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ABSTRACT: In the electroweak sector of the Standard Model, CP violation arises through a
very particular interplay between the three quark generations, as described by the Cabibbo-
Kobayashi-Maskawa (CKM) mechanism and the single Jarlskog invariant J;. Once gener-
alized to the Standard Model Effective Field Theory (SMEFT), this peculiar pattern gets
modified by higher-dimensional operators, whose associated Wilson coefficients are usually
split into CP-even and odd parts. However, CP violation at dimension four, i.e., at the
lowest order in the EFT expansion, blurs this distinction: any Wilson coefficient can inter-
fere with J4 and mediate CP violation. In this paper, we study such interferences at first
order in the SMEFT expansion, O(1/A?), and we capture their associated parameter space
via a set of 1551 linear CP-odd flavor invariants. This construction describes both new,
genuinely CP-violating quantities as well as the interference between Jy and CP-conserving
ones. We call this latter possibility opportunistic CP violation. Relying on an appropriate
extension of the matrix rank to Taylor expansions, which we dub Taylor rank, we define
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a procedure to organize the invariants in terms of their magnitude, so as to retain only
the relevant ones at a given precision. We explore how this characterization changes when
different assumptions are made on the flavor structure of the SMEFT coefficients. Inter-
estingly, some of the CP-odd invariants turn out to be less suppressed than J4, even when
they capture opportunistic CPV, demonstrating that CP-violation in the SM, at dimension
4, is accidentally small.
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1 Introduction

The Lagrangian composed of SU(3)c x SU(2)r x U(1)y-invariant operators built with
Standard Model fields and having dimension less than or equal to 4, which we denote by
SMy, has until now proven to be in remarkable agreement with experiments. In particular,
the observed CP violation (CPV) is consistent with the pattern expected from the SMy,
where it arises thanks to the simultaneous existence of up- and down-quarks, as well as
the presence of (at least) three generations. This is the Cabibbo-Kobayashi-Maskawa
(CKM) model, and besides describing how CP is broken, it also gives an explanation of
why its breaking is so small, despite the phase associated to it being of order one. It is the
consequence of both the phenomenological smallness of physical parameters in the Yukawa
sector and of the fact that all of these parameters have to come simultaneously into play
for CP to be violated. This fact can conveniently be captured in a flavor-invariant way,
i.e., not affected by unitary rotations in flavor space, via a single quantity, the Jarlskog
invariant [1-3]:

_ tyyi]® = vyt
Jo=TmTr |Y,v] v,v]]" = 3ImDet|v, v, v, ]| . (1.1)

This quantity can be interpreted as an order parameter for CPV in the SMy, in the sense
that CP is conserved if and only if J4 = 0.

If no new light degrees of freedom are assumed to lie below, or close to, the weak
scale, then deviations from the SMy can be parametrized through its extension into an
Effective Field Theory (EFT), whose Lagrangian supplements that of the SMy with an
infinite tower of SU(3)c x SU(2)1, x U(1)y-invariant operators of any dimension built with
the SM, fields, i.e.

C;

where O; is an operator of dimension d; > 4, C; a complex coefficient (sometimes called
Wilson coefficient) generically of order one (modulo possible selection rules and after taking
h dimensions into account) and A is a dimensionful scale associated to heavy new physics.

This procedure defines the so-called Standard Model Effective Field Theory (SMEFT).
Clearly, the complex phases of the new coefficients C; can induce additional CPV beyond
the SMy alone. In particular, the C;’s corresponding to operators containing fermionic
fields have to be intended as matrices in flavor space, and as such contain a large number
of a priori CP-odd phases. In [4] we identified a set of 699 CP-odd flavor invariants linear in



the coefficients' C; which, together with the SMy J; and the coefficients of the bosonic CP-
odd operators at dimension six, represent the order parameters of CPV at order O(1/ A2)
in observables, meaning that no CPV can be observed at this order if and only if all the
elements of this set vanish.?

Although this provides the correct characterization of the new sources of CPV at
dimension six, it does not tell the full story. Indeed, since CP is broken in the SM4 already,
any real or complex dimension-six parameter can interfere with J; and produce additional
CPV in observables. As it must be possible to express observables in terms of flavor-
invariant objects, this means that we must be able to enlarge the set of CP-odd invariants
linear in the Cj’s so that they capture the set of all appropriate Wilson coefficients. This
procedure produces what we refer to as a mazimal set, containing 1551 invariants which
can contribute to CPV observables at order O(1/A?).

When J4 — 0, this set would reduce again to the new sources of CPV found in [4],
which form the set of CPV order parameters, and which we dub here the minimal set. This
means that we can write, for any invariant L in the maximal set,

L= > IiLs+ J4Ry, (1.3)
a € min. set

where the Lz’s belong to the minimal set and are linear in the Cj;, the Z;’s are CP-even
flavor invariants which only depend on SMy coefficients, and Ry is a CP-even flavor invari-
ant linear in the C;. That observables can be expressed in terms of invariants means that a
similar decomposition exists for observables (except that Zz and R4 need not be invariants
in this case). Since Jy < 1, one might expect that only the Lz contribute significantly
to CPV. However, this is incorrect, as we will show below, because often R4 > 1, and
therefore invariants beyond the minimal set can contribute significantly to CPV observ-
ables. This surprising result implies that many more invariants than those in the minimal
set should be considered at a given level of precision, and a key result of this paper is
the development of a formalism for doing so. We will refer to the sources of CP violation
parametrized by the minimal set as direct CPV, while, in a sense that will be made clear
in the following, the difference between maximal and minimal sets will be what we will
identify as opportunistic CPV.

In principle, the large number of invariants in a maximal set, which follows from the
large number of free parameters of SMEFT at dimension-six, makes it hard to study the
set as a whole analytically. Fortunately, one can rely on a hierarchy within the invariants.
This way, one has a handle to discriminate which invariants are the most important, and
to restrict to appropriate subsets of invariants. This hierarchy follows from the flavor
structure of the Yukawa sector of the SM, and from the phenomenological values of its

!This number refers to operators containing fermions, only, and does not include the 6 CP-odd coefficients
of fully bosonic operators. Since their flavor structure is trivial, we will not consider these operators in this
work.

2Among the Wilson coefficients associated to dimension-six operators, only a subset contributes to
observables at O(l /A2) due to non-interference rules, assuming the limit of vanishing neutrino masses
m, — 0. In [4] and in this work, we neglect higher orders and the associated (possibly CP-odd) invariants
non-linear in the Cj’s.



parameters. In particular, one finds
Ji~8x 10724, (1.4)

The same applies to our invariants which are built using Yukawa matrices and Wilson
coefficients. For example, consider the modified Yukawa operator

1 -
Outt = 15 Curr,ij (H'H) Quu; . (1.5)

Using its coefficient C,p,;; we can build e.g. the invariant
Im Tr [CuHYJ} ~ —3.7Im Cyupy 33, (1.6)
as well as
I Tr[C, VY, V]| % 24 x 107 I Tr [ CunYf| = 3.7 % 1077 Im Cur s (1.7)

(The expressions above are evaluated in the so-called up-basis, to be defined below. More-
over, only the leading terms have been retained, under the flavor anarchic assumption that
all Wilson coefficients are order one.) More analytically, we can track the size of any flavor
invariant via an explicit power counting describing the flavor hierarchies, which is for in-
stance achieved by the Wolfenstein parametrization and its expansion in terms of the small
sine of the Cabibbo angle A\ ~ 0.225 [5]. We employ this expansion and ask how many
independent invariants can contribute to an observable at a given level of precision, i.e. at
a given order in A. To answer this question, one would naively truncate the expansion of
each invariant at a certain order and check how many of them are linearly independent.
However, this procedure should be carried out with care, and to this end we introduce in
section 4 the new notion of Taylor rank of a matrix expanded in powers of a small param-
eter. As can be readily seen, the result is highly dependent on the flavor structure that
is assumed to hold for the Wilson coefficients, in this case C, . Indeed, the size of the
invariants in eqgs. (1.6)—(1.7) is captured by the numerical prefactors for an anarchic flavor
structure for the matrix Cyp,;; whose entries are all taken to be O(1). However, such
an anarchic structure is greatly constrained by observations via measurements of mesons
oscillations, electric dipole moments, and lepton flavor violation [6-11] with lower bounds
on the scale of New Physics (NP) on the order of O(10% TeV). Were this the common
suppression scale of the EFT, it would render its impact on observables irrelevant for col-
lider physics, as well as imply a strong fine tuning of the scalar mass of the Higgs. On
the other hand, we know that, already at dimension four, the flavorful parameters of the
Standard Model are far from being anarchic, spanning a range that scans almost 6 orders
of magnitude. Thus, different ansatzes have emerged addressing the flavor structure of
SMEFT. These approaches have the twofold advantage of allowing us to bring the lower
bounds on the NP scale down to the TeV region, and of reducing the number of relevant
free parameters added by the EFT expansion. They usually proceed by either relating
the SMEFT flavor structure to that of the SMy or deriving it from certain families of UV
models. The archetype of the first kind of approach is represented by the Minimal Fla-
vor Violation (MFV) ansatz [6, 12]. As another benchmark example, we will consider the



U(2)? scenario [13-16], where the flavor symmetry is restricted to the first two generations
of quarks and leptons. The last possibility we take into consideration is the one dictated
by the so called Froggatt-Nielsen mechanism [17].

This paper is organized as follows: in section 2, we motivate the need to define a
formalism which systematically captures all independent physical quantities capable of
contributing to CPV observables. In section 3, we then define maximal sets of CP-odd
invariants and explain how we use them to describe the parameter space of CP-odd ob-
servables at O(1/ A2), providing examples for some dimension-six operators. In section 4,
we define the Taylor rank and explain how it helps in counting the number of independent
invariants needed to span the parameter space of a CP-odd observable at fixed order in
the A expansion. In section 5, we explain the four different flavor scenarios that we take as
benchmarks to understand how the results of section 4 change with them. We then sum-
marize our conclusions in section 6. Appendix A justifies the procedure we follow to build
invariants, while in appendix B we illustrate features of opportunistic CPV at the level of
rephasing invariants. Appendix C elaborates on the notion of Taylor rank introduced in
section 4. In appendix D we provide more details on our use of the MFV expansion, and
in appendix E we study the U(2) ansatz using the tools of the Plethystic program. In
appendices F and G, we list maximal sets for each operator of SMEFT at dimension-six.
Finally, we collect in appendix H the more cumbersome expressions for the explicit values
of some quantities obtained in the main text. We always work in the limit of vanishing
neutrino masses m, — 0 and use the so-called Warsaw basis [18], listing all independent
dimension-six operators in SMEFT, which we recap for convenience in tables 3 and 4.

2 Opportunistic CP violation: an overview

As mentioned in the introduction, in [4] we introduced the study of CP-violation in the
Standard Model Effective Field Theory at order 1/A? via CP-odd flavor invariants, each
structured as single traces over the flavor indices containing only one power of a dimension-
six operator coeflicient. First, we briefly review our construction. We then explain why
the minimal set of invariants that we introduced in [4] is not sufficient to describe the full
parameter space of CPV at O(1/ Az). We begin by focusing on the simple example where
the only operator turned on, beyond those of the SMy, is

1 1 = -
O = Ol (i D H)(Qin"Qy) - (2.1)
2.1 Parametrizing flavor

Before describing CPV flavor invariants in SMEFT, let us present the relevant flavor
concepts and parametrizations that we use throughout this paper. First, notice that,
in the unbroken phase, the kinetic part of the SMy Lagrangian is invariant under a
U(3)5 = UB)g, x UB)uy x UB)ap x UB)L, x U(3)e, global flavor group, where each
factor acts on the flavor indices of the associated fermion fields (we will drop the chirality
indices in the following). Then, we can assign all coefficients in the Yukawa sector and of
the SMEFT operators spurious transformation properties so that the whole SMEFT La-
grangian is formally invariant under the whole flavor group. For the Yukawa couplings at



SU®3)g | SUM3). | SUB)4 | SUB)L | SUB).
Y, 3 3 1 1 1
Y, 3 1 3 1 1
Y, 1 1 3 3

Table 1. Flavor transformation properties of the Yukawa matrices treated as spurions.

dimension four, the transformation properties under the non-abelian part of the flavor group
are as listed in table 1. On top of that, each (anti-)fundamental representation has a charge
(—)1 under the associated abelian group in the decomposition U(3)x = SU(3)x x U(1)x,
with X = Q,u,d, L,e. Using flavor transformations, one can reach flavor bases where the
Yukawa matrices have a specific form, and which we will use in the following to explicitly
evaluate invariants. Mostly, we will use the up basis, defined so that

Yu - dlag(yua Ye, yt) ) Yd = VCKM . dia‘g(yda Ys, yb) ) }/6 = diag(y€7 yua yT) ) (22)

and the down basis

Y, = Vi - diagu, Yo, i), Ya = diag(ya, ys, v),  Ye = diag(ye, Y, yr) » (2.3)

where all y’s are real and positive and Vg is the CKM matrix. For later use, we define
=Y , v/ When picking either of the above two bases, we

u,d,e u,d,e” u,d,e"
exhaust the non-abelian part of the flavor group completely. Some of the remaining U(1)

the combinations X

factors can be used e.g. to bring the CKM matrix into the following form [19]:

€12€13 C13512 s13€” 'OCKM
_ s S KM
VoM = | —ca3s12 — c12513523€"°CKM  ¢1aco3 — S12513523€"°CKM 13593 ;o (24)

10CKM 10CKM

512823 — €C12€23513€ —C12823 — €23512813€ C13C€23

where cx, sx = cos(fx), sin(fx). In the quark sector, this choice leaves only the U(1)p fac-
tor corresponding to baryon number unbroken, while in the lepton sector the three U(1)z,,
with ¢ = 1, 2, 3, are left unbroken. We also make use of the Wolfenstein parametriza-
tion, where the CKM matrix is expressed in terms of three O(1) parameters, A ~ 0.81,
p ~ 0.16, and n ~ 0.36, as well a fourth parameter, A ~ 0.225, corresponding to the sine of

the Cabibbo angle,? [5]

Vokm =
V1I=22\/1= A2 (124 p?) AV1=AZN8 (2 +p7) AN (p—in)
“AMW1T=A2M - A21-X2X5(p+in)  V1-X2V1—A2NT— A2)\5(p+in) AN2/T—A2Z)0 (n2+p2) ,
AN — ANVT=XN2V/1—A2X04(p+in) —AVI=DZN2— ANWT— 22X (p+in) V1—AZXE/T— A2)6 (24 p2)
(2.5)

3These values are obtained in the MS scheme at a scale = M; = 173.1 GeV, although, to a very good
precision, only the parameter A runs [20]. (Only the contributions from the SM to the RG flow have been
taken into account here, while the impact of dimension-6 operators has been neglected.) This choice, made
here and for egs. (2.6)—(2.11), is not an obligated one, and any scale u 2 Mz is allowed. Different choices
of p would slightly affect the results presented in the following as they imply different A\ scaling. However,
the presented framework and algorithms would stay unchanged.



reproducing the usual approximations when expanded in A. With the same philosophy, the
quark and lepton masses can also be assigned a A-suppression. One possible choice is

{ymycvyt} = {au)\Sa ac)\47at)\0} (2-6)
{Ya, ys, o} = {aa\", as A%, ap\*} (2.7)
{ye)yuay‘r} = {ae)\gaau)‘57a7)\3} 5

with
{ay,ac,a;} ~{1.03,1.33,0.93} (2.9)
{ag,as,ap} ~{0.50,0.51,1.36} (2.10)
{ae,ap,a-}~{1.88,1.02,0.88}, (2.11)

where the running masses in the MS scheme at the renormalization scale y = M; = 173.1 GeV
are taken [21]. Then, all the quantities sensitive to flavor can be expressed as an expansion
in powers of A to consistently obtain an approximation for their magnitude. In particu-
lar, and relevantly for the case we are interested in here, the Jarlskog invariant J4 can be
expanded in terms of A to get

Jy= 6a§aga?a§A2n/\36+(’)(A38) . (2.12)

2.2 Minimal set: flavor-invariant order parameters for CPV at O(1/A?)

Let us now review a consistent definition of order parameters for CP violation at O(1/A?)
in SMEFT. When performing a flavor transformation, the real and imaginary entries of
a given coefficient are in general mixed, and CP is conserved if and only if one can find a
flavor basis where all coefficients are real.* Thus, rather than interpreting a single imaginary
coefficient as a source of CPV, we characterize CP violation in SMEFT at leading order
using flavor invariants. More specifically, mimicking the role of the Jarlskog invariant Jy
in the SMy, we ask which flavor invariants vanish if and only if CP is conserved at leading
order in SMEFT. The set of these invariants, built as single traces in flavor space and with
only one power of the dimension-six operator coefficient, is what we defined minimal set.
The choice of single trace invariants in this context may seem quite arbitrary. However, as
we show in appendix A, it actually represents the most general choice under the desired
conditions.

(1)

Let us give an example, using the O HO operator® defined above. After fixing a basis,

the coeflicient 0222 is represented, in flavor space, by a 3 x 3 hermitian matrix

) P11 P12 P13 0  m2 ms
Céégz p1z p22 p23 [+i| —m2 0 ms| . (2.13)
P13 P23 P33 —m3 —7123 0

“Models with discrete symmetries yield caveats to this statement. See ref. [22] for an example, or section
4.3 of ref. [23] for more details and references.

®Due to the linearity with respect to the C; of any observable at (9(1 / AZ), we can focus on a given
SMEFT operator without assuming that the other ones are turned off.



(1)

One sees immediately that there are three independent complex phases in C}}Q' Con-
sistently, in [4] we identified the minimal set for this operator as being composed of the
following three invariants®

Ly=ImTr(X,X,Cl), Ls=ImTr(X2X3C[)), Ly=ImTr(X,X,X2X3Cl),) -
(2.14)
We recall the definitions Xu,dEYu,dYJ,d' When Jy =0, the set in eq. (2.14) is enough to
capture all CPV in the theory, so that CP is conserved if and only if the whole set vanishes.
More precisely, this set is designed so that the statement is valid in whatever parametric
limit we choose to reach Jy =0 (see [4] for more details).

Extending this to all dimension-six SMEFT operators, we find 699 independent CPV
order parameters coming from fermionic operators, which have to be set to zero together
with J4 and the 6 coefficients of CP-odd bosonic dimension-six operators for CP to be
conserved at O(1/A?) (see the next section for an example). This number is much smaller
than the 1149 phases mentioned in [24]. To explain this, we notice that in either the up or
the down basis, eqs. (2.2) and (2.3), the lepton sector of the flavor group still enjoys a U(1)?3
symmetry consisting of phase rotations acting on the three different lepton generations.
Observables, too, have to respect this symmetry of the scattering states. The off-diagonal
entries of the coefficients of dimension-six operators containing leptons are charged under
this U(1)3, and thus to enter observables they need to be multiplied with objects carrying
opposite charge. Since no such object exists in the SMy Lagrangian, they will be multiplied
by coefficients carrying at least an extra 1/A? suppression, and will thus contribute to
observables starting from O(1/A*). This consideration allowed us to distinguish between
primary sources of CPV in SMEFT, i.e. those that can enter observables at order 1/A?
and are captured by our linear invariants, and the remaining secondary CPV sources.

2.3 The need for a maximal set

Using again the operator Ogg, we illustrate why we need to enlarge our definition of

minimal set in order to capture the full parameter space of CP violation at O(1/ A2). We
presented in eq. (2.14) the minimal set for (’)g)Q, which describes the sources of CP violation
which remain when J; =0. We will refer to such sources of CPV as direct CPV. We argued
that, when J; =0, they are enough to capture all CPV in the theory. However, in the real
world Jy4, although small, is apparently nonzero. This implies that, in order to predict the
values of CPV observables, one needs strictly more information about the SMEFT Wilson
coefficients than contained in (2.14). Intuitively, this is because any physical parameter at
O(1/A?) can interfere with Jy to produce additional CPV. Beyond the trivial cases where
a CP-even flavor invariant multiplies J; to form a CPV quantity,” one should study how

the CKM phase affects flavor invariants which intertwine the flavor indices of the Wilson

5The lower indices labeling the invariants are chosen to match the definitions of the subsequent eq. (2.21).

"We bar these “factorized” invariants, which can be naturally factorized into (CP even) x (CP odd), since
they are such that the source of CPV from the CKM matrix does not communicate with the flavor structure
of the Wilson coefficient. This explains why, as we will see below, all primary coefficients are captured by
the maximal sets in the quark sector, but not in the lepton sector.



coefficients with those of Yukawa matrices. As far as CPV at O(1/A?) is concerned, and
as we explain in appendix A, it suffices to consider CP-odd invariants of the form Im Tr of
a flavor-covariant monomial expression linear in the SMEFT Wilson coefficients. We label
opportunistic CP wiolation the sources of CPV described by such invariants modulo the
minimal set. By definition of the minimal set, opportunistic CPV quantities vanish when
either J4 — 0 or A — 0.

As an example, let us consider the measure of direct CPV in kaon physics, € /e, which
receives BSM contributions at order 1/A?. In SMEFT at dimension six, several Wilson
coeflicients induce significant contributions, among which that of C¢ reads [25, 26],

¢ I { (Clz12) A} (Tov)?
(> ~—191 , (2.15)
€/ Bsm | Au A?

where the coefficients are written in the down basis and evaluated at the weak scale,
Ay = Vé‘KM’u <VokM ud (this parameter is real with the phase conventions of the Wolfenstein
parametrization, which we always use below) and we assumed order one Wilson coefficients.
When the minimal set of (2.14), consisting of three independent CP-odd physical quantities,
is sent to zero one does not find that Im (C’gé”> and (€'/e)psm — 0 (as, by construction,
would happen if J; were zero), but instead that

Im (Cgég,u) =ma~ —n(47p13+9p23) , (2.16)

where 7 is defined in eq. (2.5) and p;; in eq. (2.13). This relation is obtained by solving
the set of equations Ly = Ls = L7 =0 perturbatively in A\, which yields expressions for all
Im (Cl(ﬁ}c)gzg) coefficients, in particular for Im (Cgé’u). Inserting the numerical values
for the Yukawa matrices (in the down basis) presented in section 2.1, assuming that the
Re (Cgc),gz]) coefficients are all of order one and without accidental cancellations between
them, and restricting to the two largest contributions, one finds the above expression.
Cancelling the minimal set is therefore not sufficient to cancel (¢/€)gsm: there are strictly
more than three independent CP-odd physical quantities at dimension six when Jy o< # 0.
As we will show in the following, although this contribution originates from an interference
with the SMy Jy, it is not as suppressed as Jy itself.

Instead of looking for several observables to probe the space of CP-odd physical quan-
tities, we can directly work with flavor invariants. Consider therefore a fourth invariant Lo,

Ly =TmTr(X2X,Cl)) - (2.17)

By evaluating it e.g. in the standard parametrization in the down-basis, we can check that,
as long as J4 #0, Lo is an independent object with respect to the remaining three. When
Jy — 0, however, this cannot be the case anymore, as we proved that L; 5 7 span the whole
parameter space of CPV observables in this limit. This line of reasoning leads us to write

LoLo=T1L1+ZsLs+Z7L7+J4Ry, (2.18)
where Ry is a CP-even invariant, still linear in the coefficient C’gé, although not necessarily
expressed as a single trace of a polynomial expression. The Z; coefficients, on the other



hand, are combinations of the 10 independent CP-even invariants that can be built with
Xu.d [27], namely

Lo=Tr(X,), Io1=Tr(X,),

Lo="Tr(X2), Iy =Tr(X,X,),

Tpo=Tr(X3), Iio=Tr (X)), (2.19)
Ly=Tr(X2X,), L2=Tr(X,X3),

Tos=Tr(X3), I =Tr(X2X3)

As a matter of fact, a relation in the form of eq. (2.18) can be found explicitly. Since the
coefficients are quite involved, however, and their explicit form does not add any insight
to the discussion, we stick to the generic expression in eq. (2.18) and display explicit
expressions for the coefficients in appendix H. In any case, the existence of the independent
invariant Ly confirms the lesson learnt by dealing with € /e: our minimal set is not enough
to capture all CP violation at O(1/A?%) when J4 # 0, due to opportunistic CP violation. It
only captures direct CPV, the set of CP-odd quantities that remain nonzero when Jy — 0
and only vanish in the limit A —oco. With the notation of eq. (2.18), an example of
opportunistic CPV would be the quantity

Tolo—(Ti L1 +ZyLa+T6Le) = JaRy . (2.20)

Equivalently, since the generated span is the same, we may as well just consider Lo as
capturing this additional source of CPV. Carrying on along this line of reasoning, we can
add as many invariants as possible on top of the minimal set until any other additional
invariant is not independent from the other ones. For C}; (1 ) , we can for example pick the set

Ly =TmTr(X, X, C ). Ly =TmTr(X2X,Cl )
Ly =ImTr(X,X3CH)), Ly =ImTr(X, X, X2C0, ),
Ls =ImTr(X2X3CH),), Lo =TImTr(X, X, X3CH)),
Ly =ImTr(X, X, X2X3Ch),), Lg = ImTr (X, X3 X2X,C10)),
Ly =TmTr(X2X, X, X3CH),). (2.21)

(1)

We refer to this as a mazimal set for CHQ. Its cardinal matches the number of free
coefficients in 0222’ which shows, as announced, that they can all participate in CPV.
This also trivially implies that fixing all the invariants of the maximal set to zero suffices
to make (€'/€)pgy vanish, and that it can be decomposed along the maximal set. Below, we
exhibit the combination of maximal set invariants which captures the leading contribution
n (2.15). In section 3, we generalize this construction to all dimension-six operators of
SMEFT.

Interestingly, opportunistic CPV, as captured by the invariants of the maximal set,
does not need to be as suppressed as the Jy with which it interferes. As we mentioned in
the introduction, we can expand the invariants in powers of the small parameter A~ (0.225,
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in order to compare their magnitudes. If we perform our expansion on the invariants
Ly — Lg defined in eq. (2.21), we get, in the up or down basis,

L= —4Aa§at27723)\8+. ..
Ly=.. .—}—4@%@(2:@?14 (pms+np13) AT

Ly=...—4a’a}a? An;s "+ ..

Li=...+4aza; <(a§+a§A2P> M2 +agz4277p12) MOy
Ls=...—4aajaaimar*+. .. (2.22)
Lo =...+4aayai A*n(pri—paa) A+ ..

Ly =...—4aayala; Anpas > + ..

Ls=...+4a ayaza; A%nppa X+ ...

Lo =...+4a’aja’a; A%npas > +. ..
where, in each line, we only display the leading new independent contribution. For instance,
the second line corresponds to the leading term in Lo—Tr(X,)L1, which projects out the
content of Ly aligned with L;. This projection can be done step by step, as shown in ap-
pendix H; we see in particular that the leading contribution to (€’/€)pgy; given in eq. (2.15)
is captured by the following combination of invariants (up to a SMEFT-independent large
numerical factor),

/
(i)BSM o Ls+Tr (X,) Tr (Xg) Ly — Tt (Xg) Lo —Tr (X)) L < 12 - (2.23)
The last two contributions are not part of the minimal set of eq. (2.14), which explains
why the overall expression does not need to vanish when the minimal set does. It vanishes
as it should when J; — 0 in addition, since in this situation 712 becomes proportional to 7,
as shown in eq. (2.16).

It also becomes clear from eq. (2.22) that seven contributions dominate J4 (which is of
order O(\3%), as shown in eq. (2.12)), although only three do not require interference with
it: setting =0 in eq. (2.22) reduces the number of independent quantities strictly larger
than O(A30) from seven to three. (eq. (2.22) only displays the leading order contributions
to the different invariants, but we have checked that the claim holds to all orders.) In order
to assess such behavior more systematically, we can ask: supposing that we have enough
precision to resolve the invariants up to some fixed order n in the A-expansion, then how
many independent sources of CP violation are we able to distinguish? We will come back
to this question in section 4. Notice also that the A-scaling in (2.22) was obtained under
the assumption that all the entries of the matrix CS)Q are of O(1), meaning that they do
not carry additional A suppression. This does not need to be the case, and in section 5
we will see how this result changes when this hypothesis is modified and different flavor
scenarios are adopted.

At this stage, we ought to make two remarks. First, the expressions above only encap-
sulate the suppression coming from the flavor structure. Clearly, we still have to consider
the 1/A? suppression coming from the EFT scale, where the power of the cutoff A is chosen
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to match that accompanying the dimension-six SMEFT operators considered in this paper.
Rather, we can play with the two different contributions and ask, for example, what the
EFT scale must be for each invariant to be comparable to Jy. Assuming 193 = O(1), we get
for example that L is comparable with Jy, i.e. X—z% ~ 1, with v =246 GeV the electroweak
scale, when A~5x10"" GeV. Second, one should be aware of the following caveat: al-
though, as we argued above, the invariants in eq. (2.21) are enough to parametrize the whole
parameter space of CP violation generated by the operator OE)Q, we have no say in how
big the coefficients relating them to observables actually are. It may well be that, in partic-
ular observables of interest, loop factors, logs or mass factors come to modify the relative
importance of invariants between themselves or the relative importance of the O(1/ A2) in-
variants and Jy. Nevertheless, the invariant analysis signals that there exist simple CP-odd
physical quantities larger than the naive expectation, Jy X (polynomial CP-even quantity),
although they only exist if J4 # 0.

3 Maximal sets: capturing all CPV contributions

3.1 Maximal set

As we explained in the example of the previous section, the construction of [4] exhausts the
characterization of new direct sources of CP violation at the leading SMEFT order, but it
does not suffice to describe the full parameter space of CP-odd observables: CP is broken
already at dimension four, and the source of its breaking can interfere with real entries of
dimension-six parameters of SMEFT to produce additional CPV, in the sense that it van-
ishes in the limit where A — co. As explained, however, it must be possible to parametrize
observables through flavor-invariant quantities, as the physics should not depend on the
flavor basis. Thus, we have to be able to describe the parameter space of leading order
CP-odd observables through a larger set, where each CP-odd invariant captures a quantity
that is responsible for new CP violation either on its own or by interference with the SMy
one. This is what we define as a mazimal set. Expanding on [4], we build such invariants
by taking the imaginary part of a single trace® of products of Yukawa matrices with one
power of one dimension-six operator coefficient, generically denoted as C®). Because of
the imposed linearity, we can define a set of invariants for each dimension-six operator
independently.
The quantities we consider take the following form

Lo(C9) =Im T (M,C®), (3.1)

where, if C(®) belongs to a representation r of the flavor group, M, is a matrix built out
of products of Yukawa that belongs to the conjugate representation r. A generalization
to 4-Fermi operators follows similar lines and will be presented later. If we fix a basis in
flavor space, we can define a vector containing all the entries of C'(6)

% = ((ReC(6)>1, (Rec(6>)2, (ImC(6)>1, ) (3.2)

8 Again, a justification for why this is the most general choice is shown in appendix A.
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Then, again thanks to linearity, we can always find a matrix 7T,;, that we call a transfer
matrix, such that
Lo(CO) = ToiCL® =T (ReC®)) 4T (ImCO) (3.3)
(2 (2
where we explicitly separated its action on the real and imaginary entries in a given basis,
so that it takes the block form

T= (TR Tf>. (3.4)

In [4], we used the transfer matrix to define minimal sets in the following way: when
J4=0, a minimal set is a set of flavor invariants such that if we add to it any other
invariant the rank of 7 is unchanged, while if we remove any the rank decreases. With
this formulation, it is easy to define maximal sets as:

A set of flavor invariants is a maximal set iff, when Jy # 0, the rank of the transfer
matrix 7 does not increase by adding any flavor invariant to the set and decreases
if any flavor invariant is removed from the set.

Here, too, we can distinguish between primary and secondary entries of a dimension-
six operator coefficient as those that can or cannot enter observables at O(1/A?). Since
secondary quantities cannot be arranged in linear invariants by definition, the maximal
set only parametrizes primary ones. In the same way as for minimal sets, the number
of invariants in a maximal set must be larger than or equal to the number of real and
imaginary primary entries of a dimension-six operator coefficient in a given basis (up to
a subtlety for leptonic operators, which we discuss below). For the sets presented in the
next section and in appendices F and G, we find that the equality holds for all operators
of dimension 6 in SMEFT, as expected since the invariants are linear in the dimension-six
coefficients.

3.2 Examples

Here we present some examples of maximal sets of invariants in SMEFT at dimension-six.
As explained, because of linearity, we can treat each operator independently. In addition,
because of the Cayley-Hamilton theorem, we are sure that the set of all possible (polynomial
single trace) CP-odd linear invariants we can build using 3 x3 Yukawa matrices is finite.

3.2.1 Fermionic bilinear operators

We can start by looking at SMEFT operators which are bilinear in fermion fields. For such
operators, the relevant single trace invariants, linear in their coefficient C, take the form
Laped(C) =ImTr (Xngxgxgé) . with a,b,¢,d=0,1,2 and a #¢,b#d, (3.5)

for quark operators, and

Lo(C)=TmTr(X¢C), with a=0,1,2, (3.6)
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for the lepton ones, where C = C, CYfJr

=u,d,e
of the operator under study (see below for explicit formulae).

or YfCYJJL , depending on the chiral structure

As a first example, we consider Cyzr. It is the coefficient of a non-hermitian operator
bilinear in fermion fields, thus it contains, in a fixed basis, 9 real and 9 imaginary coef-
ficients. Since none of them is charged under the leptonic U(1)® mentioned above, all of
them are physical at O(1/ A2), and its corresponding maximal set can be chosen to be

Loooo (CuHYuT ) L1000 (CuHYJ ) L2000 (CuH Y,/ )
Lo100 (CuHYJ> L1100 (CUHYJ> Lo110 (CuHYJ>
] L21oo CunrY)!) Lot2o (CunYyl) Litoo (CunYyl
Ta|Cun) = Lo200 ECUHYJ ; L1200 gCuHYJ Lo210 ECUHYJ ; ’ (37)
L2200 (CuHYJ ) L220 (C'uHYJ ) L1220 (CuH Y] )
Lo112 (CuHYJ) Lo122 (CuHYJ) Li122 (CuHYJ)

where the invariants highlighted in gray are those already included in the minimal set. Let
us now look at an operator, O.p, containing two leptonic fields, namely

1
A2
Now, the off-diagonal entries of C.p, in a given basis, are all charged under the leptonic

OeH = CeH,ij (HTH) I_/iEjH. (38)

U(1)3. Thus, we expect only the 3 diagonal real and 3 diagonal imaginary entries to be
captured by our maximal set. However, using the definition in eq. (3.6), we see that we
can only build invariants of the form

Lo(CenY)), with a=0,1,2. (3.9)

This is because, for 3x3 matrices, the Cayley-Hamilton theorem ensures that any
Ly (Ce HYJ) with a > 2 is redundant. Thus a possible maximal set is simply

T [Con) = { Lo (CYd) Ly (Covd) Lo (Covd) b (3.10)

More straightforwardly, as there is no Jys in the lepton sector, there is nothing a real
entry can interfere with to produce CP violation, so only the 3 imaginary entries are
captured. One can also directly verify that, by adding to this set any Lo(C.gY)) with
a>2, the rank of the transfer matrix defined as in eq. (3.3) does not increase. Despite
this, the 3 real diagonal entries are still considered as primary coefficients, as they do
enter observables at O(1/A?%), but they can only affect CP-odd observables through the
multiplication of Jy and objects of the form ReTr(X¢Cepr), a=0,1,2. As mentioned at the
beginning of section 2.3, we choose to ignore this trivial possibility.

3.2.2 Four-Fermi operators

Let us now look at 4-Fermi operators, i.e. those quartic in fermionic fields. We start by
considering Oy, = (Ui, u;)(Urpy*u;). Because of its symmetry properties, i.e.

Coujkl = Cuu,klij and Cuu,ijkl = C;:u,jilk s (311)
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its coefficient contains, in a given basis, 27 real entries and 18 imaginary ones. None of
them carries lepton quantum numbers, so all of them are physical at O(1/A?) and are
expected to interfere non-trivially with the CKM phase. Hence, all of them need to be
captured by an invariant in the maximal set. As in [4], we use the following definitions

Tra (MO, M®,C) = MPMPCyy, Trp (MO,MP, )= MPMPCy,,  (3.12)

?

and
AL (0) =ImTea (XGXGXIXS, XIXIX]X)C), o1
Bejeh (C) =Im T (X XGX (XY, XoX[ X0}, C). '
Moreover, we define the notation
— T
Cﬁﬁuu,ijkl = Yu,imYu,nquu,mnk:l’ (3‘14)
m,n

and similarly for Chuua,Cuaan, Cuvaa, Caaaa, and for the down quark versions. We find,
then, that the maximal set for C, can be expressed as

AN (Caaad) B (Cagda) ANGY (Caddd)
B30 (Cdd 1) (1]388(%(1 1) B0 (Caddd)
A1N00 (Caadd) Bi00 (Caadd) A3900 (Caadd)
A0 (Caadd) B30 (Caadd)  Az000 (Caddd)
A0 (Caada) AN (Cagad) B (Caadd)
ANGS (Caadd) B (Caadd) AN (Caadd)
B30 (Cagdd) A1300 (Caadd) A1100 (Caddd)
LalCunl =AY (Caaid) BN (Caaad) AN (Caadd) (- (3.15)
B30 (Caaad) A9 (Caadd) A9 (Caadd)
AN (Caadd)  A1190 (Caadd) An%0 (Caadd)
A3900 (Caadd)  A3100 (Caadd)  AT190 (Caddd)
A3 (Caadd)  A1990 (Caadd) AT (Caadd)
AN (Caadd) AV (Caadd)  AT300 (Caadd)
A0 (Caadq) A9 (Caadd) A1330 (Caddd)
A58 (Caaad) Aji (Caadd) AT390 (Cadda)

The list of all maximal sets for each fermionic operator at dimension six can be found
in appendices F and G. We wish to stress that the lists of maximal sets are not unique.
In our case, we picked them with the constraint that they contain the minimal number of
Yukawa matrices and that they are maximized when the observed values of fermion masses
and CKM entries are plugged in.

3.3 Maximal vs. minimal set

In this section, we wish to show in full generality a property of maximal sets that already
appeared in the form of eq. (2.18). Specifically, we want to show that it must be possible
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to express every invariant L, of a maximal set in the following form:

Lo=Y TsaLa+JiRua, (3.16)
a

where {L;} are taken from the minimal set, the Z,; are Yukawa-dependent flavor-invariant
coefficients and Ry, is a CP-even invariant. In particular, Ry, does not need to be a single
trace. However, by the same arguments we present in appendix A, since it needs to be
linear in the Wilson coefficient C'®), such a coefficient will only appear in single traces,
possibly multiplied by a factor constituted by some invariant combination of the Yukawa
matrices. The proof of this statement goes as follows: consider the limit J4y — 0. In this
limit, the set of independent CP-odd invariants is reduced to the minimal set, so that every
invariant from the maximal set can be expressed as a linear combination of the minimal
ones:

La=Y Taala, (3.17)

where the Z,;’s are invariants built with X, 4 only. Now, the combination

L,=Lo—Y Tula (3.18)
a

has to vanish when J; — 0. This means that, picking a flavor basis, eq. (3.18) has to vanish
when any of the factors appearing in Jy (expressed in this basis) vanishes. Thus, we have
to be able to extract from L, a full J4 factor. The rest has to be CP-even, flavor-invariant
and linear in the Wilson coefficient (and, by construction, it remains finite for most ways
of taking J; — 0).

Using the current notation, the remark made around (2.22) means that? Ry, > 1 is to
be expected, but the expressions are lengthy and one needs to evaluate them numerically.
For the case of eq. (2.18), assuming all entries of ngg are of the same order of magnitude,
we find for example R4/Zy ~ 10 for flavor anarchic Wilson coefficients. More enlightening
formulae can be found by restricting to CP-odd rephasing invariants (namely, singlets of
the U(1)? group associated to the vectorlike phase shifts of each fermion mass eigenstate),
which makes sense when assuming that all quark masses are non-degenerate and choosing
a field basis which diagonalizes the masses. We expand on this in appendix B.

It is worth stressing that the validity of eq. (3.16) is strictly dependent on having
picked the correct minimal set. Indeed, such an expression has to be valid for all values of
the matrices involved, and in particular for the special points where masses are degenerate
and/or the mixing angles assume special values, which we extensively studied in [4]. On
any of those points, J; =0, so eq. (3.16) reduces to eq. (3.17). Had we picked wrongly
the minimal set, e.g. had it not captured all sources of CPV in all degenerate cases, we
could not argue that a full J; can be pulled out of (3.18), and eq. (3.17) is not guaranteed
anymore. This subtlety forces us to make seemingly unnatural choices for the minimal set,

9 Analytically computing R, is possible, as exemplified in appendix H.
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which is often not optimized to describe a given observable. Consider for illustration the
leading two-loop Barr-Zee contribution of Cyp to the electron EDM [28-30],

d vm M Im(Cyp i) m2’<
e (M) )
Barr-Zee h h

where we chose a flavor basis which diagonalizes Y, mj and v are the Higgs mass and
vacuum expectation value (vev) respectively, and

' (a,0) / da ””(5”’ 1) (3.20)

a—x(x—1)"

This expression is most naturally expressed in terms of the three invariants Lyggo (C’u HYJ ) =

> m2"+11m (Cum i), however only two out of those belong to our minimal set, while the
third is decomposed as in (3.16). This is due to the fact that they are not independent when
two up-type quark masses are degenerate, whereas all three Im (Cy,z ;1) remain three direct
sources of CPV [4]. Therefore, the three Lo (C'UHYJ ) do not capture all sources of CPV
whenever J4 =0, which can be achieved in particular by making two masses degenerate.
Nevertheless, they belong to our maximal set and permit a natural expression of d./e in
terms of that set. Similarly to the discussion of CPV in kaon mixings in (2.15)—(2.16), we
find that the above contribution to the electron EDM does not vanish when the minimal
set of C,y does. Instead, it reads

de :—1.3><1028(

€ 1Barr-Zee

T 2
z\/) Re (Cup13) cm, (3.21)

where we used the observed values of quark masses and mixings.

4 The parameter space at fixed precision: the Taylor rank

As reviewed above, the (linear) CP-odd flavor invariants that we build are in one-to-one
correspondance with primary combinations of dimension-six SMEFT coefficients, namely
those which can contribute to (CPV) observables truncated at O(1/A2), i.e. at the first
non-trivial order in the expansion in inverse powers of the cutoff. On the other hand, as
seen from eq. (2.22), we can rely on an additional power counting, associated to other small
parameters in SMEFT, which are the ratios of fermion masses to that of the top quark,
and the mixing angles in the CKM matrix. As reviewed in section 2.1, their smallness can
be expressed in terms of a single small parameter A. Therefore, we can only probe the
full parameter space of CPV when the precision we have is enough to resolve all of the
invariants, i.e. when we expand to high enough powers in A such that all invariants are
independent. One could then ask: how many invariants are required to predict the value
of any observable?

First of all, the answer depends on the precise relation between a given observable O
and the invariants L,. At O(1/A?), the invariants parametrize the set of physical CPV
quantities, so such a relation must exist and be linear,

OzZoaLa, (4.1)
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where the o, depend on parameters of the dimension-four Lagrangian, but not on dimension-
six Wilson coefficients. However, that fact does not give us any quantitative information
on the o,: they could be large or small, they need not be analytic, etc.'” The ideal way to
tackle this would be to identify a set of CPV observables in one-to-one correspondence with
our invariants, to work out the associated o,, and to derive from them the sensitivity of
CPV observables to the SMEFT parameter space. This is beyond the scope of this paper.
Instead, we focus on the complete maximal sets of flavor invariants which we identified
above. Those are physical quantities, hence we use them as a proxy for the general set
of observables, and as a way to develop our formalism. Nonetheless, we stress again that
relating them to the kind of CPV observables experimentalists usually deal with would be
a very insightful endeavor, which we leave for future work.

Now, the answer to our initial question still depends on the degree of precision which
is aimed for, which motivates us to introduce the Taylor rank. It addresses the following
question: how many invariants should one be given to know them all at O(A\")? This
number, which we denote 7, and call the Taylor rank, is not necessarily equal to the

number of invariants in the maximal set. Indeed, when n is not too large, one is able to

generate the whole maximal set as a linear combination of one of its subsets {L1,...,L;, },
Tn

Va, L= Y n,+00mh), W <o), (4.2)
b=1

where 7, is the smallest cardinality of a subset for which this decomposition can be achieved.
Such a subset captures the physical degrees of freedom at the chosen degree of precision
O(\™).

Since the invariants are linear in C’ggg, one can phrase the condition (4.2) in terms of
the transfer matrix 7 and deal with a linear algebra problem. More precisely, (4.2) captures
the fact that one can find several linear relations between the columns of T, provided one
is allowed to drop or add small O(A"!) coefficients. Therefore, the Taylor rank is the
smallest rank encountered in the equivalence class of 7, defined by the equivalence relation

T~T i T-T' =0(\"1), (4.3)

where it is understood that all entries of 7,7 are Taylor-expanded up to a common order
O(A™). The Taylor rank generalizes the notion of rank, which would tell us how many

10T et us consider an explicit example, the leading contribution of the dimension-six Yukawa operators to
the electron EDM, displayed in eq. (3.19). In the up basis, one can easily work out the relationship between
the three ImCuH,“' and the Ij=1,273 =ImTr (Xﬂ_ICuHYJ):
2 2
I3—1> Zj# my; +11 H]—# My
2 2 ’
Hj;éi (mw _m“j)

Plugging these relations in eq. (3.19), one easily identifies the three o;, respectively associated to Z;. They

M, IM Clypr i =

are non-analytic with respect to the Yukawas and large, 01,23 ~A*» %75 In the equation above, one also
sees that the natural size of Wilson coefficients, Cum,:i: < O(1), and the smallness of quark masses impose
that there must be relations between invariants at low orders in A. These relations are exactly captured by
the Taylor rank which we now discuss.
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Taylor rank for Crg
A order 8117|1925 |28 |34 | 36
Taylorrank |1 | 2 | 4 | 5 | 6 | 7 ]9

Table 2. Result of the Taylor rank procedure for the invariants associated to Cgé Each entry in
the Taylor rank row must be interpreted as the number of different sources of CPV coming from
Cgé that we are able to identify as independent at the corresponding order in .

independent invariants there are overall, to situations where one neglects high orders in A.
Importantly, the Taylor rank does not coincide with the rank of 7 truncated at O(A"),
which is usually larger than r,. In appendix C, we expand slightly on the definition
and properties of the Taylor rank, and we describe our algorithm to compute it. For the
invariants of the maximal set of CE)Q displayed in eq. (2.21), we obtain the result in table 2.

We see that those numbers are consistent with (2.22), and with the observation made
below it: at (’)()\35)7 i.e. before we are even able to resolve Jy, we can identify 7 independent
sources of CP violation, four of which come from opportunistic CPV.

We can apply the above to every operator in the dimension-six SMEFT. The results
are plotted in figures 2 and 3. In figure 1 we present an example how to extract all relevant
information from this kind of plot. As advertised previously, the choice of maximal set is
not unique, and different choices would only lead to slightly different results for these plots.
In particular, our choice was to arbitrarily prioritize the invariants with smallest leading A
power. However, another possibility that we did not pursue would have been to optimize
the set w.r.t. the produced plots, e.g. by choosing the one for which the maximal rank is
reached earlier in the A\-rank procedure. In any case, this choice does not affect the nature
of our conclusions.

5 Flavor scenarios

In the previous section, we explained how to compute the Taylor ranks of a set of CP-odd
invariants associated to a dimension-six operator. In order to do this, an understanding of
the A-scaling of the building blocks of each invariant was needed. For the Yukawa matrices,
this is done by means of the parametrization in egs. (2.5)—(2.11). On the other hand, the
flavor structure of the Wilson coefficients is obviously unknown, as it can only be specified
when measured or when a specific UV model is selected. To get the results displayed in
figures 2, 3, and 4, we adopted an anarchic assumption, where all coefficient entries are
assumed to be O(1). However, different ansatzes, appropriately justified, can be made on
such coeflicients. In the next sections, we consider four of these scenarios, starting from
the anarchic one used in the results above. We first summarize their characteristics, and,
in order to compare them, we apply our Taylor rank algorithm on the maximal set of all
bilinear operators. Our goal is to understand how the results of section 4, on the number of
independent invariants at a given order in the A-expansion, actually depend on the flavor
assumptions.
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Taylor-rank r,(n)

Taylor rank at each order in A for OE)Q

A [GeV]
Agsm, cpv 1010 10° v
107 T T T T T T T T T T T
9r- E \
: )
8r : g
|| Ol = (D ) (@:r"Qy) . g
: o g
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Figure 1. Number of independent invariants from the maximal (blue step-wise line) and the
minimal (dark yellow step-wise line) sets, denoted as Taylor rank r, in the text, at each order n in
the A\ expansion for the O I;)Q operator. At a fixed order in A, the top z-axis shows the value of A
for which an invariant appearing at such an order would be comparable to .J,, assuming it scales as
v2 /A%, with v~ 246 GeV the vev of the Higgs field. This plot serves as a guide on how to extract
the most relevant information from the similar ones that follow, and as such all the main point of
interest have been highlighted:

1.

the vertical grey dashed line marks the order A\3® (corresponding to A =v, as indicated on
the top z-axis) where the SMy Jy shows up,

. the horizontal red lines mark the values of maximal and minimal ranks, also labeled on the

right y-axis for readability,

the scale Apgm, cpy indicates the highest value of A where at least one invariant is comparable
to Jy , here A=5x10" GeV <+ \® (this is the value that we already showed at the end of
section 2.3),

we indicate on the right the number of sources of opportunistic CPV as the difference between
the maximal and minimal sets,

we also highlight the number of sources of opportunistic CPV 2 J4 as the difference between
the maximal and minimal set at \36.
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Bilinear operators

Minimal Maximal # imaginary entries # real entries
Label Operator rank rank (of which primary) (of which primary)
g =

Oy | (HTD,H)(Qi"Q;)

®3) 5y 5 3 9 3(3) 6 (6)
Oyg | (H' D, H)(QiT'7"Q;)
O | (HYD ,H) (@) 3 9 3(3) 6 (6)
Ona | (H''D,H)(dA"d)) 3 9 3(3) 6 (6)
Otua | i(H D, H)(uy"d;)+h.c. 9 18 9 (9) 9 (9)
Ou 77.'0"“/TAU«" ﬁGA,,-i—h.C.

¢ @ H G 9 18 9 (9) 9 (9)

Ouww | (Qio™uj)T! HW!, +h.c.
Oun (QiU”VUj)ﬁBw,—l—h.c.
Oan (HTH)(Q:d;jH)+h.c.
o 20" TAd) H Gib, +h.c.
dG (C% J) 1z 9 18 0 (9) . (9)
Oaw | (Qio"d;)TTHW] +h.c.

s
Oup | (Qio""d;)H By +h.c.
Ocn* | (H'H)(Lije;H)+h.c.
Oew™ | (Lio"ej)r! HWL, +h.c. 3 3 9 (3) 9 (3)
Oes* (Lio"e;)HB,, +h.c.

Ol | (D WH) (Lt L)

O« | (HY'DLH) Ly Ly) 0 0 3 (0) 6 (3)
Onet | (HYD H) (@ e))
Total 102 207 129 (102) 150 (123)

Table 3. The list of dimension-6 fermionic bilinear operators of SMEFT, as given in ref. [18],
together with their corresponding minimal and maximal rank, as explained in the text. In paren-
theses we indicate how many of the entries in each cell are primary. When + h.c. is specified, the
hermitian conjugate of the operator must be included in the Lagrangian too. We indicate with
i,7,k,l the flavor indices and with a,b indices in the fundamental of SU(2)y. T4, A=1,...,8 are
the generators of the gauge SU(3)., while 7/ = ‘7717 I=1,2,3 are the generators of SU(2),, in the
fundamental representation, with ¢! the Pauli matrices. The operators are grouped so that each
block corresponds to one of the plots of figure 2 (except for the operators with empty maximal
and minimal sets). Notice that for the last 6 operators, the sum of primary entries in the third
and fourth columns do not coincide with the maximal rank (second column). Indeed, since there
is no CP violation in the lepton sector, their real primary entries cannot interfere with anything to

produce additional CPV. We indicate with a % those operators for which this happens.
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4-Fermi

Label o ¢ Minimal Maximal # imaginary entries # real entries
abe perator rank rank (of which primary) (of which primary)
Oge (QiuQj) (eryer) 9 27 36 (9) 45 (18)
oM ; u

(Lg ( iYuls )(Qk”/ QII) 9 97 36 (9) 45 (18)

OLQ (LﬂuT L])(Qk"/“ Q1)

ol Léej)ean(Qhur) +huc.

Lequ | (Liej)e b(q_)’;“lH ¢ 27 54 81 (27) 81 (27)

Ofcqu | (Liouwej)ea(Qio" uy)+h.c.

Oru (Ll'yl,L ) (@kyHug) 9 27 36 (9) 45 (18)

OLedQ ( i 1]‘)(de1(1)+}1.(}. 27 54 81 (27) 81 (27)
Oea (€vpes) (diyhdy) 9 27 36 (9) 45 (18)
Oey, (€iryues) (tpyHuy) 9 27 36 (9) 45 (18)
OLa ( iYL )(dm“dl) 9 27 36 (9) 45 (18)
O(l) e
OQQ (Qv’mT QJ)(QI@’Y#T Q1)

Ouu (uz'yu i) (vt ) 18 45 18 (18) 27 (27)
Ous (i) (Ao ) I8 15 18 (18) 27 (27)
oD ; P

Qu (@ V“QJ)(% K “li 36 81 36 (36) 45 (45)
Ogu (QinuT? Qi) (ay* T )
) L Iy

Qo Qs ey li 36 81 36 (36) 45 (45)
OQd (Q L'Y/IT Q) (dpyH T dy)
oW i) (drytd,

P (s /;“f)( v Il 36 81 36 (36) 45 (45)
O, (@i, T ;) (dpy TAdy)

oW w(Qbd;)+h.c
Quad (QA”’)E @k li+1° 81 162 81 (81) 81 (81)

Oguga | (QiT4u))ea(QTAd;)+h.c.

Orr* (Linu L) (Lin* Lo) 0 0 18 (0) 27 (9)
Occ” (Eues)(Eryer) 0 0 15 (0) 21 (6)
Ore* (L iYuLj)(exyter) 3 3 36 (3) 45 (12)

Total 597 1344 1014 (597) 1191 (774)
Bilinears + 4-Fermi 699 1551 1143 (699) 1341 (897)

Table 4. The list of dimension-6 4-Fermi operators of SMEFT, as given in ref. [18], together with
their corresponding minimal and maximal rank, as explained in the text. In parentheses we indicate
how many of the entries in each cell are primary. When + h.c. is specified, the hermitian conjugate
of the operator must be included in the Lagrangian too. We indicate with 4, j,k,l the flavor indices
and with a,b indices in the fundamental of SU(2)y. T4, A=1,...,8 are the generators of the gauge
SU(3)., while 71 = ‘72—17 I=1,2,3 are the generators of SU(2);, in the fundamental representation,
with ¢! the Pauli matrices. The operators are grouped so that each block corresponds to one of
the plots of figure 3 (except for the operators with empty maximal and minimal sets). Notice that
for the last 3 operators, the sum of primary entries in the third and fourth columns do not coincide
with the maximal rank (second column). Indeed, since there is no CP violation in the lepton sector,
their real primary entries cannot interfere with anything to produce additional CPV. We indicate

with a % those operators for which this happens.
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Figure 2. Number of independent invariants from the maximal (blue step-wise line) and the

minimal (dark yellow step-wise line) sets, denoted as Taylor rank r, in the text, at each order n
in the A expansion for all bilinear operators. At a fixed order in A, the top z-axis shows the value
of A for which an invariant appearing at such order would be comparable to Jy, assuming it scales
as v2/A?, with v ~246 GeV the vev of the Higgs field. The vertical dashed line marks the order
A35 (corresponding to A =wv, as indicated) where the SMy Jy shows up, while the horizontal lines
mark the values for the maximal and minimal rank, also labeled on the right y-axis. Each plot
corresponds to a group of operators in table 3 (excluding those with 0 maximal and minimal sets),

Taylor rank at each order in A for all bilinear operators

of which only one is chosen as a representative.
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Taylor rank at

each order in A for all 4-Fermi operators
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Figure 3. Number of independent invariants from the maximal (blue step-wise line) and the
minimal (dark yellow step-wise line) sets, denoted as Taylor rank r, in the text, at each order n
in the A expansion for all bilinear operators. At a fixed order in A, the top z-axis shows the value
of A for which an invariant appearing at such order would be comparable to Jy, assuming it scales
as v2/A?, with v ~246 GeV the vev of the Higgs field. The vertical dashed line marks the order
M35 (corresponding to A =v, as indicated) where the SMy Jy shows up, while the horizontal lines
mark the values for the maximal and minimal rank, also labeled on the right y-axis. Each plot
corresponds to a group of operators in table 3 (excluding those with 0 maximal and minimal sets),
of which only one is chosen as a representative.
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Taylor rank at each order in A for all operators
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Figure 4. Number of independent invariants from the maximal (blue step-wise line) and the
minimal (dark yellow step-wise line) sets, denoted as Taylor rank r, in the text, at each order n in
the A expansion for the sum of all bilinear operators (a), 4-Fermi operators (b), and all operators
(¢). At a fixed order in A, the top z-axis shows the value of A for which an invariant appearing
at such order would be comparable to Jy, assuming it scales as v?/A2. The vertical dashed line
marks the order \36 (corresponding to A=, as indicated) where the SMy J; shows up, while the
horizontal lines mark the values for the maximal and minimal rank, also labeled on the right y-axis.
Finally, in each plot we highlighted the sources of opportunistic CPV as the difference between
maximal and minimal ranks.

5.1 Flavor anarchic scenario

The simplest assumption one can make on the flavor structure of the SMEFT coefficients
is the anarchic or generic one, consisting in just taking all entries of a flavorful coefficient
to be O(1). For C,p, this means simply

p11+in11 pr2+ini2 p13+1m3
Cur = | par+ina1 pa2+inao paz+inos pig ~mij ~O(1) . (5.1)
p31+in31 p32+in3e p33+inss

If this is true, since in the SMy off-diagonal flavor entries are suppressed with respect to
diagonal ones, the off-diagonal entries of a flavorful higher-dimensional coefficient will have
a relatively larger impact on flavor-violating observables, such as Flavor Changing Neutral
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Currents. However, these observables are among the best studied and constrained. Indeed
bounds arising from quantities related to flavor violation either in the quark or lepton
sector [6-11] place the scale of New Physics to be at least of O(10° TeV). Bounds coming
from the electron dipole moment [31] also push the NP scale to these values if the anarchic
assumption is taken. By looking at figure 4, then, we can infer that for A >10° TeV we
still have ~ 70 invariants for the bilinear and O(100) invariants for the 4-Fermi operators
that could have the same flavor suppression as the SMy Jy.

5.2 Minimal Flavor Violation

As a first non-anarchic assumption on the flavor structure of SMEFT we consider the
scenario of Minimal Flavor Violation (MFV) [6, 12]. If we turn off the Yukawa matrices,
the kinetic sector of the SMy Lagrangian is invariant under the global U(3)% group of
flavor transformations acting on quarks and leptons. If we assign spurious transformation
properties to the Yukawa matrices as in table 1, the Yukawa sector of SMy is invariant too.
Minimal Flavor Violation is then the requirement that any higher-dimensional operator
has to be built out of Y}, 4. matrices and SM fields, so as to be formally invariant under the
flavor group, taking into account the transformation properties in table 1. For example,
for Cy g, which lies in the same representation as Yy,:

Cutt = (purr+inun) Y, +O (Y., Y}, (5.2)

where pyrr,mup are unknown numbers (without flavor indices). Looking at such an ex-
pression, it is clear how this scenario has a strong practical appeal, since it drastically
reduces the number of free parameters entering the Lagrangian at each mass-dimension
and at low orders in A [16, 32]. In addition, by tying the amount of flavor violation to
that already present in the SMy, it is more easily compatible with observables, bringing
the lower bounds on the NP scale down to the TeV region [6, 31, 33]. However, a clear
shortcoming of this method resides in the largest eigenvalue, y;, of the up-Yukawa matrix,
Y., being of order 1, making a controlled expansion in powers of Y, poorly defined. For
example, we could multiply from the left the leading order term showed in eq. (5.2) with
any power of X,, and obtain a quantity with the same A suppression. A number of solu-
tions have been proposed to bypass this issue. First of all, one can notice that, because of
the Cayley-Hamilton theorem, not all powers of X, are actually independent, so that all
coeflicients obtained with X' with n >3 can be reabsorbed by some appropriate redefini-
tion [32]. Alternatively, one can postulate a flavor symmetry breaking in two steps: the
top-Yukawa coupling is turned on first and breaks the U(3)g xU(3),, sector of the flavor
symmetry down to U(2)gxU(2),xU(1);. Then, one can build an EFT expansion around
this vev, and the flavor symmetry is realized only non-linearly [34, 35]. This construction
leaves an unbroken U(2)% x U(1) x U(3)? which is linearly realized; it can be shown [34] to
be a restriction of the U(2)® symmetry which we treat below.

Our invariant based treatment, however, can also help to shed a new light on this
problem. Focusing on Cy g, we sketch here a procedure to obtain a consistent expansion,
leaving the details for appendix D. We start from the first possible term we can write that
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U2)g | U2)u | U2)a | U2 | U(2)e
Q. 2 1 1 1 1
Uq 1 2 1 1 1
da 1 1 2 1 1
La 1 1 1 2 1
€a 1 1 1 1 2

Table 5. Transformation properties of the first two generations of each fermion SM field under the
U(2)° flavor symmetry ansatz.

is compatible with the MFV assumption:

Cun = (po+ino)Ysy, (5.3)

and compute the Taylor rank of this expression. Clearly, the rank is going to be 1, corre-
sponding to 7g, as long as we expand to order \", n < 36, and becomes 2 at some point for
n > 36, i.e. after we start to be sensitive to the SM CP violation, J4 ~ A3¢. Then, we add
another term, for example

and compute the Taylor rank again.'! At each step, we produce a plot like those in figures 2
and 3. After a number of iterations, if we find that the plot does not change regardless of
what other terms we add to the expansion, then we stop. In this way, we have obtained an
expansion for C, g, specified by a set of parameters (p;, 1;), such that any further term we
could add would provide no additional information. The result of this procedure for C,
is presented in figure 5.

5.3 U(2)°

As already mentioned, one of the proposed workarounds to avoid the power counting
ambiguity carried by MFV consists in picking only a subgroup of the full U(3)°. Here, we
will focus on the U(2)° =U(2)gxU(2), xU(2)4x U(2) x U(2), case [13], as a benchmark.
This is not the only choice that can be made, and a larger set of possibilities has been
studied in the literature [16, 32]. This approach has a number of advantages. First of
all, similarly to the full MFV, flavor and CP bounds allow A, the scale where the EFT
expansion breaks down, to be as low as the TeV region [14, 31, 36]. To realize U(2)°, we
assume that the first two generations of the SM quark and lepton fields transform under
the different factors of the flavor group as in table 5, with a =1, 2, while Q3, us, ds3, Ls,
and e3 are U(2)° singlets.

Then, to reproduce the observed Yukawa couplings, one needs to break the flavor
symmetry via the spurions {V}, V,, Ay, Ag, Ac}, transforming as in table 6. Using the

" Clearly, as there is no obvious way to decide a hierarchy between the terms, an arbitrary ordering has
to be chosen. A possibility is shown in appendix D.
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Taylor rank for C,y at each step in the MFV expansion
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Figure 5. Illustration of the algorithm described in appendix D applied to the bilinear coefficients
Cypr: at each step, labeled on the right, we plot the result of the Taylor rank. We see that the
algorithm saturates quite fast to the final result, and we stopped the iterations after the resulting
plot was unchanged for 30 steps. The vertical dashed line marks the order A% where the SMy Jy4
shows up, while the horizontal ones show the minimal and maximal ranks of C,z. The final line,
constituting the envelope of the plot, reproduces the result relative to the MFV scenario for C, g
indicated in red in figure 6.

U2)g | U2)v | U2)p | U2 | U2)E
Vi 1 1 1 2 1
Vy 2 1 1 1 1
A, 1 1 1 2 2
Ay, 2 2 1 1 1
Ay 2 1 2 1 1

Table 6. Transformation properties of the independent spurions under the U(2)® flavor symmetry
ansatz.
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available U(2)? flavor transformations, we can bring the quark Yukawas in the form [32]:

Ay V, Ag 0
Y, =" Yy=("" (5.5)

0y 0 v
with y; j singlets of U(2)3. With this parametrization, the Yukawa sector is clearly formally
invariant under the U(2)% flavor group. Then, we extend the assumption that the spurions
in table 5 are the only source of flavor symmetry breaking to the whole SMEFT, so that

every flavorful coefficient has to be appropriately built with them. For example, the Cy s
coefficient can be expanded as

[ ey ag ) Ayt (bbb, B V.
Vim(ct,cg,c8,ci) Ay +... Tr(m(by,by,b%,0%))+. ..
where we defined
Tua =0, AL, mab,e,d) = dFasotbaytezg+d(V,@V,)), (5.7)

and the ellipsis indicate higher orders. In contrast with MFV, the performed expansion
is now meaningful, as the involved spurions have eigenvalues O (10_2) < 1. Nonetheless,
we could still proceed as for MF'V and remain agnostic about the expansion, consider the
series in its entirety, and then retain only the coefficients that maximize the rank of the
transfer matrix at each fixed A order. Then, again, we can directly use the invariants to
characterize the parameter space.

Here, to assign the appropriate A\ scaling to the spurions, one needs to relate the
expression in eq. (5.5) to a basis where the actual Yukawas take that form. Alternatively,
and in a sense more straightforwardly, one can compute the 10 invariants in eq. (2.19) both
in the Wolfenstein parametrization eqgs. (2.5)—(2.11) and in the one of eq. (5.5) and relate
the two. This is an unambiguous procedure, as it is flavor-basis independent. To prove
that it is possible, we also need to study the invariants that can be built using the spurions
in table 6. A detailed explanation of how this can be done is given in appendix E. In
particular, we show that 8 independent invariants can be built out of the spurions A, 4 and
V,. In addition, one has to consider the two singlets (one real and one complex) appearing
in the (3,3) position of Y,,. Since the maximal set will be ultimately built out of invariants
of these objects, one may find that it is quite coincidental that their number is just enough
as to make the transfer matrix have rank 18. More specifically, it may seem particularly
remarkable that the 18 invariants we picked for the maximal set, which were chosen for the
rather unrelated reasons explained above, end up picking all of the 18 independent invariant
objects we can build out of A, 4, V, and a singlet. However, one should note that, although
there are 9 independent invariants, the relations that link redundant invariants to them are
non-linear, and a linear object, such as the transfer matrix, cannot be sensitive to them.
Thus, effectively, all of the linearly independent invariants are allowed. For more details,
see footnote 20 in appendix H.
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5.4 Froggatt-Nielsen

The last case we consider is that of a horizontal symmetry, i.e. the Froggatt-Nielsen mech-
anism. In their seminal work [17], Froggatt and Nielsen noticed that the large hierarchies
spanned by the quark masses and CKM matrix entries could be explained as coming from
different powers of a symmetry breaking order parameter. Explicitly, this can be obtained
by adding a complex scalar field ¢ to the Standard Model, taken to be a singlet of the SM
SU(3)exSU(2)r xU(1)y gauge group. An abelian U(1)py global symmetry is postulated,
under which the scalar field has charge -1:

FN(¢)=-1. (5.8)
On the other hand, quarks can be assigned non-negative'? U(1) gy charges
FN(Qi)=fg,>0 FN(uf)=fy,, >0 FN(d)=f4,>0 (5.9)

where we used the charge conjugated fields'? ¢¢ = —iypy2¢” so as to deal with left-handed
fermions, only. With the aid of a global hypercharge transformation, the Higgs field can be
taken to be neutral. This symmetry forbids renormalizable Yukawa terms. Instead, only
higher-dimensional terms of the form

* N\ Ju;+Q; * N fa; HfQ;
@ (&N 5 B (@ (_ &\ s 0
ij ij
are allowed, where (% are matrices with O(1) entries and Apy > v is the scale at which

ij
this theory needs to be UV completed. Through an appropriate scalar potential, the scalar

field acquires a vev

@

= 5.11
Apn (5.11)

which spontaneously breaks the symmetry. Then, the entries of the quark Yukawa matrices
are determined by the operators in eq. (5.10) as

Yo = CLONwtIe vy = o\ atie; (5.12)

Appropriate choices for the values of {fq,, fu;, fa,} allow us to reproduce the observed
hierarchies in the quark sector. A suitable choice is

This construction can be extended to the whole SMEFT [38] in the same way: flavorful
operators are multiplied by appropriate powers of ¢/Apy so as to respect the U(1)pn

12This assumption can actually be relaxed, as long as the Yukawa terms in eq. (5.10) are invariant under
U(l) FN.
13Tn the Dirac representation for the v matrices [37].
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symmetry, and their entries are suppressed correspondingly when ¢ freezes to its vev. For
example, the now familiar coefficient of the modified Yukawa operator, C, z, becomes

A8 (pri+inin) A° (pr2+ima) A3 (p13+inis)
Curt = | A" (pa1+ina1) A (paz+inaz) A2 (paz+ines) |, (5.14)
N (ps1+ins1) A2 (ps2+inse) AO(pss+inss)

where the 18 numbers p; ;,7;; are all supposed to be of order 1. Although we introduced
the Froggatt-Nielsen model using the language of a UV completion, one alternatively could
postulate a horizontal symmetry [39] in the IR, i.e. that the flavorful coefficients have to
be built out of the spurion in eq. (5.11) so as to respect the U(1) px symmetry.

5.5 Selected results and discussion

As we have shown, each flavor scenario dictates a specific structure of the Wilson coeffi-
cients, as exemplified by egs. (5.1), (5.2), (5.6) and (5.14) for C,rz. We generalized this
procedure to all bilinear operators, parametrizing their coefficients according to each of the
four scenarios above, and computed their Taylor ranks. The result is visualized in figure 6.
The first feature to catch the eye is the fact that there appears to be a clear hierarchy
between the different possibilities. Stated loosely, the more restrictive the symmetry, the
harder it gets to increase the rank, as illustrated by the curves never crossing each other,
although they coincide in some points. This result gives a more strong footing to the
idea that assuming a symmetry reduces the number of parameters needed to describe some
observables at a given precision, as it shows that it is a flavor-invariant statement. As men-
tioned in the discussion about MFV and U(2)%, this approach offers a way out of power
counting ambiguities: at a fixed A order, we can clearly discriminate which parameters
contribute and which do not.

The plots in figure 6, however, tell us even more than this. Indeed, as we have stated,
the different flavor scenarios imply different bounds on the scale of new physics A. If
we assume that the invariants scale as ~wv?/A2, then the top z axis indicates how many
independent O(1/A?) invariants are comparable with Jy at each value of A. By looking at
constraints from FCNC [6], for example, the bound on A for the flavor anarchic scenario is
A >10° GeV, which means, by intersecting the corresponding blue line, that there are <70
invariants of the maximal set that could be comparable with .J;. On the other hand, the
bound on MFV is milder, A >10* GeV. However, the much slower growth for the MFV
curve is not compensated by this difference of the NP scale, as this constraint implies here
that only <50 invariants can be approximately as large as Jy. We performed this counting
for all four flavor scenarios analyzed here, and we summarize the result in table 7.
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Taylor rank at each order in ) for all bilinear operators: flavor scenarios
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Figure 6. Plot comparing the Taylor rank obtained for bilinear operators at each order in A for
the four different flavor scenarios described in the text: anarchic entries, Minimal Flavor Violation,
U(2)% and Froggatt-Nielsen. The dashed vertical line marks the order A3 that characterizes the
Jarlskog invariant Jy, while horizontal lines have been placed to indicate the minimal and maximal
rank for each operator. Each of the first 7 plots corresponds to a group of operators in table 3
(excluding those with 0 maximal and minimal sets), only one of which is chosen as a representative,
while the last one is the total Taylor rank for all bilinear operators. Notice that the line corre-
sponding to MFV only becomes larger than the minimal rank after reaching O(/\36). Indeed, the
only way to start resolving real entries is via interference with a CP-odd quantity. As the MFV
flavorful building blocks are just Y, 4, the first possible object is the familiar .J4, appearing at A36.

— 32 —



Flavor Scenario | NP scale bounds | # of invariants ~ Jy
Anarchic A >10° GeV <120
FN A>107 GeV <90
U(2)° A >10° GeV <70
MFV A >10* GeV <50

Table 7. Number of invariants that could be comparable with J, for the different flavor scenarios
analyzed in section 5. The third column is obtained by counting the number of invariants Z
that respect (112 /AQ)IZ Js, with A the lowest scale of new physics compatible with the flavor
constraints in the different scenarios. We only take bilinear operators into account and we assume
the invariants scale as v?/A2. The bounds are derived from FCNC and EDM data [6, 38, 39, 44, 45].
For the FN case, the bounds depend strongly on the specific model [40-44]: we quote here the most
stringent one.

6 Conclusion

In this paper, we explored the parameter space of CP-violating observables at order
O(1/A?) in the Standard Model Effective Field Theory, employing and expanding on the
formalism of linear CP-odd flavor invariants developed in [4]. Since CP is already violated
by the Standard Model in the electroweak sector at dimension four, characterizing this
parameter space in its entirety requires that we account for interference between the Stan-
dard Model CP-odd invariant J; and CP-even A~2 suppressed objects, which we dubbed
opportunistic CPV. To do this, we defined a larger set of invariants with respect to [4],
which we called a mazimal set, and presented such a set for all operators of SMEFT at
dimension-six in the Warsaw basis. We then studied the relation that links this set to the
minimal one defined when Jy =0. Using the Wolfenstein parametrization, one can provide
a hierarchy within the invariants, as well as a counting at each order in the A expansion.
We found that opportunistic CPV, although dependent on the fact that J4 % 0, manifests
itself at a A-order much lower than Jy. We also discussed how the A-counting is affected
by the underlying flavor assumption on the flavorful coeflicients, focusing on four specific
ansatzes as benchmarks. As our construction allows us to relate invariants and Lagrangian
parameters in a linear way, it incidentally provides a way to clearly identify which of the lat-
ter can be resolved, while bypassing at the same time power counting ambiguities, usually
connected to e.g. the MFV ansatz.

This work still leaves room for exploration in a number of directions. Our formalism
allows one to treat the interference of CP-even, A~2 suppressed quantities with the SMy
Jy to form CP-violating objects. Moreover, we managed to infer a hierarchy between the
invariants, so that, at a given precision, we can reduce the number of parameters needed
to span the parameter space. As such, it would be interesting to see how to employ our
construction for phenomenological applications, for example to check whether one could
obtain competitive bounds on CP-even quantities using CP-odd observables such as, e.g.,
the electron EDM. As we stressed, directly running our Taylor rank analysis at the level
of a set of observables, instead of using invariants as a proxy, would be very useful in order
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to get the most accurate picture. Such an endeavor would result in a solid assessment of
the sensitivity of CPV observables to the SMEFT parameter space.

Another aspect worth exploring would be the extension of the Standard Model to
include right-handed neutrinos to account for neutrino masses. In that case, additional
sources of CP-violation with respect to Jy are already present in the renormalizable SMy,
appearing as phases in the PMNS matrix [46, 47]. These three phases, then, can provide
additional sources of interference, and the PMNS matrix can be used as an additional
building block to build our invariants [48-52]. In particular, as the U(1)3 residual symmetry
in the lepton sector is now broken, most of the secondary phases become physical again at
O(1/ AQ). The case of Majorana masses induced by the Weinberg operator is also interesting
(see refs. [53-55] for recent progress in that direction).

Moreover, in this work we limited ourselves to the case of SMEFT, which is built on
the assumption that the Higgs field belongs to a SU(2), doublet and the electroweak sym-
metry is linearly realized. Relaxing these hypotheses leads to the so-called Higgs Effective
Field Theory (HEFT) [56-63]. It would be valuable to understand how the work per-
formed here generalizes to that context. Finally, our work could be extended to study the
parameter space of CP violating observables in those approaches that rely on an on-shell
description [64—68], bypassing and complementing the lagrangian picture that we took as
our starting point.
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A Single trace invariants

In both this work and [4]'* we built the flavor invariants relevant to our analysis as the
imaginary part of a single trace built out of one instance of a dimension-6 coeflicient,
generically labeled C'®), and an arbitrary number of Yukawa matrices. In our previous
work, this procedure, which was also introduced earlier in the literature [69], was presented
as a choice. However, we show here that this choice turns out to be the most generic one,
under some suitable assumptions. Specifically, we require our invariants to be:

1. singlets of the full U(3)% flavor group,

2. polynomials in C'(6), Yy.4 and their hermitian conjugates,

3. suppressed, at least naively, as 1/A?, meaning C©) can only appear once,
4. CP-odd.

Notice that, once an invariant I realizing 1-3 is built, 4 is fulfilled by taking Im(7). Thus,
it is enough to focus on the properties of those I that realize 1-3. We show here that these
assumptions are sufficient to restrict to the type of invariants used in the main text.

A theorem due to Weyl ([70] section I1.A.9)!° states that if f is a U(n)-invariant scalar
function of a set vy,...,v, of vectors of U(n), then it can be written as a function of only
the scalar products of the v;’s. This means that there is a function g such that

For,...0)=g(VTV)=g(vl-v)) (A1)

where V' is the matrix with the v;’s as columns. In other words, an invariant function is
just a function of invariants. We can adapt this theorem for our scopes in the following
way. Consider a U(3)gxU(3),-invariant function f of Y,,. We can consider the matrix
Y, as formed by three row belonging to the anti-fundamental of U(3),, and the previous
theorem implies the existence of a function g such that

f(Yu) = g(YuYuT) = g(Xu) ) (A2)

where now we only need to impose that g(X,) is invariant under U(3)g. However, the
theorem exposed above for vector representations can be generalized to arbitrary tensors
(Theorem 9.3 in ref. [72]), so that there exists a function h of the invariants built with X,
such that

F(Ya) = g(Xu) = (Te[X,], Tr [ X2], Tr [ X)) (A.3)

The argument can be generalized to functions of C®),Y, Y, Y., which are our building
blocks here, to show that an invariant function under the flavor group is a function of
invariants.

14We thank David Hogg and Ben Blum-Smith for some useful insights on the subject of this section.

5The formulation used here is taken from [71].

161t is worth noticing that the mentioned theorem by Weyl also shows that if f is polynomial, then g is
polynomial, too. This also holds for its generalization to tensors [72], which guarantees that property 2 is
fulfilled.

,35,



With this in mind, let us focus for the moment on quark bilinear operators, whose
associated C(®) transform under some representation of U(3)g x U(3), x U(3)4. In this case,
the only quantity transforming under the leptonic factor of the flavor group U(3) x U(3),
is Y. Our invariant I then forcibly factorizes as

I(C9,Y,,Yy,Y.) = F(C9)Y,, Ya)g(Ye), (A.4)

where f(C©))Y,,Yy) is a U(3)gxU(3), xU(3)4 singlet and g(¥.) a U(3), x U(3), singlet.
Since g(Ye) represents an overall factor, independent on C©®) we can safely drop it and
focus on f (C(G),Yu,Yd). From what we showed above, the invariant function f is equal to
a function of the invariants built with C®), Y, and Y;. We wish to understand how it can
look like.

We can contract the indices of the matrices only using the two invariant tensors of each
SU(3) factor, 6% and €qp.. Since we wish, additionally, invariance under the full U(3)°, we
can do without the latter, as an odd number of €4, is forbidden, while even combinations
of them can be reduced to combinations of 6%’s.

Given property 3, we can start building a generic invariant from the single bilinear
coefficient C(®)} we have at our disposal: if it has either two U(3), or U(3)4 indices (one
upper and one lower), we can either contract them with each other, in which case we're
done, or not. If not, these indices must be saturated by contraction with Y, 4, so we
can always consider the resulting combination belonging to 3Q®§Q (e.g. Cpy— C’uHYJ
as in eq. (1.6)). Now, its remaining free SU(3)¢g indices must be contracted with some
product of Yukawas also belonging to the same representation (or within themselves). As
the SU(3),,q indices of the Yukawas must, too, be contracted with instances of 6L, we are
forced to use products of X, 4s to build a singlet. This leaves us with a single linear trace.
Obviously, we could again multiply such single trace with some other invariant quantity
9q(Yy,Yy). However, this quantity cannot depend on C©) since the result would not be
linear, and is then just a combinations of Yukawa matrices. As such, they can be discarded:
9q(Yy,Yy) can either yield irrelevant prefactors in front of some Im I, or generate J; when
the imaginary part acts on it. As alluded to in section 2.3, this second possibility generates
a trivial kind of opportunistic CPV, which we do not include in our analysis. In particular,
such invariants are always more suppressed than Jy itself.

Clearly, there is nothing special about the U(3)q indices, and we could have as well
started by contracting them and then proceed to contract the U(3),, 4 ones. A generalization
to the lepton case is straightforward. Finally, a similar analysis can be performed for 4-
Fermi operators, leading to the fact that the indices of their Wilson coefficients should be
paired and inserted in a matrix trace together with an appropriate sequence of X, 4. This
results in two generalized trace structures, shown in eq. (3.12).
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B Opportunistic CPV with rephasing invariants

In this appendix, we expand on the discussion of section 3.3 and illustrate some aspects
of opportunistic CPV, using rephasing invariants (that is, singlets under the U(1)? group
associated to the vectorlike phase shifts of each fermion mass eigenstate), for which formulae
are simpler than for complete flavor invariants.

Consider the CP-odd rephasing invariants

Im (VékKM,kiVCKM,jiCuH,kj) , (B.1)

where 4,5 are fixed and k is summed over, and C,p is the Wilson coefficient introduced
in (1.5). The one with i=j=3 for instance shows up as the leading contribution to
CPV observables in single top+Higgs processes at the LHC [73], when one modifies the
top Yukawa coupling. To see opportunistic CPV at play, let us assume that Cypy;; =
0i10;3Cym,13. Accounting for CKM unitarity, we find that the invariants of (B.1) capture
only two quantities,

Q1=Im (VSKM,HVCKM,MCUH,M) , Q2=Im (VSKM712VCKM,SQCUH,13> : (B.2)

If J=0, where J=Im (VCKM,mVSKM&VSKMJlVCKM,31) is the CKM part of the Jarlskog
invariant Jy, those two quantities degenerate to one (Im(Cyp13), in a basis where the
CKM matrix is real). This is consistent with the rephasing-invariant version of (3.16): one

can write
Re (VSKM,H VCKM,310uH,13)

Q2=a@Q1+Jp, with =
!VCKM,MVCKM,31\2

, (B.3)

where 5 does not diverge for most ways of taking J — 0. Nevertheless, when J #0, Q12 are
independent and allow one to reconstruct the full Cyp 13 =Re (Cyp,13)+1Im (Cypr13). This
is an avatar of opportunistic CPV: the two CP-odd invariants Q)12 capture two coefficients
which are often classified as CP-even and CP-odd, via the interference with the CKM
phase. Furthermore, it can be checked that those coefficients are captured at order O()\3),
i.e. the Taylor rank of the set {Q1,Q2} reaches 2 at order O(\?), despite J ~ 6. This is
consistent with (B.3), since 8~ A73>>1. This is an equivalent statement to the fact that
Ry, in (3.16) can be much larger than one.

C More on the Taylor rank

In this appendix, we elaborate on the notion of Taylor rank that we introduced in the main
text.

Although we focussed on the transfer matrix previously, the Taylor rank can be defined
for any matrix M, whose entries are expanded in a Taylor series in a small parameter z up
to a common fixed order n. As anticipated in section 4, its Taylor rank r, (M) corresponds
to the smallest rank encountered in the equivalence class of M, defined by the equivalence
relation

M ~N if M—N=0(z") . (C.1)
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It is smaller or equal to the rank that M has when truncated to O(z"). For instance,

X CE2 IE4

ro(M)=1 for M = | 23 2* 26 —|—(9(x10) . (C.2)
272 0
This matrix, when taken at face value, has rank 2: the first two rows are proportional
to each other, while the third one is not. However, when computing r9(M), we should
consider adding to any entry of M any number which is 0 at (9(:69), in particular we can
add 210 in the (3,3) position. Doing so, we reduce the rank to 1, which is therefore the
Taylor-rank we are after.

Scanning the full equivalence class becomes computationally expensive rather quickly
as the dimension of the corresponding matrix increases, which is why we rely on an algo-
rithmic Gaussian elimination approach. The latter proceeds via a refined version of the
usual Gaussian elimination, as follows: pick the largest entry in the matrix, say M;;, i.e. the
one starting at the lowest power in x, say ="

Mij’(’)(ﬂﬂ) 7& 07 Vkalavp <m, Mkl’@(xp) =0. (Cg)

If there is more than one of such entries, it suffices to randomly pick one of them. If there
is no non-zero entry, we stop here, and the rank is clearly r,(M)=0. If there is, then
rn (M) >1. Now switch the first row with the i-th and the first column with the j-th, so
that the largest entry is now in the (1,1) position. Next, subtract to each row i # 1

M.
Mik%Mik—MiilMlk (C.4)

and expand all entries to order n in x to stay consistent with the expansion. This means
clearly that M;; — 0, so that now the first column is composed of 0Os everywhere but in
the first spot. In addition, this manipulation does not introduce large numbers, since by
definition M;; =O(2™) and M;; < O(2™), therefore 1\]\%1 <O(1). Next, focus on the sub-
matrix M, with 4> 1. If this sub-matrix is identically 0, then we are done and r,(M)=1.

If not, pick the largest entry of this sub-matrix, again choosing a random one if there are
repetitions and repeat the same steps. At the end, we will have a matrix in row echelon
form, and we define r,, (M) as the number of non-zero rows.

We can explicitly evaluate this algorithm in the specific example of (C.2). The largest
entry is x and it is already in the (1,1) position. Now we subtract the first row from the
second and third ones, multiplied by the first entry of each and divided by Mj; =z:

IECEQ .’E4

M= |00 0 |+0(2). (C.5)
000

Since we reached the desired row echelon form, we can stop here and we obtained rio(M) =
1. Notice that, crucially, we neglected a 2'° term which would have appeared in the (3,3)
position after the last step, as it was negligible in the expansion considered here.
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In section 4, we applied this algorithm to x =X and M =T, the transfer matrix con-
necting the invariants L, and the SMEFT parameters C; as defined in eq. (3.3). At each

step, we therefore perform!”
Lat = Lo 201, (o)
T
so that after the last, r,(7)-th step, we obtain
La>rn(7) = O()‘n+1) > (C7)
i.e. all invariants lie in the span of {L1,...,L, (r}, up to corrections of O(A"*1), as an-

nounced in (4.2).

Let us close this appendix by mentioning other intuitive but incorrect approaches
to the Taylor rank computation. One could first think of truncating the matrix M to
its O(z") and compute its rank. This does not work, as already mentioned above and
exemplified by (C.2). Another tentative characterization consists in evaluating all minors of
M truncated at O(z"), and identifying the maximal size of a non-vanishing such truncation
of a minor. However, this also fails, as can be seen from

2 00
M= 020 —|—(’)<x10)
0 00

for which 719(M) =2 but all 2x2 minors vanish at O(z'?).

D Refining the MFV expansion

In this section, we provide more details for the simple algorithm introduced in section 5.2,
which we use to obtain a consistent MFV expansion to plug into our maximal set and
perform the Taylor rank reduction described in appendix C. We use again the coefficient
Cypr as a benchmark and define a shorthand for an MFV-compatible expansion of it:

CuH [a1b1a2b2 ces anbn] = (palblagbg...anbn +ina1b1a2b2...anbn>X;ll Xsl cee XsndenYu (Dl)

Since we are working with 3 x3 matrices, we can restrict ourselves to a;,b; <3, as higher
powers could be reabsorbed in the traces we will take in the maximal set by a (Yukawa
dependent) redefinition of the p and 7 coefficients.!®

First of all, let us define a procedure to obtain from an integer n a list of vectors we
can use to plug into eq. (D.1). Given such n, we compute its partitions and only keep

"It may seem that (C.6) does not define new flavor invariants, since ;ﬁ is not an invariant notion.

However, neither is A, so in this expression, one should really understand “% computed in a basis where

A is explicitly defined” (such as the up- or down-basis), which turns 77:;11 into an invariant concept, since it

is computed in a well-defined basis to which all flavor bases are implicitly related. In particular, any mass

or mixing angle appearing in %11 can be expressed in terms of the invariants of (2.19), making the whole

procedure invariant.
¥Modulo cancellations, since all the entries of Xu,qa are <1, this will not spoil the assumption that all
the p’s and n’s are of O(1).
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those composed exclusively of integers smaller than 3. Then, we first permute them in all
possible ways, and to the obtained set we add the one we get by shifting all values to the
right by one place and putting 0 in the first position. For clarity, let us look at n=4. Its
partitions are

4—4,31,22,211, 1111, (D.2)
of which we only keep
4—22,211,1111 . (D.3)
By performing all possible permutations we obtain
4—22,211,121, 112, 1111, (D.4)
and with the final step we add
4—22,211,121,112,1111, 022, 0211, 0121, 0112, 01111 . (D.5)

For each n, the result will be kept in the order shown here, that can be in general obtained
by interpreting the lists of numbers as the decimal digits of a rational number with 0 integer
value, ordered in decreasing order, e.g. in eq. (D.5) 0.22>0.211>0.121 >--->0.1111. If
we start from n =0, this procedure defines an ordering of all the possible acceptable values
for the list of integers in eq. (D.1).!? We call this ordered list I. Thus, we define an
MFV-compatible C? ; as the sum of all Cy,pglaibiazbs...anb,] defined with the first i lists
in I. For example for i =6

Coy = Cun[0]+Coun [1]+Coup [01]+Cyuu [2]+Copr [11]+Co[02] (D.6)

Now to the final step: for each i, we compute the Taylor rank for C? ., obtaining each time
a plot like those in figure 2. When the plot does not change for a large enough amount of
steps, say 20, we stop. At this point, we should start removing p’s and 7n’s from the first
C’ZH for which the plot we stopped at was obtained, and do so in all possible ways that
do not alter the plot. At the end, we should obtain the 9 p’s and 9 n’s which we should
retain, and which are the most relevant to the expansion. Since here we cared mostly about
obtaining the Taylor rank in a consistent way, we refrain from explicitly carrying on such
procedure, and we content ourselves with the redundant expression for Cy,p. A graphical
depiction of how such algorithm works is shown in figure 5.

E Hilbert series and \ scaling for U (2)° spurions

To account for the fact that the third-generation Yukawa couplings are large, one can
modify the U(3)® flavor symmetry assumption of MFV and reduce it to a U(2)° that only
involves the first two generations [13-16]. In particular, given a fermion species 1y with
f=1,q,e,u,d, the first two generations form a doublet under the respective U(2), while

19Such choice is arbitrary, but the result does not depend on it anyway.
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@Z);’c transforms as a singlet. Following the notation found in the literature [16] we can denote
the five U(2) groups as

U(2)°=U(2),2U(2)oeU(2)paU(2)yoU(2)p (E.1)

where for convenience of notation we indicate with L, ), E, U, D the flavor doublets. Then,
to reproduce the observed Yukawa couplings, one needs to break the flavor symmetry via
spurions with the transformation properties in table 6.

It is worthwhile to employ the tools of the Plethystic program and the Hilbert series to
analyze what are the possible independent invariants that can come out of this parametriza-
tion, and in particular how many independent parameters it contains. However, since it
represents a simple case that can be solved by hand, we address the lepton sector first, and
use it as a starting point to expose our methods.

E.1 Lepton sector

In the lepton sector, the relevant spurions are V; and A,. With an appropriate choice of
basis, we can parametrize the lepton Yukawa matrix as

- (Ae 0) , (£2)

0 yr

where y, is a U(2)® singlet. The spurion V; does not appear in the Yukawa matrix, but it
can be used to allow for lepton flavor violation in the SMEFT expansion [16, 32]. As such,
we cannot determine its A scaling by relating it to Yukawa parameters, and we will just
set it to 0 in the following. Defining z. = A_Al, we can write

0
X =vyl=|[" . E.3
e e e (O y72—> ( )

There are only two invariants that can be built with z., namely Tr[z.] and Tr[22]. On the
other hand, with X, we can build

Tr[X,] = Tr[ze] +42, (E.4)
Tr {Xez} =Tr [xg} +yl, (E.5)
T XZ] = T[] 442 . (E.6)
We can use the following relation for Tr[z?]
1
31 1 2] 3
Tr {xe} =3 (3Tr[ace]Tr {%} Tr[z.] ) , (E.7)
and the following parametrization
0 0
A, = , E.8
i .
to get, trivially
Si=ac\’, 0 =a,\, yr=a\}. (E.9)
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E.2 Quark sector

Since A, is the only object charged under U(2)y, it can only appear in the combination
T, =ALAl € 20®2¢. Analogously, we can define z4= AdA:; €20®2¢g. Then, using the
properties of 2x2 matrices, as done e.g. in section V. (A) of [27], one could build the

following CP-even invariants

I 00= VqVqJf In1,0="Tr[z,] In,0,1 = Tr[z4]
107270 =Tr {xﬂ 107072 =Tr {1‘3} 127170 = V;J{L'u‘/;;r
Ino1 = VyzaVy) To11 = Tr[zyay) I = VewyaaVi +Veaar,Vy (E.10)

and the single CP-odd invariant
Ié,_131 = V,IxudeqT—szxdmquT ) (E.11)
At the same time, one can build the relevant multi-graded Hilbert series:
h(vq,v;,xu,md):/[d,u]U(g)Q H PE(Z;Uq,’UJ;,:I)u,JJd), (E.12)
i:{vq,v;,xu,xd}

with obvious association between a spurion and the corresponding building block. The
resulting expression is

h(?)q,Ug,.’IJu,xd):
140,z 42,0]
_ . g7d7uq - : ~ (E.13)
(1—2,)(1—22) (1-q)(1—22) (1 —zqz,) (1—vg0}) (1 —vgzqu}) (1 - ve,0f)

whence it is straightforward to count that there are 8 independent parameters, correspond-

ing to as many algebraically independent invariants. These are
{12,0,0, 10,1,0, L0,0,1, 10,2,0, 0.0,2, 12,10, 12,01, Lo11} - (E.14)
Indeed, 12(,+1?1 is not independent, as it can be decomposed as
I;{?l = I10001+ 12011010+ 1200 (Lo11 — Lo10L001) - (E.15)
Computing the Plethystic Logarithm helps us instead in understanding the role of 12(3?1:

.I.

q —i—vqxdacuv;—i—

—vgxzzzi(v};)z . (E.16)

PL[h(vg, ?.IJ;, Ty Ld)) = Ty +$d+x3+x§+qu;+vqwuvg +v424v

2

qa:?lxi(vz)Q signals the presence of a syzygy

The presence of a term with a negative sign —v
at that order:

(=) \? _ 2 12 2 2 2 2 2
(Iz,u =+10.02L01,01200110,0,120,2,01200—10.0,142.1,0—2L0.0,110,1,0L0,1,112,0,0

+2160,110,1,012,0,112,1,01210,0,110,1,112,0,012,1,0=240,0,100,2,012,0,012,0,1
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2 2 2 2
- 210,0,2IO,I,OIZ,O,OIQ,I,O _IO,0,2IO,2,OI2,O,O+2[0,0,212,1,0 _10,1,012,0,1

+21 1 0l01.1120,012,01 +Ig,1,1I§,o,o —410,1,112,0,112,1,0+210,2,0122,0,1 . (BEA7)
)

This means that only the sign carried by Ié,_hl is relevant. The 8 independent parameters
correspond to 4 masses, 3 angles and 1 phase contained in the SM Yukawa matrices. The

remaining two parameters, i.e. the top and bottom quark masses, are captured by two
U(2)° singlets.?’ Using the parametrization [32]:
A,V Ag 0O
Y, =" Yy d (E.18)
0y 0 v
with ;. being U(2)? singlets, we can write

.I.
X, =Y, YI= (xﬁv‘q/‘?% yﬂf) Xg=YyY] = (%d 02> . (E.19)
Yt q yt yb

This allows us to rewrite the 10 independent invariants one can build with the
Yukawas [27] as:

Tr[X,] = Tr[za) + V] Vo+y? (E.20)
Te[X,] = Trled+47 (E.21)
T X2] = T[] +2Viw,Vy+ (V;Vquy?)2 (E.22)
Tr[X2] = Te[22] + 4 (E.23)
Tr[XuXa] = Tr[zuzd +VizaVy+uivi (E.24)
o[ x2] = ool 3V +3 (VVirsd (ViaV) + (ViVersd) (£29)
Tr [Xg’} =Tr {xi] +yf (E.26)
Te| X, X3| = Tr[w,23] + Vi3V, +yiyi (E.27)
T [ X X2| =T [wqal |+ (ViwaVe) (ViVats?) + (ViVato?) visd

+V (zuza+zaza) Vy (E.28)

Tr :XgXC%: =Tr ximg +%Tx§xu%+%Txux§%+%Txfl‘/q (VqTVq—I-y?)
+ytys (ViVa+u?) (E-29)

we see that we need the explicit expression for the additional invariants that appear but
we know are not algebraically independent:

V;]T (xi:cd—l—xdxi) Vy= VqTJ:uVZI Tr[xg] Tr[z,]+ VqTdeZI Tr [acﬂ +
+ ViV, (Tl Trlzywa) - Trlzg) Tr{z,)?) (E.30)

20As we mentioned in the main text at the end of section 5.3, the rank of the transfer matrix is sen-
sitive to the different linearly independent invariants. These are not the same as those we found using
the multi-graded Hilbert series of eq. (E.13), which are the algebraically independent ones, i.e. up to all
possible polynomial relations. On the other hand, the linearly independent invariants would be the ones
corresponding to the expression given by expanding eq. (E.13) at a fixed order in vy, v}, 2w,z
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VJ (ﬁxu —I—IL‘USL'(%) Vy= VqT:Uqu Trlz,] Tr[xq]+ V;ZTxqu Tr [mﬂ +

+VIV, ((Tr[a:d] Tr[zqgza] — Tr[z) Tr[:cd]Q) (E.31)
Vi (zuza+zaza) Vg =V 2, Vo Tr[za]+ V] 2qV, Tr[z,]+

+ ViV, (Trlwywa) = Trlza) Tr[z,]) (E.32)
ViV, = ViV Tefa 4 g (T[] - Trle?) (E.33)
V22V, = ViV, Tr[zg) +% (Tr[23] - Tr[wa)®) (E.34)
Tr[ad] = % (3] T [a2] Tl (E.35)
T[] = % (37 Trfard) T3] ~Trfel?) (E.36)
Tr[w,a] = % (el Tr[o3] +2 Tele] Trfo o]~ Trle Tefeal?) (E.37)
Tr|zga?| = % (Trfr) Tr 2| +2 Telz,] Tr[wgwn] — Trlzg) Trlz,)?) (E.38)

Tr[a2a?] = % (e[3] T [02] +2 Dol ] Trfirg) Trferuarg) ~ Tefoal Trlae?)

(E.39)

Equations (E.20)—(E.29) constitute a system of ten equations in the ten variables repre-
sented by ytz, yg and the eight independent invariants. This system can be solved to all
orders in A, the leading order solutions being

th = a? E.40
yE = ai \° E.41

ViV, =A% +0(X)
Tr[zg] = a2\ 40O ()\11)
Tr[z,] = a?)3+ 0 ()\9>
Tr [xﬂ =al 10 ()\21>
Tr {xﬂ =ai\'%40 ()\17)
Viz,Vy = A2a2ai\2+0(A5)
ijqu = A%a2a2 "+ O ()\15)
Tr[zyzq) = a2a2\B4+0 ()\19> .
Assuming then that A, 4 and V; are the only spurions breaking the flavor symmetry, we
can express each coefficient at dimension-6 as a suitable combination of them. This means,
in turn, that all the invariants we build for each operator can be recast as combinations of

the algebraically independent ones. Then, using the expression we just obtained, we can
obtain a consistent expansion in A for our invariants. It is actually more practical to use
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the U(2)? rotations to pick a basis for the spurions. In particular, we can choose [32]:

v, = 0 A, = Cu —Su\ [ Ou (3 A, = Ci‘ —Sg4€ (5d(3 . (B50)
€q Su Cu 0 6, sqe ' g 0 9

We see that, as expected, after exhausting all U(2)? rotations we are left with 8 independent
objects, i.e. 5 real positive parameters, 2 angles and 1 phase. Inserting this parametrization
in the system represented by eqs. (E.20)—(E.29), together with the solutions in eqs (E.40)—
(E.41) we can obtain an expression for these parameters. At leading order in A, we found

eg =A%\t ( )
$u=\/n?+p*\ (E.52)
sa=A\/n*+(p—1) (E.53)
Sq=ag\" (E.54)
5&:%)‘5 ( )
8y = ay A8 ( )
5; :ac)‘4 ( )
7+ (p—1)p
VIR +p 0P+ p? = 2p+1

Notice, in passing, that the fact that we can only determine cos(«) is linked to the impos-

cos(a) =

sibility of determining the sign of o with the invariants in eqgs. (E.20)-(E.29). To find it,
we have to look at the relation obtained by expressing Tr[X2X2X, X, —Tr[X3X2X,X,]
in terms of eq. (E.19). This equation, too, can be solved to all orders in A, the leading
order being

- 77
VP (p=12VnP+p7

As a check, one can verify that, at this order cos?(a)+sin?(a) = 1.

sin(a) =

(E.59)
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F Bilinear operators

We present here explicitly the maximal set of invariants for each bilinear operator in
SMEFT at O(l/AQ).

Maximal set for all bilinear operators

7t i
Wilson coefficient min max Maximal set
set set
CeH
Ce=1 Coy 3 3 { Ly (C’EYJ) Ly (CeYJ) L (CeYJ) }
CeB
Loooo (CuYJ) L1000 (CuYJ) Loooo (CuYJ>
o Lo10o (CuYJ) L1100 (CuYJ) Lo11o (CuYJ>
C. = Cua La100 (CuYJ) Lo120 (CuYJ> Ly120 (C'uYJ)
Cuw L200 (CuYJ) L1200 (CuYJ) Lo210 (C'uYJ)
CuB L2200 (CuYJ) L2290 (CuYJ) L1290 (CuYJ)
1
? ; Lo112 (CuYJ) Lo122 (CuYJ) L1122 (CuYJ>
Cin
o, =] Cec Same with C, Y —C,Y]
Caw
Cup
CHud Same with C,Y,| — YuCHudeT
c o, 0 0 0
L1100 (CuYJ) L2100 (CuYJ> L1200 (CuYJ)
CES) L2200 (CuYJ) L1120 (CuYJ> L1922 (CuYJ)
3 ) Ligo (CUYJ) Loi12 (CuYJ) Lo112 (CuYD
CHu Same with C’SS) — YUC'HUYJ
CHa Same with C’gg) — YdC'HdeJr

Table 8. Maximal sets of CP-odd flavor invariants for all SMEFT dimension-six Wilson coefficients
associated to operators bilinear in fermion fields. The invariants belonging to the minimal sets of
ref. [4] are highlighted in gray. We recall that X, =Y, Y., and similarly for down quarks or electrons.
We also recall the definitions in egs. (3.5)—(3.6).
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G 4-Fermi operators

We present here explicitly the maximal set of invariants for each 4-Fermi operator in
SMEFT at (’)(1/A2).

Maximal set for all 4-Fermi operators

Wilson coefficient mijikmal majmal Maximal set
set set
Aoooo (Coqee) Aoooo (CQqee) A%IOO (CoQee)
Aoooo (CQqee) A2100 (CQqee) A(Q)(QJSS (CoQee)
Ajot0 (Cogee) A3 (Cogee)  A1*™ (Coqee)
A% (Coqee) AT (Caqee) Al (Coqee)
Cqe Ao (Cagee)  ABito (Cagee) AT (Coqee)
AR5 (Cagee) 45> (Caqee) A5 (Coqee)
A7'?2 (Cogee) A1 (Caee) AT (Cqee)
AP0 (Cogee)  AM12 (Cogee) AN (Cogee)
AP (Coqee) A% (Coqee)  A3M? (Coqee)
Con S%me with .CQ.Qee — Ceed”fi (exchanging upper
¢ with lower indices and with Y, ¢+ Y1)
c Same with Cggee = Ceena (exchanging
e 9 27 upper with lower indices and with Y, <> Y,)
A(1)100 (Crree) AZIOO (Crreq) A?ggg (CrLee)
Al 100 (CLLQQ) Agggg (Crreq) A%mo (CrLeq)
A(l)(l)gg (Crroq) Ala (CrLreq) A%mo (CrLeq)
A2200 (Crreq) A%IOO (Crroq) A??gg (CrLeq)
Ciy” A (Crigq) A (Criga) Ahao(Crigo)
A8(1)(1)8 (CLreq) A%zoo (CLroq) A%mo (CrLeq)
A%122 (CLree) A%221 (Crroq) A%uz (CrLoqe)
A%IZO (CLreq) A0112 (Crroq) A%122 (CrLeqQ)
A1221 (CLreq) A2112 (CLroq) A(2)112 (CrLoqe)
Cra Same with C{g) = C ;i
Cru Same with C(Llc’;’) — CrLrag

Table 9. Maximal sets of CP-odd flavor invariants for all SMEFT dimension-six Wilson coeffi-
cients associated to 4-Fermi operators. The invariants belonging to the minimal sets of ref. [4] are
highlighted in gray. We recall that X, =Y, Y., and similarly for down quarks or electrons. We also

recall the definitions of egs. (3.13)—(3.14).
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Wilson coefficient m#jén m#ix Maximal set
set set
A0 (Creqa) AR08 (Crega) A0 (Creqa)
AR (Creqa) Agooo (Crea) AN (Creqa)
ARG (Crega) Alooo (Crea) A0 (Creqa)
AN (Creqa)  Asoo (Creqa) AN (Creqa)
AP (Crea)  Abioo (Crega) Afooo (Creqa)
AW (Crega) AP (Crea) At (Creqa)
Ab110(Crega)  Afooo (Crea) A8 (Creqa)
Agggg (OLéQa) A%wo (CLéQa) A(lnzo (CLéQﬁ)
Creon A3000 (Creqa) A9 (Crega)  Afizo (Crega)
97 | 54 Abooo (Crega)  Afioo (Crea) AR (Creqa)
Als00 (Crea)  Ab210(Crega)  Afigo (Crega)
A%uo (CLéQﬁ) Agtl)gg (CLéQﬁ) A%zoo (CLéQ&)
A(1)220 (CLéQﬁ) A%mo (CLéQﬁ) A%mo (CLéQa)
A?(fgg (CLéQﬂ) A%zzo (CLéQﬂ) A%mo (CLéQﬂ)
A(2)200 (CLéQﬂ) A(1)112 (CLéQa) A%zoo (CLéQﬂ)
A(2)210 (CLéQa) Aémz (CLéQa) A%zoo (CLéQa)
A%zzo (CLéQa) Ath (CLéQa) A%QQO (CLéQﬂ)
A1z (OLéQa) Afi22 (OLéQa) A2 (CLéQa)
CLedq Same with Crsqq — CLéJQ and Af,,. — A%
AN (Caaee) Bl (Cagee) A3 (Coqqe)
B (Coaaq) A1180(Cagea) AN (Coaqe)
B0 (Coaaq)  A3t0 (Cagea) 43100 (Coaqe)
AW (Caaae) Bis (Cagea) AT (Coaqq)
AR (Cooeq) B0 (Coaaq) 43188 (Cooqe)
A3 (Cooeq)  Alits (Cogee) A3 (Cooq)
B3 (Coaqa) 43108 (Caoea) Al (Coaqa)
Caq 18 | 45 Al (Cogeqe) 43118 (Caoea) 43388 (Cogqe)
A3 (Caee)  AT1%0(Caoea) A (Cogqe)
AR (Caaee)  AT190(Caoea) A (Coaqe)
B0 (Cageqe) AN (Cogaq)  A3588 (Cooe)
B0 (Cageae) A3 (Cogaq)  A1x (Cooqq)
AN (Cooeqe) B9 (Conaq) A (Cooeq)
A0 (Caaeqe) Al1%3(Caoea) A% (Cogqe)
A% (Coaeqe) A3 (Cacea) Al (Cogqe)
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Wilson coefficient mﬁi&n m#zx Maximal set
set set

AN (Cuvia) B0 (Cuvaa) ARG (Cuuaa)
BRS (Cuvaz) A1 (Cunaz)  Bi100 (Cunair)
AR (Cuwaa)  A3600 (Cuvaa)  A3300 (Cuuaa)
AW (Cuniia) B (Cuniir) AN (Cuniir)
BN (Cuwiia) A (Cuniia)  AES (Cuniar)
BU® (Cunit)  BISOY (Cunir) A (Cuniar)
AR (Cuua) AN (Cunaa)  A%500 (Cunair)

Cuu 18 | 45 AN (Cuvia) AN (Cuvaa) A3 (Cuuaa)
A0 (Cuwaa) AT (Cunaa) AN (Cuiar)
AR (Cuviia) AN (Cuvaa) A (Cuvaa)
BB (Cuvaz) AN (Cuvaa) A (Cuuaa)
BUS (Cunir)  BROY (Cuniir)  A1S0 (Cunaar)
ANB (Cuia) AW (Cuvaa) AN (Cunaa)
A3300 (Cuwiia) A1 (Cuvaa)  AN38 (Cuuaa)
Aj (Cuwia) AR (Cuvaa) Al (Cuuaa)
AN (Caaad) B1106 (Caada) ARG (Caadd)
BR0S (Caaaq) A0 (Caadd) B (Caadd)
A0 (Caadd) Bi10o (Caadd) A0 (Caadd)
AN (Caadd)  B31go (Caada) Adboo (Caadd)
AR (Cagda) AN (Caadd) B (Caadd)
AN (Caaad)  BY1GY (Caadd)  ASH0S (Caadd)
B3 (Cagdd) A1300 (Cagdd) Aiigg (Caadd)

Cad 18 45 A0 (Caadd)  Bssoo (Caadd)  A3ioo (Caadd)
B3500 (Caada) A3 (Cagaa) A3} (Caadd)
AR (Cagdd) A1 (Caadd) A3 (Caadd)
AR (Caaad)  A3100 (Caadd)  AT1S0 (Caadd)
A3 (Cagda)  A1990 (Caadd) AT (Caadd)
A (Caadd)  AD300 (Caadd)  AYT00 (Caadd)
AN (Cagaa) A1193(Caadd) A1330 (Caadd)
AR (Cagda) A§1%3(Caaad) A3 (Caadd)

Table 11. Continuation of table 9.
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Wilson coefficient m#; mzéx Maximal set

set set

B8 (Coqua)  B3os (Caqan)  Bo160 (Caqua

BEN C aw)  Biooo (Caqaa)  Abbos (Coqaa

B (Caqaa) B3t (Cogan)  Biiio (Coqaa

Aftoo (Coqan)  AF00 (Cooaa) B (Coqan

A3000 (Coqaa)  Bigoo (Caqaa) AN (Coqan

BYS (Coqua) A0 (Caqaa) B (Coqua

A0 (Coqaa)  B3116 (Coqaa) AR (Coqan

B (Coqua) A1) (Caqua) A% (Coqai

B90o (Coqua) By (Coqaa) B (Coqua

B (Coqua)  Bsoos (Caqan)  Abios (Coqaa

A0 (Coqan)  Bigas (Coqaa) BRI (Coqan

B30 (Coqua) Bsio (Caqan) Al (Coqaa

A0 (Coqaa)  Biigs (Caqaa) Al (Coqaa
coy 36 | 81

BOIOO C

1120 )
1100 CQ )
Coqaa)

0120
Coqaa)

1200
2000
Coqaa)

1100
A1120

2100
A21OO

B39 (Caq
BOOOO CQ

Ags00 (Coqa

i)
a)
a)
B (Coqaa)
B33! (Coqaa)
B3300 (Coqaa)
2200
0110

1200
A1220

(Cq
(
(
(
(
(
(
(
(
(
(
(
(
A5100 (Cooua
(
(
(
(
(
(
(
(
(
(
(
(Coqaa
(

CQQuU)

(
(
(
(
(
(
(
(
(
(
(
(
(
AR (Coqun)
(
(
(
(
(
(
(
(
(
(
(
(
(

B3 (Coqua)
B (Coqan)
AR (Coqua)

B3 (Coqua)

B3 (Coqua)

Abidd (Coqua)

BOlOO CQ )
BB (Coqan)

Bt (Coqua)

A0 (Coqan)

B3 (Coqaa)
B! (Coqua)

B3 (Coqua)

Table 12. Continuation of table 9.
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Wilson coefficient rjn mﬁx Maximal set
set set
B (Caeaa) B30 (Coqdd)  Abbos (Coqdd)
A000 (Coqdd) 8?88(062@ 1) AN (Cooda)
BEY% (Caedd) B1G (Coqdd) Bits (Codd)
A0 (Coqdd) Bt (Coqaa)  B3166 (Coodd)
B (Caodd) Aife (Caqdd) BT (Coodd)
Atooo (Coqdd)  Ado (Caqdd) B3 (Cogdd)
A0 (Coqdd)  Biist (Coqdd)  Bitos (Codd)
A0 (Coqdd) B3 (Caqdd) AT (Coqdd)
ABR0 (Coqdd) AR08 (Caqdd)  Bitss (Coqdd
A3000 (Coqdd) B3t (Caqad)  Adido (Coqdd)
B36o (Caoda) A3 (Caqdd) B3t (Coqdd)
B (Caoad) AN (Caedd) BT (Coqdd)
B0 (Coqdd)  A5i00 (Coqdd)  A3%00 (Caqdd)
Cga 36 | 81 | ¢ BR(Coqia) B (Coqii) AR (Coqii
Bii%0 (Caedd) B (Codd)  Bisto (Coodd)
B (Caodd) A1160 (Coqaa) Apith (Coqdd
B (Caoaa) BT (Coqdd) A0 (Coqdd
B3 (Coqdd)  Bisos (Coqdd)  A3igs (Coqda
A1 (Coqad)  B3103 (Coqdd) Bigos (Coqdd)
A0 (Coqdd) A% (Caqdd) Bt (Coodd)
A0 (Coqdd) A3 (Caodd)  Abiss (Coqdd)
Ao (Caqdd) - Abod (Caqdd) AT (Coqdd)
AR (Coqdd) A1 (Caqad) Bt (Coqdd)
AN (Coqdd) BRI (Coqad) B (Coqdd)
A998 (Coqdd) A0 (Caqdd) Bists (Coqdd)
Biito (Coqdd) Ai193(Coqdd) Bt (Coqdd)
Aii93 (Coqaa) A% (Coqdd) B3t (Coqdd)
Table 13. Continuation of table 9.
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Wilson coefficient r:fién mﬁx Maximal set
set set
B3660 (Caadd) B30 (Caadd)  Ajogo (Caadd)
A3680 (Caadd)  BYY00 (Caada) A0S (Caadd)
B0 (Caaaa) BYG60 (Caudd) A0S (Caadd)
B (Caaaa) B30 (Caada)  Aifoo (Caadd)
B1908 (Caaad) A0 (Caadd) B0 (Caadd)
AN (Cazaz) BN (Caaad) BOSO (Caadd)
Bii10 (Caadd) Ai000 (Caadd) Ad300 (Caada)
BYY (Cadd) Boi%0 (Candd)  Abbos (Caadd)
B30 (Caadd)  Aggo0 (Caudd) Bia (Caadd)
A3880 (Caadd)  BE900 (Caada)  AS0Y (Caadd)
B0 (Caaaa)  AD00 (Caadd)  BOiT0 (Caadd)
BY360 (Caadd)  Baooo (Caadd) A3306 (Caada)
B350 (Caadd)  A%100 (Candd)  Boisg (Caadd)
Cra” 36 | 81 B0 (Caadd) A1 (Caudd) Bi%o (Caadd)
ATi08 (Caadd) Aoif0 (Caadd) BHE (Caadd)
Agooo (Candd) B30 (Candd) B0 (Caadd)
A% (Caadd) B30 (Caadd) Abigs (Cauda)
A (Caadd)  B3G (Canda) AT (Caadd)
AN (Caadd) AR (Caadd)  A3iE0 (Caada)
AR50 (Caaaa) B3 (Candd)  B3G (Caadd)
BY130 (Caaaa)  B3ii0 (Caadd)  A3ioo (Caadd)
AN (Caadd)  A19%0 (Caaaa) Abbts (Caadd)
A6 (Caaaa)  Afod (Caaaa) Bogsy (Caudd)
AR (Caadd) AN (Caadd) BRI (Caadd)
B33 (Caaaa) A3 (Caadd) B30 (Caadd)
B30 (Caaaa) B30 (Caudd) A1933 (Caadd)
ANY (Cagaa) A1 (Caaaa) Byt (Caudd)

Table 14. Continuation of table 9.
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Wilson coefficient xjién m#;x Maximal set
set set
AR (Coua)  BOOKS (Caaqd) AN (Caaqd)
BI6S0 (Couod) A (Caaqd) Bioo (Couod)
ARR (Caaqa)  BRY (Cauqd) Al (Caaqd)
B1380 (Couod) A3 (Caaqd) A3 (Coaqd)
B30 (Couod) ALY (Caaqd) A3 (Cqaqd)
AR (Coua)  BOOS (Caaqd)  ABS (Caaqd)
BGso (Couod) AN (Caaqd) A (Cqaqa)
B (Couod) B (Cougd) A0 (Cqaqd)
B (Couod) AN (Cauqd) Bt (Couod)
Abboo (Caaqd)  Booos (Caaqd)  Afbos (Caaqd)
A0 (Coud) AR (Caaed)  B3os (Caaqd)
B (Coad)  A%00 (Coagd) B (Couod)
A0 (Caaqd) AR (Caaed)  BIN (Coaqd)
Bt (Couod) Alodd (Cqaqd) Blot (Couod)
AR (Coud)  A§ (Coaed)  A%00 (Caaqd)
AN (Coud) BN (Caaqd)  A3N00 (Caaqd)
A% (Coud)  Baitd (Caaqd) Bitss (Cqaqd)
AL (Coud)  Baooo (Caaqd)  ATNGY (Caaqd)
AN (Coued) AT (Coaed)  A%00 (Caaqd)
A% (Coud)  Bit (Caaqd)  A3908 (Cauqd)
AR (Coued) A3 (Coad) AT (Caaqd)
ABR (Caagd) BB (Cauqd) A (Caaqd)
B (Caaqd) A0 (Caaqd) A0 (Caaqd)
ABN (Caaga) BBY (Cauqd) BEYN (Caaqd)
AR (Cqaqa) AN (Coaga) BUR (Cqaqd)
B0 (Caaqd) AR (Caaqd) A0 (Cqaqd)
Bi%00 (Caaqd)  Aits (Caaqd) BHYG (Couod)
Cquqa 81 | 162 AB160 (Coaod) AR (Couod) AR (Couqa)
A (Coua) B (Caaqd) B (Cqaqd)
A% (Caaqa) A% (Caagd) BAR (Cqaqd)
B0 (Couod) AR (Caaqd) BiSHH (Couqd)
Bidi0 (Cqaqd) Aiifs(Coaqd) AnT (Coaqd)
B (Caagd) Boilh (Cauqd) A0 (Caaqa)
ABi0 (Caaqd) B3 (Cauqd)  A%to (Caaqd)
AGHS (Coud) AR08 (Coaed) A% (Caaqd)
B0 (Caaqd) AN (Caaqd) BURN (Couqd)
AL (Coud) AW (Caaqd)  Bigos (Cqaqd)
B30 (Couod)  A3il (Cquqd) B3t (Couod)
AR (Caaqd) AR (Caaed) AR (Caaqd)
A0 (Caaqa) %100 (Cqaqd)  ABiss (Caqd)
AZH0 (Coud) A1 (Caaed)  Bi9S (Cqaqd)
A% (Coud)  A300 (Coad) AT (Caaqd)
A0 (Coud) AN (Coad) AT (Caaqd)
AR (Caaqa)  BYS (Cauad)  Afios (Caaqd)
ARY (Cauad) AN (Coued) BHS (Cqaqd)
AUX (Caaqa) BN (Cquqd) BN (Coaqd)
AW (Coua) Bot% (Caaqd) A3} (Caaqd)
A% (Caaga) B (Caaqd) Bt (Cqaqd)
AR (Caaqa) B3 (Cauqd) A (Caaqd)
A0 (Coaqd) A0 (Coaad) A28 (Coaqd)
AR (Coud)  A%%63 (Coad) A1 (Caaqd)
A% (Caaga) BB (Cougd) A% (Cqaqd)
B9 (Cqaqd) A3 (Caaqd) A% (Cqaqd)
AU (Coud) AP (Coaed) A (Caaqd)

Table 15. Continuation of table 9.
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H Some explicit relations for the maximal set of Ogq

We present here examples of some explicit expressions announced in the main text, fo-
cussing on the maximal set of the bilinear hermitian operator Op, formed by { L1100 (CHQ),
L2200 (CHQ) , L1122 (CHQ)} (upon trivial redefinitions, the following can be generalized to
any bilinear hermitian operator). First, we exhibit the combinations of invariants of (2.21)
whose leading terms appear in (2.22). Each line of the latter expression corresponds to the
following invariants,

Ll )
Ly= Ly—Tr(X,) L1,
Ls= L3—Tr (X4) Ly,

Ly=Ly+= [Tr(X)Tr( ~Tr (X2)| L+ T (X,) Ls,
~Tr

Ls= Ls—Tr(X,)Tr(Xy) L —Tr(Xy) Ly —Tr (X,) Ls,
T —Tr(X2?) -
L6_L6—7[ (X4) Tr (Xg)—Tr (Xd> Li—Tr(Xy) L ?\rgﬁggﬁ) _18?%))L4
T (Xy) Tr (Xg) —Tr (XuXg) =
r< w) Tr (X,) = Tr (X2)
L= L7—7[ v (X2)Tr (X3)+Tr (X2) Tr (Xq)"— Tr (X3) Tr (X.,)°

+4Tr (X, Xg) Tr (X) Tr (Xg) = Tr (X,,)° Tr (Xg)° | Ly

3] L

X
. T (X,)— T (X,)2 Tr (X)) Ls.

(
—%{Tr(Xu)TI“(Xd) —Tr (X Tr(
5 [T (X2) Tr (Xg)+2 Tr (X, X,)

Is= LS—%[Tr(XuXd)?— (X X, 2)+2 (XQXd> Tr(Xd)+2Tr(X Xd)Tr(X )
~ 2T (X, Xa) Tr (Xo) Tr (Xg) | Ly

1 -
-3 [T () Tr (X3F) =T (Xo) Tr (Xg)°] L

1 - -
-5 [T (X2) T (Xg) = Tr (Xo) T (Xg) | Ly +Tr (X) Tr (Xg) Ls,

~ 1

Ly= Lo [T ([XuXa]”) = Tr (X Xg)* 42T (X, Xg) Tr (Xa) Tr (Xg) | 4

—Tr (X Xg) Tr(Xg) Lo —Tr (X Xy) Tr (Xy) Ly +Tr (X)) Tr (Xu Xq) Ls
(H.1)

Second, we present the explicit decomposition anticipated in (2.18). One can check that
the additional invariant Loigo (Cr@), belonging to the maximal set, can be expressed as:

1 1 1 1
T5100L2100 =Z1100 L1100 L2200 L2200 T L1122 L1122+
R R R R R
+J4 (Roooozoooo + Ro100Z0100 + Ro112Zo112+ Ro1122Z01122 + Ro120Z0120+
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R R R R R R
+R122Z0122 + Ro200Z0200 T R1000Z1000 + F1100Z1100 T R1120Z1120 + Ri122Z1122

+R1900 L1500 + Rig20T500 + Rioo1 Tisor + RaoooLavoo + Ror1aTai12+ R220012R200> )
(H.2)

where Rgpeq is defined as Lgpeq in eq. (3.5) but with Re — Im, and the different coefficients
are reported in the next subsections.

H.1 Z! coefficients

Tiyo0 = 48181 I{ g = 6615 ,IT o — 615 1 I§ 5 I g + 6415 s IT o — 1815 1 To 3 I o+

18101 10,000,317 o — 2715 111 1T o +29710 1 15 o 11 1 1§ g — 19213 T 2 11 1 17 o+

19815 1 To 311 1T —27610 210 311115 o +421 1 I1 215 +25215 o 11 217 o+ 14415 1 Io 2 11 215 o —
43810110311 215 g =391 1 17 | 17 g — 13513 517 1 IT o +45013 1 Io o 1T 17 g — 961,110 317 1 I} o+
198[0271[1272115’0 — 18[0’2112721%70+72[g71[1’1[1721{)70 — 1260]0,110’211’1[172130 +
828[073[1’111’211570+91871[270I'15)70 + 117[5’721270['1570 +225I§,1I§,2127OI{),0 —342[373[270[{)70 —
141[6{1[0’212’0130 —36]871[0’31270[30 + 168[0}1[072107312’0[{)’0 + 15[8’112’1]'{)70 —
603[0’1[&2]271]504- 198[8’110721271[304-228[8,11073[271[%0 + 162[072[0,31271[{)70 —
144[6171[272115’0 — 126[3721272115’0 + 108[371107212,2115’04- 162[071[0,31272115,04‘

24013 I I = 24010 317 I}, —T2017 o I o +144010 1 Iy 1 17 o I} — 108015 1 IT 1 217 o+
36010217 1 1011 o —24615 1 Iy 112 oI} g — 1062101 I§ o1 1 To 011 o +1296 15 1 To 2 11 1 o011 o —
456[371[0,311,112,011170+468IO,2IO,311,1I2,011{0 +360[61711172]270[i{0 +36[3,2117212,0‘[%,O —
1728]0271[07211721270]%,0 + 1332[071[073]1721270]%70 —|—531]6171]171]2’111170—}—603]027211’112,111170 —
124215  To o 1y 1 Io 1 I g — 158410 1 Io 311,121 I} o — 86415 1 T o Io 1 1T o +293410 1 Io 2 11 2121 I o —
378[073[1’212’1111704- 108[871[1,112,21%,0+99010,1IO,211,II2,21%70 — 54[073]171[2’21%,0 —

66613 111215011 —37810,211 212 211  — 631§ I3 o I} — 3913 o I3 o I} — 23115 1 1§ o I3 011 o+
24218 313 011 o +27915 1 Lo o I3 011 g — 4415  To 313 01T — 14410 1 g 2 Io 313 0 I o —

61 113 07 0 +54I5 015 0 7 0 — 43215, I 13 017 0 + 26418 5 13 o I o+ 14415 To 2 I3 o I o+
1743  Io 313 o 17— 19810110 210,315 o I} o —50AIG 1 15 1 I} g — 43215 , I3 | I} o+

21615  Io oI5 1 1T o +223210,1 1o 315 1 17 o +86415 1 I3 o I7  — 64810 213 o 17 o+

55814 1171 In 013 o +27015 o 17 1o o IF o — 140415 1 o217 1 Io o I7 o +57610 1 Io 317 1 To 017 o+
54018 17 5 In 013 g — 54010 217 o T2 o IF o — 118815 1 11,1 11 2 Io o I7 o +248410 1 To 2 11 1 11 212,017 o —
129610311111 212,017 o — 194413 | 1T 1 In 1 I3 o +194410 317 1 I 1 17 o — 345610,1 17 o Io 1 17 o+
5508[0271[171[17212’1130 —2052[072[171117212’11%,0 —|—252]g71]2’0[2’11%70+ 1728[071]&2]2’012?11%70 —
118815 1 To ol 0121 17 o —57615 1 To 312012117 g — 21610010 315 0121 17 o +129615 1 IT  Io o IF o —
216[07211271]2’21504- 1944[12721272121370 —3024[0}1[171117212721213’0 —432[&2[2’012’2130 +

64815 110,212, 012,217 —21610,110 315,012 217 o +46813 | 1o 115 217 = 118811 I oI5 1 12 o 17 o —
1008[03[271[2’2[%’0 +288[31[1’1[370]i0 + 108[0’113’211,11370[%’0 —996]&1[072[171[370[%0 +
756]371[073[171[370[%’0 - 156[0,21073[17113701%70 —420[61’1]17213701%70 + 180]&2]17213701%’0 +
136815 1 o 211 213,017 g — 112810 1 1o 311 213,017 o+ 18915 1 11,113 017 o +105310,1 15 o 1,115 o 17—
90013 1 To o I1,115 o 1T o — 16218  Io 311,115 o 1T o — 18010210 311,113 o 1T o — 1981 1 11 213 17 o —
54018 o 11 213 17 o+ 108015 1 Io 2 11 213 017 g — 342101 1o 311 213 o 17 338413 1 1 1 I3 17 o —
338410301113 117 g — 410415 | 11 oI5 | 17 o +205210 011 215 1 17 o+ 32410 1 11,1 15 017 o+

151211 915 51T o — 174615 1 11 1 T2 0021 1T — 102615 o 11 1 12 0 Io 1 17 o +410415  To 211 1 o 0121 1T o+
720[071[0’311’112,012’111270—|— 1800[871[1’212,012’111270 - 5184[0’110’211,212,0[27111270 +

,55,



133210311 212,012,117 g +82813 1 1 112,012,217 g — 2268101 1o 211,112,012 217 o —

612103111 15,012,217 o — 21615 1 11 215,012,217 o +226810 211 212 012 21T = 529215 1 I1 112 1 To o 17 o+
1080[0’21171[271[2’2112’0 +4428[07111721271[2’2112,0 —96]6{111271[3’011270+360]g71[0’211271[370]1270 —
984[071[0’3112’113,0112,0—I—72Ig,111272[370[1270 — 792[072112721370[1270 — 72[371]1’111,213’0[1270—}—
720[071[0’211’111,213’0[1270 —&-792[0,3[1’11172[370[1270 +361871[2,OI3,0112,0+ 18]87212’0[370[1270 +
61215 113 512,013,017 — 10815 312 013,017 g — 31815 1 Io.2 12,013,017 o +3615 1 o 312,013,017 o —
27610,110,210,312,013,017 g — 11415 1 I5,1 13 017 n—66610,115 512,113,017 g+ 100815 1 1o 2 I5,1 13 017 o —
91218 1Io,3121 13,017 g +68410 210 315,113 017 o+ 32415 12 213,017 o +61215 512 213017 g —
162015 1 o 212 213,017 +68410,1 10 312,213,017 o+ 1518 1 I3 o 11,0 — 13513 13 o 1 0+
13515 11§ 015 o 11,0 — 3018 315 o 11 0 — 4515 1 Io 213 o 11,0 — 12013 1 o 315 o 11 o+

18010,110,210,3135 o 11,0—2016I3 1 I3 1 11 0+201610 315 1 11 0— 172815 511 o —

13514 113 113 o 11,0— 13513 o 1T 1 13 o 11 0+27015 1 o 21T 1 13 o 11,0 — 27015 1 17 515 o I1 o+
270[07211272122’011,0+360[g71[1’111,21227011’0 — 540[0,110’211’111721227011’0 + 180[073]171[1’2122’011,0 —
54017 013 1 11,0+ 176415 1 I5 013 1 11 0+ 75613 o 12 013 11,0 — 2484158 1 Io 2 15013 1 11 0 —
2088[071[0731270[22’111’0 - 540[1271[22’211’0 —324[37112’0122’211,0+216[0’212,0122,21170 —
237610112115 511, 0—2618 113 o 11,0 — 3013 oI5 11,0 — 22215 1 I§ 513 o I1,0— 3615 515 o 1,0+
1621 1 Io 213 0 11,0— 10013 1 Io 313 o 11, 0+25200 1 Lo,2 10,313 o 11,0 — 42315 1 13 o Io,1 11 o —
126910,1 15 515 o 12,1110+ 117013 1 Io 2 I3 12,1 11,04 72018 1 Io 315 o 2,1 11,0 —
198[0721073[22701271[1,0+360[g711127112701271]170 — 360[0,311271]270[271]170 + 1080[0,111272]270[271[170 —
108015 1 11,111 212,002 11,0+3615 113 o In o 11 0+ 59415 513 o J2 2 11,0 — 10815 1 o 215 o Ja 211 0 —
52210110315 o 12,2110+ 518413 113  Ip 211 0 — 108010213 1 Io o110 — 54015 1 IF 1 Ir o o o 11 o+
540[0,21127112,012,211,0 - 10801127212,012,211,04- 108011 11,111 202,012211 0+

1080111110021 12,211,0— 216013 1 12 015,112 911 0+324010 1 o212 012,112 211 0+
1080[03[2@[27112’2[1’0 — 240[871[:1371]37011,04-240[0’313113’011’04-720[32]3’011’0 -
1440[071[171[127213’0[1’0 + 1080[371[127111’213’0[1’0 —360[0’2112’111,213,011704-

A8I3 1 1y 112,013,011,0— 50400 11§ o 11 1 I2,0 13,001 0+ 14415 1 o 211 1 12 013,011 0+

6018 1 Lo311,115,013,011,0+25210.210,311,112,013,011,0—3615 511 215,013 011,0—

32415 1 Io 211 212,013,011,0+36010,1 10,311 212 013,011,0— 36015 1 11,1121 I3 011 0+

18015 o 11,1121 13,0010 — 140415 1 Io 211 112 1 13,011 ,04230410,1 1o 311,121 13,011 0+
756—78’7111,212,113,0—71,0+684[0,110,2—71,2—72,1—73,0—71,0 —21601p 311 212 113,011,0—
216[37111,112,213,0—71,0+ 165610 110,201,112213011,0+43219 311112213 011 0+

28818 1 11 2I5213,011,0— 216010 211 212 2130 11,0 — 64815 1 11 1 15,013 1 +64810 311 1 12 0I5 | +
972[0271[1’212’012271 +972Io’111’112,()[2272 — 1944[17212’0122’2 + 1944[171[271]2272 +

72[8’111,1]?,04- 108]0)1]87211’1130 — 324]8’71[0’21171[330 —|—252Ig’1lg73[17113270 —
1081021031113 — 10815 1 11 213 o+ 10813 o I1 213 o +43215 1 Io 211 213 o —

432101 To 311 213 0 +24318 1 1 1 13 o To +24313 o111 12 o Io 1 — 48613  To 211 1 13 o Io 1 —
324]871[172122,01’2,1 +486[071I07211,2122’012,1 — 162[0,3117212270[271 +324I§7111,1I§70[272 —

486101 10,211,113 o Io,2+16210 311113 o122 — 48615 1 11 213 oI5 2 +48610 211 215 o Jo 0 —

194414 515 115 9 — 97210 211 1 In,012,1 12, 24+97210 1 11 2 I5,012,1 T2 0 4+-2718 1 13 o I3, 0+

811§ 513 0 I3,0—81I5 15 513 o I3,0— 5415 313 o I30— 8115 1 Io 213 o130+ 10813 1 Io 315 o I30—
10813 113 1 130 — 32415 515 1 13,04+ 129615 1 o 213 1 13,0 — 86410110 315 1 3.0+

1296[072[22721370 — 108[6171[1271[270]370 —|—324Ig71]0721127112’01370 — 216]0’110’311271[2,01370—&—

10813 1 11111 2 Io,013,0—
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3241 110,201 ,111,212,0130+21619 311,111,212 ,013,0 +864I§’71[1271[2,113,0 —86410,3]127112,113,0 +
1296[071[12721271]3’0 —2268[02,11171[1721271]3’0 —|—972[0721171]1’212’11370 — 54]5’71[2,01271[370 +
81010115 9 12,012,113,0— 21613 1 I 2 15,0121 I3,0— 10815 1 Io 312,012,113, — 43210 2 Io 3120 I2,1 13,0+
324[0271[127112’213,0324107211271127213’0 + 1296[12’21272I370 — 1296]0,111’111’21272I370 +
1081 1 I5 012 2130 = 64815 5 I 02,2 13,0+ 540101 o 312, 0 T2 2 13,0 — 194410 1 Io 2 I21 o 0 I3 0+
64810 312112213 )

Thooo = 45AL I8~ 5413 I3 1§, ~ 18T 01§, — 54T} o o o I8 1 +18018 s 1§, —
1081101201308 1 +54013 o Iy 1 T2 015 — 16213 o121 I§ | — 16217 o Io oI, 1 15 —
113413 o111 13,018 , +27010 1 In0 13,015 464811 12 1 13,015 1 — 5410 217 oI5 —

SAIY 017 115\ — 16210217 o I3 oI5 1 +16217 13 oI5 1 + 16211 011215 o I | +48617 o I3 1 1§ —
81012,013 1 Ig 1 +5410,215 o I§ | +5417 o 11 o 1§ | +37810 oI} T2 015y — 97217 o1 1 o015 —
9721} o1 2 I 015 1 — 48617 o I1,1 121 Ig 1 +145811 oIy 1 12 0001 15 | +32413 o Io oI5 1 +
32417 oI 0 Lo 015 1 — 48610 217 o130 Ig 1 +151211 o IF 1 13,013 +140417 o I 2 I3015  +
27010,211,012,013,015 y —32411 212,013,015 1 —1296.11 1151 13015, — 97211 o Lo 213 0I5 | +
9010317 oI5 1 — 10810315 oI5 1 +259215 1 1§ 1 —54Io 317 o I3 oI5 1 +81010 211 011,115 o 1§ | —
64811111215 oI5 1 —388811 011,115 1 1§ 1 — 14410 315 oI5 1 +48610 217 o 11,1 13 1 —
32411 o111 1 o151 — 10810 3171 g Ia o I§ | —226810 217 11,1 To 013 1 +291617F o 11 111 2 In 015 —
64810011 o Io,1 15 1 +19441F )17 1 Io 1 1§ | —64810 213 T2 1 15 1 +16201F o Iy o 1o 1 15 +
194410517 o Io,0 12,115 —6481F | I 0 Io 1 I3 1 — 291611 011 212 0 Io,1 1§ +6481F 11 1 Io o IF | —
1620]170[171[270[27218,1 — 1620]1270[271]2721871 + 1944[2’0]271[2721871 — 108]073[13701370]&1 +
194410517 o Iy 1 13,015 — 259211 011 1 11 003,015 443210 311 0 Io,013,0 15 —
1620[0}2[170[271[3’018’1 + 1296[17212711370[31 + 1296[1}1[27213701871 —810[0721%7011271[371 +
16217 I3 oI5 1 +48618 17 o I3 I3 | — 48610 217 13 o I§ 1 +48617 513 o 1§ | —
486[07311’0]1’112270[&1 —972[0’211,011’212270[&1 — 972[0’211270122711371 —|—6804Il’0[17212271Ig71 +
194410 015,013 1 1§ | +16215 13 1§ | —81010 317 o111 I§ | — 32410 217 o 11 215 1 +
129613 o IT | 11 21§ | — 32415 o I o T2 015 1 +194410 217 o 17 1 T2 015 1 — 194413 o 17 o 1o oI5 1+
172810 313 o 11,112,015 1 +291610 217 o 1 212,015 1 +32410 317 o o1 15 1 — 32410 315 o 121 I§ 1 +
259210217 o 11,1021 I§ | — 874817 o 11 1 11 210 1 1§ | — 32400 313 o I20 021 1§ | —
4860[072[170[171[270[2,11371 +2916]171[172127012’1[&1 +324Io721%70127210271 —

291617 o 17 1 In 213 —972013 | Io o I§ | —6481F o 1) oI5 915  — 194410 217 o In 012215 1 +
972[1271]270]2’21371 + 1944[170]17212’012’21871 + 10692[1’0[1711271]2721371 —|—324I&21§7OI3’01371 —
64810211017 1 I3,015 1 +129611 017 o I3,015 , —97210 317 o 11,113,015 | — 259210 217 o 11 213,015 1 —
129613 1 11 213,018 | —64813 o 11 012,013,018  — 10810 311,112, 013.018 | +97210 311,012,113.013 | +
129610211112 113,015 1 +259210 211 012,213,015 1 — 129611 215 213 01§ 1 — 5410210 317 o Jo,1 +
1188[03[{170[1271[071 —2592[%70I171[127210’1 -+ 162[@721073[1270122’01071 +324[0’3]12’1122,01071 —
48615 o 11 011,115 o Io,1 +32410 311 011,215 o To1 +97210 211 1 11 213 o Jo,1 — 194410 317 o I3  Io 1 +
324010,312,013 1 1o — 388811 011 115 o o1 + 777615115 5 Io.1 — 16215 517 o 11,1 Lo 1+
75610317 o 11,200, +1296 10 211 o1 1 11 0001 — 21610 210 317 o 12,0001 — 194410 317 o IT 1 I2,010,1 +
6481 17 o I1,112,000,0 — 194400 317 o 11 212 010,10 —291610 217 o 11 111 2 In,000,1 +
648IF o 11 o Io,1 10,1+ 680417 17 o 1o 1 To,1 +48615 o I3 021 Io.1 —421210 o IF 11 212 1 1o, —
1458[0272112701270]271[0’1 —2916[12721270]271]0’14—

680419 211,011,212,012,110,1 —6481—0,31—1{01—2,210,1 — 32410315 o I2,210,1 —194410 217 o111 5 210 1 +
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8748—712,011,111,212,210,1+1620]0,31127012,012,210,1+2916-70,211,011,112,012,2—70,1 -

291611111 212 012210,1 +2916[0,21127012,112,210,1 —1360811,011,212112 2191 —
388810,212,01,112,210,1+54010,210 317 o I3,010,1 + 172810 311 017 1 13,0 10,1 +

2592[171[1272137010,1 + 162[3721127011’113,010,1 + 1188[073[127011’213,010’1 — 1296[07211’011’111’213’010’1 —
43210 210,311 ,012,013,0101 — 16215 y 11,112 0I3,010,1+32410 311 2120130 Io,1 +

32415 511 0121 13,010,1 — 259210 3111121 13,0101 — 64810 211 215 113,010,1 — 129619 311 0 12,213, 010,1 +
10813 o 17 o — 9015 3 IT +129617 o I} 5 +5415 5 I3 — 259210 315 1 +16210 211 o 1T 5 —

3T8IG 317 oI5 0 — 48610 21T o 13 o +16210 210 311 011,113 o +48615 o I1 011 215 ) —
324103011 11,215 o +48615 o I7 013 1 + 194417 o131 +388810 311 011,115 1 — 291610011 011 213 |, —
48615 o 12,015 | +388811 011 213 5 — 541G o 13 o +48610 210 317 o 11,1 — 48615 o 17 o 112 —
162010311 o 11,1112 — 16215 o I (12 0+486 I3 311 o Io, 0+ 97210 217 o IT 5 12,0 —

64810210313 o11,112,0+ 194410 317 o 11,111 2 In.0— 32410 2 1o 3171 g 121 — 194410 317 o IT 1 T2 1 +
648[07210’3122’012,1 —486[3721213’011,112,1 +972[0,3Ii0[1,2[2,1 + 1944[0’2112’011,111’21271 +
648[073[1271]2’012,1 —|—486[g72]1’(]]1’112’0[271 — 972]0,311’0[1721270[271 +324I§72Iil70[272 —
5832[1270]-1272[272+1944IO’2122’11272+972IO’311370[171I272+972[0721%70I172]—2’2+

1944[12’21270[2’2 — 324[@73[170[1’1[270]272 — 2916[@72[170[1’21270]272 +648[0’3]12’01271[272 —
972[0,2[17011,11271[272 — 1944[171117212,11272 — 1944]07312701271[272 — 54[3’21%’01370 —

39615 317 03,0 — 129617 5130 +129610 211 017 5130 — 129610 311 011,111 2130+

16213 511 0I2,0 13,0+ 32412 311 0 Io 0 13,0 — 32410 2Io 3 I1 0T, 1 13,0+ 194410 311 2121 I 0 —
32418 311 0I2,2130)

T390 = —4(—=54do 115 o 1T o +54I3 1 Io o 17 — 5415 1 Io 317 o +5410 2 1o 317 o —

162[6171[1’1115’0 —324[027211’1115’0 + 162[3,110,211,11%,0+324IO,1IO,3IL1I%,O —

SAIS 11 217 o 4+16210 1 1o 211 217 g — 10810 311 17 o +91813 | 17 I} 81010 1 Lo 2 17 1T o —
432[073112’11%’0 —324[0’1[12’21%’0 —810[371[1’1]1’2]%04- 1458[07211’1[1’21%’0 +
486[0’113’212,0]{1’0 — 270[5”1107212701304- 162[8,110731270If0 - 378[072[073[27011{0 +
541G 1 Io 1 It = 16215 o Io 1 1T g +64815 1 Io o2 1 1T g —54010 1 1o 3121 I}  — 32410 1 1o 2 o 211 o+
32410312011 129615 I7  I? = 129611 1 17 517 o +259210 1 1T 1 Iy 217 o+

37815 1 11,1 In,0 17 o +81015 o 11 112 o IF — 64815 1 Io o 11112 017 g — 54010 1 o 3111 T2, 017 o+
32413 1 11 oI 013 g — 648101 10,211 2 Io,013 o+ 32410 311 212 o IF — 129615 1 I1 1 21 I o —
972[071[07211’112’1I{’70+ 1296[073[171]2’11%70 —324[371]1’212’1I%70+ 1296]07211’212’11%’0—}—
129615 1 111 1o 217 0 — 162010 211 1 12 o IF +32400 1 11 2 Do 017 g — 16215 1 3,017 o —
378[071[&2[3’0130+324Ig71[0’213,01%70+ 108[8’110,313’01%70—&— 108]0,210’3[370[%0 +
16215 113 o 17 o — 97210115 513 o IT o+ 16215 1o 213 o 1T — 16215 1 To 315 o 17 o+
81010210315 o 17 o — 32413 115 1 I7 o +291610,1 1o 215 1 17 g — 64810 315 Iy —
97215 11T 1 1o 017 o +194410 1 o217 1 I 017 o+ 97210117 5 15,017 g — 194410 211 1 11 212 0 IF o+
291615 17 115117 g +97210 213 1 12 1 17 0 — 291617 oI5 1 17 g — 97200 1 11 1 11 2121 1T o —
3241 1 12 0 Io1 17 o+ 97215 o D2 0121 1T o — 194415 1 To o120 1o 1 17 o +129610, 1 o 32,0 12,1 17 o —
291610117 I 217 g +291611 111 2 Do o 17 o+ 32415 I 012 917 o+ 97210 1 o 212,012 217 o —
129610,312,012,217 o +97215 1 In1 12 217 — 291610 219 1 T2 217 o+ 113415 Iy 1 I3,017 o —
16215 511113017 — 64815 1 Io o111 13017 o — 32410 1 Lo 311 1 13,017 o — 140415 1 I1 213 017 o+
129610110211 213,017 g+ 10810311 213,017 — 97215 1 11,115 o 11,0 — 48618 o 11 113 o110+
145815 1 To o 11113 o 11,04+48615 1 11 215 11,0 — 486101 Lo 211 215 o 11,0— 194419 211 1 I3 11 0 —
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3888]071[17212271[170 - 1944[131]22721170 +2592[871I1,112’01271[1,0 +972[0,110721171]270[2’111’0 —
64810 311,112,012,111,0—29161p 211 212012,111,0— 2916]37111,112,012,211,0+
194410211 1 12,002,211,0+97210,1 11 212 012211,0— 194410 111112112 211 o+

972011 212115511, 0—237615 17 1 I3,011,0— 64810 1 10,217 1 I3,011,0+43210 317 1 I3,011,0—
2592[071[127213’0[1’0 +5184[371[171I17213’0[1’0 + 162[31[2’013’011,0 + 1458[071137212’0[3’011,0 —
54018 1 Io.212,013,011,0— 32415 1 Io,315,013,011,0—T5610,210,312,013,011,0— 54015 1 Io,1 13 011 0+
64815 oI5, 113, 011,0+32418 1 Lo 2121 I3,011,0—43210 1 10,3121 13,011,0+ 97215 T2 213,011 0 —
162010,110,212,213,011,0+64810,312 213,011 ,0— 16215 1 I3 o+ 16215 1 o o 13 o +

16215 1 Io 315 0 — 16210010 315 — 194415 I3 | +194400 o I3 | +48615 1 1T 1 I3 o —
48610110217 1130 — 48615 11 111 213 o +48610 o 11 1 11 215 — 194411 1 [ oI5 | —
32413 1 12 0I5 | —486010,1 Lo, 12,015 | —64810 312013 | —194410 115,015 , —TT7615,1 15 , —
54010,113 o I3 o+ 10815 1 Io 213 o +10815 1 Io 315 o+ 3241 210 313 +8101 I3 o Jo 1 —
145815 oI5 o121 +97215 1 Io 215 o T2 1 — 324101 Io 315 o Jo,1 — 97215 1 17 1 I 0021 —
972[07211271]2’012,1 —|—972[1272]2?012,1 +972IO,1IL1IL212701271 — 1296[3’1122’012’2 +
972[071[0’2122’012,2 +324IO’3]22’012,2 +7776I071[227112’2 +972I071[127112’012’2 —
97211111 212 0122 +194417 1 Ip 1 12 0 4+97215 1 I5 01,1 12 5 +680410 oI5 02 1 T2 2+

129615 I3 1 13,04+1296.11 117 5 13,0 — 2592101 17 1 11 2130 — 3781 1 11 1 5, 013 0+
16215 o 11 112,013,0— 32415 1o 211,112 0130+ 54010110 3111 12,013,0+ 64815 1 I1 215 0130 —
32410110211 212 013,0—32410 3112120130+ 1296[37111,112,113,0+ 19441y 1102111121130+
648[073[171[2’1.[370 — 1620[87111721271[3’0 — 2268]@72]1721271[370 *2268[02,11171]2721370 —
32410211 112.2150+259210111 212 2135)

I 190 = 4(21615 1 I7 g +32418 o I7 o — 64815 I 217 o+ 10810 1 1o 317 — 129613 1 I1 1 1T o+
2268101102111 11 g —32410 311,111 g +162015 1 1 oI} — 226810 211 o 11 o+
194415 (17 117  — 64810 217 1 17+ 38881 o I} = 518410 1 11,1 11 217 o — 64815 1 Io o IF o —
6ABIG o 2017 o +194415 1 oo T2 017 — 6481011 315,017 o +194415 I 1 I o —

3240101 10,212,117 g — 25921 12 o 17 ,+388810 2 o o 17 o+ 194415 1 11 1 1o o IF o —

3888101 10,211,112,01F o +194410 311,112,017 o — 194415 1 I oI5 017 o +194410 211 2 I5 017 o —
583215 1 11 1o 117 o+ 194410 011 1 Io, 1 17 o+ 777610, 11 2 1o 1 17 o+ 7776101111 12 217 o —
1166411 9012 217 — 21615 1 I3 17, — 129615 5 13,017 o+ 64815 I 2 I3 017 o+
864[071[0’313’011270+648I§71]22’OIL0—|—972[g72]22’011,0 — 1944[37110’2122’011,0 +
324[071[0’3]22’011,0+3888[&1[2271[1’0 — 1944[07212271[170 —|—7776122,2IL0 —3240[871[2’0]2’111?04-
583210711072[2’0[271[1,0 —648[0’31270[2,11170+3888[§71[2’0[2721170 - 58321@72[270[2’21170 —
9720[071127112721170 + 1296[8’1[1711370[170 - 1296[0711072117113,01170 —2592[073[171137011,0 -
259215 111 213,011,0+51841g 211 213.011,0— 64815 1 Iy 113 o +97210 1 o211 113 o —
32410311115 o+ 97215 1 11 213 . — 97210 211 215 o+ 194411 o135 | +194415  I1 1 Io oI5 1 —
388810111 2120121 — 194410111 1 T2 0122+ 388811 212 0122 — 194411 1 I5 1 2 0 —

194415 | 17 1 I3 0464810 217 1 I3,0— 388817 o I3,0+518410 111,111 2 I3,0+64815 5 12 o I3.0—
648[071]073]2’01370 —648]0’110’21271[3,04— 1944[073]2’113’0 —|—648Ig7112’2[3’0 -

194410215 213,0)
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H.2 ZIZ% coefficients

IEhoo = 26415 17 o —89LIT 11 917 o +43210 3111 12,017 g — 162010011 212 017 o+
216100111 15,117 o +97211 215217 +261615 13017 — 145815 1 o 213,017 o —
1026[0}1[0731370[1270 — 1404[37212270[170 —|—5131371[072122701170 —|—297Ig71[073]227011’0 —
918[07212271[1’0 +3241227211’0 —891[07211271[2’011’0 —|—891Il71[1’212,111,0 — 108[0’312,012,111’04-
1296[@721270[2’211’0 +5670[07311711370[1’0 —5472]0}2[1721370I170 +5184IO,1IO’21171[2270 —
540010311115 —17281F 1 11 215 o +194410 211 215 (+199811 213 | —361815 1 111150121+
999[072[17112,01271 +675I07111,21270[2,1 +5832[071117112,01272 —3888]172[2701272 —
1998111121 1994361815 1 IT  I30+59410 217 | 130 +259217 30— 6507101 11 1 11 2130 —
1476[3721270[370 +945I§71]0721270]370 +729]071[073[27013,0 - 5184[071[0721271[370 -
5941 312 1130+ 1728[3,1127213,0 +38521 212213 9

I{hoo = 582011 oI5, — 646811 013013 | — 1459817 Iy 1 1§, —8461F o121 I3 | +

1980111 13,015 —82441 211 o I§ | —556213 1 I5 1 +3342617 o 11 215 1 — 197110 217 o Jo 015 1 +
108011011002, 013 | +2624411 oIy 115115 1 — 3817813 Iz 215 | +982815 012 oI5 1+
1164610211 013,015 1 — 129611 213,015 1 +289210 317 o Io,1 — 1668610 215 o 11,1 10,1 +
89117 o111 11,0001 —24310 317 o 12,0 Lo,1 +4622410 517 o I 1 To,1 — 3537011 011,212,1 1o, —
264610212, 012,110,1+591311 011,112 2101 +10815 112 21p1 — 31621 311 013,010,1 —
232210211 ,113,010,1 — 8641 o I — 178210217 o IT 1 +108010 215 1 +-378013 5 —
295210 313 o 11,1+21610 217 o 11,2 +162015 o IT 12,0 — 108010 211 011 2120 —
2070[073[12701271 +2079]0,211,01171[271 - 891[1’1[172I271 - 6048]0,312’0[2’1 -
4140[@2[1270[2’2 + 1782]12711272 + 1728[1’0[1’212,2 — 540[0’21270]2,2 — 2016[&2[17013’0 +
342[0’31171[3,0 + 1296]@721172[3’0

I8 0o =—b184Ig Iy 1 11 o +1080010 1 Iy oI} o — 842411 1 Iy o1} o +966615 1 T2 1 IF o —
20628]0,112’21%70+7344Ig71[1’112’0[1270 — 15768[07111721270[1270 +54IL2IQ»1112,0+
2481311115 217 o+ 63013 1 13,017 o +291610 1 Io,213,0 17 o +396 10 313,017 o —
38715 113 0 11,0— 10261110 213 o 11,0+9010 315 o 11,0— 1385115 1 12 012111 0—
43210212 012,111,0+3072610,112,012211,0—1644312 112211 0— 15876]3711171[3’0[1’0 +
18684[071[17213701170 + 14256[3’11171[22’0 — 15984[071[17212270 + 16929]172[27012,1 —
1620011 1 To,0 5,2 — 72911 1 Ty o T30 — 24313 1 I 0T3,9— 1890T0,1 Io 2T 0 I3, —
486[073]270[3,0 +36451371[271[370 +432[0721271[370 - 7830[07112,21370

Tfhoo = —102613 o I§ | —360.11 o Io,015  +203415 015, — 1165517 o Iy 1 I§ | +

421214 115 o I3 | +146711 o Io 1 1§ 1 +234910 217 oI5 1 +2624411 17 15 1 — 2276117 o 11 oI5 | +
56710,211,012,018 1 +1134011 215 0I5 | —1096211 1 I5 115 1 41606511 12 215 | —

434710 213,015 1 +51310 317 o Jo,1 +3315610 2 1T o 11,1 10,1 — 2424611 o 11,111,210, —

10171o,311 012,010, — 1933210 211 112 0 I, — 2867410 211 o121 10,1 — 683111 205 1 1o 1 +
1433714 115 910,1+101710 313 0101 — 144015 o I3 o +207910 011 0 17 | — 259211 017 5 —

495010 317 o 11,1+ 720010217 o 112489117 | 1) o+ 140415 o 11 0 I5,0+685810 31,1 12,0—
2484[072[1721270 —1—849610,3[1’0[271 — 918]0,211’1[271 —{—2052[0’211,012,2 —|-378011721272 +
129615 5130
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T80 =—28813 117 o +2410 217 o +572410 1 11 1 1T — 79211 o I}  — 783017 1 I o+
86415 1 In017 —86410 212,017 \—891010,1 12 1 I} o — 79212 21} —955810,1 11 1 12 017 o+
3024]172127011270 +23571[171[271[12’0 — 2034[371[370112’0 —2040]072137011270 +513Ig711227011,0 +
140410215 o110 — 1374313 | 11 0+89117 1 I5 011 0+1228510,1 12,0 12,1 11,0+205215 012 211 o+
1539010,111,113,011,0— 28811 213,011,0— 1404010 1 11,113 o — 194411 515, — 126911112 0121 —
1620[1271]370 +945Ig71[270]370 + 1476]0,2.[27013,0 —891]0,1[271[3’0 - 1260]2721370

Ifi 0o = —352813 | It +1666810,1 10 211 o+ 1755015 1 11,115 o +248410 11 1 I ) —
6728410111 217 o —178211 111 217 o — 728113 1 I 0 IT — 2295010 1 L0212, 017 o —

25210 315,017 o — 2178915 1 1o 1 17 s — 337510 215,117 1 +10829710 1 5 217 o —
891]072117112,01170—2160]0711172127011,0+2160[17212,1]170 - 14985]171[27211704‘
1940413 1 13,0 11,0 —835210,1 10,0130 11,04+43210 313, 011,0— 950415 1 I3 4 +907210 1 o 215 o+
64810313 o+3844815 1 I5 0121 —99910,215,0121 — 5767210112, 0I5, — 342915 1 I5 o —
5940]02,11171[370 - 1296]0,211’11370—}—5184[071]1’2I3,0

Ifh0o = —1551613 | I o+ 316810017 o +5578210 111 1 I} o — 734411 oI} o+ 356417 | IF o+
370711 12,013 g — 540010 2 15,017 g —801631,1 12 1 I7 o +1620012 217 o +89110 1 11 112 0 11,0+
216011 212,011,0—2486711 115,111 0— 1623615 | I3 011,0+475210 213,011 0—

2161 13 0 — 1217713  — 494111 I 0 I5,1+205210 1 11,1130

I8 0o =—TT85I I3 | +1479611 012,015 | —6102130 15 1 +1020617 o 11,1 13 —
2851211115 01§ 1 —996311 015,115 —442819 217 o Io,1 +643411F o I1 2 1o, 1 +
4806[0721170[2’0[0’1 + 14472]1721270[071 —35586[170]27210’1 +5184I()72[370I071 -
1368]03]%0 — 297]072112701171 — 20709[17011711172 +540[07311701270+4374I[)7211,0[271 —
402311 5151

T30 = 1077313 1 I} (4201610 o IF  — 3920410 1 11,117 g — 216011 217y — 2308517 1 11 0 —
20682]87112’0[170 — 648[0,212’01170+55107IO71[271[1’0 — 12744[2’211’0+20412I(]71[171]270 +
388811, 15,0+ 699311 1 I, 1 +480613 , I5 g— 388810 2 T30

Iil00 = 2786417 oI5 | —842415 0I5 | — 5248811 011,115 1 +1652415 115 — 3801610 217 o Io,1 +
66420]1701172]071 +28296]0721270[071 *28674]2,21071 +3240[073[1270 *2376[0721170]171 +
1782]171[172 - 2916]0’312,0 — 162]0’212’1

I8t 19 =—1094410 1 If o +1566011,1 15 o +1555210 112 013 g +59412 1 1T — 18108101 13,011 0+
1771210113 s — 3186012 0121 +205211 1130

Ifh00 = 972017 oI5 — 1922415 0 I§ | —1360811 01,1101 +2106012,1 19,1 —360010 217 ) —
35641% | +86411,011,2+108010 2150 — 7560122
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I8 99 =2106010,1 17  —4903211 1 1T o — 313741 112,011 0+3018612 1 I1 043240011 1 I 0+
6102101130

I8y = —899110 113 o +2130311,1 11 0+ 7668101 Io,0+40512 1

Ty = 1136710112+ 1638911 1 I o+ 1749610 1[50+ 152011,
T8 19y = —53649101 12 o+ 1892711 1 Iy o+ 1792810 1 150 — 774915 1
T8 190 = —5364910 1 120+ 1892711 111 0+ 17928101 To.o— T4, 1

I3%15 =19575101 1T (+2308511,1 11 o — 2818810, 112 0+477915 1
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