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 1. Imperfect axions = CP violation & PQ breaking

 2. CP-violating axions and new macroscopic forces 

 3. PQ quality problem

 4. PQ quality from the interplay of GUT/flavor symmetries  
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The QCD axion
Strong CP problem Dark Matter
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The QCD axion
Strong CP problem Dark Matter

promote  to a dynamical field (axion) 
which relaxes to zero

θ
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Abbott, Sikivie ’83
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Harari, Sikivie ’87, …]
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 (non-thermal production)ΩDM

i) misalignment (axion oscillations) 

ii) topological defects: strings & domain walls 

[Peccei, Quinn ’77, Weinberg ’78, Wilczek ’78]
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The axion hunt
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• The QCD axion DM hypothesis could be tested in the next two decades
[https://cajohare.github.io/AxionLimits]



Back to PQ mechanism
• New spin-0 boson with a pseudo-shift symmetry
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• New spin-0 boson with a pseudo-shift symmetry
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I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe�cient µ

2 of the quadratic Higgs potential term,
the Yukawa couplings of the first family fermions he,u,d ⇠ 10�6

� 10�5 and the strong CP violating angle
✓ < 10�10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ

2) and (unlike he,u,d) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of ✓ independently of other “small values” problems is theoretically motivated.
Di↵erently from most of the other SM problems, which can often be addressed with a large variety of
mechanisms, basically only three types of solutions to the strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [2, 3]. The so-called Nelson-Barr (NB) type models [4, 5] either require
a high degree of fine tuning, often comparable to setting ✓ <

⇠ 10�10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7–10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the global U(1)PQ symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11–13].
Setting aside theoretical considerations, the issue if the PQ solution is the correct one could be set

experimentally by detecting the axion (in contrast, no similar unambiguous signature exist for NB models).
In order to focus axion searches, it is then very important to identify as well as possible the region of
parameter space where realistic axion models live. The vast majority of axion search techniques are sensitive
to the axion-photon coupling ga�� , which is linearly proportional to the inverse of the axion decay constant
fa. Since the axion mass ma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for specific models, can be conveniently presented in the ma-ga�� plane. The commonly adopted
“axion band” corresponds roughly to ga�� ⇠ ma↵/(2⇡f⇡m⇡) ⇠ 10�10 (ma/eV)GeV�1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14–16]. In this Letter we put
forth a definition of a phenomenologically preferred axion window as the region encompassing hadronic axion
models which i) do not contain cosmologically dangerous strongly interacting relics; ii) do not induce Landau
poles below a scale ⇤LP close to the Planck scale mP . While all the cases we consider belong to the KSVZ
type of models [17, 18], the resulting window encompasses also the DFSZ axion [19, 20] and many of its
variants [15].

II. Hadronic axion models. The basic ingredient of any renormalizable axion model is a global U(1)PQ

symmetry. The associated Nöether current must have a color anomaly and, although not required for solving
the strong CP problem, in general it has also an electromagnetic anomaly:
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Renormalizable UV Completion of SM Predicting Axion  

>  A singlet complex scalar field     featuring 
a global            symmetry is added to SM  

>  Symmetry is broken by vev 

§  Excitation of modulus:  

§  Excitation of angle: NGB 

>  Quarks (SM or extra) carry PQ charges                                           
such that            is anomalously broken 
due to gluonic triangle anomaly 
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[Peccei, Quinn ’77, Weinberg ’78, Wilczek ’78]• its origin* can be traced back to a global U(1)PQ 

*axions can also arise as zero modes from string theory compactification  [Witten PLB 149 (1984), … ]

[Vafa, Witten PRL 53 (1984)]

Back to PQ mechanism
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• New spin-0 boson with a pseudo-shift symmetry
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(path-integral measure positive definite for a vector-like theory, e.g. QCD)

[Vafa, Witten PRL 53 (1984)]

Back to PQ mechanism
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Imperfect axions
• Does the axion really relax to zero ? 

- PQ mechanism is imperfect already in the SM (due to CKM) 
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Axion-mediated forces, CP violation and left-right interactions
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We compute the CP-violating (CPV) scalar axion coupling to nucleons in the framework of baryon
chiral perturbation theory and we apply the results to the case of left-right symmetry. The correlated
constraints with other CPV observables show that the predicted axion nucleon coupling is within
the reach of present axion-mediated force experiments for MWR up to 1000 TeV.
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Imperfect axions
• Does the axion really relax to zero ? 

- PQ mechanism is imperfect already in the SM (due to CKM) 

- U(1)PQ is not expected to be exact (being a global symmetry)

3 Peccei-Quinn quality

After having obtained the U(1)PQ to arise accidentally in the renormalizable Lagrangian,
one should worry about possible sources of PQ breaking in the UV, which are often
parametrized via e↵ective operators suppressed by a cut-o↵ scale ⇤UV. A simple estimate
shows that U(1)PQ should be preserved by operators up to dimension d & 9, assuming
for instance ⇤UV ⇠ MPl and an axion decay constant fa ⇠ 109 GeV. This is obtained by
requiring that the energy density from UV sources of PQ breaking is about 10�10 times
smaller than the energy density of the QCD axion potential
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so that the induced axion VEV displacement from zero is hai /fa . 10�10, within the
bound from the neutron electric dipole moment (nEDM).

Interestingly, the gauging of SU(3)f provides some protection also beyond the renor-
malizable level. Given the field content in Table 1, we proceed to identify at which
operator level the U(1)PQ gets broken in the scalar potential. The lowest-dimensional
PQ-breaking operators are found to be:
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This classification can be easily understood in terms of the action of the Z4 ⇥ Z3 center
as displayed in Table 1: invariance under Z3 requires a number of fields that is a multiple
of 3 and after that one has to compensate powers in order to get a Z4 singlet. Of
course, it can be checked explicitly that such operators can be written in terms of lengthy
SO(10)⇥SU(3)f contractions.5 Note that the d = 9 operators �6
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• �10 can only develop electroweak scale VEVs, hence the Planck-suppressed operators
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[Bertolini, LDL, Nesti 2006.12508 
PRL126 (2021)]• From LO bary-meson chiral Lagrangian

2

cleons in terms of new sources of CP violation be-
yond the SM. This is done in the framework of the
baryon chiral Lagrangian that allows us to compute
all contributions of meson tadpoles and ✓e↵ at once,
as well as isospin-breaking e↵ects. In comparison to
previous works [11, 18–20], the contributions of the
pion tadpole induced by the QCD dipole operator
was estimated in [18] by naive dimensional analysis
and in [19] using current algebra techniques, while
isospin breaking was considered in [20] for ✓e↵ with-
out meson tadpoles. Our result is general and can be
systematically applied to any bosonic representation
of P and CP violating e↵ective operators induced in
extensions of the SM.

We detail our approach in the case of e↵ective
operators from RH currents, and then apply the re-
sults in the minimal Left-Right symmetric model
(LRSM) endowed with a PQ symmetry and P-parity
as LR symmetry. This is an extremely predictive
and motivated case for neutrino masses and addi-
tional CP violation, with an active collider physics
program [21]. We build on the approach detailed in
Ref. [22], which presented a study of the kaon CPV
observables ", "0 and the nEDM (dn) in minimal LR
scenarios. It was found there that the embedding
of a PQ symmetry relaxes the lower bound on the
LR scale just at the upper reach of the LHC. In this
work we show that the present search for the scalar
axion coupling to nucleons provides correlated and
complementary constraints, with a sensitivity to the
LR scale stronger than other CPV observables. Re-
markably, for a non-decoupled LR-scale we obtain

a lower-bound on the gaN coupling, thus setting a
target for present axion-mediated force experiments.

CPV axion couplings to matter. Including both
CP-conserving and CPV couplings, the axion e↵ec-
tive Lagrangian with matter fields (f = p, n, e) reads

Laf = Caf
@µa

2fa
f�

µ
�5f � gaf aff , (5)

where the first term can be rewritten in terms of
a pseudoscalar density as �gaf afi�5f , with gaf =
Cafmf/fa. For protons and neutrons the adimen-
sional axion coupling coe�cients are [23]

Cap = �0.47(3) + 0.88(3) cu � 0.39(2) cd �Ka (6)

Can = �0.02(3) + 0.88(3) cd � 0.39(2) cu �Ka , (7)

where Ka = 0.038(5) cs +0.012(5) cc +0.009(2) cb +
0.0035(4) ct, and where the (model-dependent)
axion couplings to quarks cq are defined via

the Lagrangian term cq
@µa
2fa

q�
µ
�5q. The axion

mass and decay constant are related by ma =
5.691(51)

�
1012 GeV/fa

�
µeV [24, 25].

The origin of the CPV scalar couplings to nucle-
ons gaN (N = p, n) can be traced back to sources
of either PQ or CP violation. These generically
lead to a remnant ✓e↵ 6= 0 which induces CPV cou-
plings. One finds in the isospin limit of the matrix
element [11]

gaN =
✓e↵

fa

mumd

mu +md

hN |uu+ dd|Ni

2
, (8)

gaN =
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fa
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◆
, (9)
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1

2
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fa

mumd

mu +md
hN |uu+ dd|Ni '

1

2
✓e↵

✓
17 MeV

fa

◆
(10)

where the 1/2 factor was missed in [11] (see
also [20]). A shortcoming of Eq. (10) is that CPV
physics can induce not only ✓e↵ , but also shifts the
chiral vacuum, inducing tadpoles for the ⇡

0, ⌘0, ⌘8
meson fields. These in turn yield extra contribu-

tions to gaN , as to other CPV observables such as
dn. A derivation of gan,p taking all these e↵ects con-
sistently into account is here obtained in the context
of the baryon chiral Lagrangian with axion field, de-
tailed in [22]. We find
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where for clarity we neglectedmu,d/ms terms. Here, B0 = m
2

⇡/(md + mu) while the hadronic La- due to meson tadpolesgS
N ∝⟋ dn

[Moody, Wilczek PRD 30 (1984)
Barbieri, Romanino, Strumia hep-ph/9605368
Pospelov hep-ph/9707431
Bertolini, LDL, Nesti 2006.12508
Okawa, Pospelov, Ritz 2111.08040
Dekens, de Vries, Shain 2203.11230]
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couple to quarks only through a T-conserving pseudosca-
lar vertex:
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FIG. 1. Graphs for the potentials of Eqs. (4), (5), and (6). (a)
(Monopole), (b) monopole-dipole, (c) (dipole).

Spero et a/. performed a Cavendish experiment to test
deviations from the Newtonian 1/r potential over the dis-
tance range 2 to 5 cm. Their experiment established an
upper bound for additional Yukawa-type interactions
given by

V(r) =- 6m ~m2 (1+ac ' );—r/A.
r

at their scale of greatest sensitivity A, -3 cm, a was found
to be less than 10 . Since the dimensionless coupling
constant for the gravitational interaction between two nu-
cleons is (mz/mp~) =10, we see that any anomalous
Yukawa coupling at a scale of 3 cm must have a dimen-
sional magnitude of 10 ' or smaller.
The measured g factor of the electron provides a limit

on nonelectromagnetic electron spin-spin interactions.
Since the experimental findings agree with the predictions
of QED to eight digits for experiments using ferromag-
nets, we get a limit for any nonelectromagnetic spin-spin
coupling at a scale of 1 cm of 10 Xa(A,,/1 cm)
=10 ', where A,, is the electron Cornpton wavelength

1and cx:
A limit on photon spin-spin tensor interactions is pro-

vided by Ramsey, based upon studies of the hydrogen
molecule. Ramsey finds that any nonmagnetic interac-
tion must be 4&10 " smaller than that between proton
magnetic moments. Extrapolated to a distance of 1 cm,
this establishes an upper limit on the dimensionless cou-
pling for an r tensor force of 10
Of these various limits, only the anomalous (mono-

pole) interaction limit of 10 ' obtained by Spero et al.
comes close to testing the range of possible strengths for
axion-mediated forces. Furthermore, we know of no obvi-
ous experimental limit on the macroscopic P- and T-
violating monopole-dipole interaction. Thus, the oppor-
tunity is ripe for pushing past known limits and perhaps
finding something new. We shall shortly discuss some ex-
periments which may do so.

arid

H „,=m„ut ug+mgdLdg+ +H.c.

2

HT——0 GG .
32m2

(7a)

(7b)

Under a Peccei-Quinn transformation,
—ig/2 i g/2mq~mqe, ql. ~e qL, , qR~e qg,

the phase of the 't Hooft vertex varies as
r

arg g k, gg
q

hence, e' becomes e' + "', where N = number of quark
flavors. Similarly, under chiral U(1),

and the 't Hooft vertex changes as e'e~e'e+ '. Thus, a
combined Peccei-Quinn and chiral U(1) transformation
with v= —q leaves 0 invariant.
To calculate the mass of the axion, we imagine per-

forming a Peccei-Quinn transformation; this leaves the
quark mass terms unchanged, but changes 0 to 0+60.
We now undo this change of 0 by reabsorbing b,8 into the
quark mass sector by the combined chiral SU(N))&U(1)
transformation which minimizes the energy. This gives

where F is the scale of Peccei-Quinn symmetry breaking.
However, a pure Peccei-Quinn transformation changes

the phase multiplying the 't Hooft vertex. It is energeti-
cally unfavorable to change this phase (which requires en-
ergies of the order of the mass of the g'), so the Peccei-
Quinn transformation is compensated for by a combined
chiral U(1) and chiral SU(N) transformation which leaves
the phase invariant and minimizes the energy. Since the
quark masses are not zero, these combined (Peccei-
Quinn) [U(1)q ] [SU(X)~ j transformations cost energy,
and the axion acquires a small mass. If, in addition, the
effective 8 parameter Hcff is not zero, the axion will also
couple to the quarks with T-violating scalar vertices.
To see how this all works, consider the quark-mass and

T-violating sectors,

AXIONS H „=m„uu cosh'„+ m~dd coshO~+ . (10)

A particularly well-motivated proposal for a very light
spin-0 boson is the axion. It arises in models to explain
the smallness of a potentially large P- and T-violating
coupling in QCD.
The axion is the quasi-Nambu-Goldstone boson of a

spontaneously broken Peccei-Quinn quasisymmetry. If
the Peccei-Quinn symmetry were not broken by the
t Hooft vertex associated with fermion emission in in-
stanton fields, the axion would be massless and would

i&q

mj

subject to the constraint 40„+40~+48, +.. . =60.
Since the quark bilinears acquire the vacuum expectation
value (uu)=(dd)= . =V&0, the minimum is found
to be at

monopole-dipole dipole-dipole
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The forces mediated by spin-0 bosons are described, along with the existing experimental limits.
The mass and couplings of the invisible axion are derived, followed by suggestions for experiments
to detect axions via the macroscopic forces they mediate. In particular, novel tests of the T-
violating axion monopole-dipole forces are proposed.

MACROSCOPIC FORCES

Very light, weakly coupled bosons are occasionally sug-
gested in the literature, for example, axions, ' familons,
majorons, arions„and spin-1 antigravitons. Such parti-
cles must couple very weakly to ordinary matter to have
eluded detection thus far. A boson with small enough
mass (say, 10 eV) would have a macroscopic Compton
wavelength (say, 2 cm) and would mediate a force on lab-
oratory scales. Even if very weakly coupled at the single-
particle level, a macroscopic body with 10 constituents
could produce a measurable, coherent light-boson field.
In the familiar case of gravity, the dimensionless coupling
between two nucleons due to graviton exchange is absurd-
ly small [(m„„,&„„/Mp] g) —10 ], but two 1-g masses
separated by 1 cm experience a measurable force of

(6X10 ) (m~/Mpi) =6.7X10 dyn .
(1 cm)

We shall be interested in the possibility of detecting
very light spin-0 bosons through the macroscopic forces
which they mediate. The possible forces are determined
by the allowed couplings; the spin-0 boson must couple to
an effectively conserved quantity. There are only two
possibilities for couplings to fundamental fermions: the
scalar vertex and the pseudoscalar vertex. The scalar and
pseudoscalar vertices can be analyzed in momentum space
using the Gordon decomposition. For pure spacelike
momentum transfer q, they become

scalar,

pseudoscalar,

qP
gpq(qW'(pf }t YS P(p )gpq'(q} 2M P(pf )t1 s1 tb(p'}

=gptp(q} [gt(pf );&g(p;)] . (2)

Here pf——p +q/2 and p; =p —q/2 are the final and ini-
tial on-shell momenta and M is the fermion mass. The
matrix X is the diagonal spin matrix. In the nonrelativis-
tic limit (small fermion velocity and momentum transfer),
the scalar coupling is spin-independent and depends only

~~
upon the fermion density g&@pe

' q '. The pseudoscalar
coupling is entirely spin-dependent, however. The virtual
boson fields of a fermion in the two cases will thus be
"monopole" and "dipole" fields (in the sense of the multi-
ple expansion).
The scalar and pseudoscalar vertices (1) and (2) can ap-

pear in one-boson-exchange graphs in three combinations;
this allows the existence of three distinct forces. The
two-fermion potential can be calculated in the inverse
Born approximation,

d q (vertex 1)(vertex 2)e'q''
(2n. ) q +w~

The results are (see Fig. 1)

(monopole),
—Nl l'—gsgse

g, tp(q)p(pf )g(p; )=gstp(q), f(pf )$(p; )

—i " "p(pf )tT~"g(p;); (1)
2M

monopole-dipole,

(dipole),

rA A02r m& 1 —m r

8mM2 r r 2

1 2 VlgI'gI' ~y 1 4~ 3 Iq 3~y 3 —m rV(r) = (&,.&„),+, + 5 (r) —(&, r")(&,.r") + +— e16mMM " r2 „3 3 r2 r3 (6)

Regardless of the assigned parity of the light, spin-0 bo-
son, the (monopole} and (dipole) forces conserve P and
T. However, the monopole-dipole force enjoys a unique
status amongst possible macroscopic interactions, because

&.r violates P and T and of course macroscopic P and T
violation has heretofore not been observed.
A few experimental upper limits exist for the strength

of anomalous (monopole) and (dipole} interactions.
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The mass and couplings of the invisible axion are derived, followed by suggestions for experiments
to detect axions via the macroscopic forces they mediate. In particular, novel tests of the T-
violating axion monopole-dipole forces are proposed.

MACROSCOPIC FORCES

Very light, weakly coupled bosons are occasionally sug-
gested in the literature, for example, axions, ' familons,
majorons, arions„and spin-1 antigravitons. Such parti-
cles must couple very weakly to ordinary matter to have
eluded detection thus far. A boson with small enough
mass (say, 10 eV) would have a macroscopic Compton
wavelength (say, 2 cm) and would mediate a force on lab-
oratory scales. Even if very weakly coupled at the single-
particle level, a macroscopic body with 10 constituents
could produce a measurable, coherent light-boson field.
In the familiar case of gravity, the dimensionless coupling
between two nucleons due to graviton exchange is absurd-
ly small [(m„„,&„„/Mp] g) —10 ], but two 1-g masses
separated by 1 cm experience a measurable force of

(6X10 ) (m~/Mpi) =6.7X10 dyn .
(1 cm)

We shall be interested in the possibility of detecting
very light spin-0 bosons through the macroscopic forces
which they mediate. The possible forces are determined
by the allowed couplings; the spin-0 boson must couple to
an effectively conserved quantity. There are only two
possibilities for couplings to fundamental fermions: the
scalar vertex and the pseudoscalar vertex. The scalar and
pseudoscalar vertices can be analyzed in momentum space
using the Gordon decomposition. For pure spacelike
momentum transfer q, they become

scalar,

pseudoscalar,

qP
gpq(qW'(pf }t YS P(p )gpq'(q} 2M P(pf )t1 s1 tb(p'}

=gptp(q} [gt(pf );&g(p;)] . (2)

Here pf——p +q/2 and p; =p —q/2 are the final and ini-
tial on-shell momenta and M is the fermion mass. The
matrix X is the diagonal spin matrix. In the nonrelativis-
tic limit (small fermion velocity and momentum transfer),
the scalar coupling is spin-independent and depends only

~~
upon the fermion density g&@pe

' q '. The pseudoscalar
coupling is entirely spin-dependent, however. The virtual
boson fields of a fermion in the two cases will thus be
"monopole" and "dipole" fields (in the sense of the multi-
ple expansion).
The scalar and pseudoscalar vertices (1) and (2) can ap-

pear in one-boson-exchange graphs in three combinations;
this allows the existence of three distinct forces. The
two-fermion potential can be calculated in the inverse
Born approximation,

d q (vertex 1)(vertex 2)e'q''
(2n. ) q +w~

The results are (see Fig. 1)
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Regardless of the assigned parity of the light, spin-0 bo-
son, the (monopole} and (dipole) forces conserve P and
T. However, the monopole-dipole force enjoys a unique
status amongst possible macroscopic interactions, because

&.r violates P and T and of course macroscopic P and T
violation has heretofore not been observed.
A few experimental upper limits exist for the strength

of anomalous (monopole) and (dipole} interactions.
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 New macroscopic forces from non-relativistic potentials
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or PQ breaking 
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from ordinary magnetic forces 
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couple to quarks only through a T-conserving pseudosca-
lar vertex:
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Q ql p5q

(0) (b) (c)

FIG. 1. Graphs for the potentials of Eqs. (4), (5), and (6). (a)
(Monopole), (b) monopole-dipole, (c) (dipole).

Spero et a/. performed a Cavendish experiment to test
deviations from the Newtonian 1/r potential over the dis-
tance range 2 to 5 cm. Their experiment established an
upper bound for additional Yukawa-type interactions
given by

V(r) =- 6m ~m2 (1+ac ' );—r/A.
r

at their scale of greatest sensitivity A, -3 cm, a was found
to be less than 10 . Since the dimensionless coupling
constant for the gravitational interaction between two nu-
cleons is (mz/mp~) =10, we see that any anomalous
Yukawa coupling at a scale of 3 cm must have a dimen-
sional magnitude of 10 ' or smaller.
The measured g factor of the electron provides a limit

on nonelectromagnetic electron spin-spin interactions.
Since the experimental findings agree with the predictions
of QED to eight digits for experiments using ferromag-
nets, we get a limit for any nonelectromagnetic spin-spin
coupling at a scale of 1 cm of 10 Xa(A,,/1 cm)
=10 ', where A,, is the electron Cornpton wavelength

1and cx:
A limit on photon spin-spin tensor interactions is pro-

vided by Ramsey, based upon studies of the hydrogen
molecule. Ramsey finds that any nonmagnetic interac-
tion must be 4&10 " smaller than that between proton
magnetic moments. Extrapolated to a distance of 1 cm,
this establishes an upper limit on the dimensionless cou-
pling for an r tensor force of 10
Of these various limits, only the anomalous (mono-

pole) interaction limit of 10 ' obtained by Spero et al.
comes close to testing the range of possible strengths for
axion-mediated forces. Furthermore, we know of no obvi-
ous experimental limit on the macroscopic P- and T-
violating monopole-dipole interaction. Thus, the oppor-
tunity is ripe for pushing past known limits and perhaps
finding something new. We shall shortly discuss some ex-
periments which may do so.

arid

H „,=m„ut ug+mgdLdg+ +H.c.

2

HT——0 GG .
32m2

(7a)

(7b)

Under a Peccei-Quinn transformation,
—ig/2 i g/2mq~mqe, ql. ~e qL, , qR~e qg,

the phase of the 't Hooft vertex varies as
r

arg g k, gg
q

hence, e' becomes e' + "', where N = number of quark
flavors. Similarly, under chiral U(1),

and the 't Hooft vertex changes as e'e~e'e+ '. Thus, a
combined Peccei-Quinn and chiral U(1) transformation
with v= —q leaves 0 invariant.
To calculate the mass of the axion, we imagine per-

forming a Peccei-Quinn transformation; this leaves the
quark mass terms unchanged, but changes 0 to 0+60.
We now undo this change of 0 by reabsorbing b,8 into the
quark mass sector by the combined chiral SU(N))&U(1)
transformation which minimizes the energy. This gives

where F is the scale of Peccei-Quinn symmetry breaking.
However, a pure Peccei-Quinn transformation changes

the phase multiplying the 't Hooft vertex. It is energeti-
cally unfavorable to change this phase (which requires en-
ergies of the order of the mass of the g'), so the Peccei-
Quinn transformation is compensated for by a combined
chiral U(1) and chiral SU(N) transformation which leaves
the phase invariant and minimizes the energy. Since the
quark masses are not zero, these combined (Peccei-
Quinn) [U(1)q ] [SU(X)~ j transformations cost energy,
and the axion acquires a small mass. If, in addition, the
effective 8 parameter Hcff is not zero, the axion will also
couple to the quarks with T-violating scalar vertices.
To see how this all works, consider the quark-mass and

T-violating sectors,

AXIONS H „=m„uu cosh'„+ m~dd coshO~+ . (10)

A particularly well-motivated proposal for a very light
spin-0 boson is the axion. It arises in models to explain
the smallness of a potentially large P- and T-violating
coupling in QCD.
The axion is the quasi-Nambu-Goldstone boson of a

spontaneously broken Peccei-Quinn quasisymmetry. If
the Peccei-Quinn symmetry were not broken by the
t Hooft vertex associated with fermion emission in in-
stanton fields, the axion would be massless and would

i&q

mj

subject to the constraint 40„+40~+48, +.. . =60.
Since the quark bilinears acquire the vacuum expectation
value (uu)=(dd)= . =V&0, the minimum is found
to be at

monopole-dipole dipole-dipole

[Moody, Wilczek PRD 30 (1984)]
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[O’Hare, Vitagliano 2010.03889 
https://cajohare.github.io/AxionLimits]
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θeff = 10−10

θeff = 10−18

[LDL, Gisbert, Nesti, Sørensen 2407.15928]
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The need for a “PQ theory”
• U(1)PQ often imposed ‘by hand’, while a proper PQ theory should: 

1. realise the PQ as an accidental symmetry

2. protect the U(1)PQ against UV sources of PQ breaking (PQ-quality problem)
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• U(1)PQ often imposed ‘by hand’, while a proper PQ theory should: 

1. realise the PQ as an accidental symmetry
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- ad-hoc gauge symmetries 

- solution to PQ-quality problem hidden in the UV

The need for a “PQ theory”

(e.g.  symmetry acting on  allows only  terms and higher)Z9 ϕ ϕ9

can the PQ symmetry emerge from well-motivated gauge structures, 
such as GUT or flavor symmetries ?
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Accidental SO(10) axion
• Automatic U(1)PQ in SO(10), upon gauging the flavor group SU(3)f [LDL 2008.09119]

 L. Di Luzio (INFN Padua) - Imperfect Axions                                                                                             09/11

https://arxiv.org/pdf/2008.09119.pdf


Accidental SO(10) axion
• Automatic U(1)PQ in SO(10), upon gauging the flavor group SU(3)f
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born as a PQ symmetry, due to chiral SO(10) embedding

Accidental SO(10) axion
• Automatic U(1)PQ in SO(10), upon gauging the flavor group SU(3)f [LDL 2008.09119]

[See also Chang, Senjanovic PLB 188 (1987)]
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 16 (1/2, 0) 16 i 3 e

i2⇡/3 1
 

1,...,16

1
(1/2, 0) 1 1 3 e

i4⇡/3 0

�10 (0, 0) 10 �1 6 e
i2⇡/3

�2
�16 (0, 0) 16 i 3 e

i4⇡/3
�1

�
126

(0, 0) 126 �1 6 e
i2⇡/3

�2
�45 (0, 0) 45 1 1 1 0

Table 1: Field content of the model and relative transformation properties under SO(10)⇥
SU(3)f , its Z4⇥Z3 center and the accidental U(1)PQ. In light gray, mirror fermions which
ensure SU(3)3f anomaly cancellation (cf. Sect. 5.1).
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early independent invariants made by the same amount of fields). Note that the operator
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there is a su�cient amount of terms not invariant under U(1) re-phasings so that a sin-
gle abelian global symmetry survives accidentally in the scalar potential. This can be
identified with the U(1)PQ, with transformation properties
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�16 , �45 ! �45 , (2.7)
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are given in Eq. (2.3). To appreciate the role of the SU(3)f
symmetry in constraining the form of the scalar potential, note that in absence of the
latter the following PQ-breaking operators would be allowed by SO(10) invariance:
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The origin of the accidental U(1)PQ can be neatly understood in terms of the action of
the centers4 of SO(10) and SU(3)f , which are respectively Z4 and Z3. The transformation
properties of the model fields under the gauge and accidental symmetries are summarized
in Table 1. Note that for consistency we have introduced 16 (SO(10)-singlet) mirror
fermions in the 3 of SU(3)f , to ensure SU(3)3f anomaly cancellation. Their spectrum will
be discussed in Sect. 5, together with SU(3)f breaking.

4The center Z(G) of a group G is the set of elements that commute with every element of G.

Z(SU(3)) = Z3, which is generated by e2⇡i/3 3; Z(SO(10)) = Z4, which is generated by i�0, with
�0 denoting the “chirality” operator in SO(10).
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Accidental SO(10) axion
• Automatic U(1)PQ in SO(10), upon gauging the flavor group SU(3)f [LDL 2008.09119]

[See also Chang, Senjanovic PLB 188 (1987)]

• U(1)PQ arises accidentally in the renormalizable Lagrangian
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The origin of the accidental U(1)PQ can be neatly understood in terms of the action of
the centers4 of SO(10) and SU(3)f , which are respectively Z4 and Z3. The transformation
properties of the model fields under the gauge and accidental symmetries are summarized
in Table 1. Note that for consistency we have introduced 16 (SO(10)-singlet) mirror
fermions in the 3 of SU(3)f , to ensure SU(3)3f anomaly cancellation. Their spectrum will
be discussed in Sect. 5, together with SU(3)f breaking.

4The center Z(G) of a group G is the set of elements that commute with every element of G.

Z(SU(3)) = Z3, which is generated by e2⇡i/3 3; Z(SO(10)) = Z4, which is generated by i�0, with
�0 denoting the “chirality” operator in SO(10).
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Leading PQ-breaking operator is            (d=9) 

(protection neatly understood in terms of Z4 x Z3 center)
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gle abelian global symmetry survives accidentally in the scalar potential. This can be
identified with the U(1)PQ, with transformation properties

�16 ! e
�i↵

�16 , �45 ! �45 , (2.7)

while those of �10 and �
126

are given in Eq. (2.3). To appreciate the role of the SU(3)f
symmetry in constraining the form of the scalar potential, note that in absence of the
latter the following PQ-breaking operators would be allowed by SO(10) invariance:
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The origin of the accidental U(1)PQ can be neatly understood in terms of the action of
the centers4 of SO(10) and SU(3)f , which are respectively Z4 and Z3. The transformation
properties of the model fields under the gauge and accidental symmetries are summarized
in Table 1. Note that for consistency we have introduced 16 (SO(10)-singlet) mirror
fermions in the 3 of SU(3)f , to ensure SU(3)3f anomaly cancellation. Their spectrum will
be discussed in Sect. 5, together with SU(3)f breaking.

4The center Z(G) of a group G is the set of elements that commute with every element of G.

Z(SU(3)) = Z3, which is generated by e2⇡i/3 3; Z(SO(10)) = Z4, which is generated by i�0, with
�0 denoting the “chirality” operator in SO(10).
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Accidental SO(10) axion
[LDL 2008.09119]

• Axion in a linear combination of 16 and 126 phases
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Accidental SO(10) axion
• Automatic U(1)PQ in SO(10), upon gauging the flavor group SU(3)f

Field Lorentz SO(10) Z4 SU(3)f Z3 U(1)PQ
 16 (1/2, 0) 16 i 3 e

i2⇡/3 1
 

1,...,16

1
(1/2, 0) 1 1 3 e

i4⇡/3 0

�10 (0, 0) 10 �1 6 e
i2⇡/3

�2
�16 (0, 0) 16 i 3 e

i4⇡/3
�1

�
126

(0, 0) 126 �1 6 e
i2⇡/3

�2
�45 (0, 0) 45 1 1 1 0

Table 1: Field content of the model and relative transformation properties under SO(10)⇥
SU(3)f , its Z4⇥Z3 center and the accidental U(1)PQ. In light gray, mirror fermions which
ensure SU(3)3f anomaly cancellation (cf. Sect. 5.1).
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The origin of the accidental U(1)PQ can be neatly understood in terms of the action of
the centers4 of SO(10) and SU(3)f , which are respectively Z4 and Z3. The transformation
properties of the model fields under the gauge and accidental symmetries are summarized
in Table 1. Note that for consistency we have introduced 16 (SO(10)-singlet) mirror
fermions in the 3 of SU(3)f , to ensure SU(3)3f anomaly cancellation. Their spectrum will
be discussed in Sect. 5, together with SU(3)f breaking.

4The center Z(G) of a group G is the set of elements that commute with every element of G.

Z(SU(3)) = Z3, which is generated by e2⇡i/3 3; Z(SO(10)) = Z4, which is generated by i�0, with
�0 denoting the “chirality” operator in SO(10).
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Accidental SO(10) axion
[LDL 2008.09119]

• Anomalons (cancel SU(3)f gauge anomalies)

massless at the renormalizable level                  related to the emergence of U(1)PQ

parametrically light, zero mass lifted by effective operators, e.g. 
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https://arxiv.org/pdf/2008.09119.pdf


Accidental SO(10) axion

[LDL, Landini, Mescia, Susič 2503.16648]

[LDL 2008.09119]

a PQ theory could tell us where to search in an otherwise huge param. space !
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a PQ theory could tell us where to search in an otherwise huge param. space !

Accidental SO(10) axion
[LDL 2008.09119]

seesaw scale iso-curvature fluctuations PQ quality

[LDL, Landini, Mescia, Susič 2503.16648]
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Accidental Pati-Salam axion
[LDL, Landini, Mescia, Susič 2503.16648]• We recently studied a simpler version of the theory 
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Accidental Pati-Salam axion
[LDL, Landini, Mescia, Susič 2503.16648]• We recently studied a simpler version of the theory 

✔ SM flavor structure

✔ anomalon contribution to  ΔNeff

✔ axion phenomenology (degenerate with SO(10) model)

✘ Landau pole emerges one order of magnitude above  fa

✔ anomalon-neutrino spectrum                 high-quality PQ predicts sub-eV anomalons
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https://arxiv.org/pdf/2503.16648


Conclusions
• Axion imperfections lead to interesting phenomenology
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Conclusions
• Axion imperfections lead to interesting phenomenology

- axion as a low-energy portal to new sources of CP violation beyond CKM
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• CP violation / PQ breaking enhance axion-mediated forces 



Conclusions
• Axion imperfections lead to interesting phenomenology

- predicts a somewhat heavy axion ma ≳ 0.01 eV

- anomalons as low-energy remnants of UV mechanism responsible for PQ quality

• New solution to PQ quality problem based on GUT/flavor symmetries

- axion as a low-energy portal to new sources of CP violation beyond CKM
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• CP violation / PQ breaking enhance axion-mediated forces 



Backup slides
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PQ breaking & monopole-dipole
• Axion scalar coupling to atomic system
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- leverage PQ-breaking in the electron Yukawa sector 

- nEDM bound relaxed due to loop and chirality suppression

[LDL, Gisbert, Nesti, Sørensen 2407.15928
See also Zhang 2209.09429]

https://arxiv.org/abs/2407.15928
https://arxiv.org/abs/2209.09429


PQ breaking & monopole-dipole
• Axion scalar coupling to atomic system
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- nEDM bound relaxed due to loop and chirality suppression

[LDL, Gisbert, Nesti, Sørensen 2407.15928
See also Zhang 2209.09429]

https://arxiv.org/abs/2407.15928
https://arxiv.org/abs/2209.09429


PQ quality in Pati-Salam model
[LDL, Landini, Mescia, Susič 2503.16648]• PQ-breaking operators 
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PQ quality in Pati-Salam model
[LDL, Landini, Mescia, Susič 2503.16648]• PQ quality condition 

 L. Di Luzio (INFN Padua) - Imperfect Axions                                                                               

https://arxiv.org/pdf/2503.16648


Anomalon spectrum
[LDL, Landini, Mescia, Susič 2503.16648]•                     basis (3+3+16+8)
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High-quality PQ scenario corresponds 
to sub-eV anomalons 

https://arxiv.org/pdf/2503.16648


Anomalons & ΔNeff
[LDL, Landini, Mescia, Susič 2503.16648]

 L. Di Luzio (INFN Padua) - Imperfect Axions                                                                               

• Production channels: 

1. Flavor interactions 

- to avoid thermalization: small gauge coupling or low reheating temperature  

too large if thermally produced

- freeze-in production generically small, but could saturate  boundΔNeff

https://arxiv.org/pdf/2503.16648


Anomalons & ΔNeff
[LDL, Landini, Mescia, Susič 2503.16648]

 L. Di Luzio (INFN Padua) - Imperfect Axions                                                                               

• Production channels: 

1. Flavor interactions 

2. Neutrino-anomalon conversion:   e+e− → ν̄LνL → ν̄LΨm

- non-resonant scenario 

- resonant scenario 

expect larger contribution to  / stronger constraints on mixing angles ΔNeff

https://arxiv.org/pdf/2503.16648


• Motivated by a coincidence of scales 

MGUT, MB−L fa

In fact, explored since the early the 80’s (as soon as the axion went “invisible”)

[Reiss PLB 109B (1982) 
Lazarides PRD 25 (1982) 
Mohapatra, Senjanovic Z. Phys. C 17 (1983) 
… 
Bajc, Melfo, Senjanovic, Vissani hep-ph/0510139 
Altarelli, Meloni 1305.1001
Ernst, Ringwald, Tamarit 1801.04906] 

SO(10) × U(1)PQ
[Wise, Georgi, Glashow PRL 402 (1981)  
… 
Co, D’Eramo, Hall 1603.04439
LDL, Ringwald, Tamarit 1807.09769
Fileviez Perez, Murgui, Plascencia 1908.01772] 

SU(5) × U(1)PQ

Axion GUTs

 L. Di Luzio (INFN Padua) - Imperfect Axions                                                                                             

SU(9) × U(1)PQ
[Georgi, Hall, Wise NPB 192 (1981)]  

https://www.sciencedirect.com/science/article/abs/pii/0370269382910917?via=ihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.25.2425
https://link.springer.com/article/10.1007/BF01577819
https://arxiv.org/abs/hep-ph/0510139
https://arxiv.org/abs/1305.1001
https://arxiv.org/abs/1801.04906
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.47.402
https://arxiv.org/abs/1603.04439
https://arxiv.org/abs/1807.09769
https://arxiv.org/abs/1908.01772
https://www.sciencedirect.com/science/article/abs/pii/0550321381904338?via=ihub


• Motivated by a coincidence of scales 

MGUT, MB−L fa

SO(10) × U(1)PQSU(5) × U(1)PQ

• Why now ? 

- p-decay & magnetic monopoles elusive, axion exp.’s may offer a fresh window on GUTs    

- axion mass fixed* in terms of the GUT scale (model dependent)

useful input for haloscope searches

*requires the axion to belong to a non-trivial representation of the GUT group

Axion GUTs
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In fact, explored since the early the 80’s (as soon as the axion went “invisible”)



Axion GUTs
• Axion GUT models discrimination ? 
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[Ernst, LDL, Ringwald, Tamarit 1811.11860]

https://arxiv.org/abs/1811.11860

