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Small instantons and the strong CP problem in composite Higgs models
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We show that QCD instantons can generate large effects at small length scales in the ultraviolet in
standard composite Higgs models that utilize partial compositeness. This has important implications for
possible solutions of the strong CP problem in these models. First we show that in the simplest known UV
completions of composite Higgs models, if an axion is also present, it can have a mass much larger than the
usual QCD axion. Even more remarkable is the case where there are no axions, but the strong CP problem
can be solved by generating the up quark mass entirely from the contribution of instantons thus reviving the
massless up-quark solution for these models. In both cases no additional field content is required apart from

what is required to realize partial compositeness.

DOI: 10.1103/PhysRevD.104.075011

I. INTRODUCTION

The strong CP problem is one of the five major particle
physics puzzles that motivate the existence of new physics
beyond the Standard Model (SM). The most elegant
solution to this problem is the existence of a new U(1)
symmetry that is anomalous under QCD so that it is
possible to rotate away the strong CP phase. The simplest
possibility is that the up quark is massless which leads to
the existence of an axial U(1) symmetry that makes the
strong CP phase unphysical. Another possibility is the
existence of the Peccei-Quinn U(1) symmetry that is
spontaneously broken resulting in a Goldstone mode, the
axion. As the Peccei-Quinn symmetry is anomalous under
QCD, the axion gets a potential due to nonperturbative
QCD effects and stabilizes at a value that leads to a
vanishing strong CP phase [1-3].

Both the above solutions are thought to have unambigu-
ous low energy consequences. The massless up quark
solution [4-8] can be tested by lattice simulations.
Unfortunately the latest lattice studies indicate a nonzero
up mass, that seemingly falsifies this possibility [9,10].
This leaves the Peccei-Quinn solution which predicts the
existence of the axion with a mass and coupling that is
restricted to lie in a narrow band in the parameter space.
A vigorous experimental effort that aims to probe the full
band is currently underway.
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The above predictions, however, rely on the tacit
assumption that any nonperturbative contribution to the
up mass in the first case or to the axion in the second case,
arises from the large instantons in the IR. If small instantons
in the UV also become important it will completely alter the
above experimental expectations. Previous attempts to
enhance these UV contributions to the axion mass require
additional elements—such as new colored fermions [11,12],
extra dimensions [13] or a UV modification of the QCD
gauge group [14-16].

In this work we show that small instanton contributions
can become important in composite Higgs models with
partially composite fermions [17,18]. This can be achieved
with no additional field content other than what is neces-
sary to fully realize partial compositeness in standard UV
completions of these models.

The enhancement of small instanton effects in composite
model is possible because the two factors that suppress
small instanton contributions in the SM, namely, the
smallness of the strong coupling in the UV and the
smallness of the product of the SM Yukawa couplings,
can both be overcome in these models. The first suppres-
sion factor can be overcome because, as we will show, in
order to generate composite partners for all SM fermions,
many new colored fermions need to be introduced. These
new degrees of freedom alter the running of the QCD
strong coupling in the UV where it grows again to non-
perturbative values. As far as the suppression due to the
Yukawa couplings is concerned, this can be overcome
because in these models the effective SM Yukawa matrices
can be anarchic and O(1) in the UV.

We show that the enhancement of the small instanton
contributions can be so effective in these models that it may
be possible to generate the entire mass of the up quark from
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TABLE L

The two-component left-handed fermions of the UV theory. The confining hypercolor gauge group is Gyc and Gg =

SU(5) x SU(3) x SU(3) x SUB3)H x U(1)y x U(1)g x U(1),, x U(1),, is the global symmetry group before symmetry breaking

where SU(3)}h = SU(3)4! x SU(3)4? x SU(3)# x SU(3)¢

SU#)uc SU(5) SU(3) Su(3) SU(3)} U(1)x U(l)g U(1),) U1y,
v 6 5 1 1 (1,1,1,1) 0 0 -18/5 0
2 4 1 3 1 (3,1,1,1) -1/3 -1/6 1 1
T 4 1 1 3 (1.3,1,1) 1/3 1/6 1 1
7 4 1 3 1 (1.1,3.1) 1/6 -1/6 1 -1
7 4 1 1 3 (1.1,1,3) -1/6 1/6 1 -1

instanton effects. This leads to a solution of the strong CP
problem as in the deep UV the up Yukawa is absent and
indeed an additional U(1) symmetry related to the axial
rotation of left and right handed up quarks exists; such a
chiral rotation can be used to completely rotate away the
strong CP phase. We also show that in an alternative
scenario where an axion field exists, its mass would lie
outside the usual band for the QCD axion because of the
enhancement of strong instanton effects in these models.

II. MODEL

We consider a straightforward extension of one of the
simplest known UV completions of composite models
[17,18] by Ferretti [19] where the confining hypercolor
gauge group is SU(4)yc. The field content of our model is
shown in Table I. The original model in Ref. [19] only has a
single pair of fermions, y, and %,, and it can generate
partners only for one left handed doublet and one right
handed up-type quark. In order to obtain partners for all SM
fermions we have extended the field content of the original
model by simply taking three copies, y), and }! with
i = 1-3, and also introducing the analogous fields y?, and

;?fl that will give rise to partners for the down-type SM
fermions The Lagrangian,

Ly =—i(7LDx+ 70Px + T DZE + 7Py + o Py) (1)

thus has an additional SU(3)} = SU(3)4 x SU(3)¥? x
SU3)4' x SU(3)% symmetry not present in the model
in Ref. [19]. Note that in our notation above we have only
made the index, {i, j, k, [}, corresponding to the SU(3)‘}E
symmetry explicit.

A. Running of hypercolor coupling

With the additional matter content, the hypercolor group
in our model is no longer asymptotically free as in the
original model in Ref. [19]. As is standard for models
employing fermionic partial compositeness [17,18], we
assume instead, that the theory has a strongly coupled
UV fixed point. This is possible, for instance, if the
p-function of the hypercolor gauge coupling has the kind

of dependance on the gauge coupling proposed in Ref. [20]
and shown in Fig. 1. We will assume that our model lives in
the region g > g, and flows from the UV fixed point g = g,
to larger values g > g, in the IR where it confines.

B. Global symmetry breaking pattern

When the hypercolor group SU(4)yc confines v, y/, ,
and )?:t 4 form TeV-scale condensates,

d ~
~ 5qudw , ~ 5ijf)(j:ul“ ,

Gl
.. d -~
~ @)

(yPw)
)

thus breaking the original global symmetry. Here p, g are
the indices under the SU(5) global symmetry and {i, j} the
indices under the SU(3)%""" x SU(3)4** flavor symmetry

whereas d,,,,, d}{ ; and d Mhos denote the scaling dimensions
of the respective condensates The condensates break
SU(5) to SO(5) and SU(3) x SU(3)’" down to the diagonal
SU(3). as in Ref. [19]. The coset space, Gg/HF, is given

by,

SU(5)
50(5)

x SU(3) x SU(3)' x SU(3)% x U(1)*
x SU(3), x SUB)2 x U(1)y x U(1)g

(3)

where U(1)* = U(1)x x U(1)g x U(1),; x U(1) 4, and
the symmetry SU3): = SU(3)4 x SU(3)%?
SU3)# x SU(3)# breaks to the diagonal subgroup
SU(3)% = SU3) x SU(3).

A

B (gric)

NG

FIG. 1. The assumed dependance of the hypercolor f-function
on the gauge coupling. Our model lives in the region g > g,.
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The unbroken diagonal SU(3), is gauged to give the
QCD Lagrangian. The electroweak group is also gauged.
It is embedded in SO(5) as follows,

SO(5) x SU(3), x U(1)y

D Gey. =SU3). xSU12);, x SUQ2)r x U(1)y

DGy =SU3), xSU(2), xU(1)y

D SUB) x U(em.» (4)

c

where hypercharge generator is given by ¥ = Tsp + X, T3g
being the diagonal SU(2), generator.

The Lagrangian in Eq. (1) is invariant under 5 indepen-
dent U(1) symmetries, one associated with the rotation of
each of the five fermion species %, y', 7', 7%, and w. Two
of these U(1)s are not spontaneously broken by the
condensates in Eq. (2). The first is the linear combinations
of these five symmetries that corresponds to the U(1)y
symmetry in Table I. The second is a linear combination of
these U(1l)s that can be identified with, U(1)g, the
extension of the baryon number symmetry that includes
the new fields. There are three remaining U(1)s that get
broken spontaneously by the condensates. One linear
combination of these three U(1)s is anomalous and thus
not a true symmetry, which is why it does not appear in
Eq. (3). This still leaves two U(1)s, namely U(1),, and
U(1),,, shown in Table L.

There are two Goldstone bosons, 77} and 1, correspond-
ing to the spontaneous breaking of U(1),, and U(1),,,
respectively. In the electroweak sector the symmetry break-
ing pattern, SU(5) — SO(5) gives rise to 14 pseudo-
Goldstone bosons. These include the Higgs doublet, H,
a real singlet, a hyprcharge neutral SU(2), triplet and a
complex SU(2), triplet charged under hypercharge. As we
will discuss shortly, these and all other Goldstone modes
become massive once we introduce other terms in the
Lagrangian that explicitly break the original global sym-
metry, Gp.

C. Partial compositeness

We will now discuss how partial compositeness can be
realized in this model. We need a composite fermionic
partner for each of the SM fermions. In the UV near the
fixed point g = g, in Fig. 1 we identify the following
baryonic operators,

Zi - (X“W){u)i O;R = ()_(ul/_/)?u)i
0% = (wawxa)' Olr = ZaW7a)"- (5)

which have components that have the right transformation
properties to be partners of right-handed up type quarks,
left-handed up type quarks, right-handed down type quarks
and left-handed down type quarks respectively These are all
left-handed two component spinor states that transform as

triplets under SU(3),. Here i denotes the index correspond-

ing to the SU (3)%‘1) flavor group under which the up type

(down type) states transform as a triplet.

The operator O, transforms as (5,3),;; under
SO(5) x SU(3), x U(1)y. It has components, that we call
Uk, which transform as (3,1),;; under SU(3),. x
SU(2), x U(1)y that can be identified as the partner for
ufgi, the antiparticle for the SM right-handed up quarks.
Similarly O¢; transforms as (5,3)_, /3 under SO(5) x
SU(3).x U(1)y and has components that transform as
(3.2)_y/3 under SU(3), x SU(2), x U(1)y. We will call

these components, U;*i , and they will serve as partners for
the SM left handed up-type fermions.

As far as, O/ and O}/, are concerned they transform
respectively as (5.3)_;/; and (5.3),/; under SO(5)x
SU(3). x U(1)y. They, have components that transform
respectively as (3.1)_;,; and (3.2),,; under SU(3),x

SU(2), x U(1)y; we will call these D} and D;’, the
partners for the right-handed antidown quarks and the
left-handed down quarks.

The partial compositeness Lagrangian can now be
realized by linearly coupling the SM fermions to their
partners,

47 Ndon 372 UR YR 4n Adu,—5/2
% 1 dc,iDj + ﬁi
dr Non =572 R PR T Ry, 57

+H.c. (6)

_ i 776
‘Cmix - qL UL

4,0}’

where d is the conformal dimension of the corresponding
operator, F. The conformal dimensions are independent of
the flavor indices i, j because of the SU(3)% x SU(3)%
symmetry. The coupling of the SM fermions to the other
possible baryonic operators—such as the right-handed SM
quarks with (7, sw7..4)" and (v, awx..q)" or the left-handed
quarks with (7, sw7..4)" and (7, 4¥x,.q4)'—is prohibited as
we impose a Z, symmetry under which )(; 4 and the SM
right-handed fermions are odd.

In the IR after confinement the above operators lead to
composite states that pair with charge conjugates states
(that can be obtained by interchanging y, ; <> 7,.4) to form
massive Dirac fermions. Once these are integrated out the
SM Yukawa coupling between the SM fermions and the
composite Higgs boson is generated (see, e.g., Ref. [18]).

D. Explicit breaking by masses and four-y interaction

Finally we add some additional terms not present in the
original model of Ref. [19],
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et
AZ

Lo = moenyroyrg + W1 8,w0) (W -6"yo) (7)

where m, and gy, are real, and the subscript {a, f} in
in the last term refers to the T3z 3, charges. To make our
notation clear and to understand how each of these
components of y transform, recall that fermion y trans-
forms as a 5 of SU(5). This decomposes into two SU(2),
doublets and an SU(2), singlet,

v_ |, (8)

W, are SU(2), doublets and the + subscripts correspond to
T3z = +1/2. We can explicitly write ¥ = (y. ,w._)
where the second index now corresponds to the
T, = +1/2.

The first term breaks U(1),, and thus gives a mass to 77}
The 7} does not get a contribution form the mixing terms in
Eq. (6) as we can extend the U(1),, symmetry to the SM
fermions in a way that is preserved by Eq. (6), i.e., by
giving the U(1),, charges, 8/5 and 18/5, respectively to
the SM doublet and singlet fermions. The ] actually would
eventually get a contribution to its mass also from non-
perturbative QCD effects as the above extended U(1),, is
anomalous under QCD. On the other hand, U(1),, is
already broken by the mixing terms in Eq. (6) which give 1,
a mass.

The second term in Eq. (7) is a four-y interaction
between components of the fermion y that explicitly breaks
the original global symmetry SU(5). This term would be
essential in enhancing the QCD small instanton contribu-
tions in the next section.

E. A minimally flavor and CP violating strong sector

Notice that or model defined by lagrangian in Eq. (1) is
invariant under CP and the SU(3)% x SU(3)% flavor
symmetry even after the condensates in Eq. (2) are formed.
These symmetries are broken only by the couplings
A A Al AT, gaye®, mye™n and the strong CP phases
in the QCD and hypercolor sectors, Ogcp and €' respec-
tively. Following Ref. [21], here we will further assume that
the mixings of the right handed quarks,

i 0 i
Air.ar ~ Yur.dare' 0", )

do not break the SU(3)% x SU(3)% symmetry when
appropriately extended to include the three generations
of SM right handed quarks as triplets. This implies that the
SM Yukawa couplings would be proportional to the left-
handed mixings,

ik qkj
i~ B v
ik ki
V] B (10)
Note that in the limit 47, ,, — 0 the full U(3)? SM flavor
symmetry is recovered. Our, setup thus realizes minimal
flavor violation (MFV) [22] with the couplings ALJL 4 —that
transform like the SM Yukawa terms—being the only
spurions that break the U(3)? flavor symmetry.

As far as CP phases, 0,,,0,,0k,0cp, and @ are
concerned, we can transfer all of them to /II’AJL and A;{L by
taking the following steps:

(1) First, the phase 6,, can be rotated away by y, —

woe /2 which redefines ¢, 6z and 6.
(2) Next, the phase 6, associated to g4, can be rotated
to /I’MJL and ﬂ;jL by making the transformation
w_, — y_,e%. This also redefines &'
(3) Then @' can be eliminated by an equal rotation of all
xi and j;, which also redefines Oqcp.
(4) Finally 6 can be eliminated by an equal but
opposite rotation of the y; relative to the %;.
This still leaves Ogcp which can be entirely shifted to /1;’,_
and /lisz by chiral rotations of the SM quarks while keeping
the combination,

éQCD = Oqcp + ArgDet[4,44] (11)

unchanged. Because we have a MFV like structure, as in
the SM, there is only one more physical phase in our theory,
the CKM phase,

Ockm = ArgDet[4,4 — 444, - (12)

III. EFFECT OF SMALL INSTANTONS

The effect of QCD instantons at high energies are
suppressed due to two reasons, (1) the suppression factor
Kk, = e~2"/% is small as QCD is asymptotically free, and,
(2) there is a suppression factor that goes as the product of
the Yukawa couplings of all the SM quarks, all of which are
active at high energies. Both these effects can be overcome
in the model we are considering because, (1) the new
colored fermions y! , and %! , that form the composite
fermionic partners can lead to large UV values of the QCD
coupling and (2) the mixings, A/, ,, , and thus the Yukawas
in Eq. (10) can run to higher values in the UV in these
models as we will now show.

A. Running of «;

In our model there are 8 new flavors of fermions for every
generation once we take into account the 4 hypercolor
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degrees of freedom of ', 7. Including the SM fermions,

there are n, = 30 flavors. Using the usual expression,

3

dg, gs
— —(11=2n,/3 13
dlogn n13) 16,2 (13)

we find that the QCD beta function is positive. Assuming
that the new flavors become active at 1 TeV we find that
g, = 4r for u ~ 2000 TeV where the instanton vertex will
become unsuppressed.

We will assume that some UV degrees of freedom cut off
this growth of this coupling above a scale M ~ 2000 TeV
such that x; has a maximal value at this scale. We will treat
this maximal value as a free parameter that can vary from
Kk, = 1073 for g, = 1 to x, ~ 1 for g, = 47. We will also
assume that at a scale M’ > M, the QCD gauge coupling
growth is tamed, x; becomes negligible and the QCD
instantons are again highly suppressed.

B. Running of }.jf
We will work in the mass basis where A7, (M') =
diag[y,r.ycr. v ] and Agy (M) = diag[yar. ... ypr]. The

couplings y; rtun between the UV and IR scale,
m, ~ 1 TeV, of the composite masses,
dy; Nucyy
—= = (dr—5/2 b : 14
H du ( F / )yf + 16722 ( )

where b is an O(1) factor, Nyc = 4 is the number of colors
for the hypercolor group and d. is the conformal dimension
of the operator corresponding to the fermionic partner, F,
that couples to the SM fermion, f. The first term allows an

anarchic and O(1) valued matrix /17(M) to generate a

hierarchical ﬂ’,!(m*) thus explaining the SM masses and

mixings. This can be seen if we solve the above equation by
ignoring the second term,

m,

ol =y, (5) s

which shows that O(1) differences in the d; can lead to
exponential hierarchies in the IR. Including the second term
does not change this qualitative feature, in fact it can lead to
hierarchies between couplings involving operators with the
same dp. In particular it results in a fixed point at y, =

47[/\/bNHCyF where YF = dF - 5/2

IV. UP QUARK MASS FROM SMALL INSTANTONS

In this section we will consider the model defined in
Sec. II and assume that one of the eigenvalues of 47,
vanishes at the scale M’ where instanton effects are
negligible, i.e., y,; (M') = 0. Instanton effects around the
scale M then generate a nonzero value for the up quark

mixing, y,, via the t Hooft vertex. We will work with the
lagrangian obtained after all the phase redefinitions in
Sec. I1E have been performed.

A. Nonperturbative generation of y,;

The *t Hooft instanton vertex due to the QCD anomaly in
this model is an interaction including all the colored
fermion species. In Fig. 2(a) we show only the first
generation fermions, uy,u$, dp,ds, xL.7h.x and 7}
explicitly. Working in the mass basis we start from the
anomaly vertex to generate the y,; u; US' term as shown in
Fig. 2(a). The fermions of the other generations have not
been shown for space constraints but a identical topology
exists for them with the only difference that now the ¢, -U¢?
and 1,-U$ lines are also closed by the couplings y?;
and yj; .

To get the NDA estimate for y,; we can redraw the same
diagram but now in terms of QCD and hypercolor singlets
as shown in Fig. 2(b). If one considers the pairs, U¢' Uk,
Us'Ush, DD, and D§!DSL as QCD singlet scalars, this
diagram becomes very similar to the one considered in
Ref. [11] where new scalars connect fermion pairs, such as
upuy to dpdg, in the 't Hooft vertex. The result of a full
calculation in Ref. [11] is that the only suppression factor is
given by, [] f Yy /4r, where the ) ¢ are the Yukawa
couplings of the scalars to the fermion pairs. In our case
the coupling of the SM fermions to the scalars, formed from
the composite partners, reaches its perturbative limit for
Vi1 = Yyr = 4n. Thus adapting the result of Ref. [11] to
our case, and including a suppression factor corresponding
to gy, We obtain,

YuL a4y 3yZR y;z y;R
2ul e ALIOR 16
az " <16ﬂ'2> 4n f:dl:[C by A7 A (16)

where all the above couplings are at the scale M, and
following Eq. (9), all the ysz = y,rqr depending on
whether f is an up or down type fermion. The white
circles in Fig. 2(b) represent vertices arising from the strong
sector whereas the dark circles denote vertices external to
the strong sector. Here we have assumed a suppression only
due to the former couplings.

The known value of the up quark Yukawa can be
reproduced in the strongly coupled regime when the
couplings in Eq. (16) saturate their perturbative limit.
For instance we obtain for the up Yukawa,

3
Y, (m.,) ~y—”L<m*j7y[ w2 55 1075, (1964;2) (17)

if we solve the RG equations in Eq. (14) assuming b = 1/4,
ta.klng dULsDL == 7/2, yuR,dR(M) =4r in Eq (9),
Vurar(My) = Yurar(M)/10, and  other  boundary
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(@)

FIG. 2.

(b)

a) Diagram showing the instanton contribution to generate u; U$ including on e first generation of fermions; the
(a) Diag h g the QCD instant tribution to g t U5 including only the first g t f fi th

generation indices for the hypercolor fermions have been omitted for convenience. An identical topology exists for the other generations
with the only difference that the ¢, -US? and t,-U¢? lines are closed by the couplings y*, and y¥ . The red lines do not intersect with the
others. (b) The same diagram drawn in terms of lines of hypercolor and QCD singlets. The white circles represent unsuppressed vertices
arising from the strong sector whereas the dark circles denote vertices suppressed by couplings external to the strong sector.

conditions fixed by the measured value of the SM fermions
masses.

B. Solution to the strong CP problem

Let us first consider the scale M’ at and above which
QCD instanton effects are suppressed so that y,; (M') = 0.
At this scale the phase fycp can be removed simply by a
chiral rotation of the up quark fields.

It is still instructive to see how, at leading order, Ogcp
vanishes just below the scale M where QCD instanton
effects become important. These effects generate a non-
zero y,. given by Eq. (16). As explained in Sec. I E,
we are working in a convention where chiral rotations
are used to transfer all the phases to the mixing matrices

A; and there is no GG coupling to start with. A
contribution to 9QCD from the fermionic phases can arise

at this scale from closing the 't Hooft vertex completely,
which gives,

éQCD(M ) = Arg <yZLyZR H y;ﬁ’ﬁ)

f=d.s,c,b,it
= Arg< H

|ny|2|yfR|2> =0. (18)
f=u,d,s,c,b,t

where we used Eq. (16) for deriving the second line.
While Eq. (16) gives the leading contribution to y,;,
subleading contributions from other diagrams that close

the 't Hooft vertex are possible. These contributions,
however, will have the same parametric dependance as
Eq. (16) because of the fact that our set-up realizes MFV
as shown in Sec. II E. Furthermore, the fact that all phases
in our Lagrangian can be transferred to the AZL 47, means
that there will be no relative phase between the different
contributions. Their final contribution to Ogcp (M) will
thus vanish as in the equation above.

In Appendix we discuss whether higher dimensional
operators that break the global symmetries in our model, in
particular those that lead to a violation of MFV, can spoil
the success of our mechanism. We find that not only is our
framework robust when Planck scale global symmetry
breaking effects are included, it can be successful even
if we allow the breaking of global symmetries at the
scale A ~ M.

There is only one more physical phase in our theory, the
CKM phase, Ocxu, as explained in Sec. I1 E. From the scale
M to the experimental scale, O-xy can induce 9QCD due to
renormalization group (RG) effects, but as in the SM this is
expected to be highly suppressed. This is because the
arguments based on spurion analysis for the SM in
Ref. [23] can be adapted to our model to show that this
effect is at least 7-loop suppressed [24].

V. A HEAVY AXION FROM SMALL INSTANTONS

Now we consider a different scenario from Sec. IV,
taking y,; (M") # 0, but introduce a new pseudoscalar field,
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¢. In addition to all the Lagrangian terms in Sec. II, we
consider the new term,
2

»= %?GWG””. (19)
where we take f > M ~ 10° GeV. We assume that above
term is the only one that breaks the shift symmetry of ¢ via
anomalous QCD effects so that it can be identified with the
QCD axion.

Nonperturbative effects at the scale M in the UV as well
as the usual QCD scale in the IR will contribute to the axion
potential. The UV contribution can be estimated by first
shifting 9QCD to the "t Hooft vertex in Fig. 2(a) and 2(b) and
then completely closing all the fermion lines which is
possible now that y,; # 0. This then gives a new contri-
bution to the axion potential,

V(p) = kM* cos (% + éQCD) + mzf7 cos (? + éQCD>

where,

. 20
4z 4rm (20)

941// )3
K~Kg| —5
S (16”2 fugc,h,t
Again, all the above couplings are at the scale M and all the
Y#rR = Yur.ar depending on whether f is an up or down type
fermion [see Eq. (9)]. The second term above is the usual
large instanton contribution in the IR, with m, being the
pion mass and f, the pion decay constant. Both the terms
are aligned in phase because both the contributions arise
from closing the same 't Hooft vertex, but at different
scales. As in Sec. [V—the fact that MFV is respected in our
set-up and that all phases can be shifted to ﬂi{L J4L» means
that any subleading part of the small instanton contribution
to the axion potential at the scale M, must be aligned in
phase to the terms in Eq. (20). We show in Appendix that
higher dimensional operators that break MFV can be
rendered harmless under some plausible assumptions.
Solving the RG equations in Eq. (14) assuming
b = 1/4, taking dy, p, =7/2, Yurar(M)=4x in Eq. (9),
Yur.ar(my) = yurar(M)/10, and other boundary condi-
tions fixed by the measured value of the SM fermions
masses, we obtain,

K~ K <g“‘”>34.2x 1074, (21)
*\ 1672

The above numerical value is the maximal possible one

corresponding to the case when all the couplings saturate

their perturbative limit. The factor, x,, can vary over a large

range from unity to exponentially small values as the

strong coupling is varied; the axion mass can thus vary

_10f CAST  HB Stars
y-rays
—12L
%
O, -14-  Haloscopes Cosmology
a0
>
>
S -8t Axion
18}
_207 1 1 1 L L
-10 -5 0 5 10
Log1omg[eV]
FIG. 3. The allowed parameter space for the QCD axion of

Sec. V is shown in red. The other bounds have been adapted from
Refs. [14,27] where a detailed discussion of these can be found.

from its minimum value due to the IR contribution to
values as large as 10 TeV when the suppression factor,
approaches the maximal value in Eq. (21).

We show the allowed region in the coupling-mass
parameter space in Fig. 3, where the y-axis is g,, the
axion coupling to photons, defined by the coupling,

Yay

- T¢F/wimy’ (22)
where,
a,
~ e 23
gay 271'f ( )

We see that a huge area in the parameter space is allowed
for the QCD axion in this model. The usual QCD axion
band is the left edge of the area shown in Fig. 3. While parts
of this area are ruled out by existing constraints—in
particular cosmological ones in the region where a thermal
population of the axion can exist [27]—]large parts of the
allowed region still remain unconstrained.

VI. CONCLUSIONS

In this work we showed that small instanton effects can
become very important in standard UV completions of
composite Higgs models with partially composite fer-
mions. This is possible because both the QCD gauge
coupling and effective Yukawa interactions run to larger
values with energy resulting in unsuppressed instanton
contributions in the UV. As far as the Yukawa interactions
are concerned, it is well known that in partially composite
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models, the hierarchical nature of the SM fermion masses
and mixings can arise from anarchic and O(1) interactions
in the UV. The QCD coupling grows because in order to
have fermionic partners for all SM fermions, many new
fermions in the hypercolor sector need to be introduced.
These fermions are also charged under QCD and this
generates a positive f-function which results in the QCD
gauge coupling running to nonperturbative values in the
UV. The only modification of the lagrangian required to
achieve this effect are the explicit breaking terms in Eq. (7).
As a consequence of this enhancement of small instanton
contributions, we show that the up quark mass can arise
entirely from instanton contributions. This implies that the
up quark mass vanishes in the deep UV and is only
generated additively by instanton effects. In the deep
UV one can thus rotate away the strong CP phase. In an
alternative scenario where an axion field exists, we show
that its mass can be as large as 10 TeV. The allowed
parameter space is much larger than the usual QCD band as
shown in Fig. 3. Our model thus opens up new areas in the
coupling-mass parameter space that are still unconstrained
by existing bounds. This motivates the development of new
experimental strategies to probe these regions.

ACKNOWLEDGMENTS

We would like to thank A. Pomarol for his feedback
on this work and for some key suggestions on the model.
R.S. G. would like to thank C. Csaki for encouraging him
to think about the ’t Hooft anomalies of the model; this led
to the identification of some presentation errors in the first
version of this manuscript which have now been corrected.

Note added.—While we were in the process of completing
this project, Ref. [28] appeared, that also provides a heavy
axion candidate in composite models. While this work also
utilizes the setup of Ref. [19], there is no overlap with
Sec. V. This is because Ref. [28] does not use the same
mechanisms for enhancing small instanton contributions,
namely running of the QCD gauge coupling and the A7,
that have been used in this work. The other important
differences include the fact that Ref. [28] has an in-built
axion candidate and, unlike this work, it requires a hyper-
color condensation scale of at least 1000 TeV resulting in a
tuned Higgs sector.

APPENDIX: EFFECT OF HIGHER
DIMENSIONAL OPERATORS

In this appendix we discuss whether higher dimensional
operators can spoil our solution to the strong CP problem.
Our analysis so far has been based on the assumption that
the only couplings breaking the SU(3)% x SU(3)% flavor
symmetry are the left-handed mixings, /I;JL 41.» to which all
other phases in our lagrangian can be transferred as
explained in Sec. I E. Under this assumption our setup

respects minimal flavor violation (MFV). As explained
below Eq. (16) and Eq. (20) this ensures that there are no
subleading contributions, misaligned in phase to the up
mass in Sec. IV or to the heavy axion potential in Sec. V.
We now discuss to what extent our mechanism is robust
against the effect of higher dimensional operators that
introduce a new breaking of this flavor symmetry. For
instance any new contribution of these operators to the
mass matrix of SM fermions will break our MFV
assumption. The most dangerous effects can arise from
operators with two flavor indices, such as,
0} Oyt (A1)
which introduces a SM like “Yukawa’ coupling that couples
the Higgs operator, Oy = w_,y,, to SM fermions, or
operators like,
ug'Gawxa)s  ug Qawna) (A2)
which correspond to bilinear mixings of SM fermions
with operators other than those in Eq. (6), and finally the
mass term,
my,x . (A3)
For simplicity, we do not explicitly discuss the correspond-
ing operators with the SM quark doublets or the down-type
singlets which can be easily included along the same lines
while keeping our conclusions unchanged. All these
operators are prohibited if we impose a discrete Z, gauge
symmetry, already introduced in Sec. II C, under which
under which 7/, , and the SM right chiral fermions are odd.
Operators with even higher dimensions, that respect this
Z, symmetry can, however, still give dangerous contribu-
tion to the fermion masses,

1 1 i e =
F%L){LQZLOHMQ EMR')(MM(XM//)(M)}

/ /

I . 1

E u;l)dd)(lu ()(ul//)(u )j F)(if)(fdxlu)fl]d (A4)
/ /

where d;, d,, d3, and d, are the scaling dimensions of the
respective operators. Note that these operators break, not
only the SU(3)% x SU(3)% flavor symmetry, but also the
SU(5) global symmetry in the electroweak sector because
the SM quarks are not in full SU(5) representations. The
contributions of these operators are, however, suppressed

by the factor,
d ~
81 ~ (‘%) J(ldu‘ (AS)
/
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for the first three operators and by the factor,

fu 2d1;«—4
o (L)
/

for the last one. Recall that dw? is the scaling dimension of

(A6)

the condensate, (7'y').

For the case in Sec. IV where we generate the mass of the
up quark from small instantons, the above dangerous
operators can spoil our strong CP solution by either
generating a mixing of the left handed up to the strong
sector, i.e., y,; # 0 at scales larger than M, or by generating
a small instanton contribution misaligned in phase to the
one in Eq. (16). Both these contributions can be bounded
by requiring that the resulting 9QCD is within the exper-
imental bound, Ogcp < 1071, which implies,

€12 5 10_10. (A7)

The above conditions will also ensure that any misaligned
contribution to the potential of the heavy axion in Sec. V is
within the current bound on Oocp.

If MFV and the SU(5) global symmetry is broken
only by Planck scale operators, i.e. if we take A ;/:M Dl

the conditions in Eq. (A7) is easily satisfied given
fy, = 1 TeV. Next we consider the case where the flavor
symmetry is broken at the scale, A = A=M=2000TeV,

by the states required to generate the bilinear mixing terms
in Eq. (6) or by those required to tame the running of the
QCD coupling at the scale M. We see that for any d;{ = >

ulu

7/2 the conditions in Eq. (A7) can be satisfied even in
this case.

Thus, our setup is completely robust if the global
symmetries are broken by only Planck-scale effects.
Even if we allow higher dimensional explicit breaking
effects at the scale A y = A = M, we find that our mecha-
nism is safe under some plausible assumptions.
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