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ABSTRACT: We propose two models where a U(1) Peccei-Quinn global symmetry arises
accidentally and is respected up to high-dimensional operators, so that the axion solution
to the strong CP problem is successful even in the presence of Planck-suppressed operators.
One model is SU(N) gauge interactions with fermions in the fundamental and a scalar in
the symmetric. The axion arises from spontaneous symmetry breaking to SO(N), that
confines at a lower energy scale. Axion quality in the model needs AV > 10. SO bound
states and possibly monopoles provide extra Dark Matter candidates beyond the axion. In
the second model the scalar is in the anti-symmetric: SU(N') broken to Sp(N') needs even
N = 20. The cosmological DM abundance, consisting of axions and/or super-heavy relics,
can be reproduced if the PQ symmetry is broken before inflation (Boltzmann-suppressed
production of super-heavy relics) or after (super-heavy relics in thermal equilibrium get
partially diluted by dark glue-ball decays).
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1 Introduction

The Peccei-Quinn (PQ) solution to the strong CP problem [1, 2] has a problematic aspect:
it relies on a global U(1)pq symmetry which, although broken at low energy by the QCD
anomaly, must be an extremely good symmetry of high-energy physics. This issue is known
as the PQ quality problem [3-8]. Global symmetries are believed not to be fundamental,
and arise as accidental symmetries e.g. in gauge theories. Well known examples are baryon
and lepton numbers in the Standard Model (SM). Conceptually, there are two steps in the
formulation of the problem:

i) the U(1)pq should arise accidentally in a renormalizable Lagrangian;

11) approximating higher-energy physics as non-renormalizable operators suppressed by
some scale Ayy, the U(1)pq should be preserved by operators with dimension up to
d ~ 9 assuming Ayy ~ Mp; and an axion decay constant f, > 10° GeV.

~



The bound becomes stronger for higher f, and lower Ayy. Indeed, it comes from requiring
that the energy density due to UV sources of U(1)pq breaking is about 10719 times smaller
than the energy density of the QCD axion potential

f d—4
(A;v> 1< 10—1°A§§CD, (1.1)

so that the induced axion vacuum expectation value (VEV) is (a)/f, < 10710, within the
neutron electric dipole moment bound.

In string models one expects towers of new states below or around the Planck scale,
potentially generating PQ-breaking higher-dimensional operators, that make manifest the
PQ-quality problem. Furthermore, it is believed that gravity violates global symmetries,
based on semi-classical arguments related to black holes and Hawking radiation. In scenar-
ios in which Einstein gravity is minimally coupled to the axion field, non-conservation of the
PQ global charge arises from non-perturbative effects described by Euclidean wormholes.
These effects are calculable to some extent and correct the axion potential as [9-13, 54]

~ Mpe™5 cos (a + ), (1.2)

where § ~ 1 is a generic displacement due to the fact that the gravity contribution does
not need to be aligned to the low-energy QCD contribution. Computing the wormhole
action taking into account the axion only gives Syn ~ N Mpi/ fq, so that the contribution
in eq. (1.2) poses a problem for the PQ solution if f,/N > 6 10'6 GeV, where the integer
N is the minimal PQ charge carried by the wormhole. In theories where f, is the vacuum
expectation value of some sub-Planckian field, this grows reaching the Planck scale in the
wormhole throat, giving a reduced Sy ~ N In Mpy/f, [11]. According to [9, 11, 54] this
is equivalent to local operators with an extra suppression e wh ~ (fo/Mp))YN with respect
to the generic Planck-suppressed operators considered in this paper.

Eq. (1.2) holds if gravity is well described by the Einstein term at Planckian energies.
An alternative possibility is that gravity gets modified at lower energies where it is still
weakly coupled so that it remains weakly coupled, making non-perturbative effects irrele-
vant. This for example arises in 4-derivative gravity, a renormalizable theory that allows
for accidental global symmetries not broken by higher dimensional operators and negligi-
bly broken by non-perturbative gravitational effects [14]. Such theory, however, contains
potentially problematic negative kinetic energy at the classical level (see e.g. [15]).

We here assume that the PQ-quality problem is a real problem and address it by de-
vising a simple gauge dynamics along the lines of [16, 17] that gives an accidental global
PQ symmetry respected by operators up to large enough dimension. Different approaches
to the PQ quality problem, but also based on non-abelian gauge dynamics, have been
discussed in [18-23]. Section 3 describes a model based on a gauge group SU(N) sponta-
neously broken to Sp(N) by a scalar S in the anti-symmetric representation in the presence
of fermions in the fundamental, as listed in table 1. The PQ symmetry is broken by the
N /2-dimensional local operator vdet S. Section 4 considers a similar model where a scalar
S in the symmetric breaks SU(N) — SO(N), and the first PQ-breaking operator is the



Field | Lorentz Gauge symmetries Global accidental symmetries
name | spin Ul)y SU@2)r, SU@B). SUW) | Ul)pq U(l)g U(l) .

) 0 0 1 1 NN +1 0 0

o 12 | +Yo 1 3 N +1/2 41 0

Or 1/2 ~Yo 1 3 N +1/2 -1 0
>l 1/2 +Y, 1 1 N —1/2 0 +1
Lyl 1/2 -V 1 1 N ~1/2 0 ~1

Table 1. Field content of the model. The scalar S can be in the anti-symmetric (section 3) or in
the symmetric (section 4) two-index representation. The heavy quarks Qr, Qg and leptons Lr, Lg
are Weyl doublets. If £ have vanishing hypercharge, their bound states could become acceptable
DM candidates and there is no difference between £, and Lg.

N-dimensional operator detS. Both models can provide extra Dark Matter (DM) can-
didates beyond the axion. Section 2 outlines some common features of the two models.
Section 3 describes the model with a scalar in the anti-symmetric, and section 4 the model

with a scalar in the symmetric. Conclusions are given in section 5.

2 Outline of the models

We consider a gauge group Gsy ® SU(N), with a new scalar S in the two-index symmetric
or anti-symmetric representation of SU(N), and new left-handed chiral Weyl fermions
charged under SU(N) as listed in table 1: one Q dubbed ‘quark’ because in the fundamental
of color, and three £ dubbed ‘leptons’ because uncolored.! Three £ are needed in order
to avoid gauge anomalies and to obtain the desired P(Q anomalies. The three £ could be
1®2o0r 14 1@ 1 under SU(2)r; as the choice does not make a big difference we assume
the latter possibility and that all 3 leptons have the same hypercharge Y., for the moment
left unspecified and possibly vanishing. Irrespectively of their hypercharges, the fermions
Q and L are chiral: their mass terms are forbidden by gauge invariance for all values of
the hypercharges Yo and Y.

As discussed in the next sections, the renormalizable theory contains three accidental
global U(1) symmetries: the one acting as a phase rotation of the scalar S will be the PQ
symmetry. It gets spontaneously broken by the vacuum expectation value of the scalar
S, that also breaks SU(N) to either Sp(N) (scalar in the anti-symmetric, studied in
section 3) or to SO(N) (scalar in the symmetric, studied in section 4). As a result the
fermions Q and £ acquire mass from Yukawa couplings to & and the phase of S becomes
the axion. As N = N for SO(N) and Sp(N), their condensation at lower energy preserves

!The fermion content shares some similarities with some of the composite accidental axion models of [20].
The main qualitative difference is that there their £ form a triplet under an extra SU(3) and QCD is the
vectorial subgroup of the two SU(3) factors. This gives a different anomaly structure such that only in our
case large N leads to PQ quality.



SM gauge symmetries. In both models all gauge anomalies vanish, and U(1)pq has the

desired anomalies:

e There is a non-vanishing U(1)pq SU(3)? anomaly: to achieve this we introduced the
fermions £ and Q in two different representations of color. We chose the simplest
ones (singlet and triplet), although different models using more complicated repre-
sentations of color are possible.

e The U(1)pq U(1)} anomaly is proportional to Y3 — Y7 and contributes to the axion-
photon coupling.

e We introduced the appropriate number of leptons £ such that the U(1)pg SUN)?
anomaly vanishes: then the axion relaxes the SU(3). 6 term, rather than the one of
the extra gauge group SU(N).

A similar model based on SU(N)z x SU(N)gr gauge dynamics broken by a scalar trans-
forming in the bi-fundamental down to SU(N') 14 r was considered in [16] (see also [24-26]),
which shares similarities with the two models presented here. Differently from [16], we as-
sign non-zero SM hypercharges to the exotic fermions and show that it is possible to get
rid of dangerous colored relics. This enlarges the parameter space of the model also to the
case where the PQ is broken after inflation and opens the possibility of having extra DM
candidates in the form of Sp/SO bound states.

3 Antisymmetric scalar that breaks SU(N) — Sp(N)

We assume even N, as for odd N symmetry breaking is slightly different and the axion is
eaten by a vector [17]. If N > 8 the most generic renormalizable Lagrangian is

L = ZLsm + Liin + Lyue — V(S). (3.1)

Using Weyl two-component spinors

1 _

Lin = =76 G, + Ti(DLS)(DHS) + - 37 fiDuot'f (3.2a)
f=QrL.r,LL,R

R = Yo 9QrS*Or + y@,ﬁLSE.I? + h.c. %f Y, #0 (3.2b)
Yo QrS*Qr+yp L'SLY /2 +he. if Y, =0

V(S) = M2Tr(SST) + As Tr(SST)? + N Tr(8STSST) — Aps(HYH) Tr(SST),  (3.2¢)

where H is the SM Higgs doublet. If Y, # 0 without loss of generality we can rotate to a
basis where the Yukawa matrix y. is diagonal, diag(yr,,yr,, yYcs), with real positive entries.
If Y, = 0 the matrix y, is anti-symmetric and can be rotated to diag(yc,,VYr,,Yrs) @ €
where € is the 2 x 2 antisymmetric Levi-Civita tensor.



Accidental symmetries. The gauge-covariant kinetic terms are invariant under phase
rotations of each field. In the presence of the Yukawa and potential couplings the theory
remains accidentally invariant under

U)o ®@ U(l)z, 5 © Ul)rq (3.3)

where U(1)g and U(1)g, are the baryon and lepton numbers of Q and £; according to
which Q7 and Qg have the opposite charge (similarly for leptons), while S is uncharged.
The U(1)pq symmetry acting on S can be identified (a posteriori) as a PQ symmetry and
it acts as shown in table 1, where we chose a convenient basis. The accidental flavour
symmetry rotates with opposite phases the two L fields involved in each mass term: for
Y, # 0 mass terms involve L Lp pairs, while for Y, = 0 a similar pair structure arises at
renormalizable level thanks to the anti-symmetry of the mass matrix.

Landau poles. We constrain the field content and parameters of the model by requiring
that its couplings do not hit Landau poles below the Planck scale. The SU(N) gauge
coupling g is asymptotically free. Above the masses mg, m, of the new fermions, the
one-loop beta functions of the strong and hypercharge gauge coupling g? = 5952/ /3 are

dg3 93 ( 2 ) dg? g1 <41 12N o o )
- T3 = —+— (Y +Y))). A
dn @2\ T 3Y) G T e\ T s 02T (3.4)

Assuming mg ~ mg ~ 101'GeV, sub-Planckian Landau poles in g3 and gy are avoided if
N £30and V(Y3 +YZ) S 4

3.1 Symmetry breaking and perturbative spectrum

In a range of potential parameters, the scalar S acquires vacuum expectation value (S) =
wyn where Yy = 1 pr/2 @ € is the invariant tensor under symplectic transformations. This
breaks SU(N) ® U(1)pq to Sp(N) leaving one axion and giving mass to all new fermions.
Following [17] for even N the scalar field is conveniently parametrised as

S —

s ~ ia
WA ——— +2(8° + @) Tlyp | e V72w 3.5
( N/2> W+ 2( )T (3.5)

where T? are the SU(N) generators such that yoZ? is anti-symmetric (which satisfy the
condition T* = —ynTx and corresponds to the broken generators). The mass spectrum
at perturbative level is:

o N(N +1)/2 massless vectors A% in the adjoint of Sp(N);

o N(N —1)/2 — 1 vectors W? in the traceless anti-symmetric of Sp(N\), that acquire
a squared mass M%V = g?w? eating the Goldstone bosons a’;

e The massless scalar a, singlet under Sp(N). In view of the U(1)pq SU(3)? anomaly
it can be called axion and, as shown below, its decay constant will be f, = w/v2N.
The axion will get a mass because of the QCD anomaly;



e The scalar s singlet under Sp(N). If symmetry breaking arises through the Coleman-
Weinberg mechanism it is light with squared mass M2 = 24(N s + Ns)w?;

e N(N —1)/2—1 scalars 3 with squared mass M2 = 8(NAs +3Ns)w?, in the traceless
anti-symmetric of Sp(N);

e One colored Dirac quark o = (ywQr, Or)T with mass Mg = yow in the anti-

fundamental of Sp(N) charged under the accidental global U(1)g;

e Three Dirac leptons with masses My = ybw in the fundamental of Sp(N) and
charged under the accidental global U(1),. Dirac fermions are constructed pairing
the Weyl fermions involved in each mass term e.g. W% = (yn L5, Lh) if Y # 0.

The fermions are perturbatively stable thanks to the unbroken global U(1)g », symmetries
discussed in eq. (3.3).
3.2 Confinement and bound states

The Sp(N) gauge dynamics confines at the energy scale

127
11N + 2)apc(fa)l’

Asp = foexp |— (3.6)
where apc = g?/47 and we took into account only the running due to the gauge bosons
A. We normalise the Dynkin index of SU(N) as S2 = 1/2 for the fundamental. In the
confined phase, the baryons containing fermions (eNW(N “2/200, exWW=2/221 and
exWW=2/207 with ey denoting the N/-dimensional Levi-Civita tensor) decay into lighter
mesons Qyn Q, LyyL and QL. Depending on the constituent masses mg and mg, 2 or 3
of such mesons are stable because of the accidental fermion-number symmetries U(1)g and
U(1) present at the renormalizable level,?> we will later discuss how the situation changes
at the non-renormalizable level.

3.3 Axion effective Lagrangian

Under a U(1)pq rotation with angle « the fields transform as
a—a+a\/N/2w, Q—)e”O‘/QQ, LF s eTio/2 00
The QCD and QED anomalies are

62

1672

2 ~
Agcp = N 93 G Ge Aqep = 3N

357 ‘Y (Y3 — YA)FMF,,. (3.7)

2The new sector also respects a C symmetry [17] defined as S — S*, D, — D, F — iv?Ft, with F
denoting the various fermions. On the Sp(N') bosonic multiplets, C acts as follows

5 — s, a — —a, 35— —YNEYN, A = —ynv Ay, W = AawWon .

The colored fermions Q relate this symmetry to the SM via QCD, so that C (combined with parity) extends
the usual charge-parity conjugation CP, under which the axion is odd, as it should.



In view of the above anomalies the effective axion Lagrangian is

2
Eeff _ N 93 Ga,uVGa a

anom /771) 3972 f/\//Qw

_a 93 VA ga’Y v
" fa a2 C G 7 al” Fu

BNV(YE - Y2)—

162 FE,,

(3.8)

where in the last step we identified the axion decay constant f, = w/ V2N and coupling
to photons ggW = Z’)@Q(YQ2 — Y?) /472 f,. After rotating away the aGG term via an axion-
dependent light quark field redefinition, the axion-photon coupling gets dressed via the
axion-pion mixing as gay = ®emCary /(27 fo) in terms of the dimension-less coupling [27-29]

Coy = 6(Y5 — Y7) — 1.92(4). (3.9)

Axion domain walls. The QCD anomaly breaks U(1)pq — Zy, since the 27 f,-periodic
axion potential has A degenerate minima when the axion field is varied in its angular
domain a € [0,27)\/N/2w = [0,27) N f,. However, the Zy action can be embedded
in the SU(N) center, thus making the axion minima gauge equivalent. This avoids the
formation of axion domain walls at the QCD phase transition, and solves the axion domain
wall problem along the lines of [16, 30].

3.4 Higher dimensional operators

So far we considered the renormalizable theory. As anticipated, the relevance of the present
model consists in the fact that the PQ symmetry arises accidentally at the renormalizable
level and can remain good enough even in the presence of possible non-renormalizable
operators. In this section we study how effective operators can break accidental symmetries,
hence contributing to the axion potential and to the decay of heavy relics.

PQ-breaking operators. We defined the PQ symmetry such that the PQ charge of any
field is proportional to its A-ality (number of lower indices minus number of higher indices).
This means that operators containing one ey tensor of SU(N) break the PQ symmetry,
while it is preserved by all other operators, such as the renormalizable Yukawa couplings
of eq. (3.2b), or the dimension-7 operator (¢qrQr)S* (¢ Q). Note, also, that thanks to the
N-ality selection rule, dimension-7 operators are guaranteed to preserve the PQ symmetry
even in the presence of additional “quarks” and “leptons” in arbitrary SU(3). x U(1)y
representations.

We then search for the lowest-dimensional operator containing one ej tensor. This
is built by contracting with scalars S, as replacing one Sy; with two fermions Qj or L
increases the dimension of the operator. The lowest dimensional operator that explicitly
breaks the accidental PQ symmetry is the Pfaffian, with dimension N /2

PtS = +VdetS = 6}1\1[12...11\/711/\/8[1]2 Sy Iy (3.10)

Assuming that new physics generates such operator with coefficient suppressed by some
scale Ayy, its contribution to the axion potential originates from
e'v

e —5—PIS +he, (3.11)



where ¢ is a generic CP-violating phase. Inserting PfS = whN/2eie/2fa 4 ... the axion
potential obtained from QCD plus eq. (3.11) is

a = 2uN/? a
Vo = —m2 f2 cos (fa + 9) + AN Ccos (Qfa + (p) , (3.12)
uv

where 6 is the QCD topological term in a basis in which the SM quark masses are real.
The experimental bound (a/f,) + 6 < 10710 is satisfied for

fug Y (m“f’r>4/N><1020/N. (3.13)
Y VN2 Ay

Note that this bound holds even if the new physics respects CP, ¢ = 0, as the operator

would not relax the axion to the field value that cancels CP violation at low energy and
hence it would not cancel the 6 term. If Ayy ~ Mpi, the phenomenological bound f, pe
10 GeV for PQ symmetry broken after inflation requires A' > 24. If, instead, the PQ
symmetry is broken before inflation f, can be as low as 10° GeV and then N > 20 suffices.
In our numerical plots we will assume for definiteness a Planckian cut-off. If instead
Auyv =~ 2 x 1016 GeV (as motivated e.g. by supersymmetric unification) one needs N > 24
for f, > 10° GeV.

The quality of the PQ symmetry is strengthened by the following argument. The
operator in eq. (3.11) can have a coefficient Ayy < Mpy if it is mediated by particles with
renormalizable couplings below the Planck scale. One then needs a Yukawa or a scalar
quartic containing the ey tensor, which implies particles in a SU(N) representation with
n ~ N/2 or n ~ N /3 indices. The resulting large contribution to 3(g) ~ N™ implies that
such particles cannot be much below the Planck scale.

Q-decay operators. Furthermore, gauge invariance allows dimension 6 operators such as

(qrQL)(erLr),  (arQR)(qRLI), (3.14)

(where qr = (ug,dr) and ep are left-handed Weyl spinors, SU(2)-singlet SM quarks and
leptons) that conserve the PQ symmetry and break the other accidental global U(1)’s as

Ul)g® U(l)e — U(l)o-r (3.15)

such that only the lightest state containing Q and/or L is stable. Assuming that Q is
heavier than £, heavier Sp bound states containing Q decay with rate [31]

m> 1— a2 1 m 5/ Mp \*
Q Q Pl
1 R 1
[ 2 tone 13 sec (2 x 1011 GeV) <AUV) ’ (3.16)

for v = mg/mg ~ 0.5. We can reasonably approximate the Big Bang Nucleosynthesis
(BBN) bound on Q decays [32] by simply demanding that 79 = 1/I'g < 0.1sec such that
Q decays before BBN. This gives the bound

> 1 /10 <AUV)4/5 12X 10" GeV for z = 1/2 (3.17)
"~ yo VN \ Mp 0.7x 10" GeV for z <1 ’

Furthermore we neglect the possibility that Q decays while dominating the energy density

I'g ~
4(4m)3 ALy

of the universe and thereby providing extra reheating and dilution.



SU(N) = Sp(N) SU(N) = SO(N)
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Figure 1. Values of (f,, NV) such that: i) the model gives rise to a high PQ-quality axion (the
region shaded in red is excluded); ii) does not have sub-Planckian Landau poles for g3 (gray is
excluded); iii) colored relics decay before BBN (blue is excluded if PQ is broken after inflation).
We assumed yg = 1 = 2y, and non-renormalizable operators suppressed by Ayyv = Mp; (darker
regions) or Mgyt = 2 101 GeV (lighter regions). A should be understood as an integer parameter
(even integer for the left-hand plot). Left: model with a scalar in the anti-symmetric. Right: model
with a scalar in the anti-symmetric. The stars indicate the models considered in figure 3, 5, that
satisfy all the bounds. They lie around the vertical dashed line, where axions with initial 6, ~ 1
make all DM.

LL-decay operators. The Sp mesons Lya L with mass
Mg ~ max(Agp, 2ysw), (3.18)

are possibly stable but are charged if Y, # 0. We avoid heavy charged relics assuming

12 4
Y=0 and YQ—{—§,§,—§}. (3.19)
For Y, = 0 the Sp mesons are kept stable only by the accidental flavour symmetry
that arises at renormalizable level and that gets broken if dimension-6 operators such as
L'SSTSL7 have a different flavour structure. One then expects that £ya-L£ mesons decay
fast, leaving no relics despite that £ is stable. We will however also mention the alterna-
tive possibility that LynL is an acceptable DM candidate with 7., > 10%0 sec, given that
flavour couplings might be small and not approximated by a single scale Ayy.

The bounds related to Landau poles and higher-dimensional operators (from BBN
and PQ quality) are plotted in figure 1, which shows that they can all be simultaneously
satisfied for A" 2 24 and physically acceptable values of the axion decay constant f,.
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Figure 2. Predictions for the axion-photon coupling in eq. (3.9) and sensitivity of present and
future axion experiments. Axion limits from [35].

Axion-photon coupling predictions. Requiring that the colored exotic states Q decay
fast enough to avoid problems with cosmology allows to fix their hypercharges and in turn
to predict the axion-photon coupling, following a similar strategy as in the case of KSVZ
axions [33, 34]. In particular, in figure 2 we show the predictions for the dimension-less
axion-photon coupling in eq. (3.9) according to the values of the hypercharges in eq. (3.19).
Current limits (full lines) and projected ones (dashed lines) from axion experiments are
displayed as well. It should be noted that most of those experiments (apart for CAST,
IAXO and ALPS-II) assume that the axion comprises the 100% of DM. Consequently their
sensitivity is diluted as (€,/Qpm)'/2, if the axion is only a fraction of the whole DM.
Hence, we next study the cosmology and the composition of the DM abundance.

3.5 Cosmology and Dark Matter

The model contains two DM candidates: the axion condensate and possibly the Ly L me-
son if Yz = 0. The reheating temperature after inflation is Ty ~ v/ Mp1Hiyg if reheating
happens instantaneously, or Thyg ~ v/ MpiLing otherwise. Qualitatively different cosmolog-
ical histories arise depending on whether Try is high enough so that the PQ symmetry is
restored after inflation.

3.5.1 PQ broken before inflation, Try < fu
If the PQ symmetry is broken during or before inflation and is not restored afterwards, the
Hubble rate during inflation must be smaller than

0; Opm fa

Hinn S 108 Gev22DM_Jo__ 2
1R 0TGNV TR ey (3.20)

in order to avoid excessive axion iso-curvature fluctuations during inflation (see e.g. sec-
tion 3.5 of [36]). This implies an upper bound on Try, that anyhow must be smaller than

fo under the present assumptions.

,10,



All the heavy stable relics including topological defects (strings from PQ breaking)
get diluted during the inflationary expansion. The abundance of the DM candidates is
estimated as follows:

e The axion DM abundance produced through the misalignment mechanism can be
analytically approximated as [36]

Qah” ~ 03 (f“)7/6 (3.21)
0.12 ~ "™\2.0x 1011 GeV /)

where the initial axion phase 60y, is expected to be of order one, but can accidentally
be smaller.

e The Ly L meson M, with mass My, given in eq. (3.18) might be stable and light
enough that it is produced thermally.

— If Tru 2 Asp and possibly larger than m, its constituents can be produced from
AA — LL with rate v ~ g*T4e=2mc/T The resulting number abundance is

4 M,
Ygg%mj@xlw g Mpy

—— e 2me/Tru 3.22
Hs min(mg, Try) ¢ ( )

and gets later diluted by glue-ball decays.

— If Tru S Asp it can be produced from aX — M £ M with space-time density
rate y ~ A‘épT‘le_QM“/ T/ f1. The resulting number abundance is

MpiAS
S i ~ e 2Mer/Tru P1%sp

. 3.23
Hs|p—ryy Tru fa (3.23)

In figure 3a we show the parameter space of the model for some representative benchmark
values. We select a high N' = 26 such that DM can be composed solely by axions: in view
of eq. (3.21) this happens along the vertical line in figure 3. More likely £L are unstable
and the value of 1 is irrelevant. We assumed a small v, = 1073 such that, if £L is stable,
a second DM branch appears in figure 3a in which DM is composed by mesons via thermal
production. The transition between eq. (3.22) and eq. (3.23) gives rise to the discontinuity
at Tru ~ Agp in figure 3a.

3.5.2 PQ broken after inflation, Try 2 fa

We here consider the alternative situation where the reheating temperature is high enough
that the PQ symmetry is restored after inflation and all the new states predicted by the
model thermalise.

Demanding that axions do not exceed the cosmological DM density gives the bound
fa < 2.0 x 10" GeV for the average initial misalignment angle 6, = 2.2. The latter
numerical result (more precise than eq. (3.21)) is obtained by tracking the temperature
dependence of the topological susceptibility via lattice QCD simulations [37]. If the PQ
symmetry is broken after inflation, topological defects (strings and domain walls) add up to

— 11 -



PQ broken before inflation PQ broken after inflation

1010 1010

2 & =

S 0 S 0HE . ]
a = o =

=2 Meson. Dy = = &£ 5 = g

& 108 L - g : g = 108 L dc:é M = 1
g I - : /

= Trit = As =2 R= w =] =2

g 107 R b — s 107 .9 4
% : L~ g % = Z/ m ]

< m < i

= Landau Pole £ 2 2 .

; 10° F below Mpy ' ; 10° ¢ % Dark glueballs decay after BBN 1

E - Dark glue E O

/ ) after

10° 10° -

10° 10'° 10" 1012 10" 10"
PQ scale f; in GeV PQ scale f; in GeV
(a) (b)
Figure 3. Parameter space of the SU(26) model assuming Yz = 0, Yo = —1/3, and ygo = 1.

We chose a large N such that the cosmological DM abundance is reproduced along the red/green
boundary (the dashed curve shows how this boundary would change if, in addition to the axion, a
cosmologically stable ££ meson with y, = 1073 contributes to DM; otherwise the same plots apply
for any yr < yg). The right red region is disfavoured by the PQ quality arguments in eq. (3.13).
Left: assuming that the PQ symmetry is broken before inflation with Tgy = 107 GeV < f,. The
left gray region is excluded by sub-Planckian Landau poles. Right: assuming that Try 2 fa, ie.
PQ-breaking after inflation. The left white region is excluded because colored relics decay after
BBN (19 > 0.1sec).

the total axion relic density. The contribution of would-be disastrous axion domain walls to
the energy density is avoided thanks to the mechanism outlined at the end of section 3.3,
while that of axion strings is relevant, but difficult to be estimated (see e.g. [38]). We
neglect it here for simplicity, also because a complete consensus on their importance has
not been achieved yet in the literature. However, recent developments indicate that they
would strengthen the upper bound on f, by more than one order of magnitude [39].

On the other hand, the possibly stable DM candidate L+ L risks being over-abundant.
Its thermal relic abundance, Y;r ~ 1/Tgee Mp1Oapn with oapn ~ 1 /Azsp and Tgec ~ Asgp
(section 2.3 of [40] contains an extended discussion), is over-abundant if its mass M, is
above than 100 TeV, the critical value above which even strongly-coupled freeze-out leaves
too much DM. A Ly L lighter than 100 TeV needs a very small y, and Agy,.

Furthermore, the colored relics and the glue-balls of Sp(N) must decay before BBN,
but their decay can be slow enough so that they substantially reheat the universe. Dark
glue-balls decays dilute all relics containing @ and £ heavy fermions (while the axion
density is still a cosmological constant and hence is not diluted), allowing us to get a
multi-component Lya L plus axion abundance that matches the DM relic density. We
anyhow demand that colored relics decay before BBN, which implies the bound found in
eq. (3.17).

— 12 —
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Figure 4. Some Feynman diagrams for dark glue-ball decay into gluons and axions. Analogous
diagrams with heavy leptons £ or vectors W in the loops are not plotted.

Glue-balls with mass ~ Ag, that decay at T' = Tgecay ~ (T3, M3,/ Asp)l/ 3 reheat the
universe up to Tryy ~ Tdecay (Asp/ Tdecay)l/ 3. The dilution factor is estimated as [41]

24 —1
2 3
gpG ASp
1+ 906 (_Sp : 3.24
gsm <FDGMP1> ] (3.24)

where ggy &~ 100 is the number of SM degrees of freedom, and gpg = N (N + 1) is the
number of Sp dark gluons [42]. A large D can need a baryogenesis mechanism below Tgyy;

D:

we do not address such model-dependent issues.
Dark glue-balls with mass Mpg ~ 7TA g, can decay into axions and SM particles through
the Feynman diagrams in figure 4. The rates are estimated as follows:

e Glue-balls decay into gluons g through a loop of Q (left-handed diagram in figure 4)
that gives the dimension 8 effective operator Azygg 5 (see eq. (41) of [42])
achanggG_

[DGogg ~ —2——2< (3.25)
mg

e Glue-balls decay into axions through a loop of Q or £ (middle diagram in figure 4)
that gives the dimension 8 operator A2, (9aa)

2 9 2
ot~ M, m
FDG—ma ~ DO DG < Q’ﬁ) . (326)

m8Q’ c 4z f,
A similar diagram gives decays into ag.

e Glue-balls decay into axions as described by the right-handed diagram in figure 4:
through the dimension 5 operator (18 — 7TA)apcAZ,s/16mw times the dimension 5
5(0qa)? operator

(18 — TN)?apMpg

51273 M4 f4

I'pa—aa ~ (3.27)
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e Glue-balls decay into HH' = {hh,hZ,ZZ, W+TW~} proceed through the coupling
Aps that connects the dark and the SM sectors (that however can be small, in order
to avoid an unnaturally large contribution to the Higgs mass). Taking into account
that h mixes with s we obtain, for Mpg > M) w, z

(18 — TN)*ap AhsMia

Ipeosunt = 204873 M2 (3.28)

The most important channels are (3.26) and (3.27) for yz < 1, while (3.27) dominates
if yp ~ 1.

The parameter space is plotted in figure 3b: we see that regions exist where all con-
straints are satisfied, the axion quality is good, and the DM cosmological abundance is
reproduced either through axions or through dark mesons (if stable), or both.

4 Symmetric scalar that breaks SU(N) — SO(N)

We next consider a different but similar model: the scalar is now in the symmetric represen-
tation and spontaneously breaks the SU(N') gauge group to SO(N). We avoid repeating
the many aspects of the model which remain similar to those in section 3 and highlight the
key differences.

If NV > 4 the most generic renormalizable Lagrangian has the same form as in eqgs. (3.1)
and (3.2). The Yukawa matrix y, is now symmetric and can be rotated to a basis where
it is diagonal with real positive entries. Unlike the anti-symmetric scalar, where the gauge
invariant Pfaffian operator is defined only for even N, the symmetric scalar model can also
be constructed using odd values of /. We again require that couplings do not hit Landau
poles below the Planck scale; SM couplings run as in the previous model, giving the same
constraints.

Accidental symmetries. The situation is similar to the model of section 3, but with
two differences.

First, in both models the SU(N) theory is accidentally invariant under a reflection,
which we dub U-parity [17], of any of the N equivalent directions in group space. U-parity
is obtained by flipping the sign of any color, for example the 1st one. This flips the signs of
those generators with an 17 entry, preserving the SU(N) Lie algebra, such that U parity
acts on components of vectors in the adjoint and of other multiplets as

Gl B (—1putdugl ™Y (~1)PuQp, Ly Y (—1)Ly, Sy Y (—1)utius,

(4.1)
having written the SU(N') vectors as GI = GA(T)]. We ignored U-parity when discussing
the SU(N) — Sp(N) breaking in the previous section, because U-parity was broken by
(S). In the present model, instead, U-parity is preserved when SU(N) is spontaneously
broken by (S) = wlar to SO(N). As a result, SO(N) confinement produces dark baryons
odd under U-parity: those built by contracting constituents with one ens. The lightest of
such baryons is a stable DM candidate.
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The U(1)pq symmetry again acts as shown in table 1. If Y, # 0 all accidental global
symmetries are the same as in the previous model, eq. (3.3). The second difference arises
if Y, = 0: leptons now acquire a Majorana mass, so U(1), lepton number gets replaced
by a Zo that acts as lepton parity £/ — —£!. The accidental global symmetries become
U(1)g ® Zz ® U(1)pq.

4.1 Symmetry breaking and perturbative spectrum

In a range of potential parameters, the scalar S acquires vacuum expectation value (S) =
wlpr. This breaks SU(N) ®@ U(1)pq to SO(N) leaving one axion and giving mass to all
fermions. Following [17] the scalar field is conveniently parametrised as

S _da__
S = [(w—i—) diag(1,...,1) + 3 +iab Tlf’ea e V2Nw 4.2
o) el 1) (3 + i) Ty (42)

where TP, are the real (symmetric) generators of SU(N) in the fundamental representa-
tion, while s, §, @, a are canonically normalized fields. The mass spectrum at the perturba-
tive level is:

e N(N —1)/2 massless vectors A% in the adjoint of SO(N).

e N(N +1)/2 — 1 vectors WP in the traceless symmetric of SO(N), that acquire a

squared mass M]%V = 4g%w? eating the Goldstone bosons aP.

e The massless scalar a, singlet under SO(N). In view of its QCD anomalies it can be
called axion and its decay constant will be f, = w/\/N /2.

e the scalar s, singlet under SO(N). If symmetry breaking arises through the Coleman-
Weinberg mechanism it is light with squared mass M2 = 6(NA\s + Ns)w?.

e N(N +1)/2 — 1 scalars 5° with squared mass M2 = 2(N\g + 3\s)w?.

e One colored Dirac quark ¥ = (Qp, Or)? with mass Mg = yow in the fundamental
representation of SO(N') charged under the accidental global U(1)g.

e Three Dirac leptons W% = (L%, £5)T with masses M = yLw in the fundamental of
SO(N) charged under the accidental global U(1)., if Yz # 0. If Y2 = 0 one instead
gets six Majorana leptons W’ = (L7, lji)T with masses M, = y}:w in the fundamental
of SO(N) which transform as ¥, — —W% under the accidental Zy symmetry.

The quarks Q are perturbatively stable thanks to the accidental global U(1)g while the
leptons L’ are stable thanks to the global U(1)z, (if Yz # 0) or the discrete Zy symmetries
(if Y, =0).

4.2 Confinement and bound states

The SO(N) gauge dynamics confines at the energy scale

67
11(N_2)aDC(fa) .

Aso =~ faexp |— (4.3)
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The theory contains a CP parity that extends the QCD CP parity analogously to what
discussed in footnote 2. SO(N) confinement leads to bound states, and we are interested
in the possibly stable states. These are the SO baryons formed by contracting constituents
with an anti-symmetric ey tensor of SO(N), taking into account that group theory allows
SO gluons to be constituents.

e If \V is even the lightest baryon is the 0-ball exrAN/2 made of SO gluons only, stable
thanks to U-parity (see e.g. [17]). On the other hand, the lighter baryons containing
fermions

enANTDRQ0, ey AWTD2LL ey AW TD2r (4.4)

can decay respecting U-parity into the 0-ball plus the corresponding lighter mesons
QQ, LL, QL. Such mesons are stable in the limit of exact U(1)g » symmetries.

e If \V is odd the lightest baryons contain one fermion (and thereby dubbed 1-ball)
enAND2g e AN-D2p (4.5)
are stable if the fermion Q and/or L is stable.

4.3 Higher dimensional operators

Unlike in the model with an anti-symmetric discussed as in section 3.4, in the present
model with a symmetric the lowest dimensional operator that breaks the PQ symmetry is
det S at dimension N. PQ quality now demands a weaker bound on f,

f, < Awv (mafx " x 10710/ (4.6)

SN\ Ry / '
having identified f, = w/\/N /2, since the construction of the axion effective Lagrangian
follows exactly section 3.3. Consequently, PQ quality is now assured if N' 2 12 for both
Auv ~ Mgyt and f, > 10°GeV or Ayy ~ Mp; and f, > 10! GeV, the latter for PQ
symmetry broken after inflation, otherwise N' = 10 is enough.

The dimension 6 operators in eq. (3.14) that break fermion numbers are allowed for
YoxY, = {—%, %, —%}. Assuming Mg > M, the colored states Q decay with rate given
in eq. (3.16). Demanding again 79 < 0.1sec in order to avoid problems with BBN we
derive a bound on f, a factor of 2 stronger than in eq. (3.17). Assuming that Q decays,

the stable relics are:

if Ve #£0 if Y, =0
if Vis odd |ex AN=D/2L and LL ey AN-D/2¢ (4.7)
if Vis even| enAN/2 and £L en AN/

Y, = 0 is needed to have no charged relics.

The interplay between Landau pole, BBN and PQ-quality constraints is displayed in
figure 1b, while for the given values of Yo = {—%, %, —%} and Y, = 0 the predictions for
the axion-photon coupling are the same as in figure 2.
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4.4 SU(N)/SO(N) monopoles?

A qualitatively new feature of the SU(N) — SO(N') model is the presence of an unusual
type of magnetic monopoles. Indeed, while the model of section 3 had a trivial second homo-
topy group ma( SU(N)/ Sp(N)) = 0, in the present model mo( SUN)/SO(N)) = Zs is non-
trivial and allows for topologically stable Zo monopoles [43] with mass Myon = Myy/apc.
Zs monopoles differ from the well known monopoles carrying a U(1) magnetic charge by
the fact that their charge is discrete, modulo 2, so that two Zs monopole annihilate. Their
semi-classical limit was constructed in [43-45]. It was later realised that such monopoles
fill multiplets under an emerging magnetic dual group: in the present theory they likely
fill a representation of a magnetic Goddard-Nuyts-Olive (GNO) [46] dual group [47, 48].
Monopoles and their vectors are massless in theories where super-symmetries allow us to
reliably compute gauge dynamics beyond the semi-classical approximation [48, 49], but not
in the present theory.

Furthermore, in our theory SO(N') is unbroken and (most likely) confines at a lower
scale Ago. Thereby SO(N) magnetic fields cannot reach infinity, casting doubts on the
topological argument for monopole stability. Indeed, it is believed that SO(N') confinement
corresponds, in the dual theory, to full Higgsing of the magnetic GNO dual group [48], so
that monopoles can mix with electric states and decay. We will then study cosmology
assuming no stable monopoles.

However, as non-perturbative gauge dynamics is not firmly known, we also consider
the opposite, less likely, possibility of stable monopoles. Then monopoles contribute to
the DM density, with the abundance estimated in the rest of this section. Monopoles
form at the SUN) — SO(N) cosmological phase transition. As long as My, f, > Aso
the short-distance dynamics of monopole formation is not affected by SO(N') confinement
and the estimates for cosmological monopole production via the Kibble mechanism [50]
apply. If the SU(N) — SO(N) phase transition is of second order, the Kibble-Zurek
estimate [51, 52] is

3v

M 30T\ i+
Quonh? = 1.5 x 10° < m"“) ( C) 4.8
mon X 1 TeV MP] ) ( )

where T, =~ Myy is the critical temperature of the phase transition and v is the related

critical exponent (v = 1/2 at classical level).
If instead the transition is of first order, the Kibble estimate is enhanced by a loga-
rithmic factor due to the process of bubble nucleation [53]:

2 274 \73
Quonh? = 1.7 x 1011 (Mm°“> Te In ( 35 ) Mil . (49)
1 TeV 45/ (413 gsn) Mp dmigsm /) T

where ggy =~ 100 is the number of SM degrees of freedom. Finally, the monopole abundance

gets diluted by monopole annihilations and possibly by inflation (if PQ is broken before
inflation) or by dark glue-ball decays (if PQ is broken after inflation).
4.5 Cosmology and Dark Matter

DM is composed by axions, by the 0-ball eAN/2 (for even N) or the 1-ball e AN-1/22
(for odd N and Y = 0), and possibly by monopoles (if stable). As in the Sp model, we
consider the two possible cases.
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Figure 5. Allowed regions in the (f,, Aso) plane for the SU(14) model with a scalar in the
symmetric, assuming yo = 1, yo = 0.1, Y, = 0, Yo = —1/3. DM is composed by axions and 0-
balls. The relic DM abundance is reproduced along the boundaries between the red/green regions.
White (gray) regions are excluded because Q (dark glue-balls) decay after BBN. The region at
large f, is disfavoured by poor PQ quality, eq. (4.6). Left: we assume PQ-breaking before inflation
with Try = 107 GeV < f,. The axion DM abundance is computed for 6, = 1. Right: PQ-
breaking after inflation. We assumed that monopoles decay; otherwise they contribute as well to
the DM density and the curve along which the DM abundance is reproduced becomes the dashed
curve (Kibble-Zurek estimate) or the dot-dashed curve (Kibble-Zurek plus an estimate of monopole
annihilations).

4.5.1 PQ broken before inflation, Try < f,

Inflation dilutes all relics, so cosmology is similar to what is discussed in section 3.5.1 for
the Sp model. Sp mesons containing 2L get replaced by SO bound states containing 0L
or 1L. Their relic abundance is again estimated assuming that such states have a non-
perturbative annihilation cross section of order 1/ A%O. Figure 5a considers the case of
even N = 14, showing that there are regions where all constraints are satisfied and the
cosmological abundance reproduced, as combinations of axions and heavy relics.? For odd
N the relics containing 1£ can be heavier than Agg, and thereby have a smaller abundance
produced by thermal scatterings after inflation. Nevertheless, one can again find regions
where all constraints are satisfied.

4.5.2 PQ broken after inflation, Try = fa

Relics are now not diluted by inflation. Still, abundances at the desired level are obtained
taking into account that they annihilate with cross section oy, ~ 100/ A%O and that glue-
balls can decay slowly, reheating the lighter particles and diluting the heavier relics. We

3If Aso is smaller than Try a thermal-equilibrium population of dark gluons is present, that later dilutes
the 0-ball number density, when it dominates the energy density of the Universe in the form of long-lived
dark glueballs. Hence, 0-balls are under-abundant for Aso < Trg-
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anyhow demand that Q relics decay before BBN, finding the extra bound f, > 10! GeV in
figure 5b. Axions and glue-balls behave as in section 3.5.2, except that now gpg = N (N —
1) and the scalon-glue-ball effective Lagrangian becomes —(7TN + 10)apc(Auw)?s/8mw.
Figure 5b shows that regions exist where all constraints are satisfied, the axion quality is
good and the cosmological DM abundance reproduced. We here considered even N = 14;
similar results are found for odd N,

So far we assumed that monopoles decay. As this is not firmly established, we also
consider the possibility that stable monopoles contribute to the DM abundance. Assuming
the Kibble-Zurek estimate (dashed curve) we find that monopoles tend to be too much
abundant in the allowed regions. This is partially avoided by adding estimated monopole
annihilations (dot-dashed curve). As order unity factor become relevant and N is somehow
large, a more reliable estimate of the monopole abundance should take into account that

monopoles fill some representation of the GNO dual group.

5 Conclusions

We proposed two simple models that provide a high-quality accidental PQ symmetry. The
models are based on SU(N) gauge dynamics spontaneously broken to either Sp(N) or
SO(N) by a scalar S in the anti-symmetric or symmetric and heavy quarks and leptons
in the fundamental, as summarized in table 1. The PQ symmetry acts as a phase rota-
tion of S and is only broken by operators involving the SU(N) anti-symmetric invariant
tensor with N indices. If S is symmetric the lowest-dimensional operator that breaks the
PQ symmetry is det S with dimension A. If S is anti-symmetric the lowest-dimensional
operator that breaks the PQ symmetry is PfS = v/det S with dimension N'/2. A high-
quality PQ symmetry is thereby obtained for large enough A. Putting together constraints
of theoretical type (PQ quality and no sub-Planckian Landau poles, see figure 1) and of
phenomenological type (colored relics decaying before BBN, cosmological DM density), the
models are viable if ' > 12 (for the symmetric) or A > 24 (for the anti-symmetric).

The models contain extra accidental symmetries that can lead to heavy relics. Generic
non-renormalizable operators break some accidental symmetries. With an appropriate
choice of heavy fermion hypercharges and masses, heavy quarks decay before BBN into
heavy leptons, that form bound states together with dark vectors when the unbroken color
group (SO or Sp) confines at some scale A. Depending on the model, such bound states
either decay or leave cosmologically stable relics that provide extra DM candidates beyond
the axion.

If the PQ symmetry is broken before inflation, extra relics get diluted away and are only
marginally produced at reheating, so that DM candidates can have the desired abundance.

If the PQ symmetry is broken after inflation, thermal relics of super-heavy particles
are typically over-abundant. This is not necessarily a problem, as the models under con-
sideration contain dark glue-balls that decay mildly slowly and can thereby partially dilute
the heavier relics (while the axion density, still in the form of vacuum energy, does not get
diluted). As a result, we find regions in the (f,, A) plane where all constraints are satisfied,
as shown in figure 3, 5. Furthermore, in the SU(N) — SO(N) model, Zs monopoles
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arise at the cosmological phase transition. We argued that SO(N') confinement ruins their
topological stability, but we also considered the opposite possibility of stable monopoles,
showing that they could provide extra DM through the Kibble-Zurek mechanism.

All in all, such models predict strongly coupled dynamics at A < f, and are thereby
more testable than other proposed solutions to the PQ quality problem (based e.g. on
discrete or abelian gauge symmetries), where the new dynamics remains confined to very
high energies. While A might be larger than scales explorable at colliders, the new physics
has implications for cosmology, with possible non-trivial cosmological interplays among
different sources of DM.

Finally, we point out that the mechanism outlined in the present paper to address the
axion quality problem could be also employed to protect the shift-symmetry of a generic
Goldstone boson, as e.g. in the case of ultra-light fuzzy DM [55] or cosmological approaches
to the hierarchy problem (see e.g. [56]). These scenarios typically require a shift-symmetry
with a quality significantly higher than the axion case, that would be difficult to achieve
otherwise, especially if the quantum-gravity breaking is not exponentially suppressed in
the presence of radial modes, as claimed in [54]. The mechanism outlined here provides
a natural framework to achieve such a high-quality shift-symmetry, given its robustness
(the symmetry is A-ality) and protecting power (the breaking can be suppressed to an
arbitrarily high value by increasing N). We leave a detailed study to future work.
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