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A natural composite Higgs demands the presence of light resonances at the TeV scale that, in general, are
in conflict with bounds from flavor and CP violation. We propose a composite model with a Froggatt-
Nielsen mechanism that offers new possibilities for the origin of flavor. We analyze the interplay of partial
compositeness and the horizontal U(1) symmetry in achieving the quark masses and mixing angles. We
study the contributions to AF = 2 4-fermion operators, as well as to AF = 1 and neutron dipole operators.
We find scenarios in which the contribution to left-right and right-handed operators involving the first and
second generations can be suppressed; in particular, for a region of parameter space it is possible to
simultaneously suppress the mixed-chirality contribution to K — K° mixing by one power of the Cabibbo
angle, A¢, and the dipole moments by /12C compared with anarchic partial compositeness, possibly making
the resonances accessible at LHC. 4-fermion operators of B -meson mixing and left-handed operators are

not suppressed.
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I. INTRODUCTION

The discovery of the Higgs boson has definitely estab-
lished the Standard Model (SM) as the best description
nowadays of the elementary particles and interactions. The
quarks of the SM show a particular pattern of masses and
mixing angles, with ratios that at the TeV scale [1] can be
parametrized in terms of the Cabibbo angle A, as:

myimeim,~28 201,
mgimgimy~Ag A1,
mb:m,~/13c:1,

(Verm)iz~Aes (Verm)is~4e: (Verm)s~4g- (1)

In the SM this pattern is generated at high energies by the
Yukawa interactions. However, if the SM is an effective
theory valid up to a scale much larger than the TeV,
the Higgs potential suffers from the hierarchy problem of
the electroweak (EW) scale. One of the most attractive
solutions to this problem is to consider that the Higgs is a
composite state of a new sector that is strongly coupled at
the TeV scale. In this case the Yukawa couplings depend on
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the type of interactions between the SM fermions and the
new sector, and the flavor structure must be generated at
energies much smaller than the Planck scale [2].

One of the most interesting paradigms for the generation
of flavor in composite Higgs theories is partial compos-
iteness, in which the SM fermions are elementary fields that
interact linearly with the operators of the new strongly
interacting sector, with bilinear interactions being highly
suppressed [3]. At low energies the linear interactions lead
to mixing between the elementary fermions and the
composite resonances, generating Yukawa couplings with
the composite Higgs that are controlled by the mixing. If
the theory at high energies does not have any flavor
symmetry the partial compositeness is anarchic (APC),
in which case the hierarchy of linear mixing gives a
rationale for the hierarchy of masses and mixing angles.
Since flavor transitions are also controlled by this mixing,
APC contains a built-in Glashow-Iliopoulos—Maiani
mechanism. Still, constraints from the CP-violating
observable in the K meson system, €x, as well as mixing
of B-mesons and neutron dipole moments, require the scale
of compositeness to be roughly one order of magnitude
above the TeV, reintroducing a small tension with the
stability of the EW scale. The most stringent constraints
arise from the Wilson coefficient of the left-right operator,
(dgs;)(dy.sg), that require resonances with masses of 10—
20 TeV [4], and from dipole operators of quarks of first
generation that require mass over coupling of resonances of
order 5 TeV [5]. Flavor and CP symmetries can alleviate
these issues [6—8], but they are in tension with LHC tests of
compositeness of the light quarks [9]. More promising is
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the proposal of dynamical flavor scales [2], as well as the
addition of tiny bilinear interactions [10].

A very different approach to flavor is the mechanism of
Froggatt-Nielsen (FN) [11,12]. By the introduction of a
U(1) flavor symmetry and the choice of suitable charges for
the SM fields, FN generates Yukawa interactions from
higher dimensional operators, with a well-defined power
counting, that can lead to the pattern of Eq. (1) [13]. Several
details of this scenario depend on the dynamics of the new
sector, such as the mechanism that triggers spontaneous
breaking of the U(1) symmetry, the scale of this breaking
and the phenomenology of the associated axion. Usually
FN requires many heavy fermions [14].

In this paper we propose combining partial composite-
ness with FN, by imposing a U(1) flavor symmetry in the
composite sector, spontaneously broken by the strong
dynamics and respected by the mixing with the elementary
fermions. The flavor structure of the light fermions, that are
identified with the SM ones, depends on the size of the
elementary-composite mixing, as well as on the U(1)
charges, such that the model allows to interpolate between
APC and FN. While the top quark mass requires a
considerable degree of compositeness and dimension four
Yukawa interactions, the masses of the light quarks can be
suppressed by a small mixing, as well as by the Wilson
coefficient of the higher dimensional Yukawa interaction
that is determined by the U(1) charges. The left- and right-
handed mixing angles of the SM fermions also follow a
well-defined pattern determined by mixings and charges.
This interplay opens up new possibilities, in particular
for dimension six flavor violating operators that mediate
AF =1 and AF = 2 transitions, as well as for the flavor
diagonal and CP-violating dipole operators. We will show
that for some scenarios it is possible to suppress the Wilson
coefficient of 4-fermion operators involving light right-
handed quarks, as well as those of dipole operators. We will
consider in this work only the sector of quarks.

Related attempts in the lepton sector have being pro-
posed in [15], whereas not fully realistic proposals in the
quark sector were presented in Refs. [16—18]. At the level
of effective field theories some interesting attempts have
been proposed within two Higgs doublet models in [19,20].
Reference [21] has considered an interesting model with a
U(1) horizontal symmetry in which the Higgs and the axion
are pseudo Nambu-Goldstone composite states. A more
related proposal was recently given in Ref. [22], although a
general analysis of flavor constraints is missing.

The paper is organized as follows, in Sec. II we describe
the basic idea and introduce a model with a content of
composite resonances of the strong sector that can generate
the flavor structure of the quarks. We show a set of
solutions that reproduce the quark masses and the
Cabibbo—Kobayashi-Maskawa (CKM) matrix, and study
the interactions with the composite resonances that can
induce flavor violating processes. In Sec. III we show the

predictions for flavor and CP-violating operators, compar-
ing them with APC. The tables shown on this section
contain the most important results of the paper. In Sec. I1I D
we discuss very briefly constraints from dijets and in
Sec. IV we show some general features of the interactions
of the axion of the theory. Finally, we raise some dis-
cussions and conclude in Sec. V.

II. A MODEL OF FLAVOR WITH PARTIAL
COMPOSITENESS AND FROGGATT-NIELSEN
MECHANISM

Our proposal is similar to anarchic partial compositeness
(APC), where the SM fermions are elementary states that at
a high energy scale Ayy have linear interactions with
the operators of a new strongly interacting sector:
LiwDAf Oy. In the anarchic scenario there are no flavor
symmetries in the new sector, such that all flavor transitions
involving O, are allowed and of the same order. We
consider a modification of the anarchic paradigm intro-
ducing a horizontal global symmetry U(1) in the strong
sector, under which the operators can be charged. We
assume that U(1), is respected by the linear interactions,
and assign to the elementary fermion f the same charge as
Oy. In this case the linear coupling J are block diagonal,
with different blocks associated with sectors with different
charges.

At a low energy scale A of order few TeV, the
dynamics of the strong sector generates a mass gap and
massive resonances, with the masses of the lowest level
of composite states being m, ~ Ag. Assuming that the
strong sector has an approximate scale invariance,
the running of the couplings is driven by the dimension
of the corresponding operator, A, leading to: ;l.f(AIR)~

Zf(AUV)(AIR JAgv)>9 =2 and generating a hierarchy of
mixing for operators with different dimensions when

The model also features a spontaneous breaking of
U(1)p in the composite sector, via a charged complex
scalar operator O, which is a singlet under the SM
gauge symmetry. We normalize the charge of O, to 1,
PrO,4 = O, and we use p for the charges of the fermions
that are assumed to be integer numbers.

Since the Higgs is a composite state of the strong sector,
two effects enter in the Yukawa interactions. First, if the
fermionic operators are charged under U(1), the Yukawa
interactions require insertions of O, leading to operators
with higher dimensions than in partial compositeness.
Second, the interactions with the elementary fermions
are mediated by the linear mixing, such that the quark
masses depend on the mixing of each chirality and on the
number of insertions of O,.

We find it useful to describe the low energy limit of the
above dynamics in terms of a two-site theory, with the
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elementary fermions and gauge fields of the SM associated
with one site, and the first level of resonances of the strong
sector, including the Higgs, associated with the other site
[23]. We will use small letters for the elementary fields and
capital letters for the composite resonances. The resonances
will have masses m, that we take of the same order,
couplings g, that are taken as: 1 < g, < 4z, and we define
f = m,/g,. For simplicity we assume that there is only one
fermionic resonance for each elementary fermion, and that
they have the same quantum numbers under the SM gauge
symmetry as the elementary ones. We also assume that
there is only one complex scalar resonance excited by the
operator O.

The interactions between elementary and composite
fermions are given by:

L) 5 —£(4,:8;0; + Ayjit;U; + Ag;d;D;) + He.,  (2)

where A;; does not mix generations if p; # p; for j # k.
We find it useful to parametrize 1;; as:

/Ifj = g«€5j = g*l’gjv f=q.ud, (3)
with e; being the degree of compositeness of the fermion
fj» and ¢ ~0.22, such that we parametrize the mixing in
powers of Ac. Note that ny; do not need to be integer
numbers.

We consider now the main interactions needed for our
analysis. The strong sector has a global symmetry that
contains the SM gauge symmetry group, as well as U(1)
factor. There are spin 1 resonances created by the conserved
currents associated with these symmetries that interact with
the fermion resonances. Calling F, the lightest spin 1
resonance of U(1), and Py its generator, the composite
sector contains the interactions:

ﬁ%p) :g*FQjPFFQj+g*FUjPFFUj+g*FDjPFFDj9 (4)

that are not flavor universal if P is not proportional to the
identity. There are also interactions with the resonances
associated with the SM gauge group that are flavor
universal.

There are higher dimensional interactions with the Higgs
that require insertions of either ® or ®' to compensate the
U(1), charges of the fermions, with @ being the effective
complex scalar field describing the lowest lying excitation
of Oy:

_ DD\ _ (DN

+He., (5)

with A the scale at which these operators are generated and:

By =1pgj—puls  P% =Py —pal-  (6)
The use of either @ or @' depends on the sign of ( Pgj = Puk)
and (p,; — par). We will consider an anarchic scenario, in
which all the coefficients of the coupling X ; are of the same
order, O(g,). The scale A is expected to be of order f,
although it depends on the ultraviolet dynamics that gen-
erates these interactions.

There is a spontaneous breaking of U(1) as @ acquires
a vacuum expectation value: (®) = A, with § < 1. When
evaluating @ in its vev, Higgs Yukawa couplings with the
composite fermions are then generated:

vy =Xudh Y4 = X4, (7)
with no sum over repeated indices. We take the order of
magnitude of the vev to be of the size of the Cabibbo angle
in units of A: 6 ~ Ac.

There can also be interactions with spin 0 composite
states, similar to the Higgs interactions if the states are
neutral under U(1),, and with a global shift of g for
charged states. The Yukawa couplings of these spin 0
states, called X/, are of O(g..), and they are in general not
aligned with X/. We will consider the effect of these
interactions in the next section.

A. Fermion masses and mixing

The mixing generates interactions between the elemen-
tary fermions and the Higgs. To leading order in (v/ f) and
mixing the mass matrices of the light fermions of the SM
are:

. f . apf
M{k ~ v(equef)jk = M'é‘”kaéﬁfk/lZ” = vaki?” Vi e

f=ud (8)

where the last equality is obtained by taking 6 ~ 1. A
diagonalization of this matrix will result in the spectrum of
the physical states, along with the rotations between
interaction eigenstates and mass eigenstates. For a given
pattern of charges / and mixings €y, this system can be
solved perturbatively in powers of 1.. Moreover, the mass
spectrum and rotation angles can be approximately found
under suitable conditions. By considering a system with
two generations, for M < M,,;, the eigenvalues and
eigenvectors can be estimated as:

+ f_+ .
myj ~ g*yﬂ’éq./ b ”f./’ (9)
9/‘ ”qj_"qk‘Lﬂfk_ﬂ{k .
Lk~ Ac . J <Kk, (10)
np=nu+Bl—, .
O ik ~ Ac . <k (11)
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Although a proof of a similar formula for three generations
is more involved, we have checked by performing a
perturbative diagonalization in powers of A that for the
cases considered in this paper these estimates work well
when considering three generations. Thus we will make
extensive use of these estimates. In some cases we find
corrections to these estimates that end up being of the same
order in powers of 4., we find this to be the case for quarks
of the second generation. This occurs when the Yukawa
matrices have off-diagonal entries that contribute at the
same order as the diagonal ones.

1. Solutions leading to the SM quark masses
and mixing angles

We consider the case in which the rotations into physical
states UY and U¢ are of order Vcgy. Since the most
stringent constraints from flavor transitions arise from the
K-system, we have explored the possibility to obtain Hi’ i
smaller than the CKM angles, but we have not found viable
solutions of that kind. To minimize the flavor transitions we
look for charge textures able to generate suppressed Hldey ik
and 0% ;.

Avoiding suppression of the top mass requires that we
take n, 3 = n,3 = f5; = 0; this in turn means equality of
the third generation charges: p 3 = p,3. For simplicity we
|

Pqg1 =-1, pq2:0’
pulz_7+nul’ pu2:2_nu2v
Pa1 = =4+ ngy, Par =1 —ngp,

The left charges are fixed once we pick n, =ng, = 2.
There is freedom in the overall signs of the charges, but not
in the relative sign between them. That is, in order to
reproduce UY4" =~ Vyy, we make the choice Pp <0,
Pg2 2 0. The choice of n, =n, =2 can be explained
by looking at the interaction of the left-handed quarks with
spin 1 resonances, as we describe in Sec. II B. Once the left
|

6-n, 3-n, 1
ﬂu(nui) = 7_nul 2_nu2 0 )
7_nul 2_nu2 0

Notice that when ny; = nf™ (i.e.: their upper limits) the
diagonal elements become zero and all the mass suppres-
sion comes from the coefficients ey;, both left and right.
For the given solutions, the mass matrices of Eq. (8) are
independent of the parameters ny;; thus the spectrum and

pick: p,3 = p,3 = 0; anonzero value results in a shift of all
charges by that value. By making use of Eq. (10), to
reproduce the CKM angles in the up sector we demand:

|pq1|23_nql’ |pq2|:2_nq2’ (12)

nql _nq2+|pql_pu2|_|pq2_pu2|z1’ (13)
where we have assumed n,; <3 and n, <2. Since the
same n,; and p,; enter in the down sector, Eq. (12) leads to
0f 13~ 2% and 0 3 ~ A2, ie.: (Uf) ;3 ~ (Vekw) j3- Notice
that although the charges of the fermions are integer
numbers, the previous equations do not require the degree
of compositeness parametrized by n; to be associated with
an integer number; thus in the rest of the paper we will take
ngj to be continuous variables.

For the bottom we take p, = 0; therefore the ratio
my,/m; is controlled by €43, with ng ~ 3, see Eq. (1). We
will write the hierarchy of right-handed down couplings in
terms of €43, as €4, = A¢"?€43, while remembering that
this hierarchy is further suppressed with respect to the
hierarchy of the up sector by a factor of 1%; in the rest of the
work we will make extensive use of this relation. We can
then write a solution, consisting of the following charges,
and parametrized by the right-handed hierarchies n,;, ny;:

nql = l’lqz = 2,

n, € [0’6]’
ng S [0,3],

Ny € [0’ 2]’

ng €10, 1]. (14)

|
charges have been fixed, using Eq. (9) allows to fix the right
charges, as a function of ns;. The allowed ranges for the
parameters ny; is thus limited by the same equation, such
that larger ny; with fixed n, and p; implies a higher
suppression of the fermion masses.

For the set of solutions the  matrices as a function of the
parameters ny; are:

3 — Ny 2 — ng 1
ﬂd(”di) =|4-ny l1-np O (15)
4 — ng 1- ng 0

|

the rotations matrices are independent of the values of these
parameters. As already mentioned, a particularity of this
solution with n,; = ng, = 2 is that the rotation of the left-
handed down sector is also of order U g ~ Vcxm- The same
is not true for solutions that have n,, = 1, where we do find
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a suppression in the angle 6’L 12> but those solutions have an
enhancement of the nondiagonal left-handed coupling of
the up sector with respect to APC, while not having a
suppression in the nondiagonal left-handed coupling of the
down sector.

To lowest order in A. the rotation matrices U',’; are
given by:

| PR YA 12 At
Up~| =25 1 22|, Ui~ =22 1 AL |, (16)
-l =% 1 =g =L 1

where we are omitting coefficients of O(1) that can be
calculated in terms of the coefficients le] of the Yukawa

mass matrices. These coefficients, as well as higher order
corrections that make these matrices orthogonal to a given
nontrivial order in A., are taken into account in our
calculations.

Finally we need to address the charge degeneracy in
these solutions. As one can see in Eq. (14), the charges of
second and third generations of the left-handed quarks are
equal, as well as those of right-handed down or up quarks
when either ny,, = nii* or n,, = nj5*. When charges are
degenerated among different generations the couplings A;
do not need to be diagonal in that subspace. One can choose
a basis for the elementary fermions such that the coupling
becomes triangular in the subspace [2,24]; that is, there is a
basis in which the mixing can be written as:

L) 5 —(2) jtf@;Qx = (A) juf ;Ui — (A9) 5. fd; D+ Hec.,
(17)
with the coupling matrix
A1 0 0

0 fodp Ags

with #§, = O(1), in the case of generations 2 and 3 having
degenerate charges. If another pair were degenerated, then
t{ ;#0,i>j. This can further be parametrized as
A =t/ g.ep, with # a lower-triangular matrix with its
diagonal elements equal to 1. Thus the effect of the
degeneracy is the insertion of the matrices #/, with
f = q, u, d, depending on which fermions are degenerate.
As we will see below, this degeneracy will not play a
significant role in most of our analysis, as the leading order
in A¢ is dominated by the diagonal contributions or, in some
particular cases, for this set of solutions the corrections are
of the same order as the diagonal ones. ¢ does however
play a role in the modified left-handed coupling between
Ztc, where the absence of this correction results in a higher

suppression of the coupling for certain values of the
parameters.

B. Interactions with resonances

In order to study the flavor constraints, we must first
obtain the couplings between the elementary fermions and
the resonances of the theory that are responsible for
mediating flavor transitions. We find it useful to distinguish
between interactions with resonances of either spin 1 or 0.
These interactions can be written in terms of the elemen-
tary-composite mixings and the couplings between reso-
nances. One must also rotate the elementary fermions into
the mass eigenstates. We have, for spin 1 interactions:

g{z] = G« UL echequz)ij’
G = 9:(UR epepesUR)y f=ud. (19)

where ¢, and c; are diagonal matrices with coefficients of
O(1) that are not degenerate for the case of U(1).

In the case of small mixing angles, we can approximate
the rotations, and get an estimate for the different flavor
transitions:

9212N9*6{12€ qz)—9{ 6{ é
922% ~ g 23(6 q3) - 92.1391{,12951]’
9213~9*‘9£13 q3)_9£ 9{ 52] (20)

Equivalent expressions hold for the right-handed couplings,
by replacing €, — €, and 9{ - 9};.

For the interaction with a spin 0 resonance, we have the
following structure:

[\%

vl = (U]'e, ¥ esUY), (21)

l]’
which involves the matrix ¥/, which has the same structure
as the Yukawa couplings with the Higgs, but is not
necessarily aligned to it, and hence will not be diagonalized
by rotations U 4. That is, ?fk = )?;kéﬁffk with X being
O(g..) coefficients.

Let us briefly discuss the structure of the flavor violating
couplings. As can be seen from the interactions with spin-1
resonances in the small-angle approximation, Eq. (20),
flavor transitions depend on an interplay between the
degree of compositeness and the mixing angles. On one
hand in our model the degree of compositeness of some
chiral fermions can be larger than in APC, in some cases
increasing flavor violation, on the other hand the right-
handed mixing angles can be much smaller than in APC,
their size being determined by the Froggatt-Nielsen charge
of the fermions. Below we show that, given our choice of
charges, the right-handed mixing angles are very sup-
pressed and the product is smaller than in APC, whereas
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the left-handed couplings are of the same size as in APC. A
similar situation holds for the couplings with spin O states,
although in this case analytical expressions are larger and
more complicated.

Let us evaluate these interactions in the case of the
solution described above. We have seen how the parameters
ngi 4 and ny ,» are not fixed, but n,; are, as are the
rotations into physical states. This means that out of the

couplings above, we expect g{ and y/ to be independent of
ng;. For the spin 0 interactions this is a consequence of the

shape of matrices pf, as the combination €4 %’éf €y
produces a matrix that is independent of the ny. When
evaluating these interactions, we must take into account
that there may be phases in the different terms, and as such
we must avoid artificial cancellations.

For interactions with a spin 1 resonance, we look
at Eq. (20) for the left-handed coupling. Using that
ng =np=2 and Uf ~UY}~Vcgy, we have as the
leading order:

AL A A

gl ~ gt ~gen| o A A (22)
/10
c

where the lower triangular block is not shown since the
matrix is symmetric. Notice that these flavor violating
couplings are of the same size as in APC.

The right-handed couplings of the spin 1 resonances
depend on the values of ny; as U{e are fixed all the
dependence will be through the values of €,. We get:

6—12 9—-11 10
A’C j’C AC

gh~age| o a8t AL |,
A
e i
ik ~ 94€03 Tt A | (23)
A

where again the lower triangular block is equal to the upper
one. The coefficients that do not involve the third gen-
eration depend on ny; through some nontrivial functions;
the range shown in the exponent of these coefficients
corresponds to the interval of those functions for the values
of ny in Eq. (14). On the other hand the coefficients
involving the third generation are dominated by the con-
tributions depending on n,3 or ng;, which are fixed in our
solution. Approximate expressions for these functions can
be obtained straightforwardly by using the small angle
approximation. To visualize this dependence we take ny;
real, we evaluate the (1) numerical coefficients taking
care to avoid spurious cancellations, and we obtain the

contour plots of log;. (91/e,12/ g;;”(lépc)) shown in Fig. 1,
namely the power of A, that suppresses the coupling
compared with APC. For down and up sectors a larger
suppression requires larger values of ng;, as well as ng; > 0
and n,; > 1!

For the couplings with a spin 0 resonance we have to
distinguish between up and down sectors. We get:

A AL 28 A A A
giRNg*€q3€u3 /19c /16c /15c ) gZRNg*€q3€u3 igc i‘é /12c
e A g g

(24)

Here we show only the dominant term in powers of the
Cabibbo angle, and, as stated above, these flavor transitions
are all independent of the values of ng;.

As mentioned above, in the presence of degenerate
charges one must introduce couplings between elementary
and composite sectors which are nondiagonal, but triangu-
lar, with nonzero elements connecting these generations.
We considered the effect of these nondiagonal couplings,
present in the left sector as n, =2, and in the right
sector only if n, = np* or n, = njs*. This is easily
calculated by using the appropriate insertions of # in
our calculations. We found that the leading order in
powers of A- is unchanged in interactions with either
scalar or vector resonances; this is a particular result of the
solution that we are considering, in which the new con-
tribution is of the same order as those arising from
diagonal 4;.

C. Coefficient of dipole operators

We find it useful to discuss in this section the general
flavor structure of the Wilson coefficient of dipole oper-
ators that are induced at one loop level by exchange of
resonances. The dipole operators can be of different kinds,
depending on which boson closes the loop. In Eq. (25) we
show an estimate in terms of the relevant parameters, in
which we add different contributions that include: U(1),
resonance in the first three terms, neutral Higgs in the
fourth term, and charged Higgs in the last term,

f T
dl; = g.|U e, (P2Y/ + P, Y/ P, + Y/ P2 4+ Y/ Y/iY/

+ Y'YV e U (25)

ij>
where f is either u or d and f’ # f. There are also
contributions with exchange of spin 1 resonances with
the quantum numbers of the gluons, W’s and Z that in

1Taking ny; to be integer, to have a suppression with respect to
APC one has to choose n,, = ni5* and n,, = nij5*. This causes
the charges of the right-handed second generation quarks to be
degenerate with those of the third generation.
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FIG. 1.
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Flavor violating couplings of spin 1 resonances with light right-handed quarks, compared with APC. On the left we show

for down-type quarks, and on the right for up-type quarks, as functions of the degree of compositeness of the

quarks parametrized by the exponents ns;. Darker color (left and down region) corresponds to smaller exponent, and lighter color (up
and right region) to larger exponent. For down (up) quarks, the exponent in the upper-right corner is 2 (2), and in the lower-left corner is

0 (=2).

general are suppressed [5]; eventually we do not expect
them to be larger than that of F.

Dipole operators can involve either g; ; and gg ; or gp ;
and ¢, ;; as usual in the case i # j we call their Wilson
coefficients C;; and Cj;

III. CONSTRAINTS

In this section we study the main flavor constraints
present in our model for the specific solution defined
above. We also analyze constraints from dijets at LHC and
from mixing of the real component of @® with the
Higgs field.

We make use of the couplings calculated in the previous
section, at leading order in powers of A-. We compare the
size of the Wilson coefficients with respect to those of
APC. We consider several flavor and CP-violating proc-
esses, that are conveniently organized as: AF = 2, AF =1,
and AF = 0.

A. Constraints from AF =2 transitions

These processes come from 4-fermion contact inter-
actions that, by using Fierz identities, can be reduced to
eight dimension six operators whose Wilson coefficients
have stringent bounds [25]. We follow the notation of that
reference:

HAF=2 = Z(i Cq Q,QZ Zn Zcq,Q,Qq %>’ (26)
ij k=1
with
= (3% 1,43 )@ 7" d ).
U = (qR]qu)( fe [Z )
U = (qR]qu)( fe q7 ;)
U = (qR]QLl)( /Z ?e )
V= (@h 90031 4% (27)
#4i4;

where a and f are color indices. Q" can be obtained from
0" by flipping the quark chiralities.

In APC the most stringent bounds for AF" = 2 processes
arise from C3¢, C37, and C‘liid’, that require m, > 5-8 TeV,
and from de that requires m, 2 10-20 TeV, with some
dependence on the details of the model. Less stringent but
still sizeable are the bounds from C%4, C%%, C{% . that
require m, > 0.5-3 TeV [26,27]. '

Exchange of spin 1 and spin O resonances give con-
tributions to these Wilson coefficients that can be written in

terms of the couplings of the previous section. The spin 1
contributions are:
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Clljz . Gl =—7—,

(gilé) i (gfl‘e lJ) (28)

(i :gjz,ijg;?,i.i
4 m>

Spin 0 resonances contribute to the following coefficients:

Cij - (QZR,ij)z 61‘]‘ o (giR.ji)z C(O),ij o géR,ijgiR.ji
2 m2 ’ 2 m2 ’ 4 - m2 :
* * *

(29)

To obtain a suppression of C}¢ and C{" in K and D
systems as efficient as in APC requires gy, 1o < 2% From

the first term of Eq. (20), assuming n,; > ng, and 9’;12 ~
Ac gives: ng > 2, whilst the second term is saturated for

6‘{_239{’13 ~ A%, i.e.: when 91’:23 and 91’:13 are of CKM order.
This is the reason why we have not considered solutions
with n, < 2. If 655 and 055 were generated one in the
up and the other in the down sector, one could look for a
solution with a suppressed second term in Eq. (20), but we
have not found such a solution.

We show the prediction for the Wilson coefficients
normalized in terms of what is obtained for APC; we
express this ratio in powers of A and focus on the
exponent, such that larger exponent corresponds to larger
suppression. This is shown in Table I, where we write

log;. (Cx/ C;APC)) for each meson.

Several patterns emerge in Table I. Columns correspond-
ing to C; and C, are all zero, meaning that these
coefficients are of the same size as in APC for the solution
that we have chosen. The row corresponding to B, is also
zero, thus having no suppression with respect to APC for
this meson. As we have previously shown, for our model
the left-handed couplings with a spin 1 resonance are all of
the same order as those in APC; thus C; has this same
behavior. C, is also of the same order as in APC, due to the

fact that the couplings g{ r» Eq. (24), have the upper
triangular block of the same order as APC. Regarding
By, it also has couplings ¢? r.3 and g% 5, of the same size as
APC; thus none of its Wilson Coefficients are suppressed.

TABLE I. Summary of model results for the Wilson coeffi-

cients of AF =2 operators. Each cell contains the value of

log;. (Cx/ C&APQ) that shows the amount of suppression (or

enhancement) with respect to APC, for each meson. For an
explanation of the meaning of cells with a range of values read the
text.

AF=2 C, cl ¢ G Cl
K 0 0to4 0to2 0 4 2
By 0 4 2 0 4 2
B, 0 0 0 0 0 0
D 0 —4t04 —2t02 0 4 2

Regarding the dependence of these coefficients on n, 4, as
we discussed in the previous section, only those quantities

that depend on gﬁ; can have a dependence on ng, then only

coefficients C, and Cé(‘l) have a dependence with these
parameters. This dependence can be understood from the
plots in Fig. 1, as those Wilson coefficients are proportional
( gj;)z and gfl;, respectively. In the table we show the range of
values that are obtained for n; varying in the corresponding
intervals. For the K-meson a suppression is obtained as
long as ng; and ng, are positive, with a suppression O(42)
in C; and O(A¢) in C, for ny = 1 and ny = 0.5, and a
maximum suppression O(4%) in C; and O(4%) in C, for the
maximum values of n,; ,. For the D-meson suppression is
obtained for n,;,n,, 2 1, with a suppression O(4%) in C,
and O(A¢) in C4 for n,,n, 2 1.5 and a maximum
suppression O(1%) in C; and O(22.) in C, for the maximum
values of 7, ;.

Overall, we obtain that the most stringent constraints that
involve right-handed couplings, can be suppressed,
whereas the left-handed ones are as in APC. This implies
that a smaller left-compositeness of the top quark €3 is
required, trading it for larger right-handed compositeness in
order to accurately reproduce the top mass, as €,3 = 1/g.
and ¢,3 = 1.

B. Constraints from AF =1 transitions

The main effects arise from the following classes of
operators: dipole operators that give the most stringent
bounds of this subsection, penguin operators that modify
the Z couplings, and operators that modify the W cou-
plings. The last two produce smaller effects and are rather
model dependent, since by the introduction of symmetries
some of them can be protected [28]. Below we will focus on
dipole operators as well as on flavor violating Z couplings
with the top.

1. Dipole operators

For AF =1 processes the effective Hamiltonian with
dipole operators can be written as [5]:

e = SO G, (3

i.j

with

’If only integers 7, are considered and the O(1) parameters of
the theory are strictly fixed to unity, one gets only the extremes of
the interval shown in the cells in the case of the K-meson, with
the suppression corresponding to n,, maximum and n, > 0. In
the case of the D-meson, for integer 7, there are three different
values for these Wilson coefficients depending on the value of

n,;, for C’l: —4, 0, 4 and for Cﬁl): -2, 0, 2.
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m
2iq; _ “"Maqi (-

Q7f7/ - 167Té (quolwqRi)F;w’
19:q; mq’_ _

Q7,; f= 2 (‘]RjUWCILJFuw

167

with T¢ the color generators, and F,, and G,, the field
strength of photons and gluons, respectively. The dominant
(')sd

bounds in APC arise from the Wilson coefficients of: C7 /",

Ci), and €}, that require f 2 1-2 TeV [5.27.29].
The dipole operators can be of different kinds, depending

on which boson closes the loop. In Eq. (25) we added the

different contributions, which include U(1), resonances,

neutral Higgs, and charged Higgs in the loop. We summarize

our results in Table II, where we show log, . (d; / df (AFC) )
for the different flavor combinations involved.

We obtain that in the case of AF = 1, for most flavor
transitions there is at least one contribution that is of the
same size as in APC. This is not the case for one of the
chiral structures of sdg and cug, where we obtain a
suppression A%. For C}(bsy) we obtain a range of values
that depend on n,.

As a summary, adding all the contributions and chiral
structures we do not obtain suppressions compared
with APC.

2. Ztc and Zbs interactions

Experimental bounds on BR(t — Zc¢) lead to g% < 0.01
for left- and right-handed chiralities [30,31]. Although
these interactions are model dependent, since it is possible
to protect one of the couplings with discrete symmetries
[28], in general it is not possible to protect both chiral
couplings at the same time. In partial compositeness one
can estimate: 5g7 ~ (g/2)er€e3¢23¢33(v/ f)?, with ¢;; num-
bers that depend on the flavor structure of the model, cy3
connecting second and third generations in the composite
sector, €; being the left-handed (right-) degree of compos-
iteness for 8g7 ,. (59% ,.)-

TABLE II. Summary of AF =1 coefficients of dipole oper-
ators. We show the value of log,_(C/CAP©)) for the ratios of the
Wilson coefficients normalized with respect to APC.

AF =1 U(l), (Y/)3 VRd
C;(bsy) 0 0
C,(bsy) {0 (ng = 0) 0 0
6 (np =1)
C(sdg) 0 0 0
C'(sdg) 2 2 2
C(cuyg) 0 0 0
C'(cug) 2 2 2

0y =24 (g, 0" T 41,) G

Qq i _

Hv

162

6712 (EIRjGWTa‘ILi)GZw (31)

In the present model the coefficients c¢;; are given by
Y; i J/ Gi ~ lﬂ”
given by €5 ~ AC’ For the solutions of Eq. (14) we find
that the right-handed coupling has a size 5¢% . ~ A& (v/f)?,
that is of the same order as APC [32]. For (v/f)*~0.1,
8Gf e~ 5 % 1073. The left-handed coupling, however, has
a dependence on parameters n,4. We find this coupling to
be within the range A%(v/f)? (for n,, = 2) to A¢(v/f)?
(n,2 < 2). We find that this coupling suffers from the effect
of matrix ¢4 present due to charge degeneracy between 2nd
and 3rd generation left-handed quarks. Without the effect
of this matrix, however, coupling can be as small as
28.(v/f)? for n,, =0,n,, <6.

In the 14 TeV run of LHC, with 3000 fb~!, it is expected
to probe 8g% ~3-6 x 1073 at 95% CL, testing the right-
handed coupling of the present model, as well as APC,
for (v/f)* ~0.1.

For the Zbs interaction, we calculate the left-handed
coupling 6g7 ,, to be within the range Az(v/f)* (for
ngp=1) to A&(v/f)?* (for ngy = 0). The right-handed
coupling has a size, 5g% ,, ~ 2L(v/f)?, that is of the same
order as APC.

B, — up strongly constraints g7,. By making use of the
experimental measurements [33-35], for a generic spec-
trum of resonances, a crude estimate leads to
ez3(v/f)?2¢* < 107, This bound could be satisfied for
nt, (v/f)* =0.1, and €,3~0.3, but would require a
tuning of order AZ? for n "%, The presence of symmetries

protecting down -type Z couplings can relax this
tension.

Eq. (7), and the degree of compositeness is

C. Constraints from AF =0 processes

For AF =0 we also look at the dipole operators that
in APC are dominated by the down-quark that requires
f =z 4-5TeV [5,27]. We focus on d, u, and ¢ quarks. In
order to get the leading contribution to these Wilson
coefficients, we must analyze the misalignment taking
place between the dipole operators and the mass matrix.
This is of particular importance in the case of the U(1),
vector closing the loop, because although the matrix
combinations in the first three terms of Eq. (25) are
proportional to the same Yukawa matrix, insertions of
the fermion charges a, and a break the alignment at higher
orders, thus contributing to a phase. In Table III we show
the power of the leading order contribution to these
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TABLE III. Summary of AF = 0 coefficients of dipole oper-
ators. We show the value of log,_(C/CF®)) for the ratios of the
Wilson coefficients normalized with respect to APC. For the
U(1)p vector loop, as the coefficient can be aligned at
zeroth order with the mass matrix, we show the first nonzero
contribution.

AF =0 U(l), (v7)3 (Y/2y!
ddv 2 {2—6 (ng <3) {2 (a1 < 6)
0 (ng4 =3) 0 (n, =6)
uuV 2 {2—8 (ny < 6) {2 (na1 <3)
0 (ny =6) 0 (ng =3)
ccV 2 {2—4 (N <2) 0
0 (np=2)

coefficients. We find a suppression of order A2 for the
U(1)y in the loop, in all three quarks d, u, and c. When
looking at contributions from the Higgs in the loop, with a
cubic dependence on the Yukawa, no such alignment is
present. In those contributions we find, for both up and
down sectors, a dependence on the parameters of our
mOdel, Ny u2 or na1.d2-

To  better understand the of

log,,. (difi/d{;-’mpc) ) on the parameters of the theory we
show in Fig. 2 the contribution from the neutral Higgs. We
see that for ddV (left panel), no such suppression is found if
ng = nyi* = 3; however, for smaller values of n, the
suppression can be of order A% and larger. In the case of the
up sector, we see a different dependence for the up quark
(middle panel) or the charm quark (right panel). Whereas
the contribution to the up quark is of order APC for
n, = i = 6, and has larger suppressions for smaller
values of n,;, the contribution to the charm has a stronger
dependence on n,,, being of order APC when n,, =

n* =2 and smaller for n,, < nj5*. Here we see a small

dependence

d,(APC
IOgAC(d%/dn( ))7 (Yd)3

u u,(APC w
IOg/\C(dn/du( ))7 (Y )3

tension with AF = 2 D-meson constraints that prefer larger
n,, = s> to suppress C, and C,, although there is a
window where coefficients with right-handed quarks are
suppressed for both processes.

In the case of the charm dipoles, the contribution of a
charged Higgs has the same size as in APC, irrespective of
values of n,; 4. The fact that no suppression is observed in
this Wilson coefficient is due to the fact that the contri-
bution of the third generation quark inside the loop is
dominant, as its degree of compositeness is the largest.

It is interesting to notice that the dependence on ¢ of the
coefficients of dipole operators of Fig. 2 is opposite to the
one of right-handed couplings of spin 1 particles, Fig. 1.
The behavior of the right-handed couplings sze,lz is
determined by their quadratic dependence on ¢, arising
from the two insertions of elementary-composite mixing.
The dependence of the dipole coefficients can be
understood by considering a single generation: as the
mass involves the combination m ~¢,Yey, the dipole

2

d = €Y¢; scales with ¢, as d ~ m’e;%¢;*. Considering

the presence of three generations adds the rotations into
physical states, which are however mostly dominated by
their diagonal part.

D. Constraints from LHC

Dijets at LHC give bounds on the compositeness scale of
the light quarks [36—42]. Following Ref. [43], see also [44],
the most stringent constraints arise from the 13 TeV run that
gives bounds on the Wilson coefficients of 4-fermion
operators with light quarks, roughly of order:

(g}i/,ml1J/m*)2 <1073, For the present model one gets:

izcn" <f/(8 TeV), that is f =1 TeV is saturated for
ng; =0.7. Thus one has to demand ng; 2 0.7, discarding

u u,(APC u
10gAC(d22/d22( ))7 (Y )3

| 2l0 ZlO _
0.8 15
0.6 m’
] 5 %‘ 3
E . S 1o El
0.4} 1
0.5
0.2 \
0.0 0.0
00 05 1.0 15 20 25 3.0 0 1 2 3 4 5 6 0 1 2 3 4 5 6
Nay Nyl Ny
(a) ddv (b) uuV (c) ccV

FIG. 2. Wilson coefficient of flavor diagonal dipole operators

compared with APC: log;_ (dﬁ/d{i’(APC)) with neutral Higgs

contributions, for down (left panel), up (middle panel), and charm (right panel) quarks, as function of n;; parameters of the theory.
A darker color corresponds to smaller exponent, and a lighter color to a larger exponent. In all three cases, the exponent in blue regions is

0, thus leading to no suppression.
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the region of the solutions with a large degree of compos-
iteness of the right-handed quarks of the first generation.

The particles associated with the radial part of the field
@, being electrically neutral and CP-even, can mix with
the Higgs. As this field is a singlet, it has no effect on the
oblique electroweak parameters, but it renormalizes the
Higgs couplings to the SM fields. From Refs. [45,46], a
combination of ATLAS and CMS results for single Higgs
production gives a bound on the mixing angle: cosé >
0.94 at 95% confidence level. Considering a renormalizable
potential with a quartic coupling Ay |®|?|H|?, in terms of
the physical mass of the heavy state this bound leads to
My/Ayo 2 1.5 TeV, where for simplicity we have
assumed vg, ~ My > M,,.

IV. THE AXION OF COMPOSITE
FROGGATT-NIELSEN

There has been interest in composite axions in the last
years [21,47-49], see also Refs. [50,51] for previous
studies on the Froggatt-Nielsen axion. In the present paper
the axion is associated with the Nambu—Goldstone boson
of the complex SM singlet:

¢ = fpefe (32)

with decay constant f,, = (¢). Usually f, is expected to be
of order m,/g,, although perhaps it could be possible to
differentiate these scales, if for example they arise from
different sectors or are generated at different energies.

In the absence of explicit breaking of U(1), in the
elementary sector the axion remains massless, up to effects
from anomalous breaking generated by QCD. In the
presence of a composite sector with global SU(3), sym-
metry, gauged by QCD, there can be large contributions to
the axion mass that dominate over the IR ones [52].
Besides, there can also be contributions from the elemen-
tary sector. These effects make the composite axion rather
dependent on the details of the model. In the following we
will only focus on the properties of the axion that are
independent of those details and leave a deeper analysis of
its phenomenology for the future.

Since the SM fermions are charged under U(1), the
axion is coupled to them, leading to a generalised
Dine-Fischler-Srednicki-Zhitnitsky-type of model
[53,54]. By redefinition of the quarks: f — eir’Pra/faf,
the axion is removed from the Yukawa terms and axion-
fermion interactions are generated in the kinetic term. In the
mass basis we get:

0,a

CDZfa

Fir (el + ) fe. f=ud  (33)

The vector and axial-vector couplings are:

VAf
M = (RUL PpUs, + UL PRUS) e (34)

For nonuniversal F-charges, c¢"4/ are nondiagonal and
induce flavor transitions. For small mixing angles, to
leading order these couplings can be approximated by:

(U;-PFUf)jk =Pk + (Prj = Ppi)Orjx

+ (P + P =200 jiOr s L F# Jo k.

(35)

By making use of Egs. (10) and (11) in (34) it is
straightforward to obtain the size of CVA/ in the model.

The flavor violating effects of the axion depend on the
decay constant f,, and on the axion mass, whose values we
did not need to fix for the analysis of the previous sections.
Since these quantities can take a wide range of values,
particularly the mass can vary over many orders of
magnitude depending on features that are not generic,
we postpone their analysis for a future work.

V. CONCLUSIONS AND DISCUSSIONS

We have built a model that realizes flavor in the quark
sector by the interplay of two paradigms: partial compos-
iteness of the fermions and the Froggatt-Nielsen mecha-
nism, by including the EN field in the composite sector, as
well as the Higgs field. FN gives a well-defined pattern of
Yukawa couplings in the composite sector, determined by
the charges of the composite operators under the global
U(1), symmetry. Partial compositeness is, as usual, real-
ized by linear mixing of the elementary quarks with the
composite sector, with the mixing controlling the inter-
actions between both sectors. The two ingredients give rise
to a rich pattern of flavor structures that go beyond the usual
scenario of APC. We have shown the basic rules for the
determination of mixings and FN charges that lead to the
masses and mixing angles of the quark sector of the SM.

We have chosen a set of solutions that lead to small
mixing angles of right-handed light quarks, and we have
analyzed the predictions for the flavor and CP-violating
processes that have the most stringent constraints. We have
compared them with APC that, for a scale of composite
states of order few TeV, is known to pass many flavor tests,
but gives too large contributions to AF = 2 operators in the
down sector and to diagonal dipole operators of light
quarks, among others. We have found that Wilson coef-
ficients of left-handed AF = 2 operators are of the same
size as APC, as expected for left angles of CKM size, but
for operators involving right-handed light quarks we have
found solutions that are suppressed compared with APC.
Particularly interesting is the case of Q5 that is one of the
most constrained operators, for which we have found
solutions with a Wilson coefficient suppressed by AZ.
Another interesting case is the flavor diagonal dipole
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operators, also with solutions suppressed by A% compared
with APC.

For the solution considered we explored a range of
charges and degrees of compositeness of the right-handed
quarks of the first and second generations. Flavor con-
straints select a preferred set of charges and mixings, with
the second generation of right-handed quarks uncharged,
whereas the first generation charges of left- and right-
handed chiralities are of O(1), and there is a window for the
degree of compositeness of the right-handed quarks of the
first generation: €, ~ A& and €, ~ A%7. The composite-
ness of the down quark is determined by the bounds from
AF = 2 processes in the K-system that prefer a larger ¢,
and AF = 0 dipole operators that prefer a smaller €;;. A
similar situation holds for the compositeness of the up
quark, with constraints from D-system preferring a larger
€, and from uuV dipole preferring a smaller ¢,;. For the
selected window of compositeness, dipole operators are
suppressed at least by A2 and C, is suppressed at least by
Ac, relaxing m, 2 2.5-7.5 TeV and f below the TeV. There

are also regions where C, is suppressed by ’130/ >~ 107! The
ccV dipole can only be suppressed if this quark is charged,
being in tension with AF = 2 constraints that prefer zero
charge. Concerning flavor violating Z couplings, for a
generic composite sector bounds from B; — pu introduce

tuning of order A2 that can be relaxed by the use of discrete
symmetries protecting left-handed down-type couplings.

Several questions were left open. At the level of bounds
from flavor, we have not been able to find solutions that
could lead to left-handed mixing angles smaller than the
CKM, either in the up or in the down sector, or a partial
combination of them, while simultaneously passing bounds
from AF = 2 processes. We have neither been able to find
solutions that could suppress the mixing in the B system,
compared with APC. At a more theoretical level, it would
be interesting to find a rationale for the values of the U(1),
charges that, although being of order one, are arbitrary and
have been chosen to be multiples of the charge of the FN
scalar field. We have not explored the flavor of the leptons
in the proposed scenario. It would also be interesting to
build a more predictive model of the composite sector, as a
realization in five dimensions. Last, we have not explored
the different possibilities for the axionlike state of the
model that eventually could solve the strong CP problem
and pass the axion flavor constraints.
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