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1 Introduction

Despite its success at predicting the results of particle experiments, the Standard Model
remains widely unloved. Its unpopularity is due in part to a few inexplicably small param-
eters, including the O(1071%) ratio between the electroweak and Planck scales, the puzzling
array of Yukawa couplings, and the degree to which QCD conserves the discrete charge
(C) and parity (P) symmetries, |#| < 10719, In addition, the Standard Model is clearly
incomplete, failing to describe gravitation, dark matter, and neutrino masses.

Prominent solutions to these theoretical shortcomings include supersymmetry (SUSY),
which stabilizes the electroweak scale and can support dark matter; extra dimensions and
composite models, which can generate hierarchies dynamically; and axions, which explain
the smallness of the QCD CP parameter 6 while supplying a dark matter candidate. In this
paper we consider a hybrid of these elements, a supersymmetric composite axion model,
as a solution to the strong C'P problem that is free from fine-tuning.

At issue (for more complete discussion, see refs. [1, 2]) is the 6 term of the QCD
Lagrangian,
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which violates both P and C'P. @ is the physical combination of the intrinsic coefficient 6
and a phase in the quark mass matrix,

0 = 0 + argdet M. (1.2)



Measurements of the neutron electric dipole moment require ‘5 ‘ < 10710 [3]. Such a tiny
value appears to require an extraordinary cancellation between two apparently unrelated
quantities.

In a simple axion model, 6 is associated with the transformation parameter of an
approximate global U(1)pqg symmetry [4-10]. U(1)pq is spontaneously broken at some
high scale f, by the expectation value of a U(1)pq-charged scalar field or the formation
of a U(1)pq-charged fermion condensate, resulting in a pseudo-Nambu-Goldstone boson
(pNGB): the axion a. Due to the nonzero SU(3)2-U(1)pq anomaly, non-perturbative QCD
dynamics induce an expectation value for the axion such that C'P is a symmetry of the
vacuum, and the axion acquires a small mass.

At energies below f,, the effective Lagrangian contains the term:
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where A is the SU(3)2-U(1)pq anomaly coefficient. Nonperturbative QCD generates a
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periodic potential for the axion which can be heuristically described by

Via] = m2f2 <1 ~ cos [A}L + GD , (1.4)

a

where m, and f, are the pion mass and decay constant, respectively. This potential is

minimized when (a) = — f,0/A, leading to C'P conservation in the vacuum. We choose to

normalize the U(1)pq charges so that A = 1, for which the axion mass is,!
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Experimental observations set bounds on the value of f,. A lower bound f, > 10° GeV

(1.5)

is derived from constraints on stellar and supernova cooling [12], while the axion relic
abundance suggests f, < 10'2 GeV in the absence of cosmological fine tuning [13].

~

Axion quality problem. Simple axion models are plagued by the theoretical inconsis-
tencies endemic to theories containing fundamental scalar fields. The expectation value
of the new complex scalar (¢) ~ f, receives additive corrections from high-energy physics
which, while less severe than the electroweak hierarchy [14], remains a concerning source of
fine-tuning. Models of axions also suffer from a different concern which is potentially much
more troubling: the azion quality problem. Any U(1)pq-violating effects in the scalar po-
tential can shift the axion VEV away from 6 = 0, inducing the strong C'P problem rather
than solving it. In particular, non-perturbative quantum gravity is expected to violate
global symmetries [15-20], leading to terms in the low energy effective action of the form
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!More careful treatments based on the QCD chiral Lagrangian [11] result in a potential given by:

Via] = m2f2 (2 _ \/1 + % (cos [Af% + é])), where m,, q are the up- and down-quark masses,
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is unimportant in terms of assessing the axion quality, and we use eq. (1.4) for our analysis.

and leading to an axion mass m2 = . The distinction between these two expressions for V[a]




which is inconsistent with |§] < 10719 unless the p = 4 term has a coefficient smaller than
O(107%%). Considering that the axion is introduced to explain fine-tuning of O(10710),
this calls its motivation into serious question, and any successful axion model must prevent
linear shifts of the form (a) — (a) + f,Af with A§ > 10710,

More generally, we can analyze arbitrary U(1)pq violation by including it in the axion
potential Va| as

3V[a] = (Q f4 cos <n [Jff + e] + 90> , (1.7)

for a dimensionless “quality factor” @), an integer x and an angle 6y. Experimental measure-
ments of (f) set a maximum bound on @); we derive the general expression in appendix A.
For ksinfy ~ O(1), 0] < 1071 requires:
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Consistent axion models. Several solutions to the axion quality problem are known,
in which the U(1)pq is protected by associating it with new gauged symmetries. In the
simplest solutions a gauged discrete Zy symmetry [21] forbids U(1)pq-violating operators
of dimensions smaller than N. More sophisticated models can employ discrete groups
as small as 74 while forbidding the problematic operators [22, 23]. Solutions without
gauged discrete symmetries also exist: for example, a composite model [24] with a gauged
SU(N) x SU(m) x SU(3). protects U(1)pq to arbitrarily high order. More recently [25],
a qualitatively different SU(N)r x SU(N)g x SU(3). model has been shown to suppress
Planck scale corrections appropriately.

Other constructions protect U(1)pq by gauging a related Abelian group. In one
model [26] with a compact extra dimension, a gauged U(1) symmetry is spontaneously
broken by fields localized on two separated four-dimensional branes. One combination of
the fields is eaten by the gauge field, while the other acts as the QCD axion and is protected
from gravitational corrections. A related model [27] gauges a product group of the form
U(1)* with k > 14, which can also be interpreted as a k site deconstruction of a compact
fifth dimension. In a different class of models [18, 28], the fields are assigned large and rela-
tively prime U(1) charges, so that an accidental U(1)pq is protected from low-dimensional
operators.

Some of these models, while successful at forbidding low-dimensional U(1)pq-breaking
operators, still suffer from a hierarchy problem. One resolution is supersymmetry (SUSY),
which protects f, from loop-level corrections, so that the theory is technically natural
if the susy-breaking scale is not much larger than f,. Another compelling direction is
composite models, which can suppress dangerous gravitational contributions to the axion
potential while allowing the scale of U(1)pq breaking to be determined from the confining
dynamics. For asymptotically free gauge theories the confinement scale is expected to be
exponentially suppressed compared to Mp, so the hierarchy between f, and Mp can be
naturally generated dynamically.

In this article, we present a qualitatively new supersymmetric composite axion model
which tames both the quality and hierarchy problems. The axion is a composite formed of



large product of fundamental fields, such that the quality problem is ameliorated by a suffi-
ciently large power of (A/Mp)", where f, ~ A is dynamically generated by the confinement
of a product of non-Abelian gauge theories. Supersymmetry allows for control over the low
energy physics of the non-perturbative confining dynamics, and additionally stabilizes any
other mass scales (including, perhaps, the electroweak scale). Our work is laid out as fol-
lows: in section 2, we explore a minimal construction in terms of its UV degrees of freedom.
In section 2.1, we analyze its low energy behavior after confinement, with section 2.2 dis-
cussing the breaking of the global symmetries, including U(1)pq. Section 2.3 estimates the
size of the leading gravitational corrections, and determines parameters such that the axion
quality problem is ameliorated to a sufficient degree. In section 3, we show how a simple
extension of the basic model can dynamically generate superpotential terms on which the
basic module relies, resulting in a theory in which all of the essential mass scales are dynam-
ically generated. In section 4, we conclude. As we shall see, solving the quality problem
can imply that a theory whose low energy limit looks like a rather standard invisible axion
model may blossom at high energies into a rich interlocking structure of gauge dynamics.

2 Axion from a supersymmetric product group

The construction of our axion model begins with a gauge group SU(N) 1), with one mat-
ter field A transforming in the antisymmetric (H) representation; four quarks, @); and N
antiquarks Q. This theory is known to s-confine [29-32]: that is, a set of gauge-invariant
operators provides a smooth description of the moduli space which is valid at the origin,
and a dynamically generated superpotential enforces the classical constraints between op-
erators [33, 34]. When supplemented by an appropriately chosen external superpotential,
U(1)pq is spontaneously broken when SU(N) ;) confines.

High axion quality is enforced by expanding SU(N )(1) into a product gauge group,
SU(N)" = SU(N) 1y x SU(N) gy X ... X SU(N ). In addition to the SU(N)(;)-charged A+
4Q, the matter fields include a set of bifundamentals (); which transform under SU(N) ;) x
SU(N)(i+1), and N antiquarks @, charged only under SU(N)(). It has recently been
demonstrated that this product group model s-confines [35], and that the gauge-invariant
operators include “mesons” of the form (QQ,Q,...Q,) and (A@? . @3), “baryons” (@iv )
for each 4 = 1...r; and special baryons (AyQp) for 0 < p < 4, subject to the condition
that (N — p) is even. An axion living in a combination of these fields enjoys the feature
that increasing r and N results in increasingly suppressed gravitational corrections.

To accommodate QCD within the model, we introduce a second copy of the matter
fields A +4q + G + ... + G, + NG, charged under a new s-confining SU(N)¢ gauge
group, and we let @ and ¢ transform in the fundamental ((J) and antifundamental (C)
representations under a weakly gauged SU(4) which contains SU(3).. as a subgroup. The full
matter content of our theory is thus {A,Q,Q; ...Q,; A,q,q; -..q,}, with the gauge group
SU(N)" x SU(4) x SU(N)*. The gauge structure and matter assignments is represented as
a moose diagram in figure 1, and is vaguely reminiscent of a deconstructed extra dimension
with a bulk SU(N) broken to SU(4) on a defect. As we show in section 2.3, this structure
permits smaller values of N for a given axion qualty.
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Figure 1. Moose diagram indicating the matter content and gauge interactions of the SU(N)* x
SU(4) x SU(N)" composite axion model. Each G; and G; corresponds to a gauged SU(N), whereas
SU(N) flavor symmetries are represented by dashed circles. The bifundamental fields Q, Q;, ¢,

and g; are depicted as directed line segments connecting adjacent groups, while the field A (A)
transforms under G; (G1) in the antisymmetric two-tensor representation.

For convenience, we introduce the notation SU(N)¢ = G1xGax...xGyand SU(N)" =
G1 X Gg X ... x Gy, where G; and G; represent SU(N) groups that confine at scales A; and
A; respectively. Up to a constant, the holomorphic scales A; and A; are defined as

A = b exp{—8n?/§? + ib;}, Al = pbexp{—8n2 /g2 +i6;}, (2.1)

where g; and g; are the coupling constants of the gauge groups éz and G;. In the dy-
namically generated superpotential for each group there is an overall constant that is not
determined by symmetry arguments; to simplify the notation, we absorb these constants
into Kf and Af.

In the absence of an external superpotential, there is a conserved U(1)4 x U(1)p x
U(1)e x U(1)g x SU(N)r, x SU(N)g global symmetry, and an approximate U(1)pq that is
broken by the SU(4)2-U(1) anomaly. Charges are shown in table 1, where for convenience,
we have taken the U(1)g charges of Q and A to be equal to ¢ and A, respectively, with

qQ = % and ga = ]\1,?&2_]\2[) By defining U(1)pq as in table 1, we assume that the operator

(A@? . @72«) is more suppressed than (4g3 ...q7), so that U(1)pq is expected to be a better
symmetry than U(1)4. Appropriate U(1)pq charges in the opposite limit can be recovered

by performing the following outer automorphism on the moose diagram:
Lo, G; & éi, A & KZ', A+ Z, Q < q, @z < q;- (2.2)

At a generic point on the moduli space the full global symmetry is spontaneously bro-
ken, producing a number of Nambu-Goldstone bosons. Although the explicit symmetry
breaking from gravity would supply masses for the pNGBs, a tree-level external superpo-
tential

Agg..a) , @) . @) , A QU"'¢Y) (A9 ¢)

W tree =
20—2 N-3 N-3 N—-1 N—-1
M2 MY ) M) M

(2.3)



SU(N)L | Gy G1 | SUM4) | Gy G, |SUMN)r| Us Uz Uc Ugr|Ul)pq
7 O O 0 0 +1 0 0
Ty O O 0 0 F1 0 0
70 O O 0 0 1 0 0
A H —4 0 X qa 0
q ] ] N-2 0 0 q0 0

Q O 2-N 0 0 gqo| =X

A H 4 F 0 ga| 4/N
Q, O O 0 1 0 0 0
Q, . O O 0 F1 0 0 0
Q. O O 0 +1 0 0 0

Table 1. Representations of the matter fields under the gauged SU(N)* x SU(4) x SU(N)" symme-
tries, the flavor symmetries SU(N)z x SU(N)g x U(1)4, and the approximate U(1)pq symmetry.

increases the pNGB masses by breaking the global symmetries more severely. This is
essential in the case of the second (Mp) term, which as we shall see below determines the
PQ symmetry breaking scale f, after confinement. The remaining M; could be safely taken
to be Mp without harm. In addition, to avoid deforming the (G; confinement, we choose
them to satisfy A1 < M;.

In section 3 we discuss the possibility that some of the terms in eq. (2.3) are generated
dynamically through the s-confinement of a strongly coupled Sp(2n) gauge group, providing
a natural and completely dynamical origin for the scale f,.

2.1 Confinement

We choose the UV gauge couplings such that SU(N)* and SU(N)" confine at an interme-
diate scale where SU(4) remains weakly coupled and supersymmetry is unbroken. For odd
N = 2m + 1, the groups SU(N)¢ and SU(N)" confine separately to produce the following
hadrons:

S _ _9_ _9— —m —m—1 _
JL=(Ql1--0q), Kr=(@q-,..-a1A), z1=(A"q), wn=A""¢), z=@@)",

Tr=(QQ1Qs.-.Q,), Kr=(AQ:Q5..Q0), Xi1=(A"Q), YVi=(A""'Q%, Z=@Q)".
(2.5)

Their transformation properties under the global symmetries are summarized in table 2.
These operators obey quantum-modified equations of motion, for which we define the
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Table 2. Operators describing infrared degrees of freedom in the confined phase of SU(N)* x
SU(N)", and their transformation properties under the approximate SU(N)r x SU(N)r x U(1)pq
flavor symmetries.

shorthand notation:

(Z1Z2§’>';ZQ_K§(Z3Z4"'Zé)_Z}VK?SV(Z},'"ZQ+K§KZ(Z5""ZK)+"'

(fit) +(ASAGAL. NS )z 1 ze+ (ASAGAL..AS L AD), 26)
12 - e e — .

(z12223...20) — NS (2324...20) — 21 MG (24 .. 20) + A A (25...20) + ..

even /:

odd ¢: )2l oLl
\ +21(AJAZAS . AD) . (ASASASL LAY | 2);

oven 1 (Z12273...2,)—N5(Z524... 2,) — Zy N§(Zy... 2, )+ NSNS (Z5 .. Z, )+

- L (AAGAL Y )7, 1 7+ (AARAR AD_,AD).
" Z)=

oidd e D1Z2Z5. 2) =Ny (Z3Zs... Z) ~ TNy (Zs. )+ NSNS (Zs Z)

\ +Z1(ASAAL ALY+ (ASAGAL.AY 7).
(2.7)
The constraint equations include:

K7 Jy, = o(I%2) K13 = (I 2) 2y =0 o)
K@= X (I} Z) Kn=lg3 = V(I Z) XY =0. '

Not shown above, X, Y, z, and y each carry an SU(4) gauge index, which is summed over
in the expressions %y, = XoY® = 0. Each term in the equations above is invariant under
the SU(N)r x SU(N)g family symmetry. Combinatoric coefficients have been suppressed
for clarity.

The analysis is simplified by introducing spurion superfields X;~1, Yi~1, ;>1 and y;>1,
such that the constraints between operators follow directly from the dynamically generated



superpotential Wy = W, + Wg, where

T1Y121 — T1Y2 — Y122 TiYizi — TiYi+1 — YiTi+1
Wr, = + E

AY P ASAS .. A?
zeyeze — KT — gy K (2.9)
ASAS . AD
—1
W — X2 — X1Ya —V1Xo < XiYiZi — XYip1 — YiXi
R = AD + ADAD AL
1 i=2 1422 4%
XY, Z, — X, K" 13 — v, K"J
4o R R Ak iy (2.10)
ABAL A

Each of the fields {X;>1, Yi>1,Zi>1, ¥i>1} is a redundant operator: that is, the equations of
motion determine the low-energy behavior of each superfield exactly, leaving no indepen-
dent degrees of freedom. For example, the constraint 0W;/0X; = 0 determines the value
of Yit1:

Yo=Y1Z1, Ys=Y1(Z1Zy—AS), Vi1 =YiZ — AV =Yi(ILZ). (2.11)

After confinement, the tree-level superpotential eq. (2.3) leads to

(KL)iyi 7z 21 XpYy o atyf

W tree —7
20—2 N-3 N-3 N-1 N-1>
M2 M} M) M M}

(2.12)

where the indices i and « refer to SU(N); and SU(4), respectively. In the discussion
that follows, we assume that Mp is several orders of magnitude below Mp, and that
Mp S Macry S Mp.

2.2 Symmetry breaking

Each term in Wiee is introduced to break an undesired global symmetry: however, the Z;
and z; tadpoles induced by Wiee also have a significant effect on the vacuum structure.
Added to the full superpotential,

W = Wtree + WL + WR> (213)

the Z1 and z; tadpole terms in Wiee shift the moduli space away from the origin: specifi-
cally, their equations of motion cause (X7Y7) and (z1y1) to be nonzero. In this section we
consider the case (X1Y7) > (x1y1) and show that SU(4) x U(1)pq is spontaneously broken
to SU(3)e.

It is convenient to normalize the infrared operators by appropriate factors of A; so as
to give them canonical mass dimension +1:

= _Jo = Ky, ~_n ~_ - 2

J = 7 = T 5 xTr = =, = =, Z3 = == 214
ETAL T rp YT RpH AN 214
> _Jr ~ Kr s _ X1 > Y1 = Zi

Jr=— Kir= X=— Y = Z; = 2.15
R Aq]«:ia R (A%)27 Agn’ AT+1, Af\[_l ( )



where
A = (AAy ... Ay), n=(AAy. .. A). (2.16)

In terms of these operators, the tree-level superpotential eq. (2.3) becomes

~ N-3
A 20—2 " A N-3 _ _ A B
Wtree — A% <]\4f’4> (KL)i1i2 + A% <]\413) Zl + A% 71 21

Ay \ V-1 A N-1
1 - 1 .
+ Ay <MR) XY + A, (M> 7, (2.17)

and the dynamically generated superpotential includes the leading terms

XY+ X
$1y2jy19€2 A+ Xy 4 (2.18)
AY Ay

Wi+ Wgr = Tyz1 —l—)ﬂ(:)N/Zl -

The equation of motion OW/0Z; = 0 enforces:

o AN*l )
XY =-——L—=0% (2.19)
-3
Mp
By performing an SU(4) gauge transformation, the nonzero expectation values can be
rotated into the o = 4 component such that

(X) 4 = Bo. V) = ;a, (X)acr25 = (Vact 23 =0, (2.20)

where [ parametrizes a flat direction of the degenerate vacua, which is likely to be lifted in
a particular model of SUSY breaking; we treat it as a free parameter. An SU(3). subgroup
of SU(4) remains as an infrared symmetry, and the other 15 — 8 = 7 generators of SU(4)
are broken. Through the super-Higgs mechanism, 7 of the 8 would-be NGBs are eaten by
the SU(4) superfields to make them massive, and a single NGB remains massless. The
matter fields decompose into irreducible representations of SU(3). as follows:

O—0Oal, O—de1, Adj — AdjeDede1,

Xo — Xoa® Xy, Yo — Ya@ Yy, e — X @AT @A @ N (221)
A combination of the superfields )A(/azl,gg, and )7&:172,3 are eaten by the massive A\ *E vector
supermultiplets. Another linear combination of X and Y is eaten by the diagonal T1°
generator of SU(4), leaving exactly one massless superfield to play the role of the axion.

We introduce the real scalar fields ¢1, ¢2, a and 1 to describe the bosonic degrees of
freedom:

Xy = <31§ + <5f(4)>> exp Ua (a+ om)]

Yy = (% + <57(4)>) exp [Jfa (—a + ;77)] , (2:22)



where f, is the axion decay constant, and « is a constant determined by requiring canonical
normalization of the scalar kinetic terms. It is convenient to define vy 2 such that

= ~ o
o = V3| (Xe)| = V21301 w=vE|Tw)| = velg|. e
so that normalization of the scalar fields requires
F2 =% 402, a=2 (2.24)
Cil

In the discussion above we assume that X and Y are the only U(1)pq-charged fields with
nonzero expectation values. This is not necessarily true: for example, (Kr) may acquire an
expectation value without breaking SU(3).. In the limit where (Kr) < ¢ its contribution
to the axion potential is vanishingly small, and the physics remains approximately as
discussed here. For completeness, in appendix B we derive the composition of the physical
axion in the more general (Kg) # 0 case.

To preserve SU(3). in the vacuum, the QCD-charged components of the scalars Z,
v, J, 1, and jR must not acquire expectation values, which places mild constraints on the
unspecified nature of sUSy-breaking. Nonzero VEVs for the ¢ = 4 components of the scalar
fields are permitted.

2.3 Gravitational corrections

Non-perturbative gravity produces U(1)pq-violation, which at low energies are described
by local gauge invariant operators in an effective superpotential. The leading (in 1/Mp)

terms are:
(@1 - 719QQ1Qs - . Q,.) (@1 - 119)(A™Q) (A" ) (A™Q)
W, = p1 Mf;'i_r_l + p2 Mf;_,_m_l +p3 Mlgmfl
—2—-2 =2
(AQ1Q3 ... Q)
P4 MlgT_Q 5 (225)

with coeflicients p; which encode the details of the unknown quantum gravitational physics.
Naive power counting would argue for p; ~ O(1), whereas computations based on wormhole
configurations or stringy realizations of quantum gravity favor p; ~ O (exp [—Syn]) with
Swh ~ Mp/f,. To capture the range of possibilities, we will consider a range of p; (all
taken to have roughly equal magnitudes) in our analysis below.

After confinement, W, maps on to:

AAR = = AAT = = APAT o (AR)? &
Wy — plW(JLJR)+P2W(JLX>+p3 MZT (TX)+pa e (KR)jij.r (2.26)

where the index j refers to the SU(N)g family symmetry.

There are two types of tree-level corrections to the axion potential. In the super-
symmetric limit, the equations of motion from Wiree + Wy 4+ W, produce operators in the
Lagrangian of the form

Lo~ ] oi0) | (@+0%), (2.27)
4,J

~10 -



where ® has non-zero U(1)pq charge (and thus some of its phase is part of the axion), and
¢; and ¢} are scalar fields as determined by the equations of motion. Replacing the fields
with their expectation values, £, corrects the axion potential by:

sVial ~ | TJ(sa (e} | (@) cos<q;)aa+00>. (2.28)

i?j
Clearly this type of correction is only operative if all of the relevant fields ¢; ; have non-zero
expectation values.

The second type of tree-level correction arises once SUSY is broken, and the low energy
Lagrangian contains A-terms of the form

Ly ~msWy+ h.c. (2.29)

(where W, should be understood to have its super-fields replaced by their scalar compo-
nents, and there is a separate SUSY-breaking coefficient of O(my) for each term in Wy). In
the cases where the necessary scalar fields have zero expectation values, these terms can
still correct the axion potential at loop level.

As can be seen from eq. (2.8), the moduli space includes vacua with (Kr) = (Jgr) = 0.
These flat directions are lifted by susy-breaking, and thus model-dependent. Rather than
getting bogged down in the details of a specific model, we make the pessimistic assumption
that the resulting expectation values are large:

<j(]4)>’ (K72) o O(my). (2.30)
This assumption additionally simplifies the analysis in that for such large expectation
values, the tree-level corrections to the axion potential are expected to dominate over any
of the loop level corrections.

Generically, the leading contributions to the axion potential are expected to arise from
Susy-breaking rather than from the equations of motion. This is because the equations of
motion from W involve high-dimensional operators, which are only important at tree level
if all of the participating fields have relatively large expectation values. For example,

~ o~ o~ =\ ~m 2
0Tl Mgt A Ay ‘
reduces to
ACAT (K'Y~
Ly~ <M£+7}1A?ﬁ1> (JF)Yy + h.c. (2.32)

In the product (I? ), the SU(N)g indices are contracted antisymmetrically. If some of the
expectation values are close to zero, the entire product vanishes. Only in the case where
(K) and (J) are comparable to A, does eq. (2.32) contribute significantly.
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Quality factors. The susy-breaking A-term corresponding to the p; term in W, is
AéA% TN/ T\«
Eg ~ MgP1 W (JL)Z (JR)] + h.C., (233)

where the indices i and j correspond to the SU(N)z x SU(N)g global symmetry. As Jg is
charged under U(1)pq (JrJg) # 0 shifts the axion potential by

AELA% ~ = a
SVl ~ prme | EE | () (TR)| cos (0460 ) (2.34)
P a
with ¢; = 2% = O(1). From eq. (1.7), consistency with !é‘ < 10710 requires
maMe [ TR)| (ALY e
p1 " ) <1079 (2.35)
(1012 GeV) Mgt
A limit on r is set by the ps term:
A% ~ a
6Vla] ~ A or 3 )<(KR)j1j2> cos (a5 +0 ), (2.36)
P a

where g = 4/N. Ignoring the O(1) number ¢,

m M2 ‘(I?R>‘ 2r
B D | <AR) <1092,

2.
P02 gevyt \ Mp (2.37)
From the p3 term
ATA™ | =~ a
dVia] ~ mspgw ‘(x(4)><X(4)>‘ cos <f + 90> , (2.38)
P a
we find a constraint on N = 2m + 1:
o Mp (F(4))(X A\ AT
N s Mp (T (1) ( 4(4)> Ay AT e (2.39)
(1012 GeV) Mp Mp
Finally, the ps term sets an additional constraint on ¢ and N:
AL AT ~ a
Vla] ~ mspgﬁ ‘<J£4)><X(4)>’ cos (f + (90) , (2.40)
P a
ms Mp (Jp) (X AL\ A\
pp MR 4(4)> SLY) (L) <00, (2.41)
(1012 GeV) Mp Mp

As long as [ is neither very large nor very small, egs. (2.35), (2.37), (2.39) and (2.41)
provide the most restrictive constraints on m, £ and r. A wide range of values is allowed
for each of the parameters, as we discuss in more detail below.
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B1 | (GeV) B2 | (GeV) B3 | (GeV)
Ja 1017 Ja 1012 Ja 10°
Ay 1017 Ay 1012 Ay 10°
Ajsq | 1015 Aisq | 107 A1 | 107
A, | 108 A; 10° A, 104
M 106 M 104 M 10*

Table 3. Three benchmark points in the parameter space of A; and /N\i. With the exception of <)? )
and (Y), the expectation values of the SU(3).. singlet fields are taken to be O(my).

2.4 Benchmark models

In this section we consider the quality of the axion potential in three particular models, with
fa =107 GeV, f, = 10'2GeV and f, = 10° GeV. For simplicity, we take A ~ Mg ~ f,
and Az ~ A; for each model, and we allow all QCD singlet scalar fields to acquire O(my)
expectation values. Choices for each of these scales are shown in table 3.

Model B1 is particularly susceptible to gravitational disruptions, as the scales A; and
A; are taken to be relatively close to the Planck scale Mp ~ 10'? GeV. In this model even
exponential suppression of the constants p; ~ exp(—Mp/f,) ~ 10~** cannot account for
the high quality of the axion potential, and large values of N, ¢ and r are required. Models
B2 and B3 have values of f, < 10'2 GeV consistent with the axion dark matter hypothesis;
with its smaller values of A; and /~\i, model B3 is more adept at suppressing gravitational
corrections.

In figure 2 we show minimum values for m = %, £, and r consistent with ’5 | < 10710
for the SU(N)? x SU(4) x SU(N)" composite axion, as a function of the parameters p;. A
wide range is shown for p, to accommodate both exponentially suppressed and O(1) values.
In the p; = O(1) limit, the minimal gauge groups for the three benchmark models are:

B1: SU(23)" x SU(4) x SU(23)°
B2: SU(9)® x SU(4) x SU(9)* (2.42)
B3: SU(7)? x SU(4) x SU(7)3.

Naturally, if after susy breaking the scalar fields J, LR, Z, Y, and K r do not acquire expecta-
tion values, then the U(1)pq violation induced by W, affects the axion potential only at loop
level, and smaller values for N, ¢ and r are permitted. In the limit where p is exponentially
suppressed, |§‘ < 1071% no longer constrains m, £ or r. Although egs. (2.35), (2.37), (2.39)
and (2.41) are valid only for m > 2, r > 1 and ¢ > 0, smaller values for m and r are shown

in figure 2 to indicate where p is small enough that compositeness is no longer necessary.

3 Dynamically generated Wi ec

As described in section 2, the SU(N)? x SU(4) x SU(N)" composite accidental axion has
a high-quality scalar potential and most of the important scales are derived from the
confining dynamics, with the exception of Mp in the tree-level superpotential. This is a
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Minimum Values, SU2m+ l)l xSU@)xSUQ2m+1)

i | rred

100 l'|“"‘l 1

I gt oo

L l 4

8T f,=10"7 GeV -'r"'%"“' ]

~ 7 r.:._.i_'___a 1
= 60 N )
S i S ]
41 p=cMplla 1] ’

r > fa=10"% GeVi™ ¥

20 s v : : . -

i HE : f,=10° GeV -

07 - ; Lol ]
=70 -60 -50 -40 -30 -20 -10 0

logo(p)

Figure 2. Minimum values for m, ¢ and r consistent with |§‘ < 10719 are shown as a func-
tion of p;.4. For the first benchmark model with f, = 107 GeV, we show only values of
p 2 exp(—Mp/f,) =~ 107434 The f, = 1012GeV and f, = 10° GeV models are depicted us-
ing dotted and solid lines, respectively.

relatively minor shortcoming: f, is determined by the relationship between Mp, Ay, and

B2 = (X)/(Y),

fi=2 : (3.1)

AY! ( 82 + 1>
Mg -3 B2
and the scale Mp < Mp is added “by hand” in the tree-level superpotential. In this section
we show how the Mp term in Wiy can be dynamically generated by the s-confinement of
an Sp(2N — 4) gauge group, so that all of the important mass scales are determined by
strong dynamics.

A gauge theory with 2N quarks ¢ charged under Sp(2N — 4) in the fundamental
representation s-confines [32] to form mesons M;; = Ga,bi/#d)?, with the superpotential

PtM

We break the SU(2N) flavor symmetry by gauging its SU(N); x SU(N)y = G1 X Go
subgroup:

O—@G1ne D v — (Y1)a @ (¥2)5, (3.3)
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.=~
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' SUy

A
1
1
24

Figure 3. The matter content of the SU(NV)* x SU(4) x Sp(2n) x SU(N)" composite axion model
is depicted in the moose diagram above, with Sps,, = Sp(2N — 4). The SU(2) family symmetry of
the A’ fields is broken explicitly by the tree-level superpotential eq. (3.7).

where a and 8 correspond respectively to the SU(N); and SU(N)2 gauge indices. The
meson M ~ H decomposes into irreducible representations of G x Go:

Mg = oAy (3.4)

W) W) —~ap (W13 (W2)) €ad
1 = x Ao

Fnes
1 ’ 9
Ao Ag

where Ay is the confinement scale of Sp(2/N—4). In terms of these operators the dynamically
generated superpotential is
Pf(y?) _ (Ao)Y ~ _om—1~ | =2m+1

rmA agm . agrm—1/A3 7 m—
Wa="an=s = yan=3 (MQu M + MMy T L DO M + QY
(3.5)

in the case where N = 2m + 1 is odd. Combinatoric factors for each term in the expansion
of Pf M such as @fi = det Q, have been suppressed.

To match this theory with the A+4Q + NQ model, the M; and M degrees of freedom
must be removed. This is achieved by adding the following matter fields charged under
SU(N)1 x SU(N)s:

24" +4Q + x + NQ, =2(H, 1) @4, 1) @ (1,H) @ N(1,D). (3.6)

In the SU(N)*xSU(4) x SU(N)" composite model, the SU(4) and SU(N) family symmetries
of the @ and @Q, are gauged. The full matter content of the theory is shown in figure 3.

Gauge-invariant operators of the form (A’?) and (x13) can be added as marginal
operators in a tree-level superpotential:

Wiree = )\i(A;)ala2 (%Z)l)gfl (¢1)322 €aras T )\0X5162 (¢2)%i (¢2)a/3§ €ataz» (37)

where the indices i, a, @ and 3 correspond to SU(2), Sp(2N — 4), SU(N); and SU(N)a,,
respectively, and \; and \g are dimensionless coupling constants. After Sp(2N —4) confines,
Wiree becomes

Wiree = Ailg(AL)192 M2 4 AgAgx152 1) (3.8)

This is extremely convenient: in the limit where Ag > Ay, the fields My, Ms, x, and
the linear combination “(A] + A})” all acquire large masses and decouple. One linear
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Sp(2N —4) [ SU(N); SU(N), SU(N)s SU®4) | SU2) [ U(1)pq
P O 0 —2/N
¥ O O +2/N
A H 4/N
X H 1 —4/N
Q 0 0 =N
Q, 0 O 0

Table 4. A subset of the matter fields in the Sp(2/N —4) model are shown with their Peccei-Quinn
charges. All of the non-Abelian groups except for SU(2) are gauged.

combination of A} and A} remains massless, which we define as A:

A A1 — A Ay

A= G ,

(3.9)

with some normalization factor N.

The dynamically generated superpotential simplifies greatly when we consider the fact

that My and My have O(Ag) masses from Wipee:
ow

ﬂ = AiAOMh

ow

— AoAo M. 1
8X 04304VL2 (3 O)

After integrating out the heavy fields, the superpotential becomes

—N
0o @

= v (3.11)

Not only is this the desired tree-level superpotential for the composite axion model, but
all of the extra matter fields A’, x, M; and Ms have decoupled, leaving only A and Q; as
infrared degrees of freedom. In eq. (3.1) Mp is replaced by Ag, so that

AY! 1
Afl)v 3 (BQ ! 62>
Every important scale other than Mp is now determined solely by confining dynamics.
The nonzero Sp(2N — 4)2-U(1) g anomaly breaks U(1)p explicitly, as can be seen from
the Wy of eq. (3.5). Although in principle the new fields y and A’ provide two additional
anomaly-free U(1) symmetries, these are broken by the tree-level superpotential eq. (3.7),

and only the SU(N)y x SUN)g x U(1)a x U(1)¢c x U(1)g global symmetry remains.
Introducing

f2=2 : (3.12)

(Ags . a) @) , A"QU" Q%) A "gA" ¢

IWiree = 20—2 N—3 N—-1 N-1

(3.13)

with Mag ~ Mg ~ Mg ~ M, ~ Mp is sufficient to give masses to the additional pNGBs.
In table 4, the Peccei-Quinn charges of each field is shown.
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Axion quality. Of the new superpotential terms which break U(1)pq, the leading terms
are

(3.14)

X"Q2Qs...Q, (AP ASQ) (901ds - - - Go)
Wg ~ m-+r—4 + Z m-+~£—
MP + > MP +£-1

As x has a mass of O(Ag) and no expectation value, the x" interaction has no tree-level
effect on the axion potential. The only effects are loop-induced and receive additional
suppression.

One linear combination in the (A" P ALQ) sum corresponds to the infrared operator
(A™Q), which has the expectation value (X;). This term is already included in the W,
of eq. (2.25). Every other term in the sum includes a power of the massive combination
(M A1+ A2A3), which has no expectation value, and is therefore less disruptive to the axion
potential than the effects already considered in eq. (2.25).

Aside from the replacement of Mp by Ag, the quality factors calculated in section 2.3
are largely unchanged. Operators involving @Q; are the exception: now that Q; = 1112/ Ao,
a suppression of Ag/Mp is added to the operators involving Jr and Kp, marginally im-
proving egs. (2.35) and (2.37):

ms Mp ‘<‘7L><‘7R>‘ <A0> ALAR < 10762 (3.15)
Mo cevyt \Mp ) \ S |

M (AO)Z <AR>2T <1072 (3.16)
M0 eyt \Mp ) \Mp ' |

For many values of p; this decreases the minimum value for r by one, as can be seen from
the three benchmark models at p; = O(1):

B1: SU(23)M x SU(4) x Sp(42) x SU(23)°
B2: SU(9)® x SU(4) x Sp(14) x SU(9)? (3.17)
B3: SU(7)? x SU(4) x Sp(10) x SU(7)2.

Alternate confinement order. Thus far, we have required that Ay > A, simply
because the dual of SU(N) : 24 + 4Q + (2N — 4)@Q with the tree-level superpotential
Wiree ~ A@2 does not appear in the literature. In principle the infrared behavior of the
2A 4 4Q + (2N — 4)Q theory with Wiee # 0 can be determined using “deconfinement”
techniques [29] and a sequence of dualities: a similar calculation [36] has been completed
for A+ FQ + (N + F — 4)Q with a superpotential of the form W ~ A@Q.

Without calculating the degrees of freedom and the superpotential in the infrared dual
of SU(N) : 24 + 4Q + (2N — 4)Q, it is not known how the scale f, is set in the dual
theory. If in the Ag < Ap limit U(1)pq is still broken at the scale f2 ~ AN"!/AN ™3
then f, ~ 102 GeV can be achieved with much smaller values of Ay and Aj, significantly
improving the axion quality. We leave detailed exploration of this limit to future work.
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4 Conclusions

In the composite axion model based on the gauge group SU(N)* x SU(4) x SU(N)", a
U(1)pq is spontaneously broken by the vacuum expectation values of the SU(4)-charged
hadrons X; = (A™Q) and Y; = (A™1Q?), simultaneously producing the QCD axion
and breaking SU(4) to SU(3).. All important scales in the axion model are generated
dynamically from confinement, and are naturally small compared to the Planck scale.

By calculating the disruption to the axion potential V[a] induced by Planck-scale
effects, we have demonstrated that the composite model is successful at preserving the
quality of the axion potential even when large expectation values are permitted for all
of the U(1)pqg-charged QCD-singlet scalar fields. In realistic models incorporating susy
breaking with positive quadratic terms for these scalars such that no large expectation
values result, the quality of the axion potential will improve significantly for any given N,
¢ and r, as the terms in W, disrupt the axion potential to a lesser degree. It would be
worthwhile to further investigate such constructions.

It is likely that the success of the SU(N)¢ x SU(4) x SU(N)" composite axion can be
replicated by embedding SU(3). within the SU(NV) g flavor symmetry of the A +4Q + NQ
model. In this case U(1)pq will be more closely associated with the U(1)p flavor symmetry
of table 1 rather than U(1)4, and the axion will be generated from a linear combination of
(@fv ) baryons.

Compositeness can cure the axion quality problem, and as our models demonstrate,
may provide clues to the existence of interesting dynamics in the ultraviolet.
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A Axion quality
To leading order in a, the QCD-induced axion potential V]a] has the form
1 _
Via] = Vo — §m3 (a+ fa9), (A.1)

which is minimized when (0) = (a/f, + 0) is equal to zero. It is convenient to define the
shifted field a = a + f,0, so that (0) = (a)/f,. Explicit U(1)pq violation elsewhere in the
theory adds corrections to V[a],

§Via] = Qf cos <KJ [;L + 9} + 00> , (A.2)
which for small values of (6) is approximately
2

5Vl]a] = Qf3 !1 - % (’}2‘) ] cos by — Qf* <’j§‘> sin 6. (A.3)
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As § is determined by the precise manner in which U(1)pq is broken, we do not assume
that it is smaller than O(1). Combining egs. (A.1) and (A.2), V[a] becomes

1
Via] = (VO + ij COS 90) — (Qfg’/{ sin 90) a—3 (mz + fo/—;2 cos 90) a?, (A.4)
so that the expectation value () shifts away from zero:

(o) = — Qf2ksin by
U= m2 4+ Qf2k?cosby’

(A.5)

Experimental measurements of (f) set an upper bound (o) < fq|fmax|- Assuming
|Omax| k < sin 6y, the corresponding bound on @ is

m(21 |Omax]

2 A.
@< 12 K |sinép (A.6)
Using m2 = m2 f2/f2? and assuming ksinfy = O(1), eq. (A.6) implies
10'2 Gev')*
Q < 10792 (f) (A7)

B Axion assignment in a general vacuum

Suppose there exist many fields ®;, each with a Peccei-Quinn charge g;. Let us define the

charge-normalized expectation value

for each field ®;. If there are n fields with nonzero expectation values, then let us define
n — 1 fields n; and the axion a, with the following assignment:

P, = (j;% + (@1)) exp fa (a + 051?71):| (B.2)
Py = (% + (‘I’z)> exp fa (a + bim + 52?72)] (B.3)
B = (54 @0 ) exp | a s +m -+ 20 (B.4)

b, = (gb\n/_§1 T <‘I>n—1>> exp [ qfa : (a+ agn 1)771 +. ailn—_ll)nn_l)} (B:5)
(n) (n)

o, = (jﬁ; + (P, >> exp [fa (a+ay 'm +. +an1nn1)] (B.6)

In the sequence above, the first appearance of each field 7; is in the phase of ®;. The field
®,, does not introduce any new n; fields.
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Let us define the following (n — 1) constants:

r1 = 51 =7 = (51 = = Oé(ln_l) = Oégn) (B.7)

To = Yo =0y = = agnfl) = ozén) 8

T3 =03=...= agn_l) = agn) (B.9)

Tp_g = aff__gl) = 047(;”_)2 (B.10)

Tpo1 = afln_)l. (B.11)

These equalities follow from the vanishing of the kinetic cross terms, which also give the
following relationships between the x; and {aq, 82,73, . .. (n— 1)}

0=14+z11 (B.12)

0 =1+ + 1206 (B.13)

0=142%+z3+ 2373 (B.14)

0=1+ai+...+22 5+ azn_loz,(ln:ll). (B.15)

Finally, we require that the kinetic terms (8,7;)? and (9,a)? are canonically normalized.
This leads to the remaining n constraints:

7’%:14-0&% (B.16)
2

17;5 =1+23 + 53 (B.17)
2

ézl—f—x%va%—Fvg (B.18)

{“ =142+ 23+ +22 5+ (") (B.19)

Un—1

fc% 2 2 2 2
—2:1+x1+x2+...+xn_2+xn_1. (B.20)
’I’L

These systems of equations have the solutions:

2 2 2
o Ja—vi 2 U1
a7 ’U% I f3 —U% ( )
f2(f2_,u2_,02) U2f2
gy == 5772 : 2 ? 2} = 2 _ .2 22a 2 _ 2 (B.22)
’U2(fa_vl) (fa_vl_v2>(fa_v1)
202 2 2 2 2 r2
V2= fa(fa —vi — vy —v3) 22 vsfa (B.23)

vi(fF —vf —v3)
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and so on. The general solution is

(1)2_ faZ(fg—U%—Ug——’U?) B.24
CHY T (22— — . =) (B.24)

i\Ja I R . |

2 £2

2 Y fa
22 = , B.25
(Rl — =0 (20— s — . — v ) ( )

fori=1...(n—1). Each az(»i) and z; must also obey

agi)aji <0, (B.26)

but the signs of & and z; are otherwise arbitrary.

Finally, the axion decay constant is:

fP=v? 40+ 02 +02 (B.27)
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