PUBLISHED FOR SISSA BY 4) SPRINGER

pr

RECEIVED: October 30, 2025
ACCEPTED: January 11, 2026
PUBLISHED: March 4, 2026

Axion quality problem: keep calm and baryon

Prateek Agrawal ©,%¢ Anson Hook©,’ Vazha Loladze ®“ and Mario Reig (%

@ Rudolf Peierls Centre for Theoretical Physics, University of Ozford,
Parks Road, Ozford OX1 3PU, U.K.

b Maryland Center for Fundamental Physics, Department of Physics, University of Maryland,
College Park, MD 20742, U.S.A.

¢ Theoretical Physics Department, CERN,
1211 Geneva 23, Switzerland

4 Department of Physics, University of California,
Santa Barbara, CA 93106, U.S.A.
E-mail: prateekagrawal@ucsb.edu, hook@umd.edu,

vazha.loladze@physics.ox.ac.uk, mario.reig.lopez@cern.ch

ABSTRACT: Axion models generically suffer from a severe quality problem when coupled
to gravity. In this article we provide a very simple model with a high quality axion. The
axion is a pseudo-Nambu-Goldstone boson of the baryon number symmetry, U(1) 5, of a new
composite sector that breaks U(1)p spontaneously when it confines. A controlled example is
a supersymmetric QCD (SQCD) with N, = Ny. The axion shift symmetry is automatically
protected due to the high dimension of the gauge-invariant baryon operator, with the Peccei-
Quinn breaking operators arising at dimension N, + 2. The standard model gauge group
is embedded as a subgroup of the flavor symmetry group of SQCD that has an anomaly
with U(1)p, generating the standard coupling with gluons.

KEYWORDS: Axions and ALPs, Compositeness

ARX1v EPRINT: 2510.07366

OPEN AccEss, © The Authors.

Article funded by SCOAP? https://doi.org/10.1007/JHEP03(2026)041


https://orcid.org/0000-0001-9947-0632
https://orcid.org/0009-0005-7319-1439
https://orcid.org/0000-0001-8051-5204
https://orcid.org/0000-0001-6815-5605
mailto:prateekagrawal@ucsb.edu
mailto:hook@umd.edu
mailto:vazha.loladze@physics.ox.ac.uk
mailto:mario.reig.lopez@cern.ch
https://doi.org/10.48550/arXiv.2510.07366
https://doi.org/10.1007/JHEP03(2026)041

Contents

1 Introduction 1
2 Supersymmetric QCD 2
3 Our model 3
3.1 Weak coupling quark picture 4
3.2 Meson/baryon picture 5
3.3 Axion quality 6
3.4 Meson masses and Landau pole 7
4 Conclusion 9

1 Introduction

The QCD axion [1-3] is one of the best motivated particles beyond the Standard Model
(BSM). Its ability to solve the strong CP problem, explaining the absence of the neutron
electric dipole moment, as well as the dark matter puzzle [4-6], has led to a large experimental
program trying to find this particle [7-9]. The axion arises as the pseudo-Nambu-Goldstone
boson of a spontaneously broken Peccei-Quinn (PQ) symmetry U(1)pq, a global symmetry
that has a mixed anomaly with SU(3). [10-13]. The stringent limits on the neutron EDM [14]
require an abnormally pristine PQ symmetry, the so-called axion quality problem [15-18].
In view of the expectation that quantum gravity effects break every global symmetry, this
becomes a serious problem.

The quality of the shift symmetry can be exponentially good in higher-dimensional
constructions [19] and in string theory [20, 21]. In this case, the axion shift symmetry
descends from a higher-form global symmetry that requires a non-local effect to break it,
which can generically be exponentially small. A rationale for a high-quality shift symmetry for
the QCD axion is harder to obtain within a four-dimensional field theory construction. The
key problem is that local operators that break the PQ symmetry need to be highly suppressed,
but the cutoff of the theory does not respect any global symmetries even approximately (if it
did then the quality problem is deferred to the UV theory). Within the logic of 4d effective
field theory, the only suppression available is a high dimensionality of allowed PQ-violating
operators, which has to be imposed by hand. For example, in simple models where the
axion is the phase of a complex scalar field ®, operators O ~ ¢ ®V/ Mé\{ 4 with N < 12 (for
fa ~ 101 GeV, and ¢ = O(1)) need to be disallowed. This can be justified, for example,
by imposing a Zio discrete gauge symmetry.

Composite axion models [22, 23] are attractive because they do not introduce new
fundamental scalars. The axion is the pseudo-Nambu-Goldstone boson (pNGB) associated
with the spontaneous breaking of a flavor symmetry, similar to pions in QCD. These models
also suffer from the quality problem, but can be imbued with additional structure so that the
PQ symmetry becomes accidental [24]. These constructions have received a lot of attention



in recent years in different forms [25-35], but can involve complicated additional structure
that undermines the simplicity of the original composite axion. See also [36—40] for other
realisations where the PQ symmetry arises accidentally due to gauge symmetries.

In this paper we provide a very simple incarnation of a high quality PQ symmetry — it
is the baryon number symmetry of a new confining sector. A controlled implementation of
the idea is found in SQCD [41, 42] with N, = Ny. This theory is known to have a moduli
space with massless mesons and baryons below the confining scale. Remarkably, once the
effects of explicit global symmetry breaking are included, the theory generically picks a
vacuum where the baryons take a vacuum expectation value (vev), (B) # 0, and baryon
number U(1)p is broken spontaneously. Thus, a high-quality pNGB is a generic prediction of
SQCD with N. = Ny! Unlike in pion-like composite axion models, baryon number violation
decreases exponentially with N.. After including SUSY breaking terms, the leading operator
breaking the PQ symmetry appears at dimension N, + 2. A similar idea was employed in
ref. [43] to get a flat potential for inflation.

The PQ mechanism requires the presence of a spontaneously broken symmetry which
has a mixed anomaly with QCD. To introduce the anomaly [SU(3).]? x U(1), we embed
QCD in a subgroup of the flavor symmetry, SU(N¢)r, which has a mixed ‘t Hooft anomaly
[SU(Nf)L]? x U(1). This gives an Adler-Bell-Jackiw (ABJ) anomaly, providing the right
ingredients for implementing the PQ solution to the strong CP problem. One simple possibility
is a theory with N. = Ny = 10 where we gauge an SO(10) subgroup of the flavor symmetry,
SU(10)z. The SM fermions are SU(NN,) singlets that transform as 16 of the gauged SO(10).

A construction where the PQ symmetry is related to baryon number in SQCD was
presented by Lillard and Tait [44] with slightly different aims. In their work, they consider
an extended model with 2 confining groups and fermions transforming as bifundamental
representations, addressing the axion quality problem, the u-problem and include an additional
gauge sector connected to U(1)p_r. In our work, we are interested in identifying the minimal
structure required to solve the axion quality problem and find, remarkably, that no structure
beyond the SQCD theory is needed.

2 Supersymmetric QCD

Supersymmetric QCD is a very well-studied generalization of QCD with A/ = 1 supersymme-
try [41, 42]. It is a gauge theory with a gauge group SU(N.) and Ny chiral superfields (quarks,
Q) in the fundamental representation, and Ny chiral superfields (anti-quarks, Q) in the anti-
fundamental representation. The flavor symmetry of the model is SU(N¢)r, x SU(N¢)grxU(1) 5.
In this paper will focus on the case Ny = N. = N.

The moduli space of SQCD is well-understood. The moduli space for the theory can
be written in terms of the (SU(NNV,)) gauge-invariant superfields, the baryons (B, B) and the
Mesons M;, given in terms of the quarks as

Ml] = QzQ] s B = Eil...iNchl e QiNC y B = €i1...iNCQi1 e QiNC 5 (21)



where i,7 are flavor indices. The moduli space is modified by strong dynamics [41] to
satisfy the constraint,

det M — BB = A?Ne (2.2)

where the r.h.s. is a quantum effect from confinement of the theory at the scale A [41, 42].
At large field values, this constraint can be seen classically from the definition of M and B in
terms of Q, Q. Quantum effects smooth out the singular points on the moduli space.

There are two loci of enhanced symmetry on the moduli space, where B = B = 0, or
det M = 0. For our application, we will be interested in the latter, where confinement breaks
baryon number spontaneously.

3 Our model

In our application, the U(1)z will play the role of a high quality Peccei-Quinn (PQ) symmetry
for the axion. To solve the strong CP problem, this symmetry should have an ABJ anomaly
with the standard model QCD. A simple way to achieve this is to weakly gauge a subgroup
of the SU(Ny)r flavor symmetry by standard model color, SU(3).. The mixed ‘t Hooft
anomaly in the symmetry [SU(N¢)r]? x U(1)p implies that upon gauging, we get the desired
PQ anomaly [SU(3).]? x U(1)pq. The spontaneous breaking of the baryon number after
confinement will produce the axion which couples to the gluons with the standard QCD
axion coupling.

There are many possibilities to embed the SM into Gy C SU(Ny)r, group. The restriction
for the mechanism to work is that the mixed anomaly [SU(3).]? x U(1)p is non-zero while
the anomaly [SU(3)]? is zero. For example, we can choose 6 SQCD quarks @ to transform in
a 3 @ 3 representation of SU(3).. An elegant way to embed the SM gauge group in SU(Ny)p,
while avoiding gauge anomalies is to model the SM as an SO(10) unified theory, so that
for N. = Ny = 10, Q transforms in the fundamental representation of SO(10). The field
content of the model is given in table 1.

It is also possible to consider models with a larger confining group, N. = Ny > 10 and
gauge a subgroup of SU(Ny), by the SM gauge group. However, if there are quarks which
do not carry any weakly gauged flavor quantum numbers, they will likely pair up with the
anti-fundamentals @ to get a mass at the Planck scale, and decouple. It is easy to build
models which gauge e.g. an SO(10) x SO(Ny — 10) subgroup of SU(Ny), that avoid this
problem. We will not pursue this avenue in detail in this paper. We will keep the discussion
general in the following assuming a general N. = Ny > 10 confining SQCD theory, with
the example with N. = N; = 10 as the prototype.

In any case, the SM fermions will be SU(V,) singlets. PQ breaking, and therefore the
axion decay constant, is related to the scale of spontaneous breaking of baryon number.
In the case described in table 1, the anomaly coefficient is easily calculated in terms of
the Dynkin index, Tj9p = 1, the number of SO(10) fundamentals and their U(1)p charge,
A= N.x1x1/N.=1. This indicates that this class of composite axion models does not
suffer from the cosmological domain wall problem.

Our model deforms the standard SQCD theory in 3 ways: by gauging part of the
flavor symmetry, by allowing higher-dimensional operators, and by including supersymmetry



Symmetry | Gauge Global
SU(N) SU(N)L SUWN)r | U | U(Dr
(2 gauged SO(10)sn)
Q 2] B(=) 1 +1/N, 0
Q B 1 (1) B —~1/N, 0

Table 1. Chiral superfields in SQCD with gauge group SU(N.) and Ny flavors with N, = Ny = N.
The SM is contained in an SO(10) which is embedded in SU(N),, weakly gauging the flavor symmetry.

Effective Theory

Myp i
SQCD quarks
A TP
resonances confined SQCD
A2
M mesons
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(supersymmetric)
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Mpl . .
saxion, axino
Axion + SM

Figure 1. A cartoon of the relevant energy scales and the different phases of the SU(N,.) theory.
Below the scale F'x /M, only the axion survives as a massless degree of freedom up to effects from
QCD and higher-dimensional operators breaking its shift-symmetry.

breaking effects. A simple picture of the energy scales in our theory and what occurs at
each scale is shown in figure 1. In the UV there is the theory of weakly interacting quarks.
At the confinement scale A, the quarks get confined and it becomes a theory of massless
mesons and baryons. Eventually Planck scale-suppressed higher-dimensional operators give a
mass to the mesons and only the baryons (with the axion being the phase) remain. Finally,
SUSY breaking gives a mass to the saxion and the axino.

3.1 Weak coupling quark picture

The quality of the axion in this framework is determined by symmetry breaking Planck
suppressed operators. The higher-dimensional operators induced by gravity will, in general,
break all global symmetries. The most important higher-dimensional operators will be ones



that break the global U(1)p and SU(Nyf)g symmetries of SQCD,

_ _ A SO _
W = —2=(QiQ;)(QiQx) + WQHI Qi T WQHI o Qin] s (3.1)

ik
My
where indices in square brackets indicate anti-symmetrization. The coefficients A, A, and Cjk are
order one. A mass term for the quarks is not generated due to the gauged SO(10) C SU(Ny)p,
symmetry. When N; > 10 the structure of the leading operators remains the same if all
quarks ) have weakly gauged flavor quantum numbers.

Aside from internal symmetry breaking, SUSY breaking will also be important. For
simplicity, we take the framework of gravity mediation, where SUSY breaking is carried by a
chiral superfield X = Fx6? which couples with M, suppressed operators. We will assume
that the SUSY-breaking effects are smaller than the confinement scale, so that we can treat
confinement supersymmetrically. We study effects of SUSY breaking directly in the confined
theory, using naive dimensional analysis to estimate the size of various effects.

3.2 Meson/baryon picture

Below the confinement scale, the low-energy effective theory is represented in terms of the
baryons (B, B) and mesons M superfields. Supersymmetry makes it possible to analytically
track confinement and calculate the generated superpotential in the IR. While the moduli
space is described by baryons and mesons, the moduli space is constrained and not all of
them are present at the same time in the IR effective field theory. It is well-known that in
the theory with N. = Ny confinement modifies the constraint on the moduli space [41],

1 ~

We have normalized the baryon and meson fields to have mass dimension one. Because we

are interested in the vacuum where det M = 0 and BB = —A?

, we can use the constraint
to remove e.g. B from the theory. At this stage the massless fields are the mesons, which
match the 't Hooft anomalies for the chiral symmetry, and the baryon B, which contains
the axion, saxion and axino. This field is massless due to a combination of supersymmetry
and the axion’s pseudo-Goldstone boson nature.

Global symmetry and supersymmetry breaking effects will eventually lift all the flat direc-
tions. There are three important effects: chiral symmetry breaking operators, supersymmetry
breaking operators, and baryon number breaking operators. The chiral symmetry breaking
operators arise at dimension-4 in the superpotential (equation (3.1)), which will generate a
mass term for the mesons in the superpotential of the order A? /M. We assume that this
is the largest breaking effect, and that the supersymmetry breaking effects (parametrized
by Fx) are smaller than this scale, see figure 1.

We can integrate out the mesons supersymmetrically,

A%
W D cjp— M, M"Y, (3.3)
M,
which generically stabilizes the moduli at ]\4]Z = 0. Below the scale A2 /My, we are left
with a simple supersymmetric theory with only one chiral superfield, the baryon B, which



contains the pNGB of baryon number breaking. In the supersymmetric limit, the leading
Kéahler potential and superpotential are

~p o~ 2
K=B'"B+B'B =8B+ A%, (3.4)
ANfl AN+1 1
W Bt - (3.5)
N-3 N-3 ’
MY MY B

where are leaving O(1) dimensionless coefficients of operators above implicit. The baryon
number breaking superpotential comes from the high dimensional operator in equation (3.1).
This is an extremely high dimensional operator, and SUSY breaking terms will be much more
relevant in giving particles a mass. There is also a Wess-Zumino-Witten term between the
SM gauge bosons and the baryon field to match anomalies. We will not need its detailed
supersymmetric form and include it below the scale of SUSY breaking.

For gravity mediated SUSY breaking, a simple way to obtain all supersymmetry breaking
operators is to elevate all couplings to real superfields with non-zero 62,6202 components
coming from the SUSY breaking superfield X. For the saxion, this gives us

4 X X
LD/d > 55~ 2B*B+ M2 BB (3.6)

which gives a vev (BTB) ~ A% = f2.
Higher order terms in the Kéahler potential (either through series expansion of the 1/B

terms or otherwise) give a Majorana mass for the axino after SUSY and the spontaneous
U(1)p breaking, for instance,

1 2
LD/d“HXJFXl(B*B)Q Ix wiBwB (3.7)

Writing B = (f + s) exp(ia), below the scale Fx /Mp1 the saxion and axino gain a mass
and we get only the axion,

o A4 g2 ~
<f 7 > (9a)* + 3972 aGG (3.8)
where we have now explicitly included the axion coupling to QCD coming from the WZW term.

3.3 Axion quality

Baryon number-violating deformations to the superpotential induce small shift-symmetry-
breaking effects for the QCD axion. The allowed explicit breaking effects are small, however,
providing a candidate for a high-quality axion. In this subsection, we quantify these effects
more precisely.
The baryon number breaking effects induced by gravity will generate a potential for the
axion. By matching with equation (3.1) the leading operator in terms of the superfield B is,
AN -1
WOA——Fx=5B. (3.9)
M
pl



The leading contribution to the axion potential comes from the SUSY breaking contribution
(as long as the hierarchy between Fx and A is not too large). Again, the SUSY breaking can
be included by giving A an F-term. This generates a potential for the axion,

X AN 1 AN 1
VBV—/d2 —~v—3B+he —FXMN 5fcos(a+9), (3.10)
pl

where we have used A|g2 = Fx /M.

The axion potential above, Vgy, has in general an O(1) phase offset, d, with respect
to the axion potential from QCD effects. As usual, the induced shift with respect to the
CP conserving minimum is

0 — A %siné Fx AN
off = f2m2 + N4 cosd Mé\{_zf,%m,% '

(3.11)

Here A4 = F X% f corresponds to the scale of the axion potential induced by the baryon

numb er—violautingp l deformation.

Solving the strong CP problem requires fg¢ < 10710 [14]. To be more quantitative, let us
consider the benchmark model with N, = 10, a decay constant around A ~ f ~ 10 GeV,
and Fx < (10' GeV)2. In this case the amplitude of the potential due to the baryon-number-
violating deformation is |[Vgy| < 1071° GeV?. This leads to a misalignment with respect to
the CP preserving vacuum around feg < 10!, which suffices to solve the strong CP problem.
Larger decay constants, however, require a larger number of colors or smaller supersymmetry
breaking scale in order to maintain f.g small.

The supersymmetry breaking scale F'x affects the parameter space weakly. In figure 2 we
show the parameter space where the QCD axion has sufficient quality to solve the strong CP
problem. In parts of the parameter space the predicted . may be detectable in future nEDM
experiments, which will improve the current bound by around 2 orders of magnitude [50-53].

3.4 Meson masses and Landau pole

The presence of light meson superfields with SM charge modifies the beta function of the
SM gauge group factors, possibly introducing Landau poles below the confinement scale. To
illustrate the issue, let us take the example of a theory with N. = Ny = 10 and study the
running of the QCD gauge coupling with a MSSM-like spectrum. The mesons transform
in the fundamental representation of the weakly gauged SO(10)gn, which under the SM
gauge group have quantum numbers

e~ (3,1,-1/3) +(3,1,1/3) + (1,2, -1/2) + (1,2,1/2). (3.12)
These modify the beta function of QCD, which becomes
bsqed = 2Ny — 9 + Ny . (3.13)

Here N, = 3 is the number of MSSM generations and N, = 10 the number of SO(10)gm
fundamentals.
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Figure 2. Effective theta angle f.g as a function of the decay constant for theories with different
number of colors, N., in blue, orange red and teal. Dotted, dashed and solid lines correspond to

different SUSY breaking scales, v/Fx = 10!, 10%,107 GeV, respectively, for each N,.. More choices for

v Fx and N, are in principle allowed, with the predicted f.g changing accordingly. For reference, the
lower bound to f, from astrophysics [45-48] (see [49] for a recent review), as well as upper bound to

Ot [14] are shown in shaded red and blue, respectively.

For simplicity, we assume that the mass scale of colored superpartners is kept fixed around

Mgy = 1 TeV. We can use the SM running up to mgf, which yields as(mgoer) = 0.09. To
get the coupling at high scales, we use MSSM running up to the meson mass scale mj;, and

then include the meson contribution in the running above their mass,
b Mgof b m
-1 -1 mssm soft sqed M
= 1 1 3.14
Qs (:U’) Qg (msoft) + 27 0og mu + o og [ ) ( )

which yields the expression for the Landau pole (a='(Arp) — 0),
bmssm 10/7
M ) . (3.15)

2m msoft) bsqed 7
~2x1 —_—
) < x 10" GeV T Tev

Arp = my exp (
(0% (msoft)bsch
For a confinement scale A ~ O(10'!) GeV, if the meson mass comes from the Planck suppressed
operator in eq. (3.3), it lies around O(10) TeV. In this case we find a Landau pole at around
Arp ~ 108 GeV, indicating that QCD becomes non-perturbative before the SU(N) confinement
scale, A, which indicates that our description using weakly gauged flavour symmetry is not

my

consistent. We explore possible ways that allow Arp 2 A.
The problem follows from light meson masses, which reflect the fact that the chiral

symmetry in the SQCD sector is broken only at the Planck scale. If there are other sources of
chiral symmetry breaking at lower scales, the meson masses can be made much larger without

affecting the rest of the mechanism. A simple way to do this is to add new chiral superfield



transforming as ¢ ~ (10,10) under the flavour group and add to the superpotential
Wy = yjndiQiQ; + Myg?® (3.16)

These operators break the flavour symmetry SU(10)gr explicitly. Integrating out ¢ leads
to the effective operator,

W5 IR (QiQ)(QiQk), (3.17)
¢

which induces a meson mass suppressed only by the ¢ mass, mys ~ J\ATZ' The meson mass
can be easily be as high as O(A), which moves the Landau pole beyond the GUT scale.
The quality of the meson chiral symmetry does not interfere with the quality of the baryon
symmetry, and therefore does not affect our mechanism.

For N. > 10, a similar mechanism will continue to work. However, the problem is
somewhat less severe in this case. As shown in figure 2, a larger number of colours N, larger
allows to make A larger while being consistent with axion quality. This in turn increases the
meson mass quadratically and the Landau pole occurs at higher energies.

A full model will include the details of grand unification (if it indeed is a GUT model),
GUT breaking, and running above the GUT scale. The details are highly dependent on
the model implementation, and are beyond the scope of the current work which focuses on
the simple mechanism for a high quality axion.

4 Conclusion

In this article we have explored a very simple construction where the QCD axion arises
from spontaneous breaking of baryon number in a SU(N.) SQCD theory. As shown in
equations (3.10) and (3.11), the quality grows rapidly with increasing number of colors due
to compositeness of baryons.

While the number of colors is arbitrary (as long as the flavor symmetry is large enough to
accommodate QCD), a compelling, minimal theory arises for N, = Ny = 10, where the SM is
embedded as the SO(10) subgroup of the SU(10);, flavor symmetry. In this case, compatibility
with standard lower bounds on the axion decay constant and maintaining the solution to the
strong CP problem decay constant leads to the range 10® GeV < f, <5 x 10! GeV.

The construction presented here opens new possibilities for composite axion model
building. Interesting questions that remain include studying supersymmetry breaking in
more detail, for example how it is communicated to the visible sector and how this could
affect the meson as well as baryon masses is also an important open question that we leave
for future work. It will be nice to study the interplay of the mechanism discussed here with
high quality extra-dimensional axions, e.g. in the context of holography.
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