting. As a consequence,
their production mechanisms in the early Universe are non-thermal. Consequently, these
axions are produced with extremely small velocity dispersion and are very cold dark
matter (DM), which align seamlessly with the needs of ACDM model. However, at the
same time, this leads to primordial axions having a really small energy threshold. Notably,
solar axions, peaking in the few keV range at production, emerge as an accessible probe

of the theory, prompting our exclusive focus on this intriguing subset.

To maintain clarity, this work confines the term axion to refer specifically to the
QCD axion. In instances involving other axion-like particles (ALPs), the term ALPs will
be employed, ensuring a clear distinction. ALPs encompass any pseudo-Nambu-Goldstone
(pNG) boson with low mass and very weak couplings originating from spontaneous
symmetry breaking at very high energy scales. The one ALP that solves the strong CP
(charge-parity) problem by the PQ mechanism is the QCD axion. Unlike axions, ALPs
do not derive their masses from QCD effects and, in general, lack a connection to the

PQ mechanism. For QCD axions, the relation m, f, ~ m, f, holds, whereas this quantity
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m f, may vary for other ALPs.

Over the past two decades, the community’s efforts and size have steadily grown,
with recent years witnessing a flourishing phase. This surge is attributable to advancements
in theoretical and phenomenological aspects of axions, elucidating their roles in astro-
physics and cosmology, thereby motivating and guiding detection efforts. Concurrently,
advancements in detection technologies allow the exploration of unexplored territories
beyond existing constraints. The absence of positive detections of supersymmetry (SUSY)
particles at the Large Hadron Collider (LHC) and Weakly Interactive Massive Particles

(WIMPs) in underground detectors has heightened interest in axions.

Furthermore, the PQ mechanism can be seamlessly embedded in well-known BSM
frameworks such as SUSY [8], Grand Unified Theories (GUTs) [9] and most notably it is
built in string theory in a model-independent way [10,/11]. Also, the discovery of axions

would signify the identification of a new energy scale in particle physics.
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2 U(1) problem and its solution

2.1 U(1) problem

In this section, we will delve into the origin of the U(1) problem [12], also recognized
as the missing meson problem. Here we aim to comprehend how the quark mass term

breaks the chiral U(2), x U(2), symmetry and explore the consequences of this breakdown.

In the real world, there are 6 flavors of quarks, among which the up and down
quarks are the lightest of them, with masses of m, = 2.16752 MeV and mq = 4.67191%
MeV [13], respectively. These masses are significantly smaller than the scale of quantum
chromodynamics (QCD), denoted as Agep ~ 332 £ 17 MeV [14]. Initially, we assume
that the up and down quarks are massless. The mass of the strange quark, m, = 93.475
MeV [13], is also relatively smaller than Agep, allowing us, in certain contexts, to treat it
as massless as well, although this assumption is less justified compared to the case of the

up and down quarks.

If we focus on hadron physics below the 1 GeV threshold, we can safely neglect the
3 heaviest quarks, the charm, bottom and top quarks, with masses of m,. = 1.27 4+ 0.02
GeV, my = 4.187003 GeV and m, = 172.69 £ 0.30 GeV respectively [13] . For the time
being, we will also exclude the strange quark from our analysis. Limiting our focus to two
flavors of quarks simplifies the calculations and incorporating the strange quark later on
will not pose any problem. Let us consider then, QCD with only 2 flavors of massless
quarks. In this context, we have the left-handed Weyl field y,;, where a = 1, 2, 3 represents
the color index of the fundamental or 3 representation, and ¢ = 1,2 is the flavor index,
with ¢ = 1 denoting the up quark and ¢ = 2 denoting the down quark. Additionally,
we have the left-handed Weyl field 50‘57 where a = 1,2, 3 represents the color index of
the antifundamental or 3 representation, and ¢ = 1,2 is the flavor index, with i = 1

corresponding to the anti-up quark and i = 2 corresponding to the anti-down quark.

With these considerations, the QCD lagrangian is expressed as follows

puv o

. _ |
£ = ix5(D,) fxon + i€L55" (D)™ — GG (2.1

where D, = 0, — igT*Aj, and 25“ =0, — igT“AZ are the covariant derivatives, with

(T“)aﬁ = —(T")4*. Here the T* are the SU(2) symmetry generators, T = 30 and:

ooy L, o=\ L, (10
0_<10)’0_(¢ 0)’U_<0—1)’ 22)
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and the Pauli 4-vector o* is defined as
ot =(I,-7), (2.3)
where ¢ = 012, + 0225 + 0325.
In addition to the SU(3) color gauge symmetry, this lagrangian also possesses

a global U(2) x U(2) flavor symmetry. Specifically, £ remains invariant under these
transformations .
X o — Li]Xaj )
é;a'i N (R*)'Laéa] ’
where L and R* are independent 2 x 2 unitary matrices, which can also be represented as

L = et and R* = ¢“"T. Applying (2.4)) to (2.1)), we find that

(2.4)

U2

/ . j aj = j . *\% — N \o *\1 J 1 apv ova
£ = i(L)XF (D) S L xoy + il(RY)' 11650 (D) (R 367 = 16 Gy, - (25)

L and R* being unitary matrices satisfy the conditions LTL = 1 and R*' R* = 1, ensuring
the invariance of the lagrangian. Alternatively, this invariance can be understood by
recognizing that any arbitrary rotation of 6y or #y is cancelled out by its conjugate

counterpart.

We can express the QCD lagrangian in terms of Dirac fields, as Dirac fields

inherently consist of both a left-handed and right-handed component

uv o

¢ Xai
Up = (wi) Wy = (Qz) . (2.7)

PV, — Lz‘jPL‘I’m’ ,
PV, — R PRV, ,

_ 1
L= WPy - GG (2.6)

where

Equation (2.4)) becomes

(2.8)

where P p = %(1 F 75) are the projection operators. Consequently, the global flavor
symmetry is commonly referred to as U(2), x U(2)p, and since it is a symmetry that

distinguishes the left- and right-handed components of a Dirac field, it is chiral.
We can decompose U(2), x U(2)p into SU(2), x SU(2), x U(1), x U(1) . This

decomposition can be further expressed in terms of axial and vectorial terms, where the
vectorial term arises when R and L are equal, and the axial term occurs when the R and L
are not equal. Consequently, we arrive at SU(2),, x SU(2) , x U(1), x U(1) ,. Here U(1),,
represents the vectorial U(1) symmetry corresponding to L = R = e ], and U(1) , is
the axial U(1) symmetry corresponding to L = R* = ¢'“I. However, it will become clear

later on that the apparent U(1), symmetry is, in fact, anomalous and thus not a real
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symmetry of QCD. Therefore, the non-anomalous global flavor symmetry is, in reality,

SU(2),, x SU(2) , x U(1),,.

According to Noether’s Theorem , every continuous symmetry corresponds to a
conserved charge. In the context of U(1) vectorial symmetry, the corresponding conserved
charge is the quark number, representing the difference between the number of quarks and
the number of antiquarks. The quark number constitutes one-third of the baryon number.
In hadron physics, baryon number holds significant importance as the classification of
hadrons relies on their baryon numbers. Baryons, such as protons and neutrons, possess a
baryon number equal to 1 and are color singlets, meaning they remain unchanged under
any color gauge transformation. In contrast mesons, like pions, possess a baryon number

of 0 as they are color singlet bound states comprising a quark-antiquark pair.

Understanding the role of SU(2),, x SU(2), symmetry is a nuanced process. First,
it is essential to recognize that this symmetry comprises two SU(2) components: one
vectorial, treating left and right components equally, and one axial, which is chiral in nature.
Next, examining experimental evidences from nature, we find no indication supporting a
hadron classification system that distinguishes between left- and right-handed components.
Besides, experiments demonstrate that hadrons appear to be classified by only one SU(2)
symmetry group [15]. Thereby, in order to be consistent with experimental observation,
SU(2),, x SU(2) , invariance is only possible if the axial generators are spontaneously
broken. Consequently, the remaining SU(2) symmetry group’s classification is of the
vectorial kind, and its corresponding conserved charge is referred to as isotopic spin or,

more commonly, isospin.

The proton and neutron together form a doublet (fundamental representation) of
SU(2),,, while the pions (7) constitute a triplet (adjoint representation) of SU(2),,. Due
to being in the adjoint representation, pions are expected to mediate interactions between
the proton and neutron |16]. This triplet structure of pions arises from the breakdown of
SU(2) 4. Since SU(n) has n* — 1 symmetry generators, SU(2) has three generators.When
these generators are spontaneously broken, as described by the Nambu-Goldstone (NG)
Theorem, three NG bosons emerge. However, because the up and down quarks are not
precisely massless, the symmetries involved are not exact. Therefore, isospin, which is also
violated by electromagnetism (EM), is not an exact symmetry. In this context, the pions

can be described as pseudo-Nambu-Goldstone (pseudo-NG) bosons.

In order to spontaneously break the axial part of SU(2),, x SU(2) ,, some operator
that transforms nontrivially under this group (not a singlet) must acquire a nonzero vacuum
expectation value (VEV). However, to preserve Lorentz and color SU(3) invariance, this
operator must be a Lorentz scalar and a color singlet. Since there is no fundamental scalar

field in pure QCD that could acquire a nonzero VEV, composite fields become necessary.
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Note that there is no Higgs field in pure QCD. The simplest candidate for this purpose is
a quark-antiquark condensate Xgiggﬁ = i PV, where a is an undotted spinor index.
Assuming this, we have

(0] x2,£2710) = —v®5;7 (2.9)

where v is a paramater with mass dimension, and its specific value depends on the chosen

3

renormalization scheme. The v? arises from the fact that fermionic fields are of mass

dimension 3/2 in the four-dimensional lagrangian. This condensate effectively breaks
the axial generators while preserving the vector generators of SU(2), x SU(2),. This
phenomenom becomes evident when applying (2.4)) in (2.9)), revealing the symmetry

transformations in the resulting expression
(01 X&i€a? 10) — (0] Li*xaw (R*) €27 10)
— LF(R*)5 (0] x5 [0)
— L (R (=06,
— —v3(LRN),7 .

(2.10)

Indeed, the mechanism through which the condensate operates becomes clear when
considering how it violates SU(2), x SU(2) . The ability to perform independent arbitrary
transformations on our left- and right-handed fields is no longer viable due to the presence
of the condensate. To maintain the form of , the only viable option is set L = R,
leading to LR' = 1, which fulfills the condition for the vectorial part of SU(2),, x SU(2) ,.

Consequently, SU(2),, (and also U(1)y) remains unbroken in this scenario.

It is worth noting that if the U(1), symmetry group had not been disregarded
due to the anomaly, the theory would have three broken generators from SU(2), and
one broken generator from U(1),. Consequently, another NG boson, specifically another
meson called 72, would be expected to emerge. This meson, just like the other ones is
mass bound by the theory. However, this additional meson has never been observed, giving
rise to a missing meson problem. This discrepancy between theoretical expectations and

experimental observations is the so called U(1) problem.

In a future section, we will delve into the complexities of its resolution, including

the intricacies of the phenomenon known as the chiral anomaly.

2.2 Effective lagrangian for the NG-bosons

It is crucial to emphasize that the expression (2.9) is nonperturbative. This
nonperturbative nature arises from the fact that, for chiral QCD with vanishing quark
masses, there exists no tree-level potential that could lead to the vacuum expectation
value (VEV) of (0] x%,£%7 |0). Consequently, fermionic condensates like this are produced
by nonperturbative physics.



Chapter 2. U(1) problem and its solution 18

Another perspective to grasp this is by considering that (0| Xgiggﬁ |0) is a dimen-
sional quantity (where v is a paramater with mass dimension, as discussed earilier), and the
only scale in our theory is the Agcp, which is defined at a point where perturbative physics
is not applicable [15]. Therefore, any observable dependant on this scale is inherently
linked to nonperturbative phenomena. As a result, we anticipate that v ~ Agep, and
Agcp establishes the scale for the masses of all hadrons that are not pseudo-NG bosons,
including protons and neutrons. The masses of protons and neutrons are very similiar,
where m, = 938.27208816 £+ 0.00000029 MeV and m, = 939.56542052 £ 0.00000054
MeV [13], respectively. Remember that Agep =~ 332 + 17 MeV [14].

Now, we will construct a low-energy effective lagrangian [17], commonly referred to
as the chiral lagrangian, for the pions (the three pseudo-Nambu-Goldstone bosons), and
derive their masses. This can be done as follows: we allow the orientation in flavor space
of the vacuum expectation value (VEV) of the condensate to vary slowly as a function of

spacetime. Consequently, the expression transforms into:

(0] X227 10) = =0, (x) . (2.11)
U(z) is a spacetime dependent unitary matrix, represented as

U(z) = exp[2in®(z)T*/ fr] , (2.12)

where T = %- are the generators of SU(2) symmetry group, 7*(z) are the three real
scalar fields to be identified with the pions, and f, is the pion decay constant. f, is a
parameter with mass dimension, and its experimentally measured value is 130.41 4+ 0.21
MeV [18]. At first, for simplicity, we will not consider the U(1) , NG boson. Later on, we

can easily add it by hand. Additionally, we require the condition det U(x) = 1.

U(x) is conceived as a low-energy effective field, and its lagrangian should be the
most general one consistent with SU(2), x SU(2), symmetry. Under a general transfor-

mation of this group, U(z) transforms as follows:
U(x) — LU(z)R', (2.13)

the terms in the U(x) lagrangian (chiral lagrangian) can be organized based on the number
of derivatives they contain. Since UUT = 1 (a consequence of its unitarity), there are no
terms with no derivatives. The lagrangian includes one term with two derivatives, which

takes the form: .
Lop=— /2 Tr 0"Uta,U] . (2.14)
Expanding U(z) in inverse powers of f, in (2.12), we obtain:

Firstly, we can express the exponential function in terms of its Taylor series

expansion:
2 .3
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applying this taylor series expansion to (2.12)), we get:

ey

J 2 I« 3! I (2.16)
B 2ird(x)T¢  2nY(2)7e(2)TTe  4imd(x)7we(x)n! (2)TTITe N
B 373 Hou

Indeed, to calculate (2.14]), it is also necessary to have the expansion for the hermitian

conjugate. Therefore, the expansion for the hermitian conjugate of U(z) is given by:

2 ()T 27 (x)m(x)TeT? +4i7r“(:r)7rb(x)7rc($)T“Tch
fx f : 3f ;

Certainly, we can now substitute and into . To keep the calculations

clear, let’s first focus on evaluatmg the derlvatlve terms separately, considering terms up

Ul(z) = 1— +O(f4 . (2.17)

to O(f*) when they are multiplied and omitting the dependence of z in U and 7%:

Au—a a arb
oMUt = _M -9 [(aﬂwa)nb + w“(@“ﬂb)} g
y f7r TaTJI:;’C (218)
? a_b_c a b
—|—§[8“7T7T7T + T OO + oot ] B
2i(9, 7T 71"
0.U = (P}) = 2[(9m )7 + 79, 2
TdﬂTeTf (2.19)
o {8 e f+7rd8,me7rf+7r ¢ uﬂf} 73

Using these derivative terms, we can express the chiral lagrangian. For clarity, let’s divide

each term:

Note that the trace of the sum is equivalent to the sum of the traces, i.e.,
Tr[z + y + 2] = Trlz] + Tr[y] + Tr[z].

1, .  2u(0me) T Zi(auﬂd)Tdﬂ
= 4”[( 2 )( )

= — Tr[(@“ﬂa)T“(ﬁuﬁd)Td} ,
= —Tr [T“Td} oHr® uwd , (2.20)

1

= —55‘”8"#“ K
1 oW, _a a

= —58 ™ auﬂ' s

to arrive at this result, we utilized the property of Pauli matrices Tr [T“Tb] = 2% Tr [aaab} =

1 sab i e
50%%. Additionally, the cross-terms are analysed separately for clarity:

Ly = —ifﬁ Tr [(—2¢(8l}7;a)Ta> (—2 {(&md)we + Wd(awe)} T;?)

ab i 71.d d
]

(2.21)
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The first term of the sum simplifies to

[ ) R |

— _7f2 <f3> Tr [(8“7TCLT“) ([(aﬂd)we + Wd(aﬂﬂ'e)} TdTe)} ,

(2.22)
= —f— Tr [TaTdTe] (G“Wa(?,ﬂrdﬂe + 8“7ra7rd(9ﬂ7re) ,
= fz 1€ad6 (8"7r o, nire + 0“7ra7rd8u7r ) )
The second term of the sum simplifies to
ab ‘ d\d
Lo, = 2T | (2l + o ) (2T
f7r f7T
— —7f ( ) Tr [ ([(0"7")x® 4+ (o x| TT?) ((0,7)TY)]| |
) @wr).

= f— Tr [T“Tde} (0770w + m " 70, |

1
;eabd(ﬁ“ﬂaﬂbﬁuw —|—7r“8“7rb8”7r ),

where we have utilized the property of Pauli matrices Tr [T“TbTC} = ieabc. We can then

change the Levi-Civita indices to «, (3,7 so that both terms can be combined, leading to

i

Lo = Feagv {8“7r"‘7rﬁau7r7 + 7% 7P 9,7 — O, — 8“WQW68M7T7} ,
T
Z’ (67 «
= M—ﬁeam [ TP o, m — Ot Qﬂrﬁwﬂ , (2.24)
/l: (67 (67
= meam { PO, — nIO T @mﬁ} =0,

which evaluates to zero due to the anti-symmetric nature of the Levi-Civita tensor. Taking

the first term to demonstrate, we get:

€apy T TP 0,17 = €m0,
= €aypm 0, PO T
= €qppm OO, 17 (2.25)
= —€ap, TP O, |

=0.
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Now, for the third term, we have:

Ly = —i f2Tr K—z [(@"x)x® + no(0x")] ?)
(-2 (8,7 + n(9,m°)] T;ET)] ,
_ —ifzéTr[TaTdeTe} {<8u7ra)7rb _l_ﬂa(auﬂb)} [(aﬂrd)we ~|—7Td(5,me)] ’ (2.26)
_ _Slﬁ@abéde — GaaBe + Gacoa)
x [(9#non® + o0 a?) (9umin® + 70,7 )] |
where we have utilized the property of the Pauli matrices Tr [TaTdeTe} = 1(6up0ae —
Saddbe + Gaedpa). The rest of the calculation proceeds as follows:
L= —;ﬁ (@77 + 7(0"7)] [(Bum)m? + 70,
" 81fQ [(0*7)7 + 7(0°7)] [(Bun ) + 7(8,m")
- 8;3 [(07)® + 7(0"7")] (@) + 73,7
_ _81]? 2m(@ )] [(20(9m)] (2.27)
+ 5 [P + 7 @) [0m) + 7 (07"

L
817

= _ b [47ra7rd8“7r“ de} =

82 2f2

The last 2 terms are symmetrical, only the indices are different, so we are going to calculate

[7t(0"7%) + 72(0"x")] [7*(um”) + 7 (0um)]

[W“Wdﬁ"ﬂ“ lﬂrd} .

one and multiply the result by a factor of 2. The last term reads:

1 44

77T 24(0, 7T
Ly=—=f>Tr [ {8“77%"770 + Tt + Waﬂba“ﬂ'c} HOum)

I3 [

v= ; ] (2.28)

similarly to the third term we utilize the property of Pauli matrices Tr [T“TbTCT d} =
%(&lbécd — 0acOba + 0aqdpe) and the calculation goes as follows:
Ly = —1f2_—8 Tr [(8“7?“7?%‘3 + m M rOe + 7T“7rb8“7rc) T°T*T(0 Wd)Td]
4°"3f4 . ’
2
=3 Tr [T“TchTd} ((9“7Ta7rb7TC + 1Ot me 4 7T“7rb8“7rc) (9,71 ,
1
1212

Y o ariad uwd) .

(2.29)
(Gab0ed — Oaclbd + Oaadye) (70 70 m? + 770700, 7
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Note that similarly to the third term of the lagrangian, the last 2 terms of deltas cancel

each other, leaving us with only the first term, so we find:

1
Ly= 12f2 (Oabded) (Wbﬂca"ﬁaauﬂd + Waﬂcauﬁbauﬂd + Waﬁbauﬂcaﬂﬂd) ’

1

=T (im0, m¢ + mimOt 0, ¢ + w10, ) | (2.30)
1

= B (im0, m¢ + 2 m O 0, m¢) |

Combining all terms together, we find (remember that we must multiply the last term by

2 and that the indices are mute):

= —78“7T“5 ™ +0 - 2}2 ( arborme ,ﬂrb)
6f2 ( ao/avis bﬁlﬂr + 270 Or lmb> , (2:31)
= ——(9“#“ T 6f2 ( “7?“8“7?1’8“7#’ + 21w O Hﬂ'b — 3rmP ot lﬂTb) :
Finally, we reach the final result for the effective lagrangian:
Log = —;8‘%“ LT+ éfﬂz (W“W“@“ﬂb@ﬂb — w“wba“wbaﬂ“) 4+ (2.32)

Indeed, the pion fields exhibit interactions as described by (2.14)). These interactions give
rise to Feynman Vertices which contain factors of momenta divided by the pion decay
constant, denoted as Z-. This plays a fundamental role in understanding the dynamics of

pion interactions in low energy processes.

Now, let’s consider the effects of including the small masses for the up and down
quarks. With this new consideration, we need to add a new term to our QCD lagrangian
(2.1). The most general term we can add is:

Lonass = =6 M;'xai + e
= —M:"Yail™ +hoc. (2.33)
= —Tr[Mx.£% + hec. |
where M is an arbitrary complex 2 X 2 matrix, and h.c. denotes the hermitian conjugate. By

performing a suitable SU(2), x SU(2), transformation, M can be diagonalized, resulting

in positive real entries m, and my representing the up and down masses respectively:

uw 0 ;
M = (m ) e~ 02 (2.34)

0 mq

It is important to note that the overall phase factor 6 cannot be eliminated without

resorting to a prohibited U(1) , transformation. Furthermore, 6 carries significant physical
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implications, with experimental observations constraining its value to |0] < 10710 [19-21].
We will delve deeper into the intricacies of this # term in the Strong CP problem chapter.
However, for the purpose of our current discussion, we will adopt the phenomenological

approach of setting 6 to zero.

Next, we will replace x,£* in (2.33)) with its spacetime dependent VEV as depicted
in (2.11)). This substitution gives rise to a term in the chiral lagrangian that accounts for

the effects of quark masses:

Lonass = — Tr[MXaga] +h.ec.,

= —Tr[M(—v*U(x))] + h.c. ,

(2.35)
= v* Tr[MU] + h.c. ,
= Tr[MU+MTUT} :

Note that when 6 = 0, M and M are the same matrix. Considering that M transforms
under SU(2), x SU(2), as M — RM L' while U — LUR', the expression Tr MU remains
formally invariant under this group of symmetry. Consequently, we demand that all terms

in the chiral lagrangian exhibit this formal invariance under SU(2), x SU(2)p.

Expanding £ .ss in a similar manner as we did for (2.14)) and considering M = MT,

we obtain:

Lonass = v° Tr {M(U + UT)} ,

QiWaJ(Cx)T“ B 27r“(x)7r;2(x)TaTb L o)
i (z) T 7% (x) b (z)TeT?

I JE:T _ 2 )fff /7T +O(f;3)>] : (2.36)

a.brparb
ST v ou)]
3

— ¥} Tr2M — 4;2 Tr [MTT*| 77" + O(f, %) ,

s

=3 Tr [M <1+

=3 Tr [M (2

omitting constant terms in the lagrangian, so that v® Tr 2M vanishes, we obtain:

3
Lonass = —4 Tr [MTT?| non® + O(£,7)

f2
_ —QF Tr [M{Ta, TbH romt + O3 | (2.37)
= —sz Tr [M 5”4 b + O(f73)

léab

to arrive at this expression, we utilized the relation {T“,Tb} = 50%. Continuing the
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calculation, we obtain:

3
v -3

Loinnss = _E Tr [M]m%m® 4+ O(f.°)
- _;; T [M] 77 + O(f7) (2.38)

3
v o a _

—F(mu%—md)ﬂ ™+ O(f73) .

Upon considering ([2.37)), it becomes evident that all three pions share the same mass, a

value dictated by the Gell-Mann-Oakes-Renner relation [22]:

e

P .

It is important to note that both quark masses and v® are dependent on the chosen

My = 2(my, +mg)

(2.39)

renormalization scheme. However, their product remains invariant across schemes. As
mentioned earlier, also due to EM interactions, isospin is not an exact symmetry. This is
evident in the slightly elevated mass of charged pions (7%) in comparison to neutral pions

7%, as confirmed in [13].

This framework can be readily expanded to include the strange quark. Despite
being heavier than the up and down quarks, the strange quark remains pertinent to

hadron physics below 1 GeV.

With the inclusion of the strange quark, the theory now encompasses three flavors
of quarks, necessitating an adaptation of our symmetry framework. Previously, with two
flavors, we worked within the framework of U(2), x U(2),. However, with the introduction
of the strange quark, the symmetry is extended to U(3), x U(3),. Analogous to the
previous case, this can be decomposed into SU(3), x U(1), x SU(3), x U(1),, which
further decomposes to SU(3),, x U(1),, x SU(3) 4, x U(1) 4.

Similar to our previous scenario, SU(3), must undergo spontaneous breaking.
However, with the inclusion of the strange quark, there are now eight generators (3% — 1),
implying the existence of eight NG-bosons, a significant increase from the previous three.
If we consider the spontaneous breaking of U(1), symmetry as well, the number of
NG-bosons rises to nine. While the mass term in the lagrangian remains applicable, we
need to replace the generators and revisit certain steps, as some SU(2) relations used in
the previous derivation are no longer valid in this expanded context. Additionally, we
can readily incorporate the breakdown of U(1), in the framework as well. With these
considerations in mind, we arrive at:

3

3
Linnss = —4;2 Te[MAN | men + —4;2 Te[M]r7°... (2.40)
s 9
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where A\ are the SU(3) generators, which are given by the Gell-Mann matrices:

010 0 —i 0 1 0
M=1|10 0|, X=1]i . A3=10 =1 0],
000 0 0
00 1 00 —i
M=1|(0 0 0, Xs=1]00 , (2.41)
100 i 0
000 00 0 1100
=100 1], =100 —i| , \g=— 1 ;
6 7 7 8\/30 0
010 0 i 0 00 —

and fy is the 7 decay constant. Another approach to grasp the distinction between the
NG bosons arising from SU(3) and U(1) axial symmetries is to examine the composition
of mesons. Each meson is formed by a quark-antiquark pair, where the quarks belong to
the fundamental or 3 representation , and the antiquarks come from the anti-fundamental

or 3 representation. Consequently, the meson structure can be described as follows:
33=8d1. (2.42)

Mesons resulting from the SU(3) 4 symmetry breakdown assemble into an octet, all sharing
the same decay constant f;. In contrast, the meson emerging from U(1)4 symmetry

breakdown constitutes a singlet with its specific decay constant fj.

The matrix M now incorporates a new diagonal entry to account for the presence

of the strange quark and is defined as:

m, 0O 0
M=|0 mg 0 |e™?, (2.43)
0 0 ms,

To calculate the meson masses, we define a new matrix:

a0 4 L \/§7r+ \/§K+
S 1 va'l

T ™ _ —0 _9
\/QK \/§ K el

substituting this into ([2.40]), we obtain:

9\2
Lmass = _4'03 TI'{MHQ} — 4U3 TI'{M(;T ) } )

2
9
M 9)2
:—4U3TI{MH2+ if;) }
9

(2.45)
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to compute the mass term, we start by finding MTI%. Since we are interested only in the

main diagonal when taking the trace, and we ignore the phase on M, we obtain:

M (%) 1 m, 0 0 9
™
MTI? + =—10 my 0 |diag <7r +> + 2t
f5Af ’ V3
0 ms,
1 \? 4
2KYK™ 2ntn + (—WO + \/§n> 1 2KK’ 2K~ K+ + 2K K° + 5772 (2.46)
) m, 0O 0
tom | 0 ma 0 |diag|(x)% (7°)% (x°)] .
4fs
0 0 ms,
Upon making the product and taking the trace, we find:
3
v
Lonass = _ﬁ [Q(mu +mg)m T+ 2(my + mS)KJ“K_}
U3 [ -0 1 -0 1 f 2
~ _2(md +mg) K K° +my \/gn + 70T fg (2.47)
ll 1 f 9 * 4 Jx o
— — my|—=n—-—7n"4+1Ic +-mg |n+ L7 )
2 I ¢ (\/377 f9 3 1 9
Finally, the masses of the nine Nambu-Goldstone bosons are as follows:
Firstly, we have the charged NG bosons:
03
mis = f2 —(my +my) ,
, o3
Micx = f2 —(my, + my) , (2.48)
03
mi{oKO 2ﬁ(md + my) .

Now, for the neutral NG bosons, to simplify the calculation, we set m, = mqg = m << ms.
With this consideration, we obtain:
3

m2, —4m;2,

28 v (1 N 31”2) (2.49)
"3t 4 f3 '

2 9f2/f9 m2

™ 4+3f2/f3
It is evident from that if we set fo — 0, then the maximum value for the mass of
the ninth meson is mye = v/3m,o. Consequently, the mass of the ninth meson is bound to
the mass of the neutral pion. However, again, the issue arises from the fact that the 7°
meson does not seem to exist in nature; no experimental observation has ever confirmed

its presence. This discrepancy is known as the U(1) problem.
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2.3 U(1)4 anomaly

In this section, we delve further into the U(1) axial symmetry and its anomalous
nature. As previously discussed, if U(1) axial were a true symmetry of QCD, our theory
would lack a crucial meson component, given rise to the U(1) problem. This is because the
symmetry must be spontaneously broken, giving rise to an expected Nambu-Goldstone
(NG) boson. To address this issue, it becomes essential to demonstrate that U(1) axial is

not, in fact, a genuine symmetry of our theory.

The most straightforward approach to illustrate this anomalous nature is to start
with a U(1) gauge theory featuring massless Dirac fields. The lagrangian for such a theory
is given by:

— 1
L=iVPU — ZFWFW , (2.50)

where P = D, and D, = 9, —igA,. Note that this lagrangian bears resemblance to
the QCD lagrangian with massless quarks, expressed in terms of the Dirac fields in (2.6)).
This lagrangian maintains invariance under a global symmetry, wherein our Dirac fields

undergo transformations with the same phase as:
U — e By
. (2.51)
U — e |
This global symmetry is our symmetry of interest and it is called axial U(1) symmetry.
Calculating the Noether current associated with it we can see why this symmetry is called

axial. The associated Noether current is defined by (A.17)):

o or w0 AL 60
Ja = - [595 00,9 af’gb] St D00 bt (2:52)

since there is no variation in the spacetime variables, the current simplifies to:

L 8¢

= 2.53
i = 0] b (253)
This simplification can be directly adapted for our specific case, resulting in:
oL dv
o= — — 2.54
T4 9(0,9) da (2:54)

Applying our global U(1) transformation to (2.50) and subsequently substituting it into
(2.54)), we obtain:

oL dv 9
(0,¥) da  9(9,)
0

:i\If]D\I/ - leF’“’FW} di (e w)

[ — . 1 .. .
WA (0, —igA,)Y — ZFM FW} (—iysV)

0 (2.55)

= 5,3 [T Y] ().
(1(Uy") (=i 0) |

()"0 () -
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This current represents an axial vector because its spatial component is odd under
parity transformation. Because of this axial nature, our global symmetry is termed
axial U(1) symmetry. It’s important to mention that we have only explicitly shown the
transformations for the terms that are somehow affected by this transformation. Overall,
the transformations on the fields are going to be canceled out, essentially introducing

mess in the calculations without affecting the final results.
Using Noether’s Theorem, we expect d,j% = 0. However, we will find that the
axial current exhibits an anomalous divergence:

2
; g vpo
0ufh(@) = =155 Tr [FuFpo] - (2.56)

One might question the origin of this anomaly. It can be traced back to the functional

measure of the fermion field, which, in general, is not gauge invariant.

We will derive ([2.56)) directly from the path integral using the Fujikawa method [23],
and demonstrate its exactness. Initially, we will focus on the path integral over the Dirac
field, treating the gauge field as a fixed background to be integrated later in our calculations.

This approach leads to the following vacuum-to-vacuum transition amplitude:
Z(A) = / DIUDY 5@ (2.57)
where S(A) is the Dirac action, defined by:
S(A) = / d'z Uipw . (2.58)
We can evaluate as a functional determinant:
Z(A) = det(iP) (2.59)

this equation requires some form of regularization, which will be addressed later. Now,
let’s transform our axial U(1) parameter « into a spacetime dependent parameter a(z).

With this modification, our transformation takes the form:

U = e @By

2.
T — eialans 200

This transformation on the Dirac fields induces a corresponding transformation in the
Dirac action and in the integration variables given in (2.57)). Analyzing first how it affects
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the Dirac action:
:/ d*r Ue @ 752@6 75\11

—/ d*z We ol 7527“ O, —igA,) e~ @)1y ,

(
:/ d*x We @i [GM (e_m(wmlll) igAe”"™ :”)%\I/} ,
_/ dx We ™ 75@7“{ @Le_mm )\If%—e_mr%@ U —igA,e"™ 75\11} , -
—/ d'z Wik [(—id,c(z)vs) ¥ + 0,V — igA, V] | 200
= [ ' Bir® [ins0,0(@)¥ + (9, — igA,) ¥] |
:/ dr Uipv +/ d'z Uytys00,a(x) ,
=S(A +/ d*z jh0.a(z) .
By integrating the second integral by parts, we can express it as:
S(A) / d'z a(r)d,j4 . (2.62)
Finally, we obtain:
/ d'r ()05 . (2.63)

In classical physics, to maintain the invariance of the action, d,j% = 0, which implies
that the axial current is conserved, and the axial U(1) symmetry is a genuine symmetry
of our theory. However, in quantum mechanics, the axial current is not conserved. This
was discovered by Adler, Bardeen, Bell, and Jackiw [24-27] through the analysis of the
triangle diagram, where an incoming chiral current interacts with two outgoing gluons

mediated by three fermions forming a triangle loop.
I o< Y5 -

Figure 1 — Anomaly diagram

Fujikawa reinterpreted this phenomenon as a modification in (2.57)) under a chiral
transformation. To derive ([2.56)), it is essential to analyze the nature of this modification

and how it occurs.

First, let’s assume that DUDV is invariant under axial U(1) transformation. If

this assumption is correct, we have:

7/(4) = [ DUDW St de oy (2.64)
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which must be equal to the original expressions for Z(A). This would imply that 9,7% =0
holds for quantum mechanics. However, the change in the measure DUDW¥ under a
axial U(1) transformation must be analysed thoroughly. The change in our variables is

implemented by a functional matrix defined by [15]:

J(z,y) = 6*(x — y)e @ (2.65)

In a scenario where the path integral is over commuting variables (e.g., bosonic
fields), we would obtain a Jacobian factor of det(J) for each of our transformations.
However, in our case, we are integrating over fermionic fields (non-commuting variables).
Consequently, we get a Jacobian factor of det(J )_1 for each of our transformations instead

of det(.J). Since we have two transformations, we obtain:
DYDY — (det J) *DUDV . (2.66)
This implies that our crucial quantity Z(A) under a U(1) transformation is, in fact,
Z'(A) = / DUDY (det J) 251 [ d'o a@ouii (2.67)

Here, we can use certain identities to calculate det J. First we have:

det e = ¢TI (2.68)
for any square matrix A. If we denote our Jacobian as J = e?, we can express:
det J = ™l (2.69)
Utilizing these identities, we obtain:
(det J)™? = exp [22/ d*r a(x) Tr [54(3: — :U)fy5H , (2.70)

where the trace is taken over both spin and group indices. Similar to (2.59)), a form of

regularization is required in this case as well.

One method to regularize this expression is by replacing the delta function with a
Gaussian. However, for the regularization to be consistent with our theory, the Gaussian
must be gauge invariant, and our regularization scheme must be compatible with (2.59).

Taking these considerations into account, we make the following replacement [15]:
5z —y) = P M54 (1 —y)) | (2.71)

where M is the regulator mass that we take to infinity at the end the calculations.
To evaluate ([2.71]), we express the delta function as a Fourier integral:
< d'k (



Chapter 2. U(1) problem and its solution 31

Here, we can rewrite the Fourier integral more intelligently using the following identity:
f(9)e™*™ = e (0 +ik) | (2.73)

in our case, we have f(9) = ¢?"Pr_ so the identity becomes:

oiP2)?/M? jik(z—y) _ ik(z—y) Sliv*(Dpu+ik)]? 7 (2.74)
thus, we find:
© 4k N2 Af2 s o ik . . 2 /072
BN @D, MP ik(a—y) ik(z—y) ,(iP—F)*/M
/_ (2m) © = /_oo i ¢ ¢ ‘ (275)

If we continue to explore this expression, we can rewrite the far right exponential argument

(D -k =K — (D} - (276
where —i{ﬁ, }é} = —iDf — ifD = —2iD¥, since {@ k}

Continuing, we have:

(2@ - k)z = _kz - 2.{7“7 ’YV}kuDV - ’YMPYVDNDV )
= —k* —i(-2¢" 1)k, D, — (—g" — 2iS"*)D,D, ,

(2.77)
= —k* + 2ik"D, + D* + 2iS*'D,D, ,
— —k? + 2ik - D + D* + 2iS"'D,D, ,
here we used (note that the metric here is (-,+,4,+)):
GHY = 3.7“71/
2 Y
1 - Qv
Py =S+ Il = g - 208
kE = KB v,
u (2.78)

= kﬂk” [{VWVV} + [7#7’7VH )

= kukui{,yuv ’YV} )
— R (~gu) = 2

In the term 2:5*"D,D,,, we can utilize the antisymmetry of S*” to make the following
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substitution:

1

"D, D, = 5 [S" DD, + 5D,D,] .
Srv

2
S“”

2
S . .
= 7[@ —igA,, 0, —igA,] ,
S“” {

DDy = DDy

— [Pw D,

0,0, — 0,(igA,) —igA,0, — > A, A,
u(igAy) - " (2.79)
—a,,au +0,(igA,) +igA, 0, + g ALA,]
Srv

= [—ig0, A, —igA,0, —igA,0, + 190, A, +igA,0, +igA,0,] ,
SHY

[—ig0, A, + 190, A,

S

~ 9 [—ig(0uAL, — O, AL)]
SHY
2
where F),, = 0,A, — 0,A,. Applying this result to (2.77)), we obtain:

[_igFuu] )

(iD — §)? = —k* + 2ik - D + D* + gS*F,, . (2.80)
Finally, applying this to (2.75]), we find:

4
o — ) = / dk’ ih(e—0) (D /M7

(2.81)

d4k: ko) [—H +2ik-D+D? + gSWFW]
= exp .
-5 i

Next, let’s rescale k by M (k: — MEk), yielding

/OO L (M) e* @) oxp —M?k? + 2i(Mk) - D + D? + gS"'F),,
o (21) M2 ’

~ d'k . [2ik-D D> gS™F
. 4 ik(z—y) ,—k = pv
=M /oo emr ¢ Mot e |

(2.82)

o |

Note that, in (2.70)), the delta function is §*(x — z), which is:

© 'k e [2-D D' gS"F,
e XP Vi M2 7M2 .

Fr — 1) = M4/ (2.83)

o (21

Therefore, substituting this rescaled expression into the trace of (2.70]), we have:

4 4 o0 d4k —k:2
Tr{(? (:v—av)%} — M LOO 2y e
2k -D D gS™E,,
[V VER Ve ] I

(2.84)

x Tr [exp [
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Now, let’s expand the exponential in (2.84) in terms of M up to O(M~*). Since, there is a

factor M* multiplying the integral, these contributions do not vanish as we take M — oo:

2ik-D D? SHE 2ik-D D? SH I
exp |~ . ]:” : Bt

R VERE Ve M e e
2ik-D D> | gS"F ?
2 M M2 M

The trace over spin indices will vanish unless there are four or more gamma matrices

(2.85)

multiplying 5. This property arises from the properties of s :

Tr = Tr[4v"+"~v5| =0 ,
[s] (V7" 5] (2.86)
Te[y" vy 5] = —die™?

where €777 is the Levi-civita symbol. With these considerations, the only non-zero

contribution from our expansion is of the form:

(QSWFW)Q
2M4 '
Therefore, we have:
4 d4k —k2? nv Qpo
[(5 (.CC—JT)"}/E)} — g / 27 e Tr[F,Fy) Tr [S*SP7vs] (2.87)

using the definition of S*”, we have:

7 1
Tr[SHSP7 5] = TY{Q’Y“’YVQ’YP”YU% )

1 v (on
=-1 Tr{v" v vP s

h (2.88)
= _Z(_4i€NVﬂU) s
= eMP7 |
Finally, we find:
4 d4k —k2/: _pvpo
[5 (x—x)%} — g / 2m)] e " (1eP7) Tr[F W Flp) (2.89)

At this point, we analytically continue to Euclidean space, introducing a factor of i. Then,
upon solving our four Gaussian integrals, each contributes a factor of 7'/2, we obtain a
total factor of (7'/2)* = 2. Taking these considerations into account, we end up with:
4 g’
Te|d* (2 — 2)75| — — 53" T Fu ] (2.90)

Now, we can apply these results to our original equation (2.70), leading to:

(det J)~? :exp[ / d*z a(2)e™? Te[F (2)Foo(2)]| - (2.91)

1672
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Finally, substituting this result in (2.67)), we obtain::

Z'(A) = / DUDY 5
2

(2.92)
X exp [—@/ d*z o(x) <1fgi7r2 P Tr[F () Fpo ()] + 5Mjﬁ(m)>] :

which must be equal to the original Z(A) in (2.57)). This is because Z(A) is a fundamental
quantity in every Quantum Field Theory (QFT); it represents the vacuum-to-vacuum
transition amplitude and, as such, cannot be affected by either a real or an anomalous

symmetry of the theory.

We can clearly see in (2.92)) that our associated Noether current has the same

divergence as stated in (2.56)):

2

. g vpo
Oujlh = — 167r26up Tr[F,F, . (2.93)

Because our derivation did not rely on an expansion in powers of g, our result is exact; there
are no higher-order corrections. This result is known as the Adler-Bardeen theorem [28].
The significance of this result lies in its fundamental role in the U(1) problem. Our
discussion has revolved around the axial U(1) transformation and whether it is a true
or false symmetry of our theory. If U(1) is a true symmetry, it must be spontaneously
broken, leading to a missing meson in our experimental results. On the other hand, if U(1)

is not a true symmetry, the U(1) problem is solved.

Now, with the expression for the divergence of the associated Noether current of
our U(1) transformation, if this expression turns out to be a non-zero contributing term

to the action, we have resolved the U(1) problem.

Looking at , we can see that the chiral anomaly affects the action in the
following way:
58 = —a/ d'z 8,5% |
7 (2.94)

— e [ d's TR,

Notice that « is a constant again. At first glance, this might seem to prove that U(1)

axial is not a true symmetry. However, a thorough analysis is still needed because we can

rewrite:
g’ g’ 2
e Ty [, Fpy| = e, Ty [AyapA(, - igA,,ApAU} ,
1672 47r 3
(2.95)
g
= —o0,W",
C 4p2
where,

W — e Ty [AyapAg - gigA,,ApAg} . (2.96)
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Applying this in (2.94)), we have:

2

ag
55:2;5/d%m%WW. (2.97)
Now, the variation of the action results in a pure surface integral, and one might think
that [ d'z 9,W" = 0. However, in a gauge theory, Gerard 't Hooft [29] proved that this
is not true. Gerard 't Hooft did significant work on understanding the QCD vacuum
structure and instantons. He discussed this topic in his paper titled "'Symmetry Breaking
through Bell-Jackiw Anomalies" [29]. In this paper, he addressed the axial U(1) anomaly
and its implications in the context of QCD. In the next section, we will delve deeper to

understand the intricacies of the QCD vacuum structure.

2.4 QCD vacuum structure

To elucidate 't Hooft’s resolution of the U(1) problem, it is imperative to delve
into the realms of instantons and #-vacua. Our journey begins within the framework of
SU(2) gauge theory, focusing solely on the gauge fields. It is crucial to recall that within

this theory, a gauge transformation assumes the specific form:
A, = UAU + 2U0,UT (2.98)
g

where g is the gauge coupling. The condition Fj, = 0 represents the classical field
configuration corresponding to the ground (vacuum) state. This condition implies that
A, is zero at vacuum state, which further implies that, at vacuum state, it is a gauge

transformation of zero:

a a Z
A, = AeT* = U(0)UT + EU(’)MUT ,
) (2.99)
= -Uo,U"
g

where T are the SU(2) symmetry generators, and U is a 2 X 2 unitary matrix that is a

function of spacetime.

By focusing exclusively on time-independent gauge transformations, we consider
U as a function of spatial coordinates, denoted as U(Z), which allows us to establish a
temporal gauge condition Ay = 0. We then impose a boundary condition, where U (Z)
approaches a specific constant matrix as || — oo. This boundary condition effectively
introduces a spatial point at infinity, where U attains a definite value. In essence, this
mapping of spatial infinity to the vacuum of our theory signifies that the topology of
the spatial boundary is intricately linked with the topology of the space of vacuum field
configurations. Consequently, both the spatial geometry and the vacuum state exhibit the

topology of a three-sphere, denoted as S®.
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The field configurations determined by U(Z) are categorized by an integral quantity
known as the winding number, denoted as n. This winding number characterizes the
mapping in such a way that it counts how many times we wind the vacuum sphere for
every full wind around the spatial sphere. Notably, a negative winding number implies

that the vacuum winding occurs in the opposite direction compared to the spatial winding.

To understand this phenomenon, it’s essential to recognize that any SU(2) matrix
U can be expressed as follows:
U=ay+ia- -7, (2.100)

where a, = (ag,@) € R, and the constraint a,a, = 1 defines a point in S?, known
as the vacuum three-sphere. In our specific scenario, the matrix U(Z) serves as a map
that connects points on the spatial three-sphere to corresponding points on the vacuum

three-sphere.

Similar to our treatment of the vacuum three-sphere, we find it convenient to
characterize the spatial three-sphere using a Euclidean four-vector denoted as z, = (2o, 2),
satisfying the unit length condition z,z, = 1. Through stereographic projection, we can

establish a clear relationship between z, and & [15]. This construction allows us to:

.2
Z=—==1,
2]
. 2r
2 =7,
IL+r (2.101)
1—1r?
20 = 3
1472
r= |7

We can now construct a specific example of a map from the spatial S? to the
vacuum S® with a winding number n by aligning the polar angles of a, with those of z,
and setting the azimuthal angle of a, to be n times the azimuthal angle of z,. Here, the

polar angles vary within the range 0 — 7, and the azimuthal angles span from 0 — 2.

The winding number of a given smooth map U(z) can be expressed as [15]:

1
2472

n =

/ 'z T [(Ua U U, U (VBT (2.102)

which is invariant under change of variables, a property ensured by the cancellation of the
Jacobian determinant J(d*z) with J(9;0:03).

Now, a fundamental question arises: are these vacuum configurations gauge equiv-
alent? In other words, do they correspond to a single degenerate quantum vacuum state,
or are there multiple quantum vacuum states distinguished by the winding number?
To answer this question, it is essential to investigate whether the winding number is a

topologically invariant quantity. This requires examining its behavior under infinitesimal
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deformations. If the winding number, denoted as n, proves to be a topological invariant,
the theory encompasses more than one quantum vacuum state, each distinguished by n.
On the other hand, if n fails to be a topological invariant, the theory possesses only a

single quantum vacuum state.

Initially, let’s contemplate an infinitesimal deformation of U, represented by U —
U+ 6U. To assess the impact of this deformation on , it becomes necessary to know
SUT and 6(U,UT). Notably, due to the unitary nature of U(z), we deduce §(UTU) = 0.
As a consequence of this property, we obtain:
S(UTUYUY = (sUTU + UTsU)UT
=sU'UUT + UTSUUT (2.103)
=o0U'+USUUT =0

From this obtained expression, we find:
SUT = ~UTSUUT . (2.104)
Hence, we can calculate §(U9,UT):

S(UOUT) = 0UOUT 4+ UdyoUT

= U0 U — Ud(UTSUUT) |
= U U — U9 UTSUUT — UU O, 6UUT — UUTSUB,UT |
= U0 UT — U UTSUUT — UUO0UUT — 5UB,UT , (2.105)
= U USUU' — UUO,6UUT
= —U(QUTSU + U'oRsU)\UT |
= —Uo(UTSU)UT .

Since §(U9;UT) and §(U9;UT) contribute the same manner as §(U9xUT), it suffices to

consider only the latter term when multiplying the total variation by 3. Thus, the variation

in the winding number can be expressed as follows:

on = —

L [ a emsmfwauhwauhwauh)

247 (2.106)
_ 3,. cijk T T T
-3 / 'z ¢ Te[(UOU) (U0, U U] .
Continuing the calculations and integrating by parts, we find:
3. ik T T T T
on = 247T2 / d*x I Tr[(Ua U Ua,U U U] |
Bz I Te [ (QUN(UKUNUOL(UTSU
247r2 / (@ o 'sU)] (2.107)

o / d*x €7 Tr [0, ((@:U)(Ua,UNUUSU)

~o (@Uhwouhu) Utsu|



Chapter 2. U(1) problem and its solution 38

In reaching the last line, we employed the cyclical property of traces and applied the

chain rule. Now, integrating by parts allows us to eliminate the terms with two derivatives

acting on a single U, which vanish upon contraction with ¢*. Furthermore, the surface

term becomes zero due to U = 0 at the boundary. Consequently, the remaining terms

are:
5 Bz 98T t HeU
=g / @R Ty (U (@) (0,U)sU 2.108)
+ouhwo,uhawwutsul
we can rewrite:
8](UUT)zajUUT—l—UajUT:O—>U8]UT:—8]UUT, (2 109)
O (UUYY = 0,UU + UBU = 0 — 0,UUT = —UBUT '
and apply on ([2.108]), we obtain:
3. ijk 1 1
o= 5 / dx ¢ Tr [(0U1)(0,0)(0,UT)6U
+(OUNY(—0;UuUN(~UBUNU| ,
+H(OU)( )(~UU")sU | .110)

/ dx T [(9,U)(0,U)(0,U7)5U
+OUN(0;U)(0U"sU|

T 24n2

Due to the symmetry under j <> k, this expression vanishes upon contraction with the

Levi-Civita tensor €%, Consequently, we conclude that:

n=0. (2.111)

Hence, the winding number n is indeed a topological invariant. Therefore, as mentioned
earlier, the theory encompasses an infinite number of distinct quantum vacuum states,

each labeled by n, and these states are separated by energy barriers.

Another perspective to comprehend this phenomenon is as follows: suppose U (7)
and U(Z) cannot be smoothly deformed into each other. Both vector potentials fl# and
A, are gauge transformations of zero, necessitating F, w and F, to vanish. However, any
attempt to smoothly deform flu into A,, requires passing through vector potentials that
are not gauge transformations of zero. Consequently, F},, # 0, implying nonzero energy.
This discrepancy creates an energy barrier between the field configurations A, and A,

establishing them as distinct quantum vacuum states.

Thus far, we have established that SU(2) gauge theory exhibits an infinite set of
vacuum states distinguished by an integer n (winding number) and separated by energy
barriers. The next crucial inquiry is whether our field can transition between these distinct
vacuum states and, if so, whether this transition can occur with a finite amount of energy.

To explore this question, we initiate our analysis with the tunneling amplitude between
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two vacuum states |n) and |n’), where n and n’ represent their respective winding numbers.

This amplitude is expressed as:
(| H|n) ~ e, (2.112)

where S is the Euclidean action corresponding to a classical field solution that mediates
between the two distinct field configurations. In scalar field theory, where the solution is
independent of #, the action scales with the volume of space. Consequently, at spatial
infinity, the tunneling amplitude vanishes. However, in the context of our SU(2) gauge
theory, constructing a classical solution to the Euclidean field equations becomes more
intricate. We need a solution that mediates between vacuum states characterized by
different winding numbers while maintaining an action that remains fixed (depending
solely on the difference between the winding numbers) and finite even in the infinite-volume
limit.

To demonstrate that (n'| H |[n) depends solely on n' — n, we perform a gauge
transformation Uy, characterized by a winding number k. The action of Uy (x) on a field
configuration with winding number n transforms it into a configuration with winding
number n + k. This transformation occurs because the product of a map with winding
number n and another map with winding number k is equivalent to a single map with
winding number n + k. To prove this, it is more convenient to analyze maps that go from
St — St

If we consider two maps: U,(¢) with winding number n and Ug(¢) with winding
number k. We deform U, (¢) to equal one for 0 < ¢ < 7w and Ui(¢) to equal one for

m < ¢ < 2m. The winding numbers for both configurations are then:

Z. T
=— | do U,0,U!
n 27T/0 ¢ 9%n

N (2.113)
k= [ do UOUL .

It is straightforward to observe that if U, goes to 1 from 0 to m, then 94U} = 0 within the
same region. The same applies for Uy, in its respective region, leading to 94U, ,I = 0 from
7 to 2m. Consequently, they do not contribute to the integral in their respective region.
However, when we make the product U, Uy, it equals Uy from 0 to m and U,, from 7 to 2.
Therefore, when integrating the winding number for U, Uy, we obtain k from 0 to 7= and n

from 7 to 2w, resulting in a combined winding number of n + k.

In quantum theory, the gauge transformation is implemented by the unitary

operator Uy. Having established the property outlined above, we obtain:

Ui |n) = n+ k) . (2.114)
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On the contrary, the Yang-Mills Hamiltonian, constructed from field strengths, must

remain invariant under time-independent gauge transformations. Hence,
U.HU} = H . (2.115)

Now, equipped with these tools, we can analyze the impact of this gauge transformation
on the tunneling amplitude(n’| H |n). As U, is unitary, we can introduce identities inside
the bracket using [ = u,iuk. Utilizing (]2.114b and (|2.115|), we obtain

(n'| H |n) = (0| UL HUU n)
= (n'|UfHUy n) (2.116)
=(n' +klH|n+k) .
Finally, we can conclude that the tunneling amplitude depends solely on n’ — n.

As the tunneling amplitude (n/| H |n) = f(n' —n) ~ e~ f-vacua of the following

form are eigenstates of the Hamiltonian:

0) = f:o e M |n) . (2.117)

n=—0oo

We can observe this by analyzing (n'| H |#). If |#) are eigenstates of H, then we have

(n'| H|0) = (n'|0) Ey, where Ejy are the eigenvalues. Therefore, we have:

(W[ H10) =3 e (0| Hn)

= Z e_inef(n/ - TL) )

=Y e MmN f(—m) (2.118)
_ e—in’@ Z e—ime(_m) :
= (n'|0) Ep ,

where we have replaced the summation variable n with n’ +m. We find the eigenvalues
FEy to be:
Ey=> e "™ f(-m). (2.119)

If we use Euler’s formula on , we obtain:
Ey=> e "™ f(-m),
=" (cosmb — isinmé) f(—m) (2.120)
=Y cosmbf(—m) ,

note that the eigenvalues only take real values. Therefore, we have concluded that #-vacua

are eigenstates of H, and the energies must be a periodic, even function of 6. Moreover,
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the eigenvalues of H should scale with the spatial volume V. In dimensional grounds, we
obtain:
H10) = VAqon (6)16) (2121)

where Agep is the scale at which the gauge coupling becomes strong. As established

earlier, f(6) must possess the following properties:

f(0+2m) = f(0) ,
f(=0) = f(0) -

Even though we have demonstrated that the energy of the #-vacuum is proportional to

(2.122)

cos 6, we retain the freedom to add a constant to the Hamiltonian, ensuring that the state
with @ = 0 corresponds to zero energy. Consequently, it is anticipated that f(6) attains its
minimum at @ = 0. It is crucial to emphasize that the topological properties of the gauge
fields remain independent of the value of the coupling constant. Therefore, this analysis is

applicable across all energy scales.

Now, let’s delve into the solutions of the Euclidean field equations:

At euclidean time xzo = —T', we set the vectorial field to:
A (7) = ;U_(f)éuUi(f) , (2.123)

where U_(Z) has winding number n_. Similarly, at o = +7', we set:
Au@) = “UL(@)0,UL(@) | (2.124)
g

where U, (Z) has winding number n,. We further impose the following boundary condition:
for |#] = R and —T < x5 < +T, we set A, = 0, which is equivalent to 9,U" = 0. This
condition implies that U(Z) converges to a constant matrix at |#] = R. Note that, as

required by the problem, 7" and R will be taken to infinity at the end of the calculations.

In the preceding paragraph, we specified U(z) on a cylindrical boundary in 4-
dimensional spacetime . This boundary topologically forms a 3-sphere, aligning with
the problem’s context, validating our previous conclusions. Consequently, the winding

number of the map on this 3-sphere is n, —n_.

We can observe this using a similar reasoning as before when we saw that the
product of two maps with different winding numbers results in a map with a winding
number equal to the sum of the individual winding numbers. Utilizing , we deduce
that the boundary walls do not contribute since 9,U" = 0 there. However, each of the
caps of the cylinder will contribute with their respective winding numbers. At this point,
it might seem like we obtain a winding number equal to n, + n_. However, it’s crucial to

pay attention to the orientation of the caps. The orientation of the lower cap is reversed
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Figure 2 — The boundary in Euclidean spacetime [15]

compared to the upper cap, causing the lower cap to contribute —n_ instead of just n_.

Consequently, our resulting map has a winding number of n, —n_.

Finally, as we take T, R — oo, we consider the boundary to be a 3-sphere at

p=(r,1,)"* =00 . (2.125)

On this boundary, we have a map U(%), where # = “£. As discussed earlier, U(2) has

winding number n =n, —n_.

Now, the subsequent step involves constructing a Bogomolny bound on the Eu-
clidean Yang-Mills action for a field that adheres to the boundary condition we have just
established. We begin with the Yang-Mills action:

/ d*z Tr[F"™F,,)] (2.126)
where the field strength tensor is given by:
F,., =0,A, —0,A, —iglA., A . (2.127)
The boundary condition requires:
- o
,,IHEOA (x) = gU(a:)@uU (%) . (2.128)

In order to integrate (2.102)) in this context, we begin by defining the angles of the 3-sphere:

polar angles x and v, and azimuthal angle ¢, via
&, = (sin x sin ¢ cos ¢, sin x sin ¢ sin ¢, sin x cos ¢, cos @) . (2.129)

Now, let’s express n in terms of these angles:

2m
= 502 / / dy | d¢ e Tr[(UaUY) (U0U ) (U, U] (2.130)
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where o, 3,7 run over x, v, ¢, and e€¥? = 4+1. We can rewrite this expression as a surface

integral over a surface at infinity in four dimension Euclidean spacetime

n =

sis | 48, @ T Wo, U Wa,Uh e (2.131)

where €234 =

+1, and the minus sign disappears when we make the change of variables.
Now, utilizing (|2 , we can express this integral in terms of the vector potentials by

setting U9, UT = —igA,,

n =

/ ds,, o Te[(U9,U") (U,U") (U U)] .
W / 4S, €7 Tr{(~igA,)(~igA) (—igAs)]

o _Z g pvoT
= S / dS, €T Tr[A, A, AL |

— uvoT
247T2/d5 T Ty[A, A, A .

24772

(2.132)

By defining the Chern-Simons current, we can further express this as a volume integral:
2
Jhs = 2eM7T Ty [AVFM +2igA, A A (2.133)

we can easily understand why this is possible, as on the surface at infinity, A, is a gauge
transformation of zero, leading to F),, vanishing. Therefore, we can express the winding

number n as:

n= 3%2 / ds, Jhs . (2.134)
applying Gauss’s theorem, we obtain:
4
n = 3%2 / d'z 9, . (2.135)

The Chern-Simons current is not gauge invariant; however, the relative coefficient of its
two terms has been chosen in such a way that its divergence becomes gauge invariant.

Hence, there is no inconsistency in the results. To demonstrate this, let’s calculate its

divergence:
O Jé "o Tr[F,, Fy
cs Fuukor] (2.136)
— 2Ty [FWFW} :
where [H = %e‘“"”Fm is the dual field strength tensor. Hence, we get:
4 1%
167T2 / d'z Tt[F*F,) . (2.137)

At this point, we have n expressed as a four-dimensional volume integral of a gauge
invariant quantity. Now, we can construct the Bogomolny bound. We start with the fact
that

F"F, =F"F,, , (2.138)
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thus, we find by using Tr[AB] = Tr[BA]:
L n[Ew s ) = LB, £ B R, £ B+ FE
5 I‘{ ;w} - 5 I'{ v ny uv + /LV:| )
1 ~
= = Tr[2F"F,, £ 2F"F,,] (2.139)
2
= Te[F" F,) & Tr[FF,] |
which is nonnegative. Consequently, we have:
/d% Te[F*E,,] > |/ d'c T[F"E,]| . (2.140)

The left-hand side of this equation is twice the Euclidean Yang-Mills action, as evident
from ([2.126), while the right-hand side involves a portion of the expression derived for the
winding number ([2.137)). Finally, we arrive at the following conclusion:

872 |n|

Sz

(2.141)

This provides us with the minimum value of the Yang-Mills Euclidean action for a solution

to the Euclidean field equations, which mediates between a vacuum state with winding

number n_ at ryp = —oo and a vacuum state with winding number n, at zy = +o00. For
ny —n_ = 1, this solution is referred to as an instanton. As demonstrated above, the
instanton is localized within all four Euclidean dimensions. For n, —n_ = —1, the solution

is the anti-instanton.

For cases where |ny —n_| > 1, the solution is a dilute gas of |n; — n_| instantons

or anti-instantons distributed throughout Euclidean spacetime.

We can saturate the bound in (2.141)) if and only if we, by (2.140)), make:

F,, = (sign n)F,, . (2.142)
Therefore, we obtain:
2
g="5" 2'”' (2.143)
g
Furthermore, it is evident that for the instanton solution, the action is given by
8 2
s="" (2.144)
g
and
F,uu = F,uu (2145)

In conclusion, we have demonstrated that the field can transition between these
vacuum states, achieving this interpolation with a finite amount of energy through the

instanton solution. While constructing this proof, our focus was on utilizing the #-vacua to
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describe the theory’s vacuum states. However, we did not delve deeply into understanding

the significance of the 6 parameter.

To shed light on this, let’s consider the Euclidean path integral with the same
boundary conditions. We begin with a vacuum state characterized by n_ at xg = —oo and
transition to a vacuum state with n, at xqg = +00. As established earlier, the transition
amplitude (n,| H |n_) solely depends on the difference between the winding numbers.
Consequently, only field configurations with a winding number of n, — n_ contribute to

the path integral. Therefore, the path integral can be expressed as follows:
Ty n (J) = / dA,, _, e SHA (2.146)
where
JA = / d*z Tr[JA,] . (2.147)

Now, suppose we initiate the process with a #-vacuum state characterized by n_ and
conclude with a 6’-vacuum state characterized by n, . Utilizing equation (2.117)), we can

express this transition as follows:

Zyeo(J)= > 07 0 (J), (2.148)
n—,n4
let, as previously used, n, —n_ =n, so that n, 0’ —n_0 =n_(0' — ) + nb’, we obtain:
Zgreo(J) = Z ei(n,(gf_o)me/)/ A, o~ S+IA :
n—,n4

_ Zem_(e’—e) Zemaf/ dA, e StIA
_ 5 9/ ZeznO / dA e—S-‘rJA

_ Zeme/ dAn e—S-i—JA )

Next, we combine the sum over n and the integral over A,, into an integral over all A.
Also, utilizing (2.137]), we find:

(2.149)

ig%0
1672

/dA exp l/ d*z Tr [—F"”F v+ F"™F,, + J“AMH . (2.150)

The vacuum angle 6 appears as the coefficient of an additional term in the Yang-Mills
lagrangian. To transition to Minkowski space, we substitute xy = it. Since the new term
contains one derivative with respect to xg, it picks up a factor of —i. Combining these
considerations, we obtain:

2

. I . g0 -
= / dA exp [Z/ d*x Tr[—QF“ F., — @F“ FW+J“A#H . (2.151)

The additional term is gauge invariant, Lorentz invariant, Hermitian, and possesses a

dimensionless coefficient. In principle, we could have included this term when initially
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formulating Yang-Mills theory. However, since it is a total divergence, it was omitted.
Despite being a total divergence, we have demonstrated that it does have a significant

impact on the physics of the problem.

At this stage, the ability to transition between different vacua with distinct winding
numbers via instantons leads us to crucial conclusions regarding the U(1) problem. Firstly,
we establish a direct connection between the new term in the lagrangian and the term
derived in the chiral anomaly section. In the latter, we demonstrated that for the U(1)
axial symmetry to be a genuine symmetry of the QCD lagrangian, the variation of the
action in equation must be zero. However, our analysis involving instantons revealed
that despite the term being a total divergence (and thus expected to integrate to zero), it

significantly influences the physics of the problem.

This connection becomes evident when reintroducing the massless quark fields
into the theory. By incorporating the results of this section into equation ([2.50)), we gain
deeper insights into the interplay between the U(1) problem, chiral anomalies, and the

behavior of massless quarks within the QCD framework.

TS 1 apy a 926 Napv ya
L=iUPVy — ZG G, — 3%2(; G, (2.152)
The path integral for this theory is
7= / DADYDY
929 (2153)

_ 1 ~
X exp [Z/ d*x [zllfﬁ\ll — ZGGMVGZV GG, + J““AZH :

3202
From (2.94) and employing the definition of the dual field strength tensor, we know that

a U(1)4 transformation modifies the integration measure by a factor of

2 ~ PR—
DUDT — exp [—i / d'z 56;@““”@;”] DYDY | (2.154)
and we find:
7= / DADUDY
. ST 1 auy Ya 20+2& Nauv va a a (2155)
X exp [2/ d'z [zwqu — GG, 9(327T2>G as, “AMH .

Hence, we observe that the impact of the U(1),4 transformation is to shift the value of
the vacuum angle from 6 to # + 2. As mentioned earlier, the vacuum angle influences
the physics, leading to the realization that the U(1) axial symmetry cannot be a genuine

symmetry of QCD. Consequently, the long-standing U(1) problem no longer persists.

The second significant implication is that the QCD Lagrangian incorporates a new
term, thereby affecting the physics. Within this term, a new parameter # emerges. The

consequences of this parameter will be explored in the Strong CP Problem chapter.
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3 Strong CP problem and its solution

As mentioned earlier, the QCD Lagrangian has a new term, 6, which exerts a
notable influence on the dynamics of strong interactions. Specifically, it leads to the
violation of both P and CP symmetries and induces an electric dipole moment (EDM) in
the neutron. Notably, while CP violation is theoretically expected through the 6 term,
experimental observations indicate that CP is conserved and [0] < 10719 [19-21]. This

fine-tuning of the vacuum angle 6 is recognized as the strong CP problem.

3.1 Neutron electric dipole moment (nEDM)

The electric dipole moment (EDM) is the measure of the electric charge sepa-
ration within a system, such as a molecule, an atom or, in certain instances like ours,
subatomic particles. It is classically defined as the product of the charge magnitude and
the displacement vector between the positive and negative charges, standing as one of the

fundamental properties characterizing charged particles.

In the case of a neutron, being a neutral particle with zero net charge might raise
the question of how it could possess an EDM. The key lies in recognizing that the neutron
is not a fundamental particle but rather a composite particle composed of quarks, which
carry fractional electric charges. Consequently, even though the neutron itself has a net

charge of zero, it exhibits an electric charge distribution within its composite structure.

The neutron EDM (nEDM) is, thus, the measure of the separation of the charges
within the neutron, offering a fundamental measure that can provide insights into beyond
standard model (BSM) physics. The computation of the nEDM involves a blend of

theoretical and experimental techniques, presenting an ongoing challenge for physicists.

The main insight that the nEDM provides is the establishment of one of the 26 free
paramaters within the Standard Model (SM). Its measured valued, d,, = (0.0 4+ 1.15a +
0.24ys) X 1072% e.cm [30], imposes a stringent constraint on the 6 parameter, requiring it
to be exceedingly small, specifically § < 1071°. The challenge arises from the absence of a

fundamental justification within the SM for § parameter to be this small.

One might argue that this CP violation from the nEDM could potencially arise
from the weak interactions, as it is already CP violating in the SM. However, the level
of CP violation achievable through weak interactions is |d,| &~ 1073? e.cm [31], which
is many orders of magnitude smaller than the experimental limit. Therefore, additional

contributions are essential to account for the observed experimental results.
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While the detailed derivation of the QCD effective theory for hadrons lies beyond
the scope of our current discussion, we can employ it as a tool to compute the nEDM.
Within this framework, the CP-violating process involves contributions from the following

diagrams:

Figure 3 — Diagrams contributing to the nEDM. The CP violating vertex is denoted with
a Cross.

The diagrams above contribute to an amplitude of the form
M = =2iD(¢*)e, (q)u, (p') " quinsus(p) (3.1)

where ¢ = p’ — p and D(¢?) represents the nEDM. In the ¢ — 0 limit, this corresponds to

a term within the effective lagrangian of

L = D(0)F,,aS"ivysn . (3.2)
To account for ivys, we employ:
1
SH iy = —56“””"5,)0 : (3.3)
which leads to
L =—D(0)F,ns"n . (3.4)

It results in a contribution of D(0) to the nEDM. To compute this amplitude, we require

the vertices, which we obtain from the theory as [15]:

—iv2 (gAf N) (7 pysn + 7 Asp)

9
Loy =—V2 < ijm> (m*pn + 7 np) ,

is the reduced mass of the up and down quarks, g4 = 1.27 is the axial

(3.5)

Moy +Mg

vector coupling, and c; = 1.7 is a coeflicient that appears in the effective lagrangian. The
amplitude for then reads:

iM = <Z> (i) (\/_gAmN> (—2\/_90+m> .
X/A a2 (—] - ﬁ+mN)75+75( l—ﬁ+mN)]u
o (2m)* [(l+p> m¥ ][+ 3g)2 + m2][(1 — 1g)2 +m2]

Y
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Figure 4 — Momenta labeled diagram

where A ~ 4x f, is the ultraviolet cutoff in the effective theory, p = %(p’ + p). Now we can
use {7*,75} = 0 to simplify the spinor factors in the numerator. With these considerations,
it is easy to see that the slashed terms vanish, resulting in the simplification of the

amplitude to:

2efgacimym
M = <f2> 6#

y /A d*l (21%) (2myU ysu)
o 2m)*[(1+p)?+mR][(+ 59)2 + m2][(1 — 59)2 + m2]

(3.7)

Next, we observe that, due to the properties of spinors, the term @' ysu vanishes when
p’ = p. Consequently, it must be of order O(q), allowing us to set ¢ = 0 everywhere else.

Considering p >> [, we can further simplify by setting:

1
(I+D)* +m3 = l2+l‘(p’+p)+1(p’+p)2+m?v :

=2l -p+p +my ,

(3.8)
=2-p.
Substituting on the main relation, we obtain:
M — 4699Ac+mNm 6* /A d4l (lu)<mNﬂ/75u) (3 9)
JE “oo (2m)t (L p) (P +m2)? '
integrating over the direction of [ results in
Iz pH P
SRR = _mi?v 7 (3.10)
which leads us to:
M _ 4699Ac+m * A d4l (p#)(ﬂ,"}/g)u) (3 11)
B 72 ) et @ mep |

Next, we utilize the Gordon identity [32]:

@' (P[P + p)* — 205" (p" — p)ulysulp) = 0. (3.12)
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To derive the Gordon identity, we begin with

g = 5 (g} + 5 [ g =~ 2i5,

/ 1 1 / - / (3.13)
P = 5{7”%} - 5[7“,34 = —p +2i5"p],
adding both expressions, we obtain:
Vg + Pyt = —pt — p* — 25" p, + 25", . (3.14)
Now, we multiply on the right by ~5 and sandwich the expression between spinors
' () + P hsulp) = (p)[=p" — p" = 205" p, + 205" P Jsulp) . (3.15)
Using the Dirac equation:
a'(p)(p +mn) =0, (3.16)
we find
w'(p)[y"p — myyhsulp) = = (p)[p" + p* + 205" (p, — p, )]ysulp) - (3.17)

Focusing on the left side of the previous equation, we utilize the property {7, 75} =0

and the Dirac equation to express

@' (p) [y — may"sup) =7 () Vo s — mayvslu(p)
= (p")[=v" 507" — may"ysulp)
= (p")[=y"vsp — ma ysu(p) (3.18)
= (p')[mny" s — may yslu(p)
=0.

Finally, we reached the Gordon identity expression:
' (p)[(p" + p)" — 25" (p — p)u]ysulp) = 0 . (3.19)
In the case under consideration, this expression becomes:
a(p') 20" — 25" g |ysu(p) = 0, (3.20)

which leads to
P (p)vsu(p) =@ (p')S" quivsu(p) - (3.21)

Finally, applying the last equation to the transition amplitude, we obtain:

delfgacem\ . o A dil 1
M=— <f7%> Euu/S“ QVZ’YEJU’/O (271’)4 (l2 n m%)z . (322)
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In the limit as m, — 0, the integral exhibits divergence at small [, giving rise to a chiral

log. Upon performing a Wick rotation, the integral evaluates to:

/A d*l 1 i 1 A? (3.23)
et n—. .
o (2m)*(12+m2)2  16m2  m2
The ultimate transition amplitude finally becomes:
(efgacim . AN\ L,
M= —2i ( 87;42;2 In mz> e S" qyinsu . (3.24)

By comparing this result with (3.1)), we can deduce that the neutron Electric Dipole
Moment (nEDM) is:

edgacim A?
Substituting the constant values (g4 = 1.27, ¢, = 1.7, m = 1.2 MeV), we find:
d, =3.2x107'%9 e.cm . (3.26)

As mentioned earlier, the experimental measure is d,, = (0.0 + 1.5 + 0.2555) X 10726 e.cm

[30]. Consequently, the @ parameter acquires an upper bound of

0] < 0.4x 10717, (3.27)

3.2 Solution of the Strong CP problem

Introducing an additional chiral symmetry presents a compelling solution to the
strong CP problem, effectively rotating the 6-vacua away. Two prominent suggestions

have been proposed for this chiral symmetry:
i) The assertion that the up quark possesses no mass [33] (contradicted by [34]).

ii) The proposition that the Standard Model (SM) incorporates an extra global
U(1) chiral symmetry [35],36].

This study focuses on exploring the Peccei-Quinn approach to addressing the
strong CP problem. The forthcoming section will demonstrate that CP invariance in
Quantum Chromodynamics (QCD) naturally arises when at least one quark flavor obtains
its mass through a Yukawa coupling to a scalar field with a non-zero vacuum expectation
value (VEV). Additionally, the lagrangian must possess a U(1) symmetry involving all
Yukawa couplings. 't Hooft’s work establishes that the parameter 6 defines the selection
of vacuum from an infinite array of distinct and generally inequivalent vacua, signifying

that each 6 represents a potential true vacuum.

In the scenario where all fermions coupling with the non-Abelian gauge field are

massless, each 6 yields an equivalent theory. This equivalence arises because the U(1)4
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transformation shifts # — 6+ 2a, and since the value of 6 can be altered by a simple change
in the integration variable within the path integral, we must infer that the vacuum-to-
vacuum transition amplitude Z does not depend on 6. This assertion, however, contradicts
our earlier conclusion regarding the U(1) problem. The crucial question arises: How do we
reconcile this apparent contradiction with the previous conclusion that instanton-mediated
tunneling amplitudes make the vacuum energy density dependent on 67 The answer lies

in the integration over the quark field in

2

7z = / DADUDY exp [@ / d'z [mp\y - iG“‘“’wa _ 9 C?““”GZVH . (3.28)

3272

we obtain:

Z - / DA, det (i) e e | (3.29)

where Sy, is the Yang-Mills actions and n is the winding number. From [3.29] it becomes
evident that Z would be independent of 6 only in the absence of contributions from gauge
fields with nonzero winding number. This condition holds true if the determinant of the

operator det (ﬂD) vanishes for gauge fields with a nonzero winding number.

However, in our pursuit of theories involving massive quarks, we need to introduce

a mass term for the quarks. The mass term to be incorporated is expressed as follows:
Lmass = —me - m*fTXT ) (330)

expressing it in terms of the Dirac field W, defined as:

U= (g) , (3.31)

and allowing the mass to be complex, denoted as m = |m|e’®, the mass term becomes:
Linass = —|m|Te B0 (3.32)

Now, under the U(1)4 transformation, the phase ¢ changes to ¢ + 2a. Simultaneously, ¢

changes by the same parameter, ensuring that ¢ — 6 remains unchanged. Equivalently,
the product me=% is also invariant, as demonstrated by:
—if

Y

0)

me™ % = |m|e*e
(3.33)

~ e

Consequently, the path integral does exhibit dependence on me=* but not on 6
and ¢ individually. Thus, one can define inequivalent theories that share the same mass
term but have various choices of . This reconciliation of conclusions from the previous
section establishes that there is no straightforward solution to the strong CP problem. A

simple U(1) transformation cannot merely shift the § parameter away.
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The crucial question then arises: under what conditions does a theory like QCD
describe a world such as the one in which we live, which is absent of strong CP and P
violations? Only theories in which # — 0 after all fermion masses have been rendered real
through an appropriate U(1) transformation yield a CP- and P-invariant theory of strong

interactions. To address this issue, the Peccei-Quinn mechanism [3536] will be presented.

3.2.1 The Peccei-Quinn mechanism

The Peccei-Quinn solution posits that Lgy must exhibit a new chiral U(1) invari-
ance, where alterations in  are equivalent to changes in the definitions of the various fields
within Lgy and bear no physical consequences. Such a theory is effectively equivalent to

a # = 0 theory, consequently lacking strong P and CP violation.

To attain this, consider theories in which at least one fermion flavor obtains its mass
from a Yukawa coupling to a color-singlet scalar field with a nonzero vacuum expectation
value (VEV). The effective potential for the scalar fields is #-dependent and does not
share the same symmetry as the scalar polynomial U(¢) appearing in the forthcoming
L. In practical terms, this implies that the minimum of the potential corresponds to a
specific choice of phases for the various scalar VEVs. These phases manifest in the fermion
mass terms and are consistently arranged such that, upon making all fermion masses real

through U(1)4 rotations of the fermion fields, the resulting 6 is zero.

To illustrate this mechanism, we will employ a toy model for strong interactions. In
this simplified model, we consider only one flavor of fermion and one color-singlet complex
scalar field. This simplification is justified since introducing additional fermion flavors and
scalar multiplets will not alter the ensuing results. The lagrangian for such a toy model is
presented below, with the note that we are working in Euclidean space.

1 _
Lp=—-F"F" +iUDPU

1 En b
—+W[G¢<1i;%)ﬁ—GWV<1_J%>}W (3:34)

2
— 10,01 — 1?|9l* — hlgl*

where (1+7;5)/2 = Pgyr, and with p* < 0, the lagrangian is formally invariant under

U(1) 4 transformation, which induces changes as follows:

U My

3.35
b — e 2 ( )

Additionally, the condition u? < 0 ensures that the potential takes on the requisite form

for spontaneous symmetry breaking to occur.
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Nevertheless, this theory still exhibits the previously discussed chiral anomaly,

which redefines 6 to 0 — 27, resulting in an effective lagrangian given by:

2

Lg=Lg+ 293 FSVFSV , (336)
this leads to the following effective action:
St = / d*z L+ inf | (3.37)
where n is the winding number defined by
4 a a
= / d'z F°F° (3.38)

To demonstrate that these theories conserve P and CP, a specific condition is required:
A = arg(eG (¢)) =0 . (3.39)

This condition is fulfilled when p? > 0, ensuring that ¢ possesses a vanishing vacuum
expectation value (VEV). However, our interest lies in scalar fields with a non-zero VEV.
In such cases, the condition translates to requiring that the fermion mass G (¢) be real
when the fields are defined, leading to 8 = 0.

To establish the satisfaction of (3.39)), we examine the generating functional of the

scalar Green’s functions:
Zo(J,J) =3 / (dA), € / 4 / 4T / do / d* exp|Ly + Jo+ J°¢] . (3.40)

The scalar VEV is, then, defined as:

162, .
— = (¢) = N | 3.41
70 07 |, () (3.41)

where A and [ are real constants.

The generating functional can be rewritten as:
Zo(J, J*) :zn:/(dAH)n e [av [ v [ s [ do exp[/ d'e E(qﬁgf)*)}
X exp{—iFF + @'\pmf} exp { / d'z U (G Py + G ¢ Py) \1/]
X exp U &z Jé+ J*¢*] ,
- / (dA,), ¢n / 4 / 4T / dé / dg* exp[ / s E((b(b*)} (3.42)
X exp{—iFF + z\mqu} ];n k'lm‘ [ / 'z \I/G’QSPR\IJ]k

x / s’ \IIG*¢*PL\I!]mexp[ / 'z J¢+J*¢*} ,
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where L(¢p¢*) is the complex scalar lagrangian defined by:

L(¢pp") = 0u0"0"p —m*¢"¢ . (3.43)

In this expression, the terms depending on both fermion and scalar fields were expanded

using the identity:
k

x
el =y — (3.44)
k!
applied to the present case:
exp |:/ d4$ U (G(bPR + G*¢*PL) ‘Il:| _ Gf d*z EGd)PR\I]e‘f dty UG*¢* P W 7
[ d'z WGPV [[ d'y UG*¢* PLw]™ (3.45)

-3

k,m

k! m)!

Considering the argument from the instanton section, it is crucial to note that transitions
between vacua are only possible when the winding numbers are different and integers.
Therefore, in each n sector, only the terms with £ —m = n will contribute to the generating

functional [37].

With this consideration, the integration of the vector and fermion fields can be

performed. For this purpose, the following notation is used:

Zo(J, J*) :Zn:/(dAu)n ew”/ 4 /d@ /d¢ /dgb* epr 'z £(gbgb*)]

1 _
X exp [—4FF + Z\I/]D\IJ} Z

m+n

- 4
(m+n i [/ &'z TGoPRU

<[ [y \yG*qa*Pqu} exp[ [t J¢+J*gz5*] ,

=% / do / dg* o exp{ / e E(gbgb*)] exp[ / d'z J¢+J*q§*]

< (@A), [av [ d® exp{—iFFmef] (3.46)
x Zm " [/ dy G (@Pﬂ)}m ,
_ znj/ a [ dg ¢ "exp[/ d'e L(¢¢*)] exp[/ Az Jo+ J*qs*]

x / (@A), [av [d® exp{—iFFﬂ'mep]

m+n m
XZ (m +

[ / d's Go (T PD)

T d'ea Gou (aPrwa) [ d'y G5 (BPrw)

n) ml 5

Note that the removal of the term " from the integral over the vector field is possible

because the integration is over vector fields with a specific winding number n. Therefore,

for each specific winding number, ¢*” is not dependent on the A's.
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Also, it’s important to emphasize that this last step is only possible because the
integral as a whole is included in the exponentiation. To illustrate, consider the following

example:

[ / &'z TGP

= [/ d4.1'1 ElG(ﬁlPR\I}l

|:/ d4$2 \IIQG(bQPR\IIQ] ey

2 (3.47)
i=1
Integrating over the vector and fermion fields, we can rewrite it as follows:
Zo(1,J) =Y / do / 6" ¢ exp [ / 'z £(¢¢*)] exp [ / Az Jé + J*¢*]
il 4 * % O&(mmyb)
S LT[ diaa (Gotw)] [ d' (670"l e B (3.48)
= / dé / d6* €9 A, (66°) (Gd)™ exp [ / &z Jo+ J*gs*} .
Note that:
m+n m
ST dtea (Gotwa)] [ d'u (676" ()] = (Go)" (3.49)
m a=1 b=1

we can think that each product after integration of (G¢)(G*¢*) = 1 until a,b = m, then

we are left only with (G¢) for the n extra multiplications. Also, we have:

An(w*):exp[/ d'x £<¢¢*>};ﬁﬁ [de | dybm (3.50)

Even though we cannot determine the specific form of the coefficients C},, we know two

important properties:
1) They are real, because C7, are integrals over bilinear forms of fermion fields.

2) They satisfy the relation

CSL("L‘(Myb) = O';Ln(yb?xa) . (351)

This comes from the instantons’ properties and is easier to understand if we consider a
tunneling process from point z, with winding number £ to point y, with winding number
m. This process has energy dictated by n = kK — m, and we can make the same process
but exchange the start and finish, resulting in a process from ¥, with m and x, with £,

which gives us a —n = m — k energy. Using this result leads to the following property:

ALy(06") = A3(69") . (3.52)
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Making use of (3.52)) in (3.48)), we express:

> ML (007G Z An(09*)(Ge’ )"
Ao(dg™) + Z An(¢9*)(Ge’¢)" +ZA (60" (Ge” )"
n==00 (3.53)
= Ao(¢9") + Z A_(96*)(Gep)™" Z )(Gep)"
n'=1 n=1
= Ao(09") + D An(90")(Gre 9 Z N (Geo)"
n=1 n=1

this leads us to:

20,7 = [ a0 [ a6 | o) + 3 Ao )G .
n=1 3.54
+A;{;(¢¢*)(G*€—ZG¢*)TL:| % exp{/ d4ZL‘ ng—}— J*¢*

Now we must employ some complex algebra to derive the CP and P conserving condition
(13.39). Remember the CP condition reads:

A = arg(eG (¢)) =0 . (3.55)

Note that in (3.54]) there are terms that resemble this condition. Therefore, we are now

going to explore these terms to see if we can reach the desired condition. We begin with:

An(99")(Ge"9)" + AL (0¢")(G*e™"¢")" = 2Re A (Ge )" (3.56)

next, we separate the product into two parts:

Zl = An s
: (3.57)
=Gep .
We can write Z5 as a general complex number in the form of:
=G ¢ 61’0 eix ’
Gllolle” -
= |Gllle™

where y is the angle between the positive real axis and the line joining the origin and Z5,
and is defined by:
x = arg(eGo) . (3.59)

Note that analyzing x with respect to the ¢ VEV leads to the CP and P conserving

condition. To understand how this condition is incorporated into the generating functional,
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we proceed with the calculations from (|3.56))
Re A, (Ge®¢)" = Re[Z2, 23] ,
= Re[| 2| Zo|"e" &™)
= |Z1[|Z2[" cos (§ + nx)

(3.60)
= |Z1|| Za|" [cos £ cosny — sin € sinny]
= Re[Z1]|G¢|" cosny — Im[Z]|Go|" sinny ,
= Re[A,]|Go|" cosnx — Im[A,]|G¢|" sinny .
Now, we can substitute this into (3.54)) and obtain:
Zo(J, J*) / do / e le dd*) + 2 Z Re[A,]|Go|™ cos nx
(3.61)
—Im[A,]|G¢|" sin nx] exp {/ d'z Jo + J*gb*] :
At this point, we make a change of variables
¢ =eP(\+p+io), (3.62)

where p and o are real scalar fields with vanishing VEVs. With these considerations, we

find:
Zo(J, J) :/ dp / do [Ao(p, +2ZRe W |GA+ p+io)|" cosny
— Im[A,]|G(A+ p+ i0)|" sin nxl
X exp [/ d*z JeP N4 p+io) + T e PN+ p— ia)] : (3.63)
= / dp / do [Ao(p, o?) 42 i Fo(p,c%) cosny — G,(p,c?) sin nxl
n=1

X exp [/ d*z JeP N+ p+io) + T e PN+ p— ia)] :

where F), and G,, are given by:

F, = RelA,]|GN+ p+i0)|"

(3.64)
G, =Im[A,]|GN+ p+io)|"

Finally, we assess the previous result in the ¢ VEV regime, where the parameter x
precisely represents the CP and P conserving condition A as defined in (3.39)). Additionally,
we enforce the constraints on the scalar fields p and o, where (p) = 0 and (o) = 0. We

also incorporate the definition of the ¢ VEV as given in (3.41)). With all these conditions
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taken into account, we obtain:

167
(9) = ZW

Y

J=J*=0

/ dp / do |Ao(p,0®) +2> " Fu(p,0%) cosnA — Gy(p, 0°) sinnA
Zg 6 =

X exp{/ d*z JeP N+ p+io) + e PN+ p— ia)}

’ 3.65
J=J*=0 (3.65)

—_ 2 1
Ze/dp /da [AO P, 0 +2ZF p,0?)cosnA — Gp(p, o )smnA]
x (eP(\+p+io)),

= X\’ .

It’s important to note that the portion of the product proportional to A sreadily satisfies
this equation. However, simultaneously, it establishes conditions for the p and A VEVs to

ensure compliance with the imposed constraints. The condition for the p VEV is given by:

=5 /dp /da [AO P, 0 —|—22F P, 0 )cosnA—Gn(p,az)sinnA] pe
0

_ / dp / do p [Ao(p, o) + 2 Z Fo(p,0?) cosnA — Gy (p,0°) sin ”A] ) (3.66)

—/dp/daplep, —|—22F p,0%)cosnA| |

= (p).

We exclusively focus on the F,, component since p is a real term in the variable change we
implemented. Similarly, the condition for the ¢ VEV is expressed as follows (notably, o

incorporates an i factor, thus combining with G,,):

0= / dp / do ioe” [Ao(p, 0%) +2Y  Fu(p,0%) cosnA — G,(p,0%) sin nA] :

n=1

_/dp/daza [AO 0,0 +22F p,0?) cosnA — Gy(p, )smnA] ,

(3.67)
:/dp /da UZGn(p,Uz)SinnA,
n=1
= (o) .
Combining both expressions to present the conditions more explicitly, we have:
= / dp / do p [Ao(p, 0%)+2Y  F.(p,0%)cosnA| =0,
=t (3.68)

(o) = / dp / do o> Gu(p,0°)sinnA =0,
n=1
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Finally, we can compare these conditions with the CP and P condition for A in ([3.39).
These conditions will be satisfied only for A = 0, 7, and these are stationary points of the
scalar potential. To determine which is the true minimum, we must examine the potential
itself, a task we cannot perform with the generality of the previous argument. However,
in the leading-order approximation, we find that the minimum indeed occurs at A = 0,

resulting in a CP-conserving theory [35]36].

In this section, we have demonstrated that, in the absence of an additional U(1)
chiral symmetry (referred to as U(1) Peccei-Quinn) at the lagrangian level, we cannot
construct a theory for strong interactions where all fermion masses are real, and the
CP-violating 6 parameter is zero. It is important to note that this new U(1)pq chiral
symmetry is distinct from the U(1) chiral symmetry we previously established as not
being a true symmetry of the theory. Additionally, we imposed that the new U(1)pq is
spontaneously broken by instantons (subject to the same anomaly condition), leading to
the emergence of a new Nambu-Goldstone (NG) boson. Certainly, it does not lead to the

same strong coupled and mass bound NG boson of the U(1) problem.

While the scalar fields we are dealing with do not directly interact with instantons,
their interaction occurs only at the quantum level through the coupling (proportional to
() they have with quarks. Consequently, the particle that emerges from this mechanism
is anticipated to be a very light pseudo-Nambu-Goldstone (pNG) boson, named the azion
by Franz Wilczek and Steven Weinberg [38,39]. In the subsequent chapter, we will delve

into the properties and dynamics of axions, exploring the most prominent axion models.
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4 Axion

4.1 Axion fundamentals

As illustrated earlier, the new U(1) Peccei-Quinn (PQ) symmetry eliminates the
CP-violating parameter ¢ by introducing a dynamical CP-conserving field (a(x)) - the

axion. Under a P(Q transformation, this field changes as:
a(z) = a(x) + af, , (4.1)

where f, is the axion decay constant, associated with the breaking of U(1)pq, and
a = —0/&. To maintain U(1)pq invariance within the Standard Model, the Lgy must
be extended to include the axion’s interactions. The lagrangian for this interaction is

expressed as:

2 VA 1 a 3 VA
Lrorar = Ly + G%G'g Gy = 50p00"a+ Lii[0"a/ fu, W)+ - 3;2 Gl Gy - (4.2)

Here, the last term is designed to ensure the vanishing of the CP-invariant term after a
PQ transformation. Additionally, it introduces a chiral anomaly for the U(1)pq current:

gz

T3 GY Gy - (4.3)

aujjéQ =<

Moreover, this term serves as an effective potential for the axion field, which, as previously

derived, exhibits a minimum at (a) = —0f,/&
a‘/eff o é' gg nys
()=t (ov )

It’s worth noting that the Lagrangian can now be expressed in terms of aynys = a — (a),

—0. (4.4)
<a>:_§fa

eliminating the CP-violating term. The expansion of the effective potential around the
minimum yields the axion mass:

02\/3 f 92 0 ~
2 € _ S s 7 nv
i = (i) £ 0 (apci)

(4.5)

4.2 Peccei-Quinn-Weinberg-Wilczek (PQWW) axion

In the original PQ model, the symmetry breaking coincided with the electroweak
(EW) breaking parameter vgy = 246.22 GeV [13], implying f, = ven. However, it is not
a requirement of the axion theory; in principle, f, can take any value. For instance, if

the axion decay constant is much larger than the EW scale (f, > vsy), then the axion
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becomes very light, weakly coupled, and exceptionally long-lived [40]. Naturally, if f, were
much smaller than the EW scale, the axion would strongly couple with Standard Model
(SM) matter, leading to its detection or exclusion. However, the theory does not prescribe
a fixed value for f,. Despite the PQWW axion being long ago excluded by experiment [41],
it remains useful to first derive the properties of the PQWW axion and then generalize it,

as more modern models share the same theoretical basis.

To maintain U(1)pq invariance within the SM, two Higgs fields are introduced to
absorb independent chiral transformations of the u and d quarks, as well as leptons. The

relevant Yukawa terms involving these new fields are given by:
Lyukawa = Uf5Q i ®1upj + TQ 1 ®@adp; + T L ®alg; + hec . (4.6)

The axion serves as the common phase field in ®; and ®,. Defining © = vy/v; and
vem = /v3 + v, the two Higgs fields can be expressed as:

(I)l — j}%emz/USM (2‘)) 7

, 0
CI)Q _ :}%61(1/:3st (1) .

It’s important to note that the x transitions from the numerator in the exponential of
the first field to the denominator in the exponential of the second field. The Yukawa

lagrangian is symmetric under the U(1)pq transformation specified as:

(4.7)

a— a+ ausy ,

—iax

UR;j — e URj
—ia/x

de — € / de R

le — 6_ia/lej R
the last 3 can be written as infinitesimal transformations as:

ur; — (1 —iax)ug; ,
de — (1 — ia/x)de , (49)

le — (1 — i(X/iL’)le .
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This symmetry can be readily verified by applying the transformation to (4.6])

v U1 i(atavsy)z/v 1 —iax
L wkawa = Fz‘jQuﬁe (ravs)a/vsu (0) e g,

_ , 0 ‘
+ F%QLi%ez(a+aUSM)/$USM (1) e—za/zde

= F%@Li%emvsw/”me_mxum + F%@L@Qem”SM/”SMe_io‘/’“de
+ T4 Ly doeiovsm/msme /T 4 e,

=T},QP1ug; + F%@Licbﬂm + FZILZ-(I)QZRJ- + h.c,

= Lyukawa -

We will focus on the quark components. The symmetry current for U(1)pq is calculated
using the general equation for conserved currents (A.17)) [42]:

p
oL 5. oz’ 0L 49 (4.11)

o B
Ja L9 = 50,8 | 5ur ~ 3[0,0] 0

where w® is the transformation parameter and ® represents any field that is affected by
the transformation. Since we are dealing with a gauge symmetry, there is no variation in
the space-time variable, and therefore, the first term vanishes, simplifying the calculation.

In our case, the calculation proceeds as follows:

oL da oL 5uiR_

oL 0dg

. ba 0L
TPQ = 7515 4l sa Z@@um Sa Zaadm Sa
(" w ("

% %

(4.12)

The lagrangian needed for this calculation is the U(1)pg-invariant SM lagrangian with
Yukawa terms. However, due to the structure of the current equation, only the kinetic

terms are required. These terms involve the axion and up and down quarks, given by:
1 " _ =
Liinetic = _58;1@8 a—+ ZUiR@UiR + ldiRadz‘R . (4-13)

Calculating each field separately for clarity. The axion term is:

oc da
010a) o (4.14)
5£ . 5(G+OZUSM> .
Sao o - s
The up quark term is:
oL o)
= =y
0[0,u] 0[]0,y (4.15)

ou  S[(1 —iax)u] i

Sa oo
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The down quark term is:

oL oliddd) -
= = idy"
9[0,d] 9[0,d] (4.16)
dd  O0[(1 —ia/x)d] i
— = =——d.
oYe! Yol x
Putting it all together, we have:
. oL da oL 5%3 dd;p
“w
P = 8[6 a) o 28[8 u;ir| o Zaad R O«
= —(—vsm0,a) qulm Uir) Z dzm dir) , (4.17)
= vsm0ua — T Z@'RV”%‘R T Zaz‘zﬂudm .
The anomaly coefficient £ in is identified as
N 1 1

N is more explicitly defined in . To compute the axion mass m,, it is beneficial to
separate the effects of interactions with the light quarks from the rest. These interactions
can be inferred from the theory by constructing an appropriate chiral effective lagrangian,
while the effects of heavy quarks can be accounted for through their contribution to the

current chiral anomaly.

As done in the U(1) problem chapter, for two light quarks, one introduces a 2 x 2
matrix of Nambu-Goldstone fields:

5 — exp (f“?) | (4.19)

The meson sector of the light quark theory, ignoring the Yukawa interactions, is embodied
in the U(2)y xU(2) 4 invariant effective lagrangian, the same as the one discussed in the

U(1) problem chapter. Therefore, we will not delve into the details here.
The chiral lagrangian is written as:
f2
Lo = = Tt 0,20"%1] (4.20)

we must add U(2)y xU(2)4 breaking terms to (4.20)), which function similarly to the
U(1)pq invariant Yukawa interaction for the up and down quarks. With this consideration,

we have:
Lonass = ( Fam)? Te[SAM + (SAM)T] (4.21)

—iax/vsMm 0
0 6—“1/~’EUSM

M = (mﬁumd O ) .
0 mqudmd

where

(4.22)
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Note the resemblance of equations ([2.35))(2.34)). Also note that the invariance of Lass

under PQ symmetry requires:

eiozw 0
X=X . . 4.23
( 0 eza/x) ( )

However, this mass lagrangian does not capture the complete physics associated with the
breakdown of U(2) 4. In fact, the quadratic terms in the mass lagrangian involving neutral

fields are given by:

2 2 2
Efﬁiss:—w {mu <7r°+n—xf”a> +mg (77—7r0— Jx a)] o (4.24)

2(my, + my VM TUSM

which results in:

— M 16, (4.25)
My,

:‘Sw ‘331\’)

which contradicts experiment. This discrepancy with experimental observations becomes
apparent when considering the most recent data from [13|, where m, = 547.862 £ 0.017
MeV, mE = 139.57039 4= 0.00018 MeV, and m? = 134.9768 4 0.0005 MeV. This results in

a ratio of ,
" 1541 (4.26)

2
mﬂi

If Lass Was the sole factor, we would essentially be reformulating the U(1) problem in a
different theoretical language, using the effective lagrangian approach. Furthermore, the
axion in this specific context remains massless. This underscores the need for additional
considerations or modifications within the theoretical framework to align with experimental

observations.

The solution to this issue involves incorporating an additional mass term into the
effective lagrangian that accounts for the anomalies in both U(1) 4 and U(1)pq symmetries.

This term is expressed as follows [40]:

m2)>? N, -1 1 ?
£anomaly = - ( 77) n-+ fﬂ— ( g )(I + /17> a s (427)
2 UsMm 2
where
(my)? ~ mi > m3 . (4.28)

This addition not only provides the correct mass for the n but also produces a mass for

the axion.

The coefficient attached to the axion field in (4.27) signifies the relative strength of
the couplings of the axion and 7 to the field strengths GG due to the anomalies in U(1)pq
and U(1)4. It may raise the question of why this ratio is proportional to (N, — 1) rather

than solely N,, which would make this ratio proportional to the anomaly coefficient &.
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The reason for this lies in the fact that the mass lagrangian already encompasses the light
quark interactions of axions. Therefore, without the —1 factor, these interactions would
be included twice. This way, only the heavy quarks’ contribution to the PQ anomaly is

considered in the anomaly lagrangian.

Diagonalizing the quadratic terms in the mass and anomaly lagrangians provides
us with both the axion mass and the parameters for axion-pion and axion-n mixing for

the PQ model.
It is convenient to define

S L SR VALLTLT P S (4.29)

VsM My, + My

One finds
Mg = AnMg (4.30)
far = Aaﬁ : (4.31)
Usm
gan = /\OL s (432)
UsMm
where

1
)\m:Ng<x+> ,
i

1 1 1 — My,
Ny = - (x—)—Ng<:1:+> mdm] , (4.33)
€T x/) My, + myg

2
1

Yo =5(1=N,) (‘”i) .
In addition to these three parameters, every axion model is characterized by how it couples
to ordinary matter, especially the axion coupling to two photons, the coupling to electrons,
and the coupling to nucleons. The lagrangian that describes the axion-photon interaction
is:

o (phys F/U/F

Loyy = Egaw 1, 2

(4.34)

where g, is the coupling of this interaction. We are going to find it for the PQ model.
The gq, follows from the electromagnetic anomaly of the PQ current, which is analogous
to (4.3)):

Ouibo = =6 Fu " . (4.35)

where &, receives contributions from both quarks and leptons, and we obtain:

£ =N, [3 (g)zx + [3 (;)2 + (_1)21 91;1 / (4.36)

4 1
=N (e )
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As done previously, we must remove the light quark contribution of the axion in the

anomaly. In doing so, we find:

N 4 11
off — N( )— - = 4.
& w-l—x 3% T35 (4.37)

and adding back the contribution arising from the coupling of the 7° and 7 to two photons

via axion-pion and axion-n mixing A3 + %)\o, we get:

4 1 4 11 5
ga'y’yngg<l‘+>_I_x+)‘3+)\O7

e e et sy

4 1 1\ mg —my, 571 1
_ 2N Vot N R AT ) R -
3 g<$+x> 2 g(x—i_x)mu—l—md} 3[2 g(x+x)]

4 11+1< 1>+5 1<+1>}
37 T3 2\" T 2) T3\ L))
8 5 1 1 1\ mg —my,
=|=-—=)N, — ] == 1N, - — )
(6 6) 9(“%:) 2[ g<x+x>mu+md] (4.38)
—8+3+5 —2-3+51
+ T+ -,
6 6 x
1 1 —my,
2 T My + My
:1Ng<a:—|—1> <mu—|—md—md+mu> 7
2 T My -+ Mg
1 1 2m,
) (2
2 T My + My
-3 (e 3) ()
My, + My
Writing it separately for clarity, we find the axion-photon coupling to be:

1 My,
Gory = N, (m + x) (m - md) . (4.39)

In fact, the original PQ model, with f, = vsy, was ruled out by experiment long ago. For
example, the branching ratio measurement of K™ — 7" + a obtained at the Japanese
National Laboratory for High Energy Physics (KEK) [43] had a theoretical estimate
of [41]:

1 2
BR(KT =77 +a)~3x10°X\g =3 x107° (x - ) : (4.40)
x
which significantly exceeded the bounds measured at KEK:

BR(K' — 7" + invisible) < 3.8 x 1075 . (4.41)

This, however, does not exclude models in which f, is much greater than the electroweak

scale vgyr; these models are known as invisible axion models.
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4.3 I|nvisible axion models

The distinct feature of invisible axion models is the introduction of new scalar
fields that carry PQ charge but are SU(2)xU(1) singlets. Consequently, the VEVs of these

fields can have a much larger scale than the one set by the weak interactions.
Two most famous types of models have been proposed:

1. The Kim [44] and Shifman, Vainshtein, Zakharov [45], known as the KSVZ
model, introduces a scalar field o with f, = (o) > vgy and a super heavy quark @) with

mqg ~ f, as the only field carrying PQ charge.
2. The Dine, Fischler, Srednicki [46] and Zhitnisky [47], known as the DFSZ model,

introduces to the original PQQ model a scalar field ¢ that carries PQ charge, and the axion
decay constant is f, = (¢) > vsy. However, this new scalar is not the only field that

carries PQ charge; ordinary quarks, leptons, and Higgs fields also carry it.

Initially, we will construct a generic invisible axion model and then explore the
specific features of the KSVZ and DFSZ models.

The key element in any axion model is the PQ symmetry. PQ symmetry is global
and remains valid only at the classical level, it also must be affected by a color anomaly.

Additionally, it may or may not exhibit an electromagnetic (EM) anomaly.
This symmetry gives rise to a current expressed as follows:

Ng* - Ee? ~

Oujro = — (GG FF). 4.42
i = 1o (GG) + 15 (FF) (1.42)
Here,
~ 1 voT
(GG) = 5" GhGh (4.43)
where wa is the color field strength, and
. 1 S
(FF) = ieu”UTFWFUT = —4F - B, (4.44)

in Heaviside-Lorentz units, with F},, denoting the field strength of the EM interactions.
The current will be normalized with the condition that N is an integer distinct from zero.
If color triality is correlated with electric charge in the standard manner for all fermions
undergoing non-trivial transformations under PQ, then E must be one-third of an integer,

though it can also be zero.

To explicitly normalize the current, we begin by representing all fermion fields as
left-handed, two-component Weyl spinors 1, each belonging to a specific representation of
SU3)exU(1)gm. We assign a PQ charge X; to each fermion field 1;, choosing these X;
values to be integers with the least common denominator of 1 [48]. The lagrangian for

these fermion fields incorporates Yukawa couplings to the PQ complex scalar field ¢ in
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the form:

L D Aijdntbith; + Fnigdlthith; + hec (4.45)
If A\i; # 0 for specific values of n, 7, and j, then ¢, is assigned a PQ charge Z,, = —X; - X.
Conversely, if k,;; # 0, then Z,, = X; + X;. The corresponding PQ current is expressed

as:
. 1 )%
=y angﬁLau(bn + Z Xiploab; | (4.46)

where o0, is the Pauli 4-vector defined as:
o, =(1,0) . (4.47)
The anomaly coefficients N and E can be expressed as follows:

N =Y XT(R,).

(4.48)
E =3 XQiD(R;) .

where T'(R;) is the index of SU(3)¢ representation of );, with tabulated values available in
[49] (for example, T'(3) = 1/2,7(8) = 3). D(R;) denotes the dimension of the representation
(e.g, D(3) = 3), and Q; is the electric charge of ;. Given that the number of color triplets

must equal the number of anti-triplets, N is necessarily an integer.

A noteworthy observation is that in any Grand Unified Theory (GUT) where color
and electromagnetism are embedded in the same manner as in Georgi-Glashow SU(5), N
and E exhibit a relation [50]:

(GUT) . (4.49)

==
wl 0o

Performing a PQ transformation of the form:

gbn N eiZnagbn ,

| (4.50)
P — €Kiy,

where the transformation is periodic in o with a period of 27, induces a change in the
QCD vacuum angle:
0 —0+2Na, (4.51)

where N is the anomaly coefficient present in (4.42). Consequently, the PQ symmetry
is explicitly broken, as different values of 6 correspond to distinct physics. An unbroken
Z(2N) subgroup is identified, corresponding to a = 2wn/2N, where it can be readily

observed that the vacuum angle remains invariant, with n =0,1,...,2N — 1.

Spontaneous breaking of the PQ symmetry is a crucial requirement. If this symmetry

breaking is achieved through the vacuum expectation values (VEVs) of the new scalar field
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®n, we can determine the axion decay constant f, in terms of these VEVs. We express ¢,
as:
bn = 272V, 4 p)eXn/Vn (4.52)

where V,, is the VEV of ¢,, and p, and Y, are fields. The mass of p,, is on the order of
VAV, where X is a coupling in the Higgs potentials. Consequently, we neglect the p, field

in our analysis. With these considerations, the PQ current takes the form:

1 <~
ey ZanbLé?uqbn + ZXM%% :

1 1
=2 on¢Lau¢n — S Zn0u0l0n + 3 Xtlowth

1_ —
= Z Zn¢T ¢n ,an - 7ZnVaan¢j1¢n + Zszjo—uwz ) (453)

2\ 1 1 V2
_ZZ”<2>V8“X”+ZV8“X”< )+2Xwau¢za

— Zn: Zy Vi Ouxn + Z Xi@/)i o
The axion field, denoted as a, is defined by the expression:
a=f! > ZVaxa s (4.54)
where the axion decay constant is determined by:
Z=3zZvz. (4.55)
The PQ current becomes:
jb9 = f.0.a+ Z Xplatay,; . (4.56)

Under the PQ transformation described in (4.50)), the axion field undergoes the following
change:
a—a+ fao . (4.57)

Neglecting explicit breaking, this implies that the current can annihilate a Goldstone

boson with the following amplitude:
(015, (k) la(k)) = fakue™ . (4.58)

The expression can be easily obtained through a Fourier transformation on the axion field.

The normalization of the axion state |a(k)) is given by:

(a(K)|a(k)) = (27)%2K°8° (k — k') | (4.59)
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with this normalization, the current, denoted as:

. 1,/ -
Jp = 3 (U%%U - d%%d) ; (4.60)

satisfies the relation:
(0] 3(2) [7°(k)) = fukue™ . (4.61)
with f, = 130.41 4 0.21 MeV [18].

The PQ charges are intentionally selected to be orthogonal, meaning they are
uncorrelated, with all anomaly-free, conserved charges—whether they are gauged or
ungauged, spontaneously broken or unbroken. The normalization scheme specified in
sets the framework for this choice of PQ charges. This particular selection is unique,
and it is also assumed that, in addition to the axion, there are no other Nambu-Goldstone

bosons present.

The spontaneous breaking of the P(Q symmetry may lead to the spontaneous
breaking of some or all of the Z(2N) subgroup of U(1)pq that is not explicitly broken [51./52].
However, it is also possible that the spontaneous breaking does not affect any part of this
subgroup. The spontaneous breaking of Z(2N), even if only partial, poses a theoretical
challenge. This is because the broken generators of this subgroup are not incorporated into
a gauged group like U(1)pq [53]. As a result, there emerges a discrete set of degenerate,

inequivalent vacuum states, potentially leading to a cosmological domain wall problem [51].

Now, with a well-defined PQ current, the next step in this generic model involves
computing the mass of the axion. To achieve this, current algebra is employed, and an

axion current is defined as:

Jo =t = N(L+ 2z +w) @y ysu + 2dy,ysd + wsy,7s] | (4.62)
where z, w are arbitrary numbers [54]. Notably, this current incorporates the form of the
current that annihilates/creates a Goldstone boson, as seen in (4.60)). The axion current

satisfies:

Ne?2 . E 24424
ot = —(FF |:_:|
2N (4.63)
e (M iysu + z2madivysd + wmsSivss]

the first term originates from (4.42). To derive the second term, the Dirac equation is
applied:
(id —m)p =0,

B+ m) =0, (4.64)
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utilizing the anticommutation of the gamma matrices {7,, 75} = 0, the calculation proceeds

as follows:

-a(2n. N — 7, =,
ONJM(Z d) — _gH m[u%ﬂg,u + zdy,ysd + WSy, s8] |

L . _
= [0 T+ W50 + 205+ 50"

+ w05, 755 + w5y, Y50"s] |

" ~ _
= o I — W0t 2dsd — 20t
+ wPsyss — w57, 0"s]

N

T T 1ltz1w [Juysu — wys@u + 2ddysd — zdvysdd (4.65)

+ wPsyss — wsysPs] |

N L _ ) . = - )
= —m[(lmuu)%u — Wys(—imyu) + 2(imad)ysd — zdys(—imgd)
+ w(ims3)yss — wsys(—imss)]

N

— _mpmuﬂi’%u + QZdeZ"}%d + mesgi'VSS] )

2N [ . n dined + . ]
= ———— M, uiysu + 2mygds WMSLY5S| .
142+ w V5 dal7s V5

The axion current can be compared to the pion current (4.60)), where

2

1672

(FEF) gy + mytivsu — madivsd, (4.66)

O =

this observation suggests that the axion current jj shares the same divergence structure
as the ordinary pion current. Consequently, it is reasonable to perform standard current

algebra manipulations with the axion current.

Since z and w are arbitrary numbers, we can conveniently choose them as z =
my/mq and w = m,,/mg to eliminate the off-diagonal terms in Dashen’s Formula [55] for
the mass-squared matrix of a, 7°, and 7. Dashen’s Formula for this case is given by [56]:
1

fife

where Q5 are the generators of the chiral symmetries.

(m2)12

(0] @5 [@3. £]]10) (4.67)

The axion mass, then, is given by:

_ Jamg [ 4z T/Q
C fo/N |1+ z4+w)(1+2) ’

= (1.2 x 10°eV) (

Mg

(4.68)
1012Ge\/>

fa/N

where the numeric values for z and w were obtained from [13].
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4.4  Axion coupling to photons

The results from the previous section imply the possibility of writing an effective

lagrangian for the interaction between axions and photons:

aNC

1 1 1 ) = L
Log = —50,a0"a — imicﬂ + 5(E2 — B + - ak - B, (4.69)
where
62
o= —
4r’
(FF)=—4E - B, (4.70)
E 24 E
C=f 2ITEFW 2 1 92~075 (GUT).

N 31+z+w N
Note that Leg involves N only in ratios E/N and f,/N.

An important feature of this result is that any axion in any standard Grand Unified
Theory (GUT) has a specified coupling to photons. Specifically, the coefficient of aF - B ,
which represents the coupling of axions to two photons, has a model-independent value in

units of the axion mass:

aNC

Jor =~ ™ (1.45 x 107 GeV ™) (mqa/107 &V) . (4.71)

4.5 Tree-level coupling to electrons
To compute g, at classical level, it is necessary to modify the axion current to
account for the spontaneous breakdown of the electroweak symmetry SU(2),xU(1)y.

Care must be taken to define the axion in a way that it does not mix with the
Nambu-Goldstone (NG) boson that becomes the longitudinal Z° boson. This NG field,

denoted as y, is given by:

where the NG boson decay constant f is:
Vi = > Y2V,2 = (246 GeV)? (4.73)

and Y,, are the hypercharges of ¢,. The constraint Y,, = 1 in (4.72)) and(4.73) is imposed
to ensure the validity of the relation between the W and Z bosons, my, = myz cos Oy,

where 0y is the Weinberg angle.

To ensure that the new axion field a’ does not overlap with y, we define a’ as:

(Z/ =a- (faUSM)_l Z ZnYnVn2 Yy, (474)
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where a is given by (4.54)). This expression can be simplified through algebraic manipula-

tions:

a = fgl Z ZinVaXn — [(faUSM)l Z ZmYmVri] Yy,

= 'S 2 VX — l( favan) 'S Zmymvn‘i] vak SV Vx

= ZVaxn — 1Y [USM N 7., VQ] Y VX (4.75)
= [ty lZn — <USMZZ Y, v2> Yn] ViXn »
= fa > ZnVaxn

where we introduce the definition:
7 =7, — lvsﬁ > ZmYmVn%] Y, . (4.76)
Therefore, as demonstrated earlier, the new axion field is expressed as:
a= [ Z Vaxn - (4.77)

Associated with this change in the a field is a corresponding adjustment in the axion
decay constant f,. However, as this change is tied to vsy and considering that f, > vswm,
it can be safely neglected. It is also imperative to modify the PQ charges assigned to
fermions X; to X to maintain the properties of the axion current divergence. For instance,
consider the electron e™; if the left-handed e~ has a PQ charge X, this charge must be

modified to:
1
Xé =X, — 5 [vsﬁ E ZmYmVTfL] , (4.78)

where Y, = —1 and Z! = —2X/ for the Higgs field coupling to the left-handed e~ were
used to derive this expression. A similar formula applies to the PQ charge of any charged

lepton or down quark. As for the up quark, the modification is given by:
1
7\ =7, + 3 [vsﬁ > ZmYmVn%] : (4.79)
With these new considerations, (4.56) transforms into:

/PQ = faa a + ZX 770 ’7;/}/5'&1 ey (480)

where the sum in 7 extends over every charged lepton (e,u, 7) and every SM quark
(u,d, s,c,b,t). The indication of extra terms accounts for possible contributions of neutrinos

and any other fermions, including supermassive ones.
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The computation of the axion-electron coupling, gue, from (4.80) involves first
considering the current divergence. Given the validity of the PQ symmetry at the classical

level, the expression becomes:

a“jLPQ = [,0"0,d" + X.0" (e, vse) + ...,
= f,0d + 2X!m.eiyse + ... | (4.81)
=0,

where the Dirac equation was employed to derive the second line of the second term. This

equation leads directly to:
—0d" = 2X/(me/ fo)aeivse + ... . (4.82)

Hence, we find that the effective lagrangian for the axion-electron interaction incorporates
the term
L D 2X/(m./f.)aeivse . (4.83)

Consequently, the coefficient of aéivse represents the axion-electron coupling:

Jae = 2Xé(me/fa) ) (4'84)

which, unlike g4, due to the presence of X!, is model dependent. It is worth noting that
Jae involves solely f, and not the fraction f,/N with the anomaly coefficient N. Now,
we can proceed to evaluate the coupling in the two distinct invisible axion models under
consideration—the KSVZ and DFSZ models.

In the KSVZ model, conventional quarks, leptons, or a Higgs field carrying PQ
charge are absent. Consequently, the electron PQ charge within this model is given by:

X' =0 (KSVZ). (4.85)

e

However, despite the absence of direct coupling to electrons, the axion in the KSVZ model
exhibits a radiatively induced g,. at the 1-loop (quantum) level, a topic we will delve
into later. This implies that, within the KSVZ framework, the axion-electron coupling
is inherently suppressed when compared to models where the tree-level contribution is

1non-zero.

In the DFSZ model, where X, = +1 and N = 6 for three generations, two scalar
fields, ¢, and ¢4, contribute to the y field. Specifically, ¢, has Z, = —2 and Y, = +1,
while ¢4 has Z; = —2 and Y; = —1. Additionally, a crucial relationship is established:
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vé = V2 + V2. Therefore, we can determine X as follows:
1
X=X, [USMZZ Y, vzl |

1 1
=1- 2USMZ Y, V2 — 5

1 1
= 1— SuEh(-D(F)VE - ok (-2)(-DVE
=1+osqVe —vsuVy
V2 B 1% (4.86)
V2 + Vi V2+V7
V2 VR V-V
N VZ+ Vi ’
2
= 27‘/“ ’
VZ2+ Vi
V2
vdn
Parametrizing cos 5 = V,, /vsy, the effective coupling becomes:

—2 2
SUsmZaYaVy

Gae = 4 cos’ 57;% (DFSZ) . (4.87)

a
To facilitate a more straightforward comparison with g,,,, introducing the factor N = 6
to the coupling yields:

2
Jae = 35 COS 6

fa (DFSZ) . (4.88)

The model, however, does not prescrlbe the value of . It is reasonable to conjecture that
V., > V; given the significantly larger masses of up quarks compared to down quarks in

the second and third generations. This inference leads us to:

2cos? 3 >1. (4.89)

4.6 One-loop induced coupling to electrons

As mentioned earlier, despite X, = 0 and the absence of a tree-level coupling
in the KSVZ model, there persists a one-loop level contribution to g, arising from the

interaction depicted in Figure [5

To calculate this diagram, we must initially derive the axion-photon vertex, which
is proportional to the axion-photon coupling g,,,. We commence with the interaction
term from (4.69)):

—

Lint = GaryaE - B . (4.90)
However, in this form, deriving the vertex is not feasible. To proceed, it is necessary to

express it in terms of the gauge fields A*. Utilizing the relation (4.70)), we obtain:

1 ~
Eint == —zgmvaF‘wFﬂy . (491)
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(& (&

Figure 5 — 1-loop contribution to gu.

The next step involves explicitly expressing the gauge fields in the field strength tensor,

yielding:
Fr = 0orAY — 0" A" |
. 1 o1 . U (4.92)
F, = ieme” = iewo(am —07A°) .

This brings us to the multiplication of field strengths, resulting in:

]
F* By = o (0 A = 9V AV) (P A7 — 7 A7) . (4.93)

Here, we take the explicit route to obtain the result of the multiplication:

PR, = ;ewpa(aﬂm —QVAM)(DP AT — 87 AP) |

1 (4.94)
= iewpo(a“A”c?pA” — OFAYO7 AP — OV AFOP AT 4 OV AHO° AP) |
next, we apply the chain rule in each term individually, for example:
OM(AYOP A7) = OHAYOP A7 + AYO*OP A”, (4.95)
which leads us to:
OMAYOPA? = —AYOMOP A7 + S.T. | (4.96)

where S.T. denotes a surface term taken to be 0 when integrated. With this, the multipli-

cation reads:

PR, = ;ewm(—A”@“af’A" 4 AYOROT AP + AFOFOP AT — AFOV D7 AP) |

1
= epo(—AVOH(DPAT — OTAP) + ARV (P AT — 07 AP))

2 (4.97)
= S Cunpm (—APET 4 ARPFP)

= ;EW,,U(AMa” — VG FP

Here, we express the term in the parenthesis as:

AP — AV = (8154 — 6104 A% (4.98)
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and utilize the property of the Levi-Civita tensor in Minkowski space:
e“‘”‘;eamg = —2(6h045 — 67.05) (4.99)

yielding:
1
ArQY — AVOM = —ieW%awAaaﬁ : (4.100)

With this term, we proceed with the previous calculation:
F'"E,, = L o A“QP Fro 4.101
= _ZE#VPUE €apys ) (4.101)

now, using the same reversed Levi-Civita property, we get:

~ 1
F*™F, v— 5 57(56 — (5557 €a 6AaaBFpU )
H g \Tple pVa)CaBy
1
= 5(6045,00 - eaﬁgp)Ao‘aﬁF’” , (4.102)
= €afpo AP Fro

Next, let’s focus on the 9° F7 part:
OPFre = 9%(0P A7 — 97 AP) |
= 85(&;53’ — 6‘7’5(’;)8%45 )

1 . (4.103)
= 85(—56’) éXEpogx)a’yA(s y
1
= —§€pU£X6pU£Xaﬁ87A5 .
Continuing, we obtain:
~ 1
FWE,, = —ieagpaep"fxepgngaﬁﬁmAé ,
_ 3 anf 1)
= (535%( — 030p)€poe A" 0"TA” (4.104)
= (E'yéaﬁ - 6755&)Aaaﬁaf\/A6 ’
= 2675aﬂA0‘8587A5 :
Here, we rewrite it in terms of purpo indexes and apply the chain rule to get:
F’“’FW = —2€,,,,0"'AVOP A7 . (4.105)
Finally, the interaction lagrangian (4.91)) can be expressed as:
i Lo = %gmewoaam”amf’ . (4.106)

To derive the vertex, we apply a technique presented in Chapter 4 of Quigg’s textbook [57],

where we first express the interaction lagrangian in momentum space:

ikx

a(x) — a(k)e™ |

. (4.107)
Af(z) — A*(q)e"”
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this transformation yields:

. ) ) s o i
1Line — §gaw€uupaa(2q1“A )(igh A% )elktata)T

; (4.108)
— _igavveuupaaqi‘quyAa )
next, we derive the interaction Lagrangian in terms of the fields:
§2(AV A?) 4]
— 61/ e AV50'
SARGAP — pan OpAT+ATG) (4.109)
= 050q + 0,05
(53 (E ) i up(5y50+5u60)
= s a3 \Ukint) = TS GayyEpvpo >
Jad Aag A8\ mt) = T Jan Gupo 1121050 T 0alp (4.110)

= ~1Gar€ubpadi 5 -
This is already a valid expression for the axion-photon vertex. However, we can write
it in terms of the symmetric and anti-symmetric parts of ¢}'¢5 and combine it with the
anti-symmetry of the Levi-Civita tensor to eliminate the symmetric part. Besides, as the
indices (3, & are mute, we can change it to the standard p, v, p, o of the levi-Civita. With

these considerations, we finally obtain:

. . 1 1
_Zgaﬂwe,uypUQing = —19ayy€pvpo §(Q?q5 + qlloqg> + Q(Qitqg - qug> )

)
= _§9awem/po(ﬁlqg —qigh) .

(4.111)

We can make a slight change in the indices so that the contracted ones are the last 2 in

the Levi-Civita tensor, thus:

i g g
= _igaweuvm(q,f% —q745) . (4.112)

To generate the diagram depicted in , it is essential to couple it to two electron-photon

vertices, as illustrated in (6]).
Finally, the transition amplitude is expressed as:

iM = T(ps) (—ierimg (i) (igﬂa> (igvff)

p3 —m? +ie qi a3

‘ (4.113)
Z g g
<_29aw€uupa(Qi}QQ —q qg)) u(py) ,
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q1 q2

>

b1 D2 D2 P3

Figure 6 — electron-photon vertices

which needs to be integrated over the virtual electron momentum ps. We can rewrite the

transition amplitude as:

u(pr) - (4.114)

. e?_ d*py V" (Py + M)V Garr €ppo (0105 — 67 G5)
z./\/l:—u(pg)/ . 5 T T
2 (2m) [p3 — m2 + i€][qF + i€][q5 + i€]

Now, utilizing the momentum conservation of each vertex, we express the integral in terms

of po, with the momentum relations given by:

k=q+q,
G =p2— D1, (4.115)
q2 = P3 — P2 -

First, we substitute the terms in the denominator:

iM =

QH(p ) / d*ps V(P + M)V Garr €po (4795 — 47 05)
) @r)t 3 — m2 +ie][(pr — p1)? +i€][(ps — pa)? + e

Our aim is to simplify the integral to make it more manageable. We start by introducing

] u(pr) . (4.116)

the Feynman parameters:

1 1

1

[tA+yB+ zC3’ (4-117)

where A, B and C are the terms in the denominator:
A =p5—m?2 +ic
B = (py—p1)* +ie (4.118)
C = (p3 — p2)? +ic .
The denominator becomes:
A+ yB + 20 = z(p5 — m?2 +i€) + y((p2 — ;1)? +i€) + 2((ps — p2)* + i€) ,
= (z +y + 2)p3 — xmg — 2ypapr + ypi + 2p3 — 22psps (4119)
+ (x +y + 2)ie,
= p5 — 2ypap1 — 22pspa + ypi + 2p; — xm’ + i€

we can further simplify using the relation:

(p2 — yp1 — 2p3)* = p3 — 2ypap1 — 2zpaps + 2yzpips + yYpT + 2°p5 (4.120)
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Comparing it to (4.119)), we get:

A+ yB+2C = (po — yp1 — 2p3)° — A+ ie (4.121)
where

A= (z+2)yp; + (x + y)zp3 — 2yzpips + xm? . (4.122)

Now it is possible to use some momentum relations to rewrite A. The following relations

hold:
p3 =m?,
p; =m?,
P1=P3 — k ’
2
p
ka = _51 + 3 5
we find:
A = (z + z)yp] + (z + y)zp5 — 2yzpips + am? |
= (x4 2)ym? + (v +y)zm? — 2yz(ps — k)ps + am? |
= (1 —y)ym?Z + (1 — 2)zm? — 2yzp3 + 2yzpsk + xm? |
2
= (1 —y)ym? + (1 — 2)zm? — 2yzm? + 2y <_p‘21 + mﬁ) + zm?

1 —y)ym? + (1 — 2)zm? — 2yzm? — yzm?2 + 2yzm? + zm? |

2

2
e
2
e e

I
—~

1 —y)ym? + (1 — 2)zm? — yzm? + am

=mZ[(1=yy+ (1 —2)z—yz+a],
=m[(1—y—2)y+(1—-2)z+a],
=mi[zy + (1 —2)z+ 1],
=m[(1+y)z + (1 - 2)z]

Y

(4.123)

(4.124)

We can also effectuate a shift in the momentum p, using the following expression:

Py = Py —ypi — 21k -
Consequently, we express the denominator as:
TA+yB+ 20 = (p3 — A +ie) .

In conclusion, we determine:

b
ABC

1
(p3 — A +ie)?

which, in turn, leads us to the following transition amplitude:

1
:2/ dedydz 6(x +y + 2 — 1)
0

1
M = e2ﬂ(p3)/ drdydz §(x +y+ 2 —1)
0

/ d'py V' (Py + M)V Gy €rpo (4195 — Q?qé’)u( )
(2m)? (12 — A +ic)3 L/

(4.125)

(4.126)

(4.127)

(4.128)
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where A = m?2[(1 +y)z + (1 — 2)z].

Now, our focus shifts to the numerator, denoted as:

N =(pa)y" (P, + me)V" Garr €uvpo (705 — a7 65 )u(pr) - (4.129)

To initiate the analysis, we substitute the photon momenta ¢; and ¢, utilizing ,
resulting in:
@745 — 47 a5 = phps — php3 — pips + Pips
— p3ps + p3ph + pips — piph

it is essential to note that these terms are contracted with the Levi-Civita tensor. Conse-

(4.130)

quently, any symmetric term becomes zero due to the anti-symmetric characteristic of the

Levi-Civita. Given this consideration, the product is:

€upo (705 — 47 05) = €upo[(PIPS — PTP5) + (P5p5 — PID5) — (P1p§ — pips)] . (4.131)

Following this, we apply the same momentum shift executed in the denominator, where:

Py — Py — ypi — 2ps (4.132)
this transformation yields (for clarity, the Levi-Civita symbol will be omitted):

(¢7as — a7 ab) = [p1(p3 — ypT — 2p5) — P (P5 — ypt — 2ph)]
+ [(ph — ypt — 2p5)ps — (95 — yp7 — 2p3)p5]
15 — pips]
= [pp3 — ypip] — zpips — pIps + ypipi + 2pipf]
+ [p5pS — ypips — 2psps — poph + ypTps + 2pSph
— [p7p5 — pip3] , (4.133)

= [(Pip3 — p7p5) — y(pip] — pipl) — 2(pip5 — Pivs)]

+ [(pap5 — p2p§) y(pip3 — pips) — 2(p5ps — p3ps)]

— [p7p5 — pins] ,

= (pip3 — piph) —y(pipT — pipt) — (1 +y + 2)(p1ps — pips)

+ (r5p3 — p3ps) — 2(psps — pSps) |
once again, recognizing that symmetric terms can be canceled, and incorporating the

constraint d(x + y + z — 1), the expression simplifies to:
(4195 — a7 d8) = (P13 — pTPh) + (V5P — p3ps) + (x — 2)(pipg —pips) . (4.134)
Substituting this into the numerator expression, we obtain:

N =T(ps)y" (B, — yp, — 2Py + M)V Gary

(4.135)
X €wpo [(P1D5 — PTP5) + (D505 — paps) + (x — 2)(php§ — pTps)]u(pr) -
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We will now employ an algebraic manipulation involving the Levi-Civita tensor, a technique

also found in Quigg’s book in Appendix B [57]:

V5Yo = oy €uwpa VY’ (4.136)

1
3!
this relation can be logically extended to:
4 v

V5 VoV = ge,uupa’y S (4137)

and further expressed as:
v 3 .

€uvpeY Y = —5275%% . (4.138)

Substituting the derived expression into (4.135)), we arrive at:

3 .
N = _iga'Y'Yﬂ(p?’)(pQ - ypl - Zpi; + me)ZfYE)fYUﬁYP

x [(pips — pips) + (P55 — paps) + (x — 2)(phps — pTps)lu(pr) -

(4.139)

Now, considering terms with at least two occurrences of py, as any odd number of p, will
integrate to zero and focusing solely on terms that can exhibit logarithmic divergence, we

simplify the expression:

3 . . o o (e a
N = =5 9ary@(P3)p, 175707, (PIPS — PTP2) + (P2p5 — p3ps)Julpr)
(4.140)

— —;gawu(pg)in'ys[(wl — ) + (P, — Popy)lulpr) -

To further simplify the numerator, we utilize a set of relations given by:

=0,

pulp) = mu(p) ,

u(p)p = u(p)m , (4.141)
Ppy = 2P\ Py — PPy

{593 =0

Therefore, the first term becomes:

3 .
Ny = _§ga77ﬂ<p3)¢2275p2p1u(p1) )

3 _ .
= _iga’y'yu(piS)?zr}%meeu(pl) )
(4.142)

3 _ )
= imega'y'yu (pS )¢2p2zﬁy5u (pl ) )

3 _ )
= §megafy’yu (pS )pgl,}%u(pl ) .
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The second term becomes:

3 .
Ny = iga'y'yﬁ(p3)p2275plp2u(pl) ’

= 2 o D)5 (20— Py u(p)

3 , 3 _ .
= 591 (P3)P 152D P2t (P1) — 59y W(Ds) Py Vs op (1) (4.143)

_ . 3 _ .
= 3GayU(P3)7° P2pivsp P2uu(pr) + §megaWU(pa)p§W5U(p1) :

_ . 3 _ .
= 39a77u<p3)7627517[1‘]925]92#“(191) + §megaku(p3)p3175u(pl) .

The third term becomes:

3 .
N3 = _Ega’y’yﬂ(p3>?2275¢3p2u(pl) )

3 .
= =5 9an UP3)Pop Py v5u(pr)
3 .
= —§gmﬂ(p3)(2p’z‘p3u — P, )Pyt vsulpr)
5 (4.144)
= = 39arT(P3) 2Py 115U(P1) + 5 9ayTDs) Py, 1v5u(Pr)

. 3 . .
= —3Gar (D3P D3, YsPs 15 u(p1) + 5 Jary W(ps)mepyivsu(p)

. 3 _ .
= _?)garwﬂ(pz’,)752’75]93“])5]?57//(]91) + §mega77u(p3>p3175u<pl) .

The fourth term becomes

3 _ .
Ny = §9awu(p3)¢2@75¢2¢?)u(p1) )

= ggaWU(pg)%zﬁ%i%U(pl) 7

3 .
= §9awﬂ(p3)p§¢3275u(pl) :
(4.145)
3 _ 9.
= igawu(p:s)]ﬁgpﬂ%u(m) ;

3 )
= §ga’y'yﬂ(p3)mep§r}/5u(pl) )

3 _ .
= §mega77u(p3>p3275u(pl) .
Combining the terms Ny, Ny, N3, and Ny in the numerator N = Ny + Ny + N3 + Ny, we

arrive at:

3

N = imega77ﬂ<p3)pgi75u(pl> + 3ga'y'yﬂ(p3)76i75p?p25p2uu(p1)

3 . _ .
- §megawﬂ(p3)p§@%u(p1) — 3aW(P3) V50 V5 D3P P u(p1)
3 _ . 3 _ _ 4.146
+ imega'y'yu(p3)p3275u<pl) + §mega’y'yu<p3)pg7/75u(pl) ) ( )
= 6mega'y'yﬂ<p3)p§i75u(pl)

+ 3Gay(ps) (VP iys P Daspan — Va5 D3P P )u(ps) -
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Finally, substituting this numerator into yields:

1
iM = Gezmegawﬂ(pg)/o drdydz §(x +y+ 2 —1)

d4p2 pg )
X/@@4@—A+uW%M“)

1
+ 3€2 a1 (p3) /0 dxdydz §(z +y+ 2z —1)

(4.147)

/ d'p2 (Y P poppon — 75]?3“]?5]?5)1.7 u(pr)
(2m)* (P3 — A +ie)? T
Given the symmetry of the second term in p; and ps, it integrates to zero, simplifying the

expression to:

1
iM = 6@2megawﬂ(p3)/0 dxdydz §(z +y+2z—1)

d'ps P ,
8 / (2m)* (p3— A+ i€)32’y5u(p1) '

(4.148)

Now, the focus shifts to solving the integral over the free internal momentum using

dimensional regularization. We start with the following integral:

d*ps 3
/ (2m)* (p3 — A +ie)’ (4.149)

and perform a Wick rotation on it [58]:

d'ps 3 i p3
— - A [ dpes Pl
/ (2m)* (p3 — A +ie)3 1674 / ! Par Por (p3p + A)3

, 5 (4.150)
L dpe R
8 (P3p +A)37

where [ dQ, = 27?2 is the integration over the solid angle in 4 dimensions. Next, we

integrate using substitution and renormalize introducing a cutoff, yielding:

i A P i A du u?
_Q/m, dp2z (Pl + A)3 T 82 /mz 2ok b2p (u+ A3

‘ 2B S (4.151)

) A p u?
__167T2/mg u(u—i—A)?”

where u = p25. It is important to note that the cutoff integral does not start at zero but
rather at the electron mass. Additionally, we use an arbitrary cutoff for now; later, when
we substitute the expression for gq,, we will establish the exact cutoffs. This arises from

our decision to integrate over the internal virtual electron momentum.
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Continuing with the integration, we make another substitution v = u + A:

i /A2 u? i /A2+A J (v — A)?

1672 Sz T kAP 1672 Jzea 03
i /AQJFA P v? — 2Av + A?
=— v
1672 m2+A V3 ’
i /A2+A (12 A
= — U —_—— — R
1672 Jmz4a v V2 v )]
: AZ4A 1 AZ4A o (AZ4A (4.152)
i v oV
=——— |Inv —2A— +A —3 ,
167 m2+A T m24a T2 m2+A
ah A+ A N 2A 2/
— n —
1672 m2 4+ A A+A m2+A

‘A; ((A?iw - <mziA>2>] |

Since we are interested in the logarithmic part of the diagram, we obtain:

1
iM = 6€°MeGarT(p3) /0 drdydz 6(x +y+ 2z —1)

d'py p% )
8 / @r)t B = At i)

1
= 6€”Mefary(p3) /0 drdydz 6(x +y+2z—1) (4.153)

y i | A2+ AN ™
- n

1672 m2+ A VIstPL)
B 3ie2megawi

1
= u(pg)/o dedydz 6(x +y+2z—1)In (

A+ A
m2+ A

) iysu(pr) -

Now, it is convenient to substitute the arbitrary cutoff and use the definition of g, given
by:

—_— 4.154
N 31+z2z4+w ( 5)

~aNC aN |E 2442+
T A A [ 1 |
where 2’ is used to avoid confusion with the integration variable z. Note that % represents
the part associated with QED, while %ﬁjigj represents the part associated with QCD.
As a result, the QED part is cutoff at a scale of order f,, and the QCD part is cutoff

at the QCD confinement scale Agcp. This is because for loop momenta larger than

Agep, the effects of the color anomaly become negligible. Therefore, in this regime, we
should describe the axion with the PQ current of (4.56) instead of (4.62)). The transition
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amplitude is then:

. 3ie? Meary A+ AN
iM = —T / drdydz §(r+y+2z—1)ln (mz A ivsu(pr) ,
3ia’m . NC A2+ AN .
- Tzfa (ps / drdydz 6(x +y+2—1)In (mg " A) ivsu(pr) s
_ _3idNme, / dudydz Sz +y+2—1) |21 fo+ A |
= oy, P Y Y N\ mZyA
2442wy (Agop + AN, u(pr)
31+ +uw m2+ A TsAPL
Now, let’s recover the definition of A so that we can integrate over x,y and z:
A=m?(1+y)z+(1-2)2], (4.156)

comparing A, which is proportional to the squared electron mass, to the cut-offs that we
used (fa, Agep), where in the invisible axion models f, > vgm = 246.22 GeV [13] and
Agep ~ 1 GeV, we can make the approximation fZ + A & f2 and A}cp + A = Adep.

With these approximations, we find:

, 32042Nme E 2
iM = — “ontf, u(ps / drdydz §(x +y+ 2 —1) lN In (m%f—l— A)
) (4.157)
Attt Agop u(pr)
3142+ m2 + A 1B -
We can also rewrite the logarithmic terms more intelligently as follows:
2 2
In 2 =In Ja ,
m2+ A m2+m2[(1+y)z+ (1 — z)z]
f2
<m2 1+ya:—|—(1—z)z+1]> ’
- (e o)
m2[(1 +(1—2)z+1]) "
; Tyt =22+ (4.158)
1
= 1
( 2 +n< 1—|—y):c—|—(1—z)z—|—1]> ’

J
= <£6> +In(1) —In[(1+y)z+ (1 —2)z2+1],

~om <f> (L4 )t (1—2)z+1]

Me

this rewriting is analogous for the Agcp term. For clarity, let’s focus on the integration of
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the first term:

f}/ol drdydz 6(x +y+2z—1) lan <£> —ln[(1+y)$+(1—2)z+1]]

=2 [y o () <l e e (- - a1
:f[/ol dxdy 21 (:;)—1n[w+xy+($+y)(1—$—y)+”] , (4.159)
:f[/ol dxdy :21n<7{;€>—ln{x+xy+x+y—$2—fy—xy—3/2+1w :

:f[/ol dudy -21n<$e>—ln{—xQ—y2—$y+2z—|—y+1H :

since the integration is from 0 to 1, it is clear that the second log term is negligible in

comparison to the other. Therefore, we get:

2F fa 1 2F | fa\] t 1-z
T ()| [ dedy == (22 )| [de [ ay
N [n<me>] 0 v N _n<me>_ 0 v 0 Y
2B [ (f.\] ! e
_ g (e / d
N _n<me>_ 0 xyo ’
2F | S\t
:Nln<7{%> /0 der1—x, ’ |
: - 160
2F | (fa> o2l
= — |In|— x| —— :
N | me | | o 21
9B [ [ f.\] 1
el P IR Y
N _n<me>_ ( 2> ’
E1 fa
= — 1n _—
N me) '
Finally, including both cutoff logs, we reach the final result:
, 3ia’Nm, E  fo 244+z+w. Agep|.
=——7 —In— — - 1 4.161
iM 272 f, w(ps) [N nme 314+z2z+w " me Dstu(p) - (4.161)

Note that we have returned to the original z, w notation, since the integration over x,y, z

is already performed.

The divergent part of the diagram corresponds to a term in the low-energy effective
lagrangian:

£D3a2Nm€ [E fo 24+z24+w. A

i |N n——--———In ] aeiyse , (4.162)

N m. 3l+z4+w m,
this expression is valid only for on-shell electrons.

(4.163)

n ——In
N m, 3l4+z4+w m

_ 3a*Nm, E1 fa 24—1-,7:—i-w1 A
gae— 27_‘_2.][:&
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Numerically, for f, ~ 102 GeV, A =1 GeV, E/N = 8/3 and N = 1, it corresponds
to
Xl =107%, (4.164)

in (£.83).

4.7 Coupling to nucleons

Consider the axion current given by (4.62)) but in a form where the axion does not
mix with the NG boson y:

jl‘j/ = jLPQ — N(1+ 2+ w) " @y,vs5u + 2dy,v5d + wsy,755) | (4.165)
where jl’f @ is defined in 1) Explicitly writing this expression, we obtain:
jfjl = faa,ua, + Z Xﬂﬂu%%

— N(1+ 2z +w) @y, su + 2dy,v5d + wsy,755) ,
= fu0ud + X Wy, ysu + Xodyvsd + X5y,

—N1+z+ w)*l(ﬂ%%u + zﬁwv;,d + W5Y,758) (4.166)
N N _
= £.0,d (X’—) (X’— )d d
f L + u l+z+w Uy, Ysu + d 21+Z+w YuYs
PR

Given that the coupling is to nucleons and not any strange quark-composed baryon, it is

reasonable to eliminate the last term above. This simplifies the expression to:

> dry,ysd (4.167)

N o\
i = Ll + (X, - Yot (K=o

l1+z4+w

Now, let’s express it in terms of the isoscalar and isovector components, jg and jﬁ, defined

as:
o 1 1-
Ju = gEmse+ 5dusd
L1 T (4.168)
I = W05t — §d%75d :

The process unfolds as follows:

N 0 -3
1+z+w><J“ T

N N
g (Y V(e X )
14+z4+w/ 7" 14+z4+w/ 7" 4169
N 3 / N 3 ( )
e ()
+< Yol 24w Tu d Zl+z+w u

142 1—2z
= f,0,d (X’ X/ —N> j0 <X’ - X/ —N) i3

! N 0,
i = fdyl 4 (X = g G+ (X
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To translate these coefficients of jg and jf: into the couplings, one must utilize the

Goldberger-Treiman relation [59]:
J

my
F(0) = —==V2g9 ~ 4.1
(0) ZWQVFQWNNgAlﬁ_QﬁNN/4ﬂx2J/ﬂ), (4.170)
where J is the following integral:
00 k? 2 [oo 1 1
J == /0 dk WCOS QS(]’C) eXp{ﬂ_/O dk’l klgb(k/) (k’lQ — k’z — k;/2 — m%\[)} s
(4.171)

where the specific details are not crucial for our purposes, as a more modern notation for

this relation is available [60]:

JaxNNTN = JafaNn - (4.172)

This relation connects four phenomenological /non-perturbative QCD+axion constants:
the pion-nucleon axial coupling g,,. 7y, the nucleon mass my, the axion decay constant

fa, and g, ,, the axion-nucleon coupling.

First, let’s define the nucleon doublet as:

N= (p) . (4.173)

The effective lagrangian L.g is given by:
L D aN(go+ g373)ivsN (4.174)

where 73 is a Pauli matrix in isospin space, and the coefficients gy and g3 are given by:

142
o= (X; +Xa - 1+z+wN> (=9aoewn)(mn/ fa)

1- 2 (4.175)
9= (X;‘ - Xa- 1—|—z—0—wN> (=aszmn)(mn/ fa)

where g ,5 7y 18 the axial isovector pion-nucleon coupling, which is experimentally mea-

sured to be —1.25 and quark models arguments [61] suggest g0, 7x = 293NN

The axion-nucleon coupling is given by:

9oNN = 9o + g3T3 . (4.176)

In the KSVZ model, where no regular Standard Model particle has PQ charge (X! =
X/, = 0), the axion still exhibits a substantial coupling to nucleons. In the DFSZ model,
we have N =6, X! + X, =2, and X — X, = 2cos 2/, which also results in a substantial

coupling to nucleons.
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5 Solar Axion Production

Now that we have established the two crucial parameters governing axion pro-
duction, namely g,. and g,,, we are prepared to delve into the examination of axion
production. Our primary focus will be on elucidating the Sun’s role as a potent source of

axions.

Acquiring a precise understanding of the solar axion flux is crucial for any experi-
ment with the goal of detecting solar axions. This knowledge is paramount in designing

experiments that are not only sensitive but also finely tuned to detect solar axion particles.

The fundamental concept revolves around stars being powerful sources of weakly
interacting particles, such as neutrinos, gravitons, hypothetical axions, and other new
particles that can be produced by nuclear reactions or by thermal processes in the stellar
interior. Even when this particle flux cannot be directly measured, the properties of
stars would undergo changes if they were to lose too much energy into a new channel.
Additionally, this excess of energy loss would directly impact stellar evolution. This
“energy-loss argument” has been extensively employed to constrain a diverse array of
particle properties. In our case, we focus on the resulting constraints for invisible axions,

and these constraints are summarized in Table[l].

Couplings bounds
Coupling Bound Observable
Garyy < 0.65 x 1071 GeV~! | HB/RG stars in 39 GCs [62]
(95% C.L.)
Gae < 2.6 x 1071 (95% C.L.) | WD cooling + RGB tip M5 +
HB/RG in GCs [63]
Gap <0.9x107° SN1987A v-pulse duration [64] |
Jan <08 x107? Neutron star cooling [65] |
Gan <0.5x 107" CAS A NS cooling [63}66]
GayN <3x 1077 GeV 2 SN1987A v-pulse duration [67] |

Table 1 — Main astrophysical bounds on ALPs coupled to photons, electrons, protons and
neutrons. HB (Horizontal Branch) and RG (Red Giant) bounds are valid for
masses m, < 10 keV, WD (White Dwarf) for m, < 1 keV, SN (Solar Neutrino)

~Y Y

and NS (Neutron Star) require m, <1 MeV [68].
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e, [

Figure 7 — Primakoff Conversion [72]

5.1 Axion production from ¢,

5.1.1 Axion-photon oscillation

One of the pivotal processes in axion production is the axion-photon oscillation,
commonly referred to as Primakoff conversion. In this mechanism, a photon undergoes
conversion into an axion, a phenomenon facilitated by the presence of a strong external

magnetic field.

The Primakoff conversion is governed by the axion-two-photon coupling, denoted
as gay~- This process takes precedence in hadronic axion models, such as the KSVZ model,
where the axion-electron coupling g,. is absent at the tree-level. Due to this characteristic
and its simplicity as a mode of axion production, Primakoff conversion historically emerged
as the foremost process and has been extensively explored in previous studies (see, for
example, [69-71]).

This process is represented by the Feynman diagram shown in Figure[7] To initiate
the investigation of this mechanism, we start with the axion-photon effective lagrangian
previously employed in this work:

1 1 1 1 -
Loy = _ZFWFW + iauaﬁ“a — §m2a2 - igawaFuVFW : (5.1)

To calculate the oscillation probability, we begin by deriving the classical equations of

motion for the axion and vector fields:

9 Layy 9 aﬁaw

_ -0
da *9(0,a) ’ (5.2)

OLary 9 OL gy —0 '

0A, "0(0,A,) '
Solving these equations yields:
1 . Lo

(0,0" +ml)a = — 1 9ar Fu " = gary B B, (5.3)
0, F" = —gawﬁ"“’ﬁua , (5.4)

where E is the electric field generated by the photon, and B is the external magnetic field

oriented in the ¢ direction, i.e., B = By.
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Considering that the photon is polarized in the ¢ direction and propagates in the 2
direction, the total magnetic field is a combination of the photon’s magnetic field and the

external magnetic field. Thus, the dual field strength tensor can be expressed as [73,[74]:

0 _Bx _(By + Bea:t) _Bz
Frv Be 0 E —Ey (5.5)
(By + Bewt) —FE. 0 E,
B, E, ~E, 0

If we consider B to be much stronger than the photon magnetic field, the
expression in (5.5)) can be approximated as [75-78]:

-B

j - : (5.6)

o o o
o o o o
o o o o

where the external magnetic field B.,; is simply denoted as B for clarity. Expressing the

_ 04
ot

direction for the external magnetic field, ([5.3)) becomes:

electric field in terms of the vector potential E = and considering the established

0A,

(0,0" + mi)a = _gavaW ) (5.7)

Now, using (5.6)), it is evident that the only non-zero component is F92_ Therefore, the
right-hand side of 1} becomes —gawB%.

On the other hand, for v = 2, the left-hand side of (5.4)) is 9, F*?, where F"* =
OrA? — 92 Ar. Using the Coulomb gauge, 9, A* = 0, we obtain:
0, F"* = 9,(0"A* — 9*AM) |

5.8
= 0,0"A . 5:8)

Thus, ((5.4) can be expressed as:

da
B—.

ot
Equations (5.7) and (5.9)) describe the behavior of the axion and of the potencial vector

on the inside of the system.

0" Ay = Gary (5.9)

Given that the photon’s propagation direction aligns with 2 and the magnetic
field variations exhibit higher-order magnitudes compared to the photon wavelength, the

solutions to these equations adopt a specific form [75-78]

Az, t) = Ag(z, )3 + Ay(2,1)7 | (5.10)



Chapter 5. Solar Azion Production 94

a(z,t) = a(z)e'*= | (5.11)

where,
Ag(z,t) = AL (2)ek==et) | (5.12)
Ay(z,t) = Ay (z)e’ 0| (5.13)

depicting the components of A that are parallel and perpendicular to the external magnetic

field, k is the wave vector, and w is the wave frequency.

Substituting (5.11]) and (5.13)) into (5.7]), we arrive at the following coupled equa-

tions:

aA” (Z)ei(kz—wt)
ot ’ (5.14)
(—w? — 02+ mi)a(z)ei(sz“’t) = iga,waAH(z)ei(kZ’“’t) ,

leading to the derived equation:

(0,0" + mz)a@)ei(kkwt) = —Yarr B

(w? + 02 — m2)a(z,t) + igawBA,(2,t) =0 . (5.15)
Applying a similar procedure as in (|5.9)), we obtain:

(w® + 02) A, (2,t) — igay,wBa(z,t) =0, (5.16)

both equations ((5.15)) and ([5.16)) can be compactly expressed as:

(W? + I + ( ! _ig“””wB) (Ay(z’t)) =0. (5.17)

iGawB  —m2 a(z,t)

Establishing w? + 0% = (w + 10,)(w — i0,), and utilizing the expression

. Ay(z,t) B AH(Z) ~ o AH(Z)
(w—1i0,) ( a(z.1) ) = (w+k) ( a(2) ) >~ 2 ( a(2) ) : (5.18)

where we made the approximation w + k = 2w [75], we can apply it to (5.17)):

0 —igawa> (A(Z)) _0 (5.19)
az)) |

[2w(w +1i0,)I + ( )
(A”(Z)> ~0. (5.20)

which further simplifies to:

1.
—Lig.. B
ioa4 |, < T2
iJory B w— 32

Zg(l“WWB —my,
2 2w CL(Z, )

This yields a Schrodinger-like equation for a wave-function represented as:

| (2)) = (AW)) | (5.21)
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which evolves over a distance z through the evolution operator U(z), described by the

equation:
(W(2)) = U(2) [¢(0)) , (5.22)
where [¢(0)) is the initial state of the photon, U(z) = ¢ and K is given by:
—L4G,~B
K=, "~ 219en ) (5.23)
319y B w— 58

With equation ([5.20)) at our disposal, we can compute the photon-to-axion oscillation

probability using the expression:
Pra = (¥(2)|a) (al¥(2)) . (5.24)

Given that the initial photon state is represented by [¢(0)) = )A||>, such that |¥(z)) =
U(z) ‘A||>, 5.24)) can be expressed as:

Py = (ol U(z) |4)) 2. (5.25)

To determine the probability, we need the evolution operator in terms of the eigenstates
’A||> and |a). This involves obtaining the eigenvalues and eigenstates of the K matrix
(5.23]) by diagonalizing it. The procedure begins with solving the characteristic equation:

det |[K — AI| =0, (5.26)

where \ are the eigenvalues of K. This leads to the following:

dot ( w—A —%ig,;,wB )

Yiguy B w— T2 — )
=(w—2A) <w - Zf - >\> - (;igaVWB> <_;igaVWB> 7
= w? —w;nj‘ —w)\—w)\+;rf)\+)\2 - igSWBQ , (5.27)
:)\2—2w>\+72TLjL)\+w2— ”;2 — igngQ :
=224+ (Zf —2w> +w? — nj—igsz2 .
=0

Now, we solve the quadratic equation for A, and the solution is:

m> 2 s m2 1.,
A:<2a)—2w> —4<1) <UJ —2—4ga,y,yB>,
—m3—2 22—w+4 2 4w +2m? + g2 B?
_4w2 ma2w W W myg ga'yw )
4
_ My 2 p2
_4w2+gawB )

(5.28)
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Let’s redefine A for convenience as:

A = 4w’ |

=m? + 40’2 B? (5:29)

a ayy :

Solving it for A\ gives us:

_(ma VA

)\i o <2w 2(4.)) + 2w
2 (5.30)

m2 VA
=w—-— .
4w 4w

After calculating the previous determinant and solving the characteristic equation, we
find the eigenvalues of K which are given by:
m2 VA

/\:I: w 4w:t4w (53)

Now, let’s proceed to find the corresponding eigenstates:

oFor)\Jr:w—%%—l—m

Aw
m2 7 .
el ) () ()
LiGayy B w—Ta w4 Ta g YA} |g) 0 52
m2 7 . :
w T \4/15 —%ngcmB ‘AII> _ 0
Yigay B =T+ ‘25 |a) 0
which gives us two equations:
m?2 VA 1.
<4w * 4w ) ’AH> B §ZgaWB la) =0, 53
1. m2 VA '
5ar 4) + <—4w 1 ) a) =0,
multiplying both by 4w gives:
(mz + \/A’) AH> — 2iwge,Bla) =0,
. 5 (5.34)
21W g~y ‘A||> + (—ma + VA’) la)y =0 .
e For \_ =w— T—E — %, similarly we find:
(mg — \/A’) A||> — 2iwggry B la) =0,
. 5 (5.35)
20w Gary~y ’AH> + (—ma - VA’) la) =0 .
We obtain the non-normalized eigenvectors as:
AL) = (mg + VA’) AH> + 2iwgq, B la) | (5.36)

IA_) = (mi — @)

AH> + 2iwgq B |a) |
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The normalization proceeds as follows, taking into account the complex nature of the

vectors:
1/2

m2 + VA)? + (~2wgar, B
}1/2

1A+ |

Y

(5.37)

Y

= |
{m +2m2VA + A+ dw *92., B
{m +omiVA + A+ A — }1/2
— (& +m2vA)]"”
note that we used in the third line. The normalization for |[A_) is analogous.

Therefore, we finally have the normalized eigenvectors:

1
Ay) = 7 m2 VA
A+) 2 (A 4+ m2vA)] 7 (i +VAT)

S Tr

which correspond to the eigenvectors that compose the matrix that diagonalizes K.

A||> + 21w gy~ B \a)] :
(5.38)

A||> + 21w Gay B |a)} )

Recognizing that the evolution operator is diagonal in this basis, we can express it

in terms of the eigenstates of the matrix K as:

U(=) = € = (1A (Al + ) ()

_ _iAgz iA_z (5'39)
=M AL O+ e ) (]
where we used the fact that |A;) (M| + [A2) (A_| =1 and K| L) = A [Ay).
Substituting (5.38) into (5.39)), the operator can be expressed as:
V() = —— 2+ VA [A) (4]
2 (A’ + mﬁ\/E)
— 2itgur B(mg + VA |A)) (al
+2iwWgary B(m? 4+ VA') |a) <AH’ + 4w’gz B |a) (a|] (5.40)
iA_z :
2 (& - e V) [(m — VA |4)) (4]
= 2igary Bm; = V) [4)) (al
+2igary B(m — V) a) (A)] + 40?2, B2 [a) (a]| ,

thus, the oscillation probability given in ([5.25) becomes (note that ’A||> and |a) are
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orthogonal):
Pia=1(alU(z ’AH> 7
- T dig B(m? + VA
2 (& 1 V) B
, 2
- 21w G B(m2 — VA
9 (A/ _ mg@) ayy a )

2
= w2 B’ 1 mz + VA gz g (Ma Z VA VA e (5.41)
VA \/A’—i—mz ,/A/_m(zl
— M ez _ pirz 2
A’ ’
2w? g5, B2
= T:w[l —cos[(Ay —A)z]],
- W sin2 A — A o
A’ 2
Using (5.31)), we have:
A /A/
Ay — A= 5.42
" 2w ( )
thus, the oscillation probability becomes:
4&)292 B2 ) A
Proa == —sin ( o ) : (5.43)

which can be further rewritten using the definition of A’ = m? + 4w? gng2, leading to:

4w2 2 BZ mé + 4(«0292 B2
P, = Jary sin? \/ o,
my + dw?g2 B2 4w
(5.44)
mi - Jarry Bz mi 12
- (22a2 + 1) sin® | =23 ( 55 B3 T 1) ’
dw?gs., B 2 dw?gg,, B
in such a way that for ;—=«— <1, an approximation that deals with the fact that the

external magnetic ﬁeld is much stronger than the parameters of the fields a and A, the

term <4w2;’§3‘732 + 1) ~ 1. Thus, the oscillation probability can be approximated as:

B
P, = sin? (‘qu) . (5.45)

Given the significant suppression of axion production via g, compared to production via
Jae (see Fig, our focus lies in approximating the oscillation using experimental param-
eters. Helioscopes, being the foremost detection technique for solar axions, often provide
these parameters. For instance, assuming the axion-photon coupling is approximately
Garpy ~ 10713 GeV !, the external magnetic field of order B ~ 10 T and the path distance
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of order z ~ 15 m, which are values commonly present in axion detection experiments like
helioscopes and haloscopes [79-84], we can further approximate with sin# ~ 6 and find:
BQ

g2
Py = =02 (5.46)

Note that the probability depends on the axion-photon coupling, the intensity of the

external magnetic field, and the path distance submerged in the magnetic field.

5.2 Axion production from g,

The axion-electron coupling, distinct from the axion-two-photons coupling, governs
a series of reactions, which hold significant importance and completely overshadow the
Primakoff flux in non-hadronic models like the DFSZ. Among these, the most notable
are the ABC reactions: Atomic axio-recombination [85H87] and Atomic axio-deexcitation,
axio-Bremsstrahlung in electron-Ton [70//88,89] or electron-electron collisions [70] and
Compton scattering [90-92]. These reactions play a dominant role in the solar axion flux

in non-hadronic models such as the DFSZ.

As mentioned earlier, the historical emphasis on the Primakoff reaction can be
attributed in part to the formidable challenge posed by the comprehensive calculation of
contributions to the ABC reactions. Unlike the Primakoff effect, the solar composition
now emerges as a crucial factor influencing the axion flux, adding more complexity to the

calculations.

Initially, it might seem evident that e~ + I and e”e~ bremsstrahlung processes
dominate the flux from g, given that hydrogen constitutes 74% and helium 24% of the
photospheric mass fraction of the Sun [93]. This conclusion is supported by previous
studies |70], emphasizing the prevalence of these processes over others. Additionally, the
A processes are primarily relevant for metallic ions, which are much less abundant than

hydrogen, helium, and electrons [93].

However, a 1986 study by Dimopoulos [86] revealed that axio-recombination cross-
sections are, in fact, much larger than those for Compton scattering and bremsstrahlung,
partially compensating for the lower abundance of metal ions. Initial estimates, nonetheless,
deemed the axio-recombination flux to be largely subdominant [86]. A subsequent work
by Pospelov [87] highlighted that the axio-recombination had been underestimated by
a factor of 1/2. This indicates that there were indications of an underestimation of the
axio-recombination flux, and, furthermore, axio-deexcitation had not even been considered
at that time.

Confronting this challenge, Redondo [72] took on the task of reevaluating the A

processes flux of solar axions, providing a new estimate for the total solar axion flux. In
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the following pages, we will delve into the logic and physics employed by Redondo in this

endeavor.

The calculation of the A processes, axio-deexcitation and recombination, which
are the atomic reactions, involves a comprehensive understanding of the energy levels
and occupation probabilities of numerous atomic states for each nucleus inside the Sun,
and then computing cross-sections and transition probabilities. This is a whole field of
research in astrophysics, considering analogous processes for photons. Directly addressing

this problem may seem like a Herculean task.

Redondo’s paper, however, provides immense value by asserting that this monu-
mental effort is not necessary. Instead, he demonstrates that we already possess all the
necessary ingredients to calculate the total solar axion flux. These crucial ingredients

include:

e Analogous Cross Section: The spin-averaged differential cross section for axion
emission in an atomic transition is proportional to the photon analogous cross-section
in the same transition. This establishes a direct relation between axion and photon

production rates as functions of energy (w):
I'P(w) o« Fi(w) : (5.47)
where I''’(w) are the production rates.

e Detailed Balance in Thermal Equilibrium: In a plasma in thermal equilibrium,
the rates of photon absorption (I'}') and production (I'F") are related by detailed

balance.

e Photon Absorption Coefficients: Extensively researched due to their central role
in stellar evolution and plasma diagnosis, photon absorption coefficients (radiative
opacities) have available libraries of monochromatic opacities for various nuclei
across a wide range of temperatures and densities. These opacities facilitate the

understanding of photon behavior in different astrophysical environments.

The procedural sequence unfolds as follows:

1. Calculate Photon Absorption Rates: Employ the data from the radiative
opacity libraries to compute photon absorption rates for any specific location within
the Sun. This step provides insights into how photons are absorbed at different

depths and temperatures.
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2. Determine Photon Production Rates: With the correlated relation between
photon production and absorption, extract the photon production rates as a function

of energy.

3. Apply Proportionality to Axion Production Rates: Exploit the proportion-
ality relationship between photon and axion production rates. This allows the
derivation of axion production rates based on the established photon production

rates.

4. Obtain Axion Flux: Through the above steps, calculate the axion flux—quantifying

the abundance of axions produced within the Sun.

The next section delves deeper into the theoretical framework that underpins each

of these logical steps, offering a more comprehensive understanding of the entire process.

5.2.1 Calculating ABC process from radiative opacities

In this section, we delve into the theoretical framework enabling us to leverage
monochromatic opacities for the calculation of the total ABC axion flux. Our exploration
commences with the interaction lagrangians governing the interactions of axions and

photons with electrons:

0,0 — R

»Caee = gaeﬁqﬁev‘u’%we = _Zgaeawe’%we )
me

AC'yee = 614;@@’)’“% )

where g, is the Yukawa axion-electron coupling, a parameter quantifying the strength of

(5.48)

the axion-electron interaction, which we calculated at tree and one-loop level on the last

chapter.

The axion production rate is expressed through the equation:

dN, Ek
v dt _/ @mp L) (5.49)
- [ e, |

where N, is the number of axions, V is the volume, ¢ is time, and I'}’(w) is the sum of
the axion production rate resulting from each ABC process. The distinct contributions

include (I represents ions, the I* indicates that its electron is excited):

e A processes:

(bb) Atomic axio-deexcitation, or bound-bound electron transition

I"—=1+a
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I* 5553?33-]

Figure 8 — Atomic axio-deexcitation [72]

(fb) Atomic axio-recombination, also know as electron capture or free-bound electron
transition

e+ —1 +a

Figure 9 — Atomic axio-recombination [72]

e B processes:

(ee) electron-electron bremsstrahlung

e+e—e+e+t+a

Figure 10 — e-e bremsstrahlung [72]

(ff) electron-Ion bremsstrahlung, also known as free-free electron transition

e+l —e+1I+a

e C process:
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REEAVAVIVAY
Figure 12 — Compton [72]

(C) Compton-like scattering
et+vy—e+ta

Hence, the total axion production rate is given by:
[y (w) =T (w) + TP (W) + TP (w) + T (w) + T (w) (5.50)
When discussing photon opacities, the specific absorption coefficient k(w) is determined

by the energy transport equation:

dl, .
— = k(W)L + jw) (5.51)
ds
this equation governs the sourcing and damping of radiation with specific intensity I,
along a line of sight within the plasma, where j(w) is the source of the radiation [94]. The

radiative opacity x(w) is then defined as the absorption coefficient per unit mass of target:

Klw) = —=, (5.52)
with p being the density of the medium.

In the solar interior, the absorption coefficient k(w) receives contributions analogous
to the ABC processes but time-reversed and involving photons instead of axions: free-free,
free-bound, and bound-bound electronic atomic transitions, which are the true absorption
processes, and Compton scattering. Notably, electron-electron bremsstrahlung is not

considered in the absorption coefficient [72]. The equation for k(w) is thus:

k(w) = (T27(w) + T4 (w) + TP (w)) (1 — /M) + T2 (w) (5.53)
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where (1 — e™/T) corrects for stimulated emissions in thermal equilibrium and applies

only to the true absorption processes.

Each F‘;‘ depends on the density of different atomic species nz and temperature T°
and requires a substantial numerical calculation for its computation. For example, the

absorption rate for the bound-free transition can be calculated as:
Ff’bf =Y nzY roo(y+Zs— Zy+e), (5.54)
7 S

where nz are the densities of atoms of nuclear charge Z, r, the fraction of these atoms in

state s and o(y + Zs — Zy + e7) is the total cross-section for this ionization process.

The calculation of r, is rather complicated, involving the solution of the atomic
structure in a relatively dense medium. It requires solving the Saha equation, which
is an expression that relates the ionization state of a gas in thermal equilibrium to
the temperature and pressure, for the ionization fraction and computing the partition
functions for the probability of initial states for each atom. In addition, the cross section
must account for the non-trivial atomic structure, electrostatic screening, Coulomb wave
functions in the final states when applicable, and other complexities. The remarkable

achievement in Redondo’s work [72] was avoiding this formidable task for axions.

As we are not required to perform these intricate calculations directly for axions,
we can leverage photon opacities available in scientific databases. Photon opacities play a
crucial role in stellar evolution and plasma physics, leading to their routine calculation and
refinement. Several opacity databases are publicly accessible, but only a few provide the
monochromatic opacities (opacities specified by frequency), with a notable mention of the
Opacity Project (OP) (https://cds.unistra.fr//topbase/) and the Los Alamos Light Ele-
ment Detailed Configuration OPacity code (LEDCOP) (https://aphysics2.lanl.gov/apps/).

The subsequent step involves establishing a relation between photon absorption
rates and photon production rates, enabling the incorporation of photon opacities into
our calculation. In thermal equilibrium, the rates of reactions and their inverses are linked

by detailed balance, as expressed by the equation:
A, _  w/TTP,
[P (w) = e*/TTIP (w) (5.55)

A critical aspect for the overall argument and calculation is that this relationship holds
for each process individually. It’s essential to note that F,];’i(w) is the production rate of
photons per phase-space volume averaged over polarizations. This implies that the total

rate is 2x Ff (w), accounting for each of the two photon polarization states.

5.2.2 Relations between photon and axion emission processes

To achieve the goal of expressing I'} in terms of I'Y,

be established for each process under consideration. This task requires a case-by-case

specific relations need to
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analysis, as the dependencies vary depending on the particular process involved.

1. ff, fb, bb
To establish the relationship between the matrix elements for processes involv-
ing the emission of an axion/photon during an atomic transition e; — ey, a key
proportionality can be defined [85]87,95|:
Yss, IM(ei = ef +a)]? 1gi W

= —-— 7. 5.b6
S Y, M(ei > s+ )P 2 €2 m? (5.56)

This equality is contingent on three fundamental approximations: 1) nonrelativistic
expansion of the interaction hamiltonians. 2) The separability of initial and final

states in spatial and spin wave functions. 3) The use of a multipole expansion for

M.
The photon emission can be well described by the electric dipole approximation
(e*X ~1):
(F1H7 |i) ~ —=2e (f 55 (& P +iS - (K x 8) i) .
~ —2¢(f| (¢- P) i , (5.57)
= —2iemew (f| (¢ X) |i) ,

where X, P, S are the electron’s position, momentum, and spin operators, respec-

tively.

For the axion emission, one needs to retain one more order:

. ix (7 5 W&
(L} i) ~ =200 (1675 (B P = 2P 5) i)

(5.58)

A
A

~ =2g0,% (f] (- X) (A~ $) = X - §)|i) .

where 71 is a unit vector in the direction of the axion momentum k.

The integration over the phase space of final states finds the same proportionality
as in (5.56)), which applies to the emission cross-sections as well:
olei+I—ep+I1+4+a) 1g2 W?

=-_=—. 5.59
to(e+1—ep+1+7) 2em? (5:59)

After convolving these with the appropriate densities of final states, the same
proportionality holds for thermal axion/photon emission rates:
I (w) _ 1ga, w?

=2 — —JaeZ - — ff fb, bb 5.60
I7'(w)  2¢8mg 00

because the kinematics are the same for axions and photon in the massless limit.
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Finally, we can explicitly cross-check this formula against the calculations present
in the literature for the case of free-free transitions. The photon production rate in
electron collisions with ionized nuclei of electric charge Z, and number density n,

including Debye screening in the Born approximation [96], is given by:

647  ngn
Pt _ 372 Zlte
[ (w) =a’Z

N 3\/ 27’(’ ﬁmgmo_ﬁ

e T F(w,y) (5.61)

where
F(w,y) = /OO dx me“”z/mﬂ O :
0 Vartu—z (12 4 y?)?
with y = ky/v/2m.T, where k, is the Debye screening scale. The axion production
rate can then be translated from . We obtain:

(5.62)

FP,E(M) _ a292 72 87 nzMe

wl 3 o \/Tm7/2we_w/TF<w7y) : (5.63)

2. e-e bremsstrahlung

The cross-section of photon bremsstrahlung in e-e collisions is zero in the electric
dipole approximation because the electric dipole moment of two colliding electrons in
the center of mass is zero. Photon emission occurs at the 4-pole level, which is much
more suppressed than the e-I bremsstrahlung (free-free electron transition) [97]. As a
result, Ffj’ee is often neglected for the conditions of opacities in the solar interior, or
included as an O(10~%) correction to I’ [98]. However, for the axion case, emissions
in e-e collisions are of the same order than in e-I collision [70] and thus has to be

included. The emission rate was computed by Raffelt [70,99]:

4/ n?
Pee 2 2 e —w/T
', =a‘g,, 3 \/_ Z/2 € F(w7 \/§y) , (5.64)

where F(w,/2y) is given by (5.62).

3. Compton scattering

In the non-relativistic limit, the cross section for the photo-production of axions in

Compton-like scattering is given by [90L/100]:

2 2
ags.w
OCa = 5.65
@ 3m (5.65)
Consequently, the production rate is:
PC ag? w?  ne
Y (w) = —= (5.66)

3m2 ew/T —1°
It’s worth noting that the cross-section for normal Compton scattering in the

non-relativistic limit is the Thomson cross-section:

8ra?

(5.67)

701 = B
e
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Therefore, the production ratio for Compton-like scattering processes is given by:

Lw) _ flwneoca

IY%w)  flw)nezoc,
0C,a

1 9
30Cy

22 2
ag;.w 6m:

Y

3mi 8ra?’
2?1 (5.68)

I

m2 Aro

glw? Am

m2 4mwe?’

2,2
JaeW

22
e?m?

It’s important to note the factor of 2 difference between the Compton and (/5.60))
production rates, indicating that Compton processes are relatively more efficient
than other processes (free-free, bound-bound, and free-bound) for emitting axions

compared to the photon emission rate.

5.2.3 Total axion production rate

Finally, with all the ingredients and their expressions at our disposal, we can derive
the total axion production rate step by step. To simplify the notation, we omit the explicit

dependence on w for clarity:

Ff — Ff’ﬂ + Ffvfb + Ff,bb + Ff,c + Pf,ee ,
(5.69)

1936002 P P,fb Pbb P,C Piee
= 5sog (DT TP 4 TP) 4 12C 4 rpe

note that we utilized ([5.60)) to arrive at the second line. Continuing the calculations, we

obtain:
_ 1g2w?

1 1
(F,];’H + Ff,fb + F’I;vbb) + *FP’C + 71‘\P,C + F(I;,ee ’

Ff 2a 2(1

T 9 e2m2
e e (5.70)

_ lggeWQ (FP,ff L [P pPBb FRC) 1 EFP,C 4 TPee
C2e2m2 V7 7 K 7 2 @

where we have utilized (5.68) in the second line. Now, using the relation for photon
production and absorption of ([5.55)), we find:

1g2 w? 1
P _ *Yae AfE A,fb A,bb AC\ ~w/T | *pPC Pee
r, = 5 o2 (F,y + I+ T+ 17 ) e + 2Fa +1I, (5.71)



Chapter 5. Solar Azion Production 108

Now, to consult the photon opacities libraries, we express the total production rate in a

form that evokes ((5.53)). For this purpose, we obtain:

1 g2 w? 1—e /T
P _ ~Jae At A,fb A,bb AC —w/T ~1PC P,ee
L = G (TFTH TP T T = e/t o T e,

2 2 A,C
_ lgaew (1—\174,&+F$,fb+rél,bb+ Fw )e—w/T

C2e2m? 1—e /T
1 e /T PC | pP
(1= v ree D.72
+2 <1 1_€w/T> Fa +Fa Y ( )
1 ggeUJQ k’(OJ) —w/T 1 1 PC Piee
_iengl—e—W/Te +2(1_ew/T—1)Fa L

1g2w? k(w) 1 (e“/T -2

2 \ew/T — 1

= FP’C FP,ee )
2e2m2e/T —1 2 ) « Tla

The total solar axion flux from the Sun is obtained by integrating the total axion production

rate 'Y’ times the phase space density over the volume of the Sun. This results in the
expression:

do 1 4w

a _ dV I'?(w), 5.73

dw 47 R%, .., Jsun (2m)3" ¢ () (5:73)

where T'V'(w) depends on the position in the Sun due to its reliance on local plasma

characteristics such as temperature (7'), mass density (p), and the mass-fraction of the
chemical element Z (X 7). The latter is taken to be dependent solely on the radial position

within the Sun and provided by a solar model.
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Total
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Figure 13 — Total solar axion flux due to ABC reactions (for g,. = 107'%) and to Primakoff
conversion (for g,,, = 107'?) scaled up by a factor 50 to make it visible. The
different contributions are shown as red lines: Atomic recombination and
deexcitation (FB+BB, solid), Bremsstrahlung (FF, dot-dashed) and Compton
(dashed). |72]
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6 Solar Axion Detection

In contrast to conventional particle physics experiments, the detection of axions
necessitates unique and specialized techniques. In 1983, Sikivie [101] proposed two highly

effective methods for searching invisible axions:

e The axion heliscope: employed for the detection of solar axions.

e The axion haloscope: employed for the detection of axions from hypothetical dark
matter (DM) halos.

Despite our specific interest in solar axions, both of these experimental approaches share
a common principle: leveraging coherent effects across macroscopic distances and/or

extended durations to enhance axion detection.

Sikivie’s proposal introduced a crucial concept that, in retrospect, may seem
evident, owing partly to the manner in which this work has been presented. During that
period, the prevailing notion was that axion detection experiments entailed the production
of axions within a laboratory setting. However, Sikivie showed that we could use natural
sources of axions — namely, the Sun and the Big Bang — exploiting their inherent

efficiency and concentrating the search efforts solely on the detection phase.

Due to the exceptionally high fluxes of natural axions, helioscopes and haloscopes
typically exhibit much greater sensitivity than their purely laboratory-based counter-
parts. However, it is crucial to note that their luminosities are also susceptible to larger

uncertainties, especially in the case of DM.

Many experiments designed to investigate the effects of axion coupling to SM
particles also exhibit sensitivity to ALPs. This characteristic enables axion experiments
to uncover ALPs beyond the conventional axion, which arise quite naturally in exten-
sions of the SM. Unfortunately, the potential overlap in signals makes it challenging to
unequivocally attribute a discovery in one experiment solely to the existence of purely
QCD axions. In such instances, the necessity arises for a multitude of distinct signals to
discriminate between axions and ALPs. Despite this complication, the diverse array of
ongoing experiments and the continual emergence of new ones suggest that, in certain
scenarios, it may be feasible to distinguish and identify a discovery specifically linked to
QCD axions.

Moreover, there exists a category of low-mass, very weakly coupled particles that
share numerous theoretical and phenomenological aspects with axions and ALPs. These

particles, such as dark photons and other Weakly Interacting Slim Particles (WISPs), can
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often be investigated using the same experimental setups. It is noteworthy that the search
for ALPs through conventional High-Energy Physics (HEP) tools, such as accelerators, is
suitable only for very high masses (on the order of MeV or more), a range largely excluded
for QCD axions.

Both primary mechanisms of axion production within the solar interior, namely
Primakoff conversion and ABC reactions, yield distinct peaks in the keV range (see Fig.
[13)). Specifically, Primakoff conversion exhibits a peak around 3 keV, while ABC reactions

manifest a peak at approximately 1 keV.

6.1 Axion Helioscopes

The axion helioscope stands out as the primary technique for the exploration
of solar axions, relying on the conversion of axions into X-ray photons within powerful
laboratory magnets. This conversion process, known as the inverse Primakoff conversion
or axion-photon oscillation, represents the reverse of the process outlined in ([5.1.1]).

Consequently, the detection hinges on the coupling parameter gg.-.

In helioscopes, the standard approach involves considering only the Primakoff
component of the solar axion flux. This choice maintains broad generality across models
and yields significant constraints on g,,, across a wide range of masses. It is noteworthy
that all helioscope experiments conducted to date were conceived prior to Redondo’s work
on the ABC flux [72]. By focusing solely on the Primakoff component, the total solar
axion flux can be found in Fig/l4]

It is crucial to note that signals from non-Primakoff axions in helioscopes depend
on the corresponding product of couplings, and typically, they do not pose a challenge to
astrophysical limits. However, this scenario may undergo a transformation in the near
future, as anticipated improvements in experimental sensitivities, as seen in upcoming
helioscopes like TAXO, are expected to surpass astrophysical limits on g,.. This opens
up the exciting prospect of probing a compelling set of non-hadronic models, such as the
DFSZ model.

6.1.1 Intricacies of the axion helioscope

Utilizing the avy~y vertex once again, solar axions can efficiently convert back into
photons in the presence of a strong magnetic field. When the background field is static,
the energy of the reconverted photon matches that of the incoming axion, resulting in an
anticipated flux of detectable X-rays with energies in the range of a few keV. In ([5.1.1]),
we computed the probability of photon-to-axion conversion in a transverse magnetic field

B over a length z. It is crucial to recognize that, via crossing symmetry, the probability



Chapter 6. Solar Azion Detection 111

[10*keVyear ! m2]

d¢
dE

Lo by vy by v by v vy g Ly w o

0 1 2 3 4 5 6 7 8 9 10
E [keV]

Figure 14 — Solar axion flux spectra at Earth by the most generic situation in which
only the Primakoff conversion of plasma photons into axions is assumed (for
Jary = 10712) [102].

of axion-to-photon conversion is the same as photon-to-axion:
Pla —v)=P(y—a). (6.1)

A commonly referenced formula for helioscopes is provided in [101},103,/104]:

17 Jary 20 BN\ LN
P =2 10~ = L 2
(@) =26x 10 (s ) (o) () Z@B 62
where F(q, L) is the homogenous B-field form factor defined as:

2\° . ,qL

and ¢ is the difference between the photon and axion wave numbers, which in the relativistic

limit and in vacuum can be written as:

Coherent conversion along the whole length gives F = 1, a condition met when gL < 1.
Utilizing the ¢ approximation, the coherence condition for solar axion energies and a

magnet length of approximately 10 m is satisfied for axion masses m, < 1072 eV.

However, for higher masses, F decreses as (2/qL)? o< 1/m, resulting in a decrease
in the conversion probability and, consequently, a reduction in the experiment’s sensitivity.
To counteract the loss of coherence, a buffer gas can be introduced into the magnet beam

pipes [105,/106] to impart an effective mass to the photons:

(6.5)
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where w,, is the plasma frequency of the gas and is defined by:

5 4man,
w, = ,
me

(6.6)

being n, and m, the electron density and mass, respectively.

When the axion mass matches the photon mass, ¢ = 0 and the coherence is restored.
By systematically adjusting the pressure of the gas within the pipe, the photon mass can

be controlled, allowing for an increase of sensitivity to higher axion masses.

In this setup, in the event of a positive detection, helioscopes have the capability
to determine the value of m,. Even in a vacuum, m, can be determined from the spectral
distortion caused by the initiation of ALP-photon oscillations in the helioscope, particularly

in the low-energy part of the spectrum. This phenomenon can be detectable for masses
down to 1072 €V, contingent upon the intensity of the signal [107].

The configuration of a helioscope entails a robust magnet linked to one or more

X-ray detectors. In contemporary iterations of the concept (see Fig, an extra focusing
stage is incorporated at the conclusion of the magnet. This stage serves to concentrate

the signal photons, thereby enhancing the signal-to-noise ratio. When the magnet is

aligned with the Sun, an excess of X-rays at the detector is expected, contrasting with
the background measurements taken during non-alignment periods.

X-ray optics
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Figure 15 — Conceptual layout of a modern helioscope [108]

6.1.2 Experimental History and Development

The first experimental realization of the axion helioscope took place at BNL
(Brookhaven National Laboratory) in 1992. This first-generation experiment featured

a stationary dipole magnet with a magnetic field strength of B = 2.2 T and length of
L = 1.8 m. Positioned towards the setting Sun |109], this configuration established the
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initial upper limit:
Gy < 3.6 x 1077 GeV ™ | (6.7)

for m, < 0.03 eV at 99% C.L. (Confidence Level).

In 1998, the University of Tokyo introduced a second-generation experiment known
as the Sumico axion helioscope. This configuration incorporated dynamic tracking of
the Sun, a more potent and larger magnet with B = 4 T and L = 2.3 m. Technical
enhancements included evacuating the bore, the region between the two coils of the
magnet, and installing higher-performance detectors [83[84,[110]. These improvements
substantially augmented the experiment’s sensitivity, establishing an improved upper
limit:

Jary < 6.0 x 10710 GeV ™| (6.8)
for m, < 0.03 eV at 95% C.L.. Subsequent advancements involved the introduction of a

buffer gas to enhance sensitivity at higher masses.

The most important and restrictive helioscope to date is a third-generation experi-
ment: the CERN Axion Solar Telescope (CAST), which started data collection in 2003. In
its configuration, a dipole prototype magnet from the LHC with B up to 9 T and L = 9.3
m was employed [111]. The magnet, equipped with elevation and azimuth drives, enables
solar tracking for several hours per day (see to Fig.

Figure 16 — Picture of the CAST experiment setup. Credit: M. Rosu/CAST collaboration,
CERN.
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The CAST experiment stands out as the first to incorporate X-ray focusing optics
for one of its fours detector lines [112], along with low background techniques from

detectors in underground laboratories |113].

Its main observational program happened in the period of 2003-2011:

e (2003-2004): Operated first with the magnet bores in vacuum and obtained:
Jayy < 88 x 107 GeV ™' | (6.9)

for m, < 0.02 eV at 95% C.L. [103,/104].

e (2005-2011): Upgraded to be operated with buffer gases of “He (2005-2006) and 3He
(2008-2011) to obtain continuous, high sensitivity up to m, = 1.17 eV, during this

period the experiment obtained an average upper limit:

Gary $2.3x 10710 Gev !, (6.10)
for 0.02 eV < m, < 0.64 eV at 95% C.L. [106,114] and

Jary $3.3x 10710 Gev !, (6.11)

for 0.64 eV < m, < 1.17 eV at 95% C.L. [115].

In the period from 2013 to 2015, CAST revisited the vacuum phase, implementing
improved detectors and novel X-ray optics. These enhancements resulted from extensive
research and development efforts conducted in preparation for the next-generation axion
helioscope, the TAXO (International Axion Observatory). Notably, one of the detection
lines, named the TAXO pathfinder system [116], marks the first instance where both
low-background techniques and a newly designed X-ray optics, purpose-built for this
endeavor, are combined. This system enjoys an effective background count rate of 0.003

counts per hour in the signal region.

The outcome of this phase represents the most stringent experimental limit on

gay'y:
Jary < 0.66 x 1071 GeV™ | (6.12)

for m, < 0.02 eV at 95% C.L [117].

CAST has marked a significant milestone as the first helioscope with sensitivities
t0 gaysy values belows 107! GeV~! and has rivaled the strongest limits from astrophysics
on this coupling (see Table. This limit is derived from the properties and evolution of
horizontal branch (HB) and red giants (RG) stars in 39 globular clusters (GCs) [62]:

Gayy < 0.65 x 10710 GeV ! (6.13)



Chapter 6. Solar Azion Detection 115

This outcome leads to a highly promising and intriguing conclusion: the long-called
invisible axion may not be too far from becoming visible. For a more direct overview of
the experimental parameters and their evolution across generations, see Table [2| and the

limits on g,,, are meticulously illustrated in Fig/I7]

Helioscope Experiments

Experiment | Status B (T) L (m) A (cm?) | Focusing | g0
Brookhaven | Past 2.2 1.8 130 No 36
SUMICO Past 4 2.5 18 No 6
CAST Ongoing 9 9.3 30 Partially | 0.66
TASTE Concept 3.5 12 2.8x10% | Yes 0.2
18]
BabylAXO | In con- | ~ 2.5 10 2.8 x10% | Yes 0.15

struction
IAXO [108] | In design | ~ 2.5 22 2.3x10* | Yes 0.04
119

Table 2 — Evolution of Heliscopes. The last column represents the sensitivity achieved in
Jary I terms of an upper limit on g19 = 10'° X g4y .
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Figure 17 — The most stringent upper limit established by CAST and future experimental

prospects [68].

As illustrated in Figl[17] in the region of higher axion masses (m, 2 0.1 €V), the

experiment has ventured into the band of QCD axions and excluded KSVZ axions for
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those specific values. However, this result is not surprising, given that the m, ~ eV region

had already been excluded by astrophysical bounds.

Beyond this main result, CAST has also explored other axion production channels
in the Sun, enabled by the g,. and g,n. As previously stated, in these scenarios, helioscopes
provide limits to the product of g,,, and the corresponding coupling. A more detailed
view of these limits is provided in Fig[23]

All helioscopes thus far have primarily relied on repurposing existing equipment,
particularly the magnet. CAST, in particular, benefited from the availability of the first-
class LHC test magnet, even though it was not specifically designed for CAST itself. There
appears to be substantial room for improvement in sensitivity beyond CAST by designing
a dedicated magnet optimized to maximize a parameter known as the helioscope magnet’s

figure of merit, defined as:
fu = B*L*A | (6.14)

where A is the cross-sectional aperture area, as detailed in Table [2|

Enhancing the value of f); obtained by CAST is only feasible [10§] through a
radically different magnet configuration with a much larger A, which in the CAST magnet
is only 3 x 1073 m?. However, for fj; to directly translate into an improved signal-to-noise
ratio of the overall experiment, the entire cross-sectional area of the magnet must be

equipped with X-ray focusing optics. This forms the foundational layout for the TAXO.

6.1.3 Future of Helioscopes

[AXO, currently in the design stage, represents the next generation of axion
helioscopes. The objective of the experiment is to search for axions with a signal-to-noise
ratio some 10° times better than CAST, aiming to reach gu,, ~ 107'* GeV~!. Building
upon the experience gained from CAST, IAXO plans to construct a new large-scale
magnet optimized for axion searches, incorporating extensive focusing and low-background

techniques.

The central component of TAXO is a new superconducting magnet that, in contrast
to previous helioscopes, adopts a toroidal multibore configuration [120] to effectively
generate an intense magnetic field over a large volume. The design envisions a 25 m
long and 5.2 m diameter toroid assembled from 8 coils, effectively generating an average
(peak) magnetic field of 2.5 T (5.1 T) in 8 bores of 600 mm diameter. This represents a
remarkable 300-fold improvement in f3; compared to the CAST magnet, with the toroid’s
stored energy amounting to 500 MJ. The design draws inspiration from the ATLAS barrel
and end-cap toroids [121,122], the largest superconducting toroids built and presently in
operation at CERN.
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Beyond the magnet, several improvements are anticipated in optics and detector
parameters. However, the intricate details of these technologies are beyond the scope of

this work.

The initial phase towards IAXO, already under construction, is the BabyIAXO
experiment. This scaled-down version of IAXO features a magnet only 10 m long with

a single bore of 600 mm diameter. The expected sensitivity throughout the parameter
space is illustrated in Fig[I7]

6.2 Underground detectors

Axions can also interact with matter through their couplings with electrons or
nucleons. One notable mechanism is the axioelectric effect [1234126], where solar axions
could generate visible signals in ionization detectors. Utilizing this technique to search
for solar axions produced by g,. processes is particularly attractive, as the final signal

depends solely on g,., enabling robust limits to be set on this coupling.

Several large liquid xenon detectors designed for dark matter WIMP detection, such
as XMASS [127], XENON [128-130], PANDAX-II [131] and LUX [132], have conducted
searches for solar axions as a byproduct of their experiments. Despite the most competitive
result to date achieved by the XENONnT experiment, which has not yet surpassed 10~
in gqe, the result value is still considerably larger than the astrophysical limits presented
in Table.. Due to the mild dependency on exposure g,. oc (MT)~'/4 (being M the mass
and T the exposure time), even the future DARWIN detector, with a target mass of 50

ton of liquid xenon, is expected to fall short of reaching these limits [133].

While these conventional detection techniques may still be a bit distant from
achieving the necessary astrophysical upper limits, understanding how these experiments
work and exploring the latest results is crucial. Our focus will be on the results from the
XENON collaboration, specifically the XENONI1T and XENONnT experiments.

6.2.1 XENON experiment

The XENON experiment features a time projection chamber filled with liquid
xenon (LXe TPC), as illustrated in Fig[18 A time projection chamber is a detector in
particle physics that combines electric and magnetic fields with a sensible gas or liquid to
reconstruct particle trajectories or interactions in three dimensions. Originally designed to
detect DM WIMPs, the XENON experiment, due to its low background rate, substantial
target mass, and low energy threshold, is also sensitive to solar axions. Positioned under a
mountain, as is common in particle physics experiments, the XENON experiment benefits

from background shielding.
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Figure 18 — Illustration of a particle interaction in a LXe TPC. Found in: Sid El Moctar
AHMED MAOULOUD / LPNHE GDR, June 1st, 2021

Currently in its fourth generation, the XENON experiment has undergone sig-
nificant improvements over the course of its development. Notably, these improvements
include a larger target mass and lower background rates, as detailed in Table 3] We will
delve into the results and details of last two generations, the XENONIT and XENONnT.

XENON generations
Parameters XENON10 XENON100 XENONIT XENONnT
Operation 2005-2007 2008-2016 2012-2019 2020-2026
Xe mass tar- || 14 kg 62 kg 2t 5.9t
get
Cross-section || ~ 107 cm? | ~ 107 em? |4x 107 cm? | 1.4 x 107%
sensitivity cm?
Background ~ 2 x 10° 1.8 x 10° 82 16.1
ER
events/keV.t.y

Table 3 — The evolution of XENON experiment

In the XENON experiment, a particle interaction within the detector generates two
distinct signals: a prompt scintillation signal (S1) and a delayed electroluminescence signal
(S2). These light signals are detected by arrays of photomultiplier tubes (PMTs) positioned
on the top and bottom of the active volume. They play a crucial role in determining the

deposited energy and the interaction position of an event. Accurate determination of the



Chapter 6. Solar Azion Detection 119

event position is essential for eliminating background events occurring near the edges
of the target volume, such as those originating from radioactivity in detector materials,

through a process known as fiducialization.

The ratio of S2 to S1 (S2/S1) is employed to differentiate electronic recoils (ERs),
produced by sources like gamma rays or beta electrons, from nuclear recoils (NRs),
generated by particles such as neutrons or WIMPs. This ratio allows for a degree of
particle identification. The capability to determine the scatter multiplicity further aids
in reducing background events, as signals are expected to exhibit only a single energy
deposition. Since most background events are ERs, the primary objective of the experiment,
when investigating the hypothesis of solar axions, is to detect an excess of events over the

known background.

As their mass is significantly below the keV range, dark matter axions from the
primordial Universe are not observable by any XENON experiment. However, as mentioned

earlier, solar axions have production rates that peak at low keV energies, precisely within
the sensitivity range of both XENONIT and XENONnT.

Both ABC and Primakoff axions could be detected in XENON via the axioelectric
effect, which is the axion analog to the photoelectric effect. The cross-section for this

effect scales with the axion-electron coupling g,. and is given by [85]87,(134]:

2 g2 2/3
Oge = O Jae _Ta (1 - ﬁ) : (6.15)

« T U 16mam? 3

where § and E, are the velocity and energy of the axion, respectively, a is the fine

structure constant, and m, is the mass of the electron.

6.2.1.1 XENONLIT results

In 2020, the XENON collaboration reported [129] an excess over known background
at low energies (see Fig[L9), most notably between 2—3 keV, in the XENONIT experiment.

The solar axion model showed a significance of 3,40 over the background, and a
three-dimensional 90% confidence surface was presented for axion couplings to electrons,

photons, and nucleons. This surface is enclosed within the cuboid defined by:

Jae < 3.8 x 10712
GaegH < 4.8 x 10718 (6.16)
GaeGayy < 7.7 % 10_22 GeV_l .
Another plausible explanation for the reported excess was a potential tritium (*H) con-

tamination, favored at 3.20 when compared to background. The amount of tritium needed

to account for such an excess is exceptionally small, corresponding to a tritium-xenon
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Figure 19 — Detected events in XENONI1T. Red line represents the expected background
events |129).

ratio of: .

H
o = (6:242.0) x 10~*mol /mol . (6.17)

Both fits can be visualized in Fig[20]
As evident in the Fig21, XENONIT did not solely establish an upper limit on

solar axion couplings but rather defined a region where solar axions would need to exist
to explain the observed excess. While this may seem intriguing initially, it is crucial to
note the simultaneous presence of astrophysical upper limits in the same figure, which
directly conflict with this hypothesis. The figure also displays upper limits from other

collaborations and experiments, including CAST.

This conflict with astrophysical bounds largely excludes the possibility of solar
axions being the explanation for this result. Accepting such an explanation would imply
inconsistencies in stellar evolution, a field with robust and well-established results. There-
fore, the most plausible explanation remains the tritium contamination, a hypothesis that
was further tested by the XENONNT experiment.

6.2.1.2 XENONNT results

In 2022, the XENON collaboration reported the XENONNT first science run [130].
The excess observed in the XENONI1T experiment, when modeled as a 2.3 keV mono-
energetic peak, is excluded with a statistical significance of ~ 40, as depicted in Fig[22] This

outcome aligns with expectations given the astrophysical conflict and further supports
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Figure 20 — Detected events in XENONIT. Red line represents the expected background
events |129).

the hypothesis of tritium contamination, which at XENONnT was confirmed to not be

present.

The new upper limits on g, and g4, are presented in Fig.. In this figure, it is
evident that there is no longer an astrophysical conflict, and it is also apparent that these
limits have not yet been surpassed. However, as indicated in Table [3| the XENONnT

experiment is still in progress and is expected to conclude in 2026.

6.2.2 Primakoff-Bragg conversion in crystalline detectors

Axion-photon conversion can also occur in the atomic eletromagnetic field of
materials, particularly in crystalline media where the periodic nature of the electronic
structure imposes a Bragg condition. This condition implies that the conversion is co-
herently enhanced if the momentum of the incoming particles matches one of the Bragg
angles [135/|136]. This concept has been applied to search for solar axions with crystalline
detectors [137]138].

The Earth’s rotation induces a continuous variation of the angle between the
incoming direction of axions and the crystal plane, resulting in distinct and sharp energy-

and time-dependent patterns in the expected signal in the detector. This characteristic
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Figure 21 — Parameter region for axion couplings constraints in XENONI1T experiment.
1129].

pattern can effectively help identify a potential signal over the detector background.
One advantage of this technique is its ability to be utilized as a byproduct of ongoing
low-background underground detectors, provided they have a low enough threshold and

the orientation of the crystal plane is (at least partially) known.

After its initial application with small germanium (Ge) detectors by the SOLAX
and COSME experiments, this technique has also been employed as a byproduct
in experiments such as DAMA [141], CDMS [142], and EDELWEISS [143]. It is also
foreseen as part of the physics program of experiments like CUORE , GERDA, and
MAJORANA [145]. However, in the mass range where helioscopes achieve full coherent
conversion of axions, this technique’s prospects are not competitive . The most
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stringent result to date comes from DAMA, which sets a limit at 90% C.L.:
Gy < 1.7 x 107 GeV™1. (6.18)

It’s important to note that this limit is less stringent than the limit derived from solar
physics itself, indicating that these bounds are not yet self-consistent. While future results,
such as those from [144], may improve upon this, even with future multiton target masses,
this technique may not reach sensitivity to g, similar to current helioscopes [146|. For
higher masses above ~ 1 eV, where the sensitivity of helioscopes diminishes, this technique
surpasses the former; however, this parameter region is disfavored by astrophysics and

cosmology, as explained earlier.
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7 Conclusion

After reviewing the theoretical foundations, production mechanisms, and detection
strategies for solar axions, it is evident that these particles have been increasingly gaining
focus in particle physics through the course of the last four decades. As the favored
resolution to the strong CP problem, axions (and more broadly, ALPs) are not only driven
by theoretical considerations but are also supported by a diverse array of astrophysical and
cosmological arguments, which have seen substantial development in recent years. These
arguments extend to models involving inflation, dark radiation, and dark energy. Crucially,
axions and ALPs emerge as compelling candidates for constituting a fraction or all of the
elusive dark matter in the Universe, especially given the absence of positive results in
searches for WIMPs, making axions increasingly pivotal in unraveling the mystery of dark

matter.

In the realm of astrophysics, axions and ALPs, in contrast to WIMPs, assume
significant roles. Certain astrophysical observations already suggest the possible existence
of these particles. Furthermore, the detection possibilities offered by axions produced in
stellar interiors, such as solar axions, present unique detection opportunities, exemplified

by axion helioscopes, which lack analogs for WIMPs.

The advantageous aspect of having numerous plausible BSM theoretical frameworks
that naturally predict axions or ALPs is underscored. The theoretical framework explored
in this study readily finds applications in diverse fields such as SUSY, GUTs, and string
theory.

While axions were traditionally considered invisible due to their extraordinarily low
couplings, recent developments suggest that we are approaching a juncture where axions
may no longer remain elusive. The surge in the intensity and diversity of experimental
efforts to detect axions is noteworthy. Established detection techniques are now being
challenged by next-generation experiments with ambitious sensitivity goals, presenting
substantial prospects for transformative impacts on the field. We are on the brink of

delving into the intriguing region below astrophysical constraints.

In conclusion, we argue that the robustness of the axion-ALP paradigm today
underscores the imperative to pursue their experimental detection as a major goal in
particle physics. Should axions indeed exist, there is a realistic chance of their positive
detection in the near future. Such a discovery would represent a groundbreaking moment,
reshaping the trajectories of particle physics, cosmology, and astrophysics on a grand

scale.
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APPENDIX A — Noether's Theorem

Noether’s theorem is a fundamental principle in physics that establishes a profound
connection between symmetries in a physical system and the corresponding conservation
laws. Named after the pioneering mathematician Emmy Noether, who formulated it in
1915, the theorem has become a powerful guide in various branches of physics, including
quantum mechanics and general relativity. Its implications have significantly improved

our understanding of the universe.

At its core, Noether’s theorem provides a powerful method for identifying conserved
quantities, such as energy, momentum, and angular momentum, in diverse physical
systems. This theorem highlights the deep relationship between the symmetries inherent
in a system’s laws and the unchanging quantities that emerge from those symmetries.
Consequently, Noether’s theorem stands as a fundamental tool, shedding light on the

underlying laws that govern the behavior of the universe.

Noether’s theorem is derived from the general properties of the action, as well as

its invariance. To begin, let’s define the functional action as follows:

S(rm o)) = [ d'e £6.0,0) . (A1)

where the action must be real to conserve total probability. It provides the classical
equations of motion, in which are at most 2nd order in derivatives. The action is invariant
under Poincaré group, a fundamental symmetry group in physics encompassing translations
and Lorentz transformations. Additional symmetries, such as gauge symmetries, can be
imposed if necessary, although this may not always be required. Despite the action having
units of angular momentum, in natural units where A = 1, the action S is dimensionless.

Making a small variation d¢ on the field, the action varies as follows:

_ (" (™ o |9 oL
55_/T1 da:éﬁ—/ﬁ d'z [8¢6¢+8[6u¢]5(0“¢) . (A.2)

In this case, there are no variations on the space-time variables z#, so that the variation
0(0,,¢) simplifies to:
0(0u¢) = 9u(69) , (A.3)
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utilizing this relation, we obtain:

o5 = [ d'a [ 00+ g0
- [ 56 - e 2o+ LT e 0] "
- L7 (55 2ata) e L o] |

If §¢(0) = 0, the surface term vanishes. Utilizing the principle of minimum action 65 = 0,

we arrive at the Euler-Lagrange equation:

5 0L L
"0[ouel 09

We have reached a significant result, but this is not enough to derive the theorem. To do

~0. (A.5)

so, we must also consider variations in  (dz) and in the integration variable d'x. The

variation of the integration variable is given by the Jacobi formula:
0 (d'z) = d'x (9,00") (A.6)

with these considerations, the variation of the action becomes

59 = (/ d'z [0, (62'L +6L)] . (A7)
where
5L = 6249,L + 8oL
oL oL (A.8)
— Sk hdad
ox 8M£+ a¢50¢+ [ M¢]50 u¢7

and dq is the functional variation

do [aMb] = [507 au}(b + (9“5(@ )

(A.9)
— 3H60¢ .
Putting it all together and utilizing the chain rule, we obtain:
oL oL oL
0L = 62P0,L + Op==——| 000+ 0 A.10
56~ a5+ (o) - @0

note that the second term is equivalent to the equation of motion found in[A.5 Conse-

quently, this term vanishes as

oL oL
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Therefore, we obtain:

58 = / ® di [Eﬁuéx“ + 82, L + B, ( oL ]50(;5)]

i or 9109 (A.12)
= [ dzo l/:(sxﬂ L) ]
. o 10,9
Utilizing
0 =g+ 0x"0, = 69 = 0 — 020, , (A.13)
we reach: or
0S = / " O lﬁdx“ + (0o — 6x98p¢]] :
g 0[0,9]
T or or (A.14)
- [ a - S 56| .
[ 00| (2~ 5 5000) 3+ 5]
Writing the variations of the coordinates and the fields in terms of the global parameters
P
oxf = ﬁéw ,
5;” (A.15)
(5¢ - ’
the variation of the action can be expressed as:
72 oL (5:1:” oL ¢
= 4 . “. Al
o5 = [t 0| (05~ 55 500) 525 i) (410
At this point, we can define the Noether current j# as:
. oL oxP oL 0¢
H=_ i 0 — . A7
T [Egp 90,9 ”4 St 0[0,9] 0 (A.17)

If the action is invariant under the small variation d¢, i.e., S = 0, then the Noether

current is conserved. This implies:
Ough =0 . (A.18)

In the case where 0.5 # 0, the action is not symmetric under the variation, and consequently,

the corresponding Noether current is not conserved

0" #0 . (A.19)

In the case where there is no variation in the space-time variable, dx” = 0, the Noether

current simplifies to:

. oL ¢
b _ e
which leads to: or s
e ()

_ o (9L ) 9 oL . o6
M\ 00,¢] ) dwe  9[0,0] Mows
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Since 0x? = 0, accordingly to[A.13] the variation operator simplifies to 0 = dp, and we

obtain:

Wy 0L\ & OL . o
Oule = (a”a(am)) Sowt  9(0,9) " ywr
 [ocse | oL &
B l@gﬁ ot (0,9) g 9] -

where we utilized the equation of motion to get to the second line. Therefore for 6.5 # 0,
0¢ # 0 and oz = 0, we reach:

(A.22)

oL
dw®
Now, assuming that we have identified a set of transformations that maintain the invariance

e = (A.23)

of the action, this leads to:
uje =0 (A.24)

Expressing this in terms of the complete variation of the action, we obtain:

T2 +oo
0= / dr / dz® d,j"
T1 —00
T +o0o T +o0 .
= / * da® a/ d*z 50 +/ * da® / d*r 0,5 () , (A.25)

8$0 —00

T2 0 +oo T2 )
:/ dz @/ & j3+/ dz° j{j;(x)dai,

if we choose the suitable boundary conditions, the surface term vanishes

7{7 ji(@)do; =0 . (A.26)
Continuing the calculations, we obtain:
0= dx” (fco/_m P 0
" Lo * oo (A.27)
:/_OO d*x 7O (19, 1) —/_OO d*z 70 (1, 7) .

Finally, we can define an arbitrary charge
Qulr) = [ i) (A.25)
which is conserved q0, ; o

a '

At last, from 05 = 0, we have derived the existence of conserved charges.

In the realm of quantum theory, the direct reliance on classical equations of motion
fades away. Instead, the concept of current conservation transitions into the profound

framework of Ward’s identities, offering a nuanced perspective in quantum dynamics.

Noether’s theorem, despite this shift, retains its elegance and power. It seamlessly
links the inherent symmetries of a physical system to its conserved quantities. This
fundamental principle finds wide applications in contemporary physics, spanning from the

intricate realms of particle physics to the vast cosmic landscapes explored in cosmology.
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