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FIG. 1. Experiment outline. (A) Level structure of the eEDM-sensitive 3�1(v = 0, J = 1) state. The horizontal axis indicates
mF , the projection of the total angular momentum onto the externally applied electric field. The direction of the electron spin
and e↵ective electric field Ee↵ is indicated for each of the states used in the experiment. (B) Schematic of ion trap, composed
of 8 radial electrodes and a pair of endcap electrodes. Inset shows fields applied during experimental sequence: the rotating
electric bias field ~Erot, and the quadrupole magnetic field ~B0.

tating frame. We also apply a quadrupole magnetic field
gradient to create an e↵ective bias magnetic field Brot

(see Methods).
We prepare an incoherent mixture of one of the spin

states from each doublet, either mF = 3/2 or mF =
�3/2, and then apply a ⇡/2 pulse to create a coherent
superposition of the two states in each doublet. We allow
the superposition to evolve for a variable amount of time,
then apply a second ⇡/2 pulse to map the accumulated
relative phase onto a population di↵erence between the
two states. We clean out the population in one of the
spin states in each doublet, then detect and count the
number of ions in the remaining stretched state by state-
selectively photodissociating the molecules [23]. We use
the opposing orientations of the two doublets in the trap
to send the dissociation products to opposite sides of our
imaging microchannel plate (MCP) and phosphor screen
assembly [24, 25]. We then repeat the procedure with the
opposite initial spin state. Example data are shown in the
two rows at the bottom of Fig. 2. We count the ions on
each side of the screen, in each configuration—typically⇠
120 ions from each doublet after 3 s hold time—and from
these two measurements construct the two asymmetries,
Au and Al, where

Au/l =
Nu/l

In �Nu/l
Anti

Nu/l
In +Nu/l

Anti

. (1)

Here Nu/l
In and Nu/l

Anti are the number of ions counted; u/l
indicate the upper or lower doublet and the subscripts
indicate whether we read out the same state we pre-
pare (In) or the opposite (Anti). We repeat our mea-
surement at di↵erent free-evolution times, generating a

pair of Ramsey fringes as shown in the middle row of
Fig. 2. The frequencies of these two fringes are propor-
tional to the energy splitting in the two doublets. The
primary contribution to this energy splitting is the Zee-
man splitting, 3gFµBBrot, where gF = �0.0031(1) [26] is
the g-factor of the science state. For our typical exper-
imental parameters, this produces fringe frequencies of
⇠ 100Hz. Other e↵ects including the eEDM make small
modifications to this frequency.

Instability of the intensity of the pulsed lasers used for
creation and photodissociation of the ions (see Methods)
creates considerable noise in the number of ions mea-
sured in each shot of the experiment, typically ⇠ 3⇥ the
quantum-projection-noise limit on the side of the fringe
at 3 s. However these sources of noise, and many others,
are common mode between the two doublets—the exact
same laser pulses address both clouds of ions—and so the
noise in Au and Al is highly correlated. To take advan-
tage of this, we form the sum and di↵erence asymmetries
AS = Au + Al and AD = Au � Al as shown in the top
row of Fig. 2. If we take data when the two doublets are
close to in phase, the noise in AD is drastically reduced
[25]. The two doublets oscillate at slightly di↵erent fre-
quencies owing to a ⇠ 1/230 di↵erence in their magnetic
moments, and so during the eEDM dataset we deliber-
ately take our data at a beat. We take two sets of points;
the early-time data when the two doublets are in phase,
and the late-time data ⇠ 230 oscillations later when they
come back into phase again. We can control the time of
the second beat by varying the strength of the magnetic
bias field Brot. We fit to AS and AD to extract the mean
of the two fringe frequencies and their di↵erence.

We collect Ramsey fringes in 23 = 8 experimental
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Figure 11: Likelihood scan as a function of | f
Htt
CP

|. The left plot shows the expected likelihood
scan for multilepton final states, H ! gg, and H ! ZZ final states, and the combination of
multilepton, H ! gg, and H ! ZZ final states. The right plot shows the observed likelihood
scan for multilepton final states and the combination of multilepton, H ! gg, and H ! ZZ
final states.
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Figure 12: Likelihood scan as a function of kt and ekt . Two-dimensional confidence intervals
at 68% CL are depicted as shaded areas, for multilepton (red), the combination of H ! gg
and H ! ZZ (blue), and the combination of the three channels (black). The 95% CL for the
combination is show as a dashed line. The best fit for each is shown as a cross of the corre-
sponding colour. The plot is symmetric with respect to the line ekt=0, hence there are two points
corresponding to the best fit, here we only show one for simplicity. The black diamond shows
the SM expected value. The nontrivial correlation between the measurements are the source of
the change in the best fit value and shape of the confidence regions. The coupling kV and the
H boson branching fractions are kept to their SM values.

LHC modified top Yukawa:

CMS, 2208.02686
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Figure 2: Upper (lower) row: representative Feynman diagrams for the tH process in the t-
channel (tW-associated) production mode.

an integrated luminosity of 138 fb�1. We extend the cross section measurement published by
the CMS Collaboration [26] by interpreting the results in terms of the spin-parity of the H bo-
son. As in previous analyses [25], the separation of the ttH and tH signals from backgrounds
is improved with machine learning techniques, mainly boosted decision trees (BDTs) and arti-
ficial deep neural networks (DNNs) [55, 56]. Machine learning methods are also employed to
improve the separation between CP-odd and CP-even scenarios, both pure and mixed, for the
ttH and tH signals. Tabulated results are provided in the HEPData record for this analysis [57].

2 Phenomenology

The Lagrangian for the fermions-Higgs interaction can be written as a superposition of am-
plitudes with a CP-even and a CP-odd phase, where any deviation from the SM values for
the couplings would mean CP violation in the top-Higgs sector and would be described as a
beyond-the-SM (BSM) phaenomenon. Assuming that the spin-0 H boson is a mass eigenstate,
the ttH Lagrangian can be parametererized as follows:

LttH =
mt

v
ȳt(kt + ig5ekt)ytH , (1)

where ȳt and yt are Dirac spinors, v is the SM Higgs field vacuum expectation value, while kt
and ekt are respectively the CP-even and CP-odd top-Higgs Yukawa coupling modifiers. The
parameter kt is proportional to cos(a), while ekt is proportional to sin(a), where a is the mixing
angle. In the SM, there is no CP violation and therefore a is either 0� or 180�. The choice of
kt and ekt affects the coupling and hence the cross section and kinematic properties of both the
ttH and tH processes. We use the variation in the differential cross section of the ttH and
tH processes depending on the choice of a derived in Ref. [58]. Based on the choice of a, we
can broadly identify the three possible scenarios detailed in Table 1. Kinematic differences
between the purely CP-even, the purely CP-odd, and the mixed scenario can be exploited to
discriminate between them and throw light on the exact CP scenario that is favoured by Nature.
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Figure 23: Compilation of constraints in the �⌘Sb!qqs, interpreted as sin(2�e↵), vs. Cb!qqs
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parameters.
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Figure 24: Averages of (left) �e↵
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1 and (right) ACP for the B0
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FIG. 4. Summary of our dataset after cuts have been applied
and the uncertainty on each block scaled by

p
�2 to account

for over-scatter. (A) Histogram of data. Error bars show
standard deviation of bin counts expected from Poisson dis-
tribution. Blue line shows normal distribution. (B) Normal
probability plot of fDB showing the data are consistent with
a normal distribution. Gray line shows expected probability
for a normal distribution. (C) Variation of central value under
di↵erent experimental parameters compared to the overall av-
erage value of fDB . Here N is the average number of trapped
HfF+ ions per experimental trial during a block. Other panels
are described in the final paragraph of Sec. I.

�2 = 1.07(4) for fDB . Figure 4A and B show the distri-
bution of measured fDB values over the 1329 blocks after
relaxing the uncertainty for each of the blocks by a factorp

�2 = 1.035. The data are consistent with a normal dis-
tribution. Our final statistical uncertainty of 22.8 µHz is
obtained using these relaxed uncertainties. Based on the
number of ions detected in each shot, this uncertainty is
⇠ 30% above the quantum-projection-noise limit.

Figure 4C shows how the measured value of fDB

depends on experimental parameters varied during the
dataset; we find no concerning dependencies.

We removed our blind on November 1, 2022 and ob-
tained a final value for the eEDM-sensitive frequency
channel

fBD = �14.6± 22.8stat ± 6.9syst µHz. (2)

Dividing by �2Ee↵sgn(gF )/h '
1.11⇥ 1031 µHz e�1 cm�1 [29], we obtain a value
for the eEDM

de = (�1.3± 2.0stat ± 0.6syst)⇥ 10�30 e cm, (3)

consistent with zero within one standard error. The
combined statistical and systematic uncertainty �de =

FIG. 5. Fit to results of this work and Ref. [5]. Green and grey
shaded regions show 90% confidence bands for HfF+ and ThO
respectively. Ellipse shows 90% confidence limit for global fit.
Parameters used in fits are from Ref. [29].

2.1⇥ 10�30 e cm improves on our previous work [13] by
a factor ⇠ 37, and on the previous state-of-the-art from
the ACME collaboration [5] by a factor ⇠ 2. Our new re-
sult and those of the ACME collaboration—two measure-
ments using radically di↵erent experimental platforms
with contrasting sources of systematic shifts—are con-
sistent at slightly above one standard error.

IV. INTERPRETATION

We use our result to obtain an upper bound using a
folded gaussian distribution,

|de| < 4.1⇥ 10�30 e cm (90% confidence). (4)

This limit constrains extensions to the Standard Model
which predict new sources of CP-symmetry violation to
explain the matter–anti-matter asymmetry of the uni-
verse [30]. Many extensions, including supersymmetry,
the two-Higgs model, and left-right symmetric models,
generate an eEDM at the one-loop level [31], with mag-
nitude [4]

de ⇠
ea0↵

2

g2

2⇡
sin�CP

m2
e

M2
. (5)

Here M is the characteristic mass of new particles with
e↵ective coupling strength g to the electron, and �CP is
the phase which describes how strongly the interaction
violates CP symmetry. Because de / M�2 and our limit
in Eq. 4 is ⇠ 2.4 times smaller than the one reported
in [5], we are sensitive to new particles with

p
2.4 = 1.5

times higher mass.
To estimate the mass reach of our experiment, we need

to make assumptions for the size of g2 and sin�CP . For
the strong force, QED and the weak force, g2 ⇡ 1, 1/137
and 10�6 respectively. For extensions to the Standard
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1 Introduction

The Lagrangian composed of SU(3)C × SU(2)L × U(1)Y -invariant operators built with
Standard Model fields and having dimension less than or equal to 4, which we denote by
SM4, 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 SM4,
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]:

J4 = ImTr �Y
u
Y †
u
, Y

d
Y †
d
�
3
= 3 ImDet�Y

u
Y †
u
, Y

d
Y †
d
� . (1.1)

This quantity can be interpreted as an order parameter for CPV in the SM4, 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 SM4 can be parametrized through its extension into an Effective
Field Theory (EFT), whose Lagrangian supplements that of the SM4 with an infinite tower
of SU(3)C×SU(2)L×U(1)Y -invariant operators of any dimension built with the SM4 fields,
i.e.

L = LSM4
+�

i

Ci

⇤di−4
Oi , (1.2)

where Oi is an operator of dimension di > 4, Ci a complex coefficient (sometimes called
Wilson coefficient) generically of order one (modulo possible selection rules and after taking
�h dimensions into account) and ⇤ 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 Ci can induce additional CPV beyond
the SM4 alone. In particular, the Ci’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
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I.  CPV is Collective
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12. CKM Quark-Mixing Matrix

Revised March 2020 by A. Ceccucci (CERN), Z. Ligeti (LBNL) and Y. Sakai (KEK).

12.1 Introduction
The masses and mixings of quarks have a common origin in the Standard Model (SM). They

arise from the Yukawa interactions with the Higgs condensate,

LY = ≠Y
d

ij Q
I
Li „ d

I
Rj ≠ Y

u
ij Q

I
Li ‘ „

ú
u

I
Rj + h.c., (12.1)

where Y
u,d are 3◊3 complex matrices, „ is the Higgs field, i, j are generation labels, and ‘ is the 2◊2

antisymmetric tensor. Q
I
L are left-handed quark doublets, and d

I
R and u

I
R are right-handed down-

and up-type quark singlets, respectively, in the weak-eigenstate basis. When „ acquires a vacuum
expectation value, È„Í = (0, v/

Ô
2), Eq. (12.1) yields mass terms for the quarks. The physical states

are obtained by diagonalizing Y
u,d by four unitary matrices, V

u,d
L,R, as M

f
diag = V

f
L Y

f
V

f†

R (v/
Ô

2),
f = u, d. As a result, the charged-current W

± interactions couple to the physical uLj and dLk

quarks with couplings given by

≠gÔ
2

(uL, cL, tL)“µ
W

+
µ VCKM

Q

ca
dL

sL

bL

R

db + h.c., VCKM © V
u

L V
d

L
† =

Q

ca
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

R

db . (12.2)

This Cabibbo-Kobayashi-Maskawa (CKM) matrix [1, 2] is a 3 ◊ 3 unitary matrix. It can be
parameterized by three mixing angles and the CP -violating KM phase [2]. Of the many possible
conventions, a standard choice has become [3]

VCKM =

Q

ca
1 0 0
0 c23 s23
0 ≠s23 c23

R

db

Q

ca
c13 0 s13e

≠i”

0 1 0
≠s13e

i” 0 c13

R

db

Q

ca
c12 s12 0

≠s12 c12 0
0 0 1

R

db

=

Q

ca
c12c13 s12c13 s13e

≠i”

≠s12c23 ≠ c12s23s13e
i”

c12c23 ≠ s12s23s13e
i”

s23c13
s12s23 ≠ c12c23s13e

i” ≠c12s23 ≠ s12c23s13e
i”

c23c13

R

db , (12.3)

where sij = sin ◊ij , cij = cos ◊ij , and ” is the phase responsible for all CP -violating phenomena in
flavor-changing processes in the SM. The angles ◊ij can be chosen to lie in the first quadrant, so
sij , cij Ø 0.

It is known experimentally that s13 π s23 π s12 π 1, and it is convenient to exhibit this
hierarchy using the Wolfenstein parameterization. We define [4–6]

s12 = ⁄ = |Vus|


|Vud|2 + |Vus|2
, s23 = A⁄

2 = ⁄

----
Vcb

Vus

---- ,

s13e
i” = V

ú

ub = A⁄
3(fl + i÷) = A⁄

3(fl̄ + i÷̄)
Ô

1 ≠ A2⁄4
Ô

1 ≠ ⁄2 [1 ≠ A2⁄4(fl̄ + i÷̄)]
. (12.4)

These relations ensure that fl̄ + i÷̄ = ≠(VudV
ú

ub)/(VcdV
ú

cb) is phase convention independent, and the
CKM matrix written in terms of ⁄, A, fl̄, and ÷̄ is unitary to all orders in ⁄. The definitions of fl̄, ÷̄

reproduce all approximate results in the literature; i.e., fl̄ = fl(1≠⁄
2
/2+. . .) and ÷̄ = ÷(1≠⁄

2
/2+. . .),

and one can write VCKM to O(⁄4) either in terms of fl̄, ÷̄ or, traditionally,

VCKM =

Q

ca
1 ≠ ⁄

2
/2 ⁄ A⁄

3(fl ≠ i÷)
≠⁄ 1 ≠ ⁄

2
/2 A⁄

2

A⁄
3(1 ≠ fl ≠ i÷) ≠A⁄

2 1

R

db + O(⁄4) . (12.5)
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d̄j

<latexit sha1_base64="PRzCZbCWdBOeu/alDvenLX/ILDs=">AAACC3icbVDLSgMxFM34rOOr6tJNsBTcWGYEHxux6MZlRfuAdiyZTNqGZjIhyRTL0E/oVj/AT3AnbsVPEL/DHzDtdGFbDwQO59ybnBxfMKq043xbC4tLyyurmTV7fWNzazu7s1tRUSwxKeOIRbLmI0UY5aSsqWakJiRBoc9I1e9ej/xqj0hFI36v+4J4IWpz2qIYaSPdVR+OmtmcU3DGgPPEnZDc5ad9IV6+7FIz+9MIIhyHhGvMkFJ11xHaS5DUFDMysPONWBGBcBe1Sd1QjkKivGScdQDzRglgK5LmcA3Hqv1nI0GhUv3QN5Mh0h01643E/7x6rFvnXkK5iDXhOH2oFTOoIzj6OAyoJFizviEIS2rCQtxBEmFt6pm6KehRoSapH9PYtmnJne1knlSOC+5p4eTWzRWvQIoM2AcH4BC44AwUwQ0ogTLAoA2G4Ak8W0Pr1Xqz3tPRBWuyswemYH38Ahnbnq0=</latexit>

W�

<latexit sha1_base64="qHlVO3NHSFBdIBoqYY5Uv3YwbF8=">AAACEHicbVDLTgIxFL2DLxx8oC7dNCKJKzJj4mNJdOMSE3kkQEin04FK55G2QyQTfoKtfodxZ4w7/8DvMLq2MCwEPEmTk3PubU+PE3EmlWV9GpmV1bX1jeymmdva3tnN7+3XZBgLQqsk5KFoOFhSzgJaVUxx2ogExb7Dad3pX0/8+oAKycLgTg0j2vZxN2AeI1hpqdFFtU7C7kedfMEqWVOgZWLPSKF8/P38Psj9VDr5r5YbktingSIcS9m0rUi1EywUI5yOzGIrljTCpI+7tKlpgH0q28k08AgVteIiLxT6BApNVfPPRoJ9KYe+oyd9rHpy0ZuI/3nNWHmX7YQFUaxoQNKHvJgjFaLJ75HLBCWKDzXBRDAdFpEeFpgo3dHcTe6ARXKW+iGNbeqW7MVOlknttGSfl85u7UL5ClJk4RCO4ARsuIAy3EAFqkCAwxge4ckYGy/Gq/GWjmaM2c4BzMH4+AXmz6IM</latexit>

gVij

CKM matrix:

Wolfenstein parameterization:

can assign Wolfenstein-scaling to Yukawas:

<latexit sha1_base64="0Bg0hwXRDvAMvmeqhXtMfneEBpY=">AAACFnicbVDLTgIxFO34xPGFunTTSEhcTWZIVDZG1I1LTOSRwEg6nQINnZmm7RDIhP9gq/6HO8PWnfE7/AELw0LAkzQ5Oefe25PjcUalsu1vY219Y3NrO7Nj7u7tHxxmj46rMooFJhUcsUjUPSQJoyGpKKoYqXNBUOAxUvN691O/1idC0ih8UkNO3AB1QtqmGCktPd/CJuJcRANoW8VCK5uzLXsGuEqcOcndTMxr/vZlllvZn6Yf4TggocIMSdlwbK7cBAlFMSMjM9+MJeEI91CHNDQNUUCkm8xij2BeKz5sR0K/UMGZav7ZSFAg5TDw9GSAVFcue1PxP68Rq3bRTWjIY0VCnH7UjhlUEZx2AH0qCFZsqAnCguqwEHeRQFjpphYu+X3K5Tz1II1t6pac5U5WSbVgOZfWxaOTK92BFBlwCs7AOXDAFSiBB1AGFYCBAGPwAl6NsfFufBiTdHTNmO+cgAUYn79WqaJ4</latexit>

A ⇡ 0.82

<latexit sha1_base64="LVRkRIdxg0wfSonywcNTidbw5hI=">AAACG3icbVDLTgIxFO34RHyBLjWmkZC4IjMmPpZENy4hkUfCENIpHWjoTJu2g5AJSz+Drf4Ce3fGrQu/waU/YGFYCHiSJifn3Ht7cjzBqNK2/WWtrW9sbm2ndtK7e/sHh5nsUVXxSGJSwZxxWfeQIoyGpKKpZqQuJEGBx0jN691P/VqfSEV5+KiHgjQD1AmpTzHSRmplsq7scugiISQfQLvgXLcyObtgzwBXiTMnueLppPz9fDYptTI/bpvjKCChxgwp1XBsoZsxkppiRkbpvBspIhDuoQ5pGBqigKhmPMs+gnmjtKHPpXmhhjM1/WcjRoFSw8AzkwHSXbXsTcX/vEak/dtmTEMRaRLi5CM/YlBzOC0CtqkkWLOhIQhLasJC3EUSYW3qWrjU7lOh5qkHSey0aclZ7mSVVC9NoYWrspMr3oEEKXACzsEFcMANKIIHUAIVgMETGIMX8GqNrTfr3fpIRtes+c4xWID1+Qs2P6SS</latexit>

⇢ ⇡ 0.16

<latexit sha1_base64="i3OiZyyHVKKeRNHph9qIhh6v1rg=">AAACG3icbVDNTgIxGOziH65/oEeNaSQknja7GtEj0YtHSARMgJBu6UJDd7dpuwjZcPQxuOorcPdmvHrwGTz6AhaWg4CTNJnMfN/XybicUals+8tIra1vbG6lt82d3b39g0z2sCrDSGBSwSELxaOLJGE0IBVFFSOPXBDku4zU3N7d1K/1iZA0DB7UkJOmjzoB9ShGSkutTLZBFIINxLkIB9C2LgutTM627BngKnHmJFc8mZS/n08npVbmp9EOceSTQGGGpKw7NlfNGAlFMSMjM9+IJOEI91CH1DUNkE9kM55lH8G8VtrQC4V+gYIz1fyzESNfyqHv6kkfqa5c9qbif149Ut5NM6YBjxQJcPKRFzGoQjgtArapIFixoSYIC6rDQtxFAmGl61q41O5TLuepB0lsU7fkLHeySqoXllOwrspOrngLEqTBMTgD58AB16AI7kEJVAAGT2AMXsCrMTbejHfjIxlNGfOdI7AA4/MXIA+khQ==</latexit>

⌘ ⇡ 0.36

<latexit sha1_base64="3UADQZPek2tiQkisfPVMsDqhThE=">AAACHHicbVDLSsNAFJ3UV42vWJduBkvBVUgEHxux6MZlBfuANpTJZNoOnSTDzKS0hP5KNy70QwQX4lbxO/wBp00XtvXAwOGce+8cjs8Zlcpxvo3c2vrG5lZ+29zZ3ds/sA4LNRknApMqjlksGj6ShNGIVBVVjDS4ICj0Gan7/bupXx8QIWkcPaoRJ16IuhHtUIyUltpWoRUQphBsIc5FPISu7batomM7M8BV4s5J8ebNvOZPX2albf20ghgnIYkUZkjKputw5aVIKIoZGZulViIJR7iPuqSpaYRCIr10Fn4MS1oJYCcW+kUKzlTzz0aKQilHoa8nQ6R6ctmbiv95zUR1rryURjxRJMLZR52EQRXDaRMwoIJgxUaaICyoDgtxDwmEle5r4VIwoFzOUw+z2KZuyV3uZJXUzmz3wj5/cIvlW5AhD47BCTgFLrgEZXAPKqAKMBiCCXgGL8bEeDXejY9sNGfMd47AAozPX63HpL4=</latexit>

� ⇡ 1.1
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Do Complex Parameters Imply CP Violation?

all be made simultaneously real, even using the freedom to redefine fields (or equivalently,
to define appropriately the CP transformation). In this section we review CP violation in
SM4, in order to establish our conventions and present several of the claims related to CP
violation which will be repeatedly encountered in this paper.

2.1 CP-violation and complex parameters

The usual lore is that complex parameters in the Lagrangian violate CP. At the level
of the fermionic Lagrangian, this claim leaves implicit crucial subtleties related to field
redefinitions. The correct statement is instead that the Lagrangian is CP-symmetric iff one
can redefine the fields so as to make all couplings real.5 In the SM4, this explains why only
one phase out of the six naively contained in the CKM matrix is physical and breaks CP.
For instance, were the CKM matrix equal to the following unitary matrix

VCKM =

�
����
�

72−21i
325

4
13 −12i

13

−12
13

576+168i
1625

49−168i
1625

−96−28i
325 −57

65 −24i
65

�
����
�

, (2.1)

it would not violate CP, although it is explicitly complex. Indeed, one can write

�
����
�

72−21i
325

4
13 −12i

13

−12
13

576+168i
1625

49−168i
1625

−96−28i
325 −57

65 −24i
65

�
����
�

=

�
����
�

3−4i
5 0 0

0 4−3i
5 0

0 0 3−4i
5

�
����
�

�
����
�

3
13

4
13

12
13

−12
13

24
65

7
65

− 4
13 −

57
65

24
65

�
����
�

�
����
�

4+3i
5 0 0

0 3+4i
5 0

0 0 4−3i
5

�
����
�

, (2.2)

and absorb all the factorized diagonal phases into the fermion fields, in order to obtain a
real orthogonal CKM matrix. Such a manipulation cannot be done for the following matrix,

VCKM =

�
����
�

2172−5004i
8125 −1784+432i

8125 −2427+5196i
8125

−3747+3996i
8125

3324+912i
8125

4772−1164i
8125

−308+144i
1105 −4389+2052i

5525
1848+864i

5525

�
����
�

. (2.3)

However, whether it yields a CPV SM4 depends on the fermion spectrum. Indeed, were two
quark masses equal, the kinetic Lagrangian would have a U(2) flavor symmetry, allowing
for more general fermion field redefinitions. For instance, if mu = mc, we can redefine the
first two flavors of up-type quarks in order to absorb the 2×2 unitary matrix which appears

5This is strictly speaking only true for models with continuous internal symmetries. When discrete
symmetries are present, there exists the possibility that the couplings are pseudo-real, namely related to
their complex conjugates via flavor transformations. Then one would get a CP-symmetric Lagrangian iff
there exists a flavor transformation which sends all couplings to their complex conjugates at once. See
Ref. [43] for an example, or the section 4.3 of Ref. [44] for more details and references. In this text, we focus
on the bulk of the SM(EFT) parameter space where any discrete symmetry is embedded into a continuous
one (this is for instance automatic for non-degenerate spectra, see section 4.2 and appendix A).

– 6 –

Does the following CKM matrix imply CP violation?

All phases can be removed by field redefinitions:
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SM4, in order to establish our conventions and present several of the claims related to CP
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2.1 CP-violation and complex parameters

The usual lore is that complex parameters in the Lagrangian violate CP. At the level
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redefinitions. The correct statement is instead that the Lagrangian is CP-symmetric iff one
can redefine the fields so as to make all couplings real.5 In the SM4, this explains why only
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VCKM =
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����
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it would not violate CP, although it is explicitly complex. Indeed, one can write

�
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=

�
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�
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�
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13
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13
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�
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, (2.2)

and absorb all the factorized diagonal phases into the fermion fields, in order to obtain a
real orthogonal CKM matrix. Such a manipulation cannot be done for the following matrix,

VCKM =
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2172−5004i
8125 −1784+432i
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�
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�

. (2.3)

However, whether it yields a CPV SM4 depends on the fermion spectrum. Indeed, were two
quark masses equal, the kinetic Lagrangian would have a U(2) flavor symmetry, allowing
for more general fermion field redefinitions. For instance, if mu = mc, we can redefine the
first two flavors of up-type quarks in order to absorb the 2×2 unitary matrix which appears

5This is strictly speaking only true for models with continuous internal symmetries. When discrete
symmetries are present, there exists the possibility that the couplings are pseudo-real, namely related to
their complex conjugates via flavor transformations. Then one would get a CP-symmetric Lagrangian iff
there exists a flavor transformation which sends all couplings to their complex conjugates at once. See
Ref. [43] for an example, or the section 4.3 of Ref. [44] for more details and references. In this text, we focus
on the bulk of the SM(EFT) parameter space where any discrete symmetry is embedded into a continuous
one (this is for instance automatic for non-degenerate spectra, see section 4.2 and appendix A).
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<latexit sha1_base64="tJLgcYwYVO4POydiApwtGRHEMpM="></latexit>

Qi ! ei�iQi

remove by redefining:<latexit sha1_base64="VhHog2dUjoCvQ7mtUBrs9tqmgd0=">AAACHnicbVDLTgIxFO34xPE1PnZuGggJKzJjorgxIbpxiYk8DIyTTulAQ+eRtkPECV/ihq1+iIkL41ajf+EPWBgWAt6kzck597bnHjdiVEjT/NSWlldW19YzG/rm1vbOrrG3XxNhzDGp4pCFvOEiQRgNSFVSyUgj4gT5LiN1t3c51ut9wgUNgxs5iIjto05APYqRVJRjHN46MTyH6r5LWtyHbYo6Q8fImUVzUnARWFOQK2cL31+l18eKY/y02iGOfRJIzJAQTcuMpJ0gLilmZKjnW7EgEcI91CFNBQPkE2EnE/tDmFdMG3ohVyeQcMLqfyYS5Asx8F3V6SPZFfPamPxPa8bSO7MTGkSxJAFOP/JiBmUIx1moZTnBkg3GW2NOlVmIu4gjLFViMy+1+zQSU9f3qW1dpWTNZ7IIasdF67R4cm3lyhcgrQw4AllQABYogTK4AhVQBRg8gBF4As/aSHvR3rT3tHVJm84cgJnSPn4BbSimXg==</latexit>

Yu = Y diag
u

<latexit sha1_base64="m6DUZ31jjZa8lrjQCFNoV0Ld4Dc="></latexit>

Yd = VCKMY diag
d

ex) suppose in “up basis”:

<latexit sha1_base64="+711qauq7ZSc1JhOBLLROKJEnGc="></latexit>

dj ! e�i�jdj

remove by redefining:

complex parameters do not always imply CP violation!
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Why do we need CP Violating Invariants?

• physical quantities are invariant under rotating fermions by phases:
<latexit sha1_base64="zIXou7wyhJtvJm334iuqE6yWSP4=">AAACLHicbVDLTgIxFO3gC/GFunTTQEhckRnja0l04xITeSSApFMu0NB5pL2Dkgl7v4atfogbY9z6A/6ABWYh4EmanJxzb3t63FAKjbb9YaXW1jc2t9LbmZ3dvf2D7OFRVQeR4lDhgQxU3WUapPChggIl1EMFzHMl1NzB7dSvDUFpEfgPOAqh5bGeL7qCMzRSO5trhlrQphK9PjKlgicKj7ERsA/IxnTqtrN5u2jPQFeJk5A8SVBuZ3+anYBHHvjIJdO64dghtmKmUHAJ40yhGWkIGR+wHjQM9ZkHuhXPPjOmBaN0aDdQ5vhIZ2rmz0bMPK1HnmsmPYZ9vexNxf+8RoTd61Ys/DBC8Pn8oW4kKQZ02gztCAUc5cgQxpUwYSnvM8U4mv4WbuoMRaiT1M/z2BnTkrPcySqpnhWdy+LF/Xm+dJP0lSYnJEdOiUOuSInckTKpEE5eyIS8kjdrYr1bn9bXfDRlJTvHZAHW9y8jsaj/</latexit>

 ! ei✓ 

• more generally, physical quantities are invariant under unitary redefinitions 
of fermions in flavor space:

is any 3x3 unitary matrix 
<latexit sha1_base64="PELNcJelZqek/UfsgqSOwJ8dHj8=">AAACDHicbVDNTgIxGOziHy7+oB69NCKJJ7Jr4s+R6MUjJC6QACHdbhcaut1N2yWSDa/AVR/EeDGeTHwHn8Po2S7LQcBJmkxmvq+djhsxKpVlfRq5tfWNza38tlnY2d3bLx4cNmQYC0wcHLJQtFwkCaOcOIoqRlqRIChwGWm6w9vUb46IkDTk92ockW6A+pz6FCOVSk6vDnvFklWxZoCrxJ6TUvX0++V9VPip9YpfHS/EcUC4wgxJ2batSHUTJBTFjEzMcieWJEJ4iPqkrSlHAZHdZBZ2Asta8aAfCn24gjPV/LORoEDKceDqyQCpgVz2UvE/rx0r/7qbUB7FinCcPeTHDKoQpj+HHhUEKzbWBGFBdViIB0ggrHQ/Czd5IxrJeeqHLLapW7KXO1kljfOKfVm5qOu6bkCGPDgGJ+AM2OAKVMEdqAEHYDAAU/AInoyp8Wy8Gm/ZaM6Y7xyBBRgfvzIWoAE=</latexit>

UQ

ex)
<latexit sha1_base64="9NTAqm7NvdT4E3HKT86nMGNaqYw="></latexit>

Qi ! U ij
Q Qj

• it should be possible to write all CP violating observables in terms of 
objects that are invariant under unitary flavor transformations
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Jarlskog Invariant
<latexit sha1_base64="wV5UkqpLj0Hf8PZOvOgvV1kphb8="></latexit>

J4 = 3 ImDet
h
YuY

†
u , YdY

†
d

i
= ImTr

h
YuY

†
u , YdY

†
d

i3

<latexit sha1_base64="3ZeGE5YOJ0n+yz/i4wUfeaZfp/o="></latexit>

J4 ⇡ 6.4⌘ �36 ⇡ 8⇥ 10�24

CP is conserved (at dimension 4) if and only if:
<latexit sha1_base64="CaeU7NgSoa7zkOAsD58ZwuxMfMI=">AAACD3icbVDLSgMxFM3UVx1fVcGNm2ApuCoz4msjlLoRVy3YB7RDyWQybWgmMySZYhn6Ed3qN7h2Jy7c+Alu/Al/wLTThW09EDicc29yctyIUaks68vIrKyurW9kN82t7Z3dvdz+QV2GscCkhkMWiqaLJGGUk5qiipFmJAgKXEYabv924jcGREga8gc1jIgToC6nPsVIaalx3zmHN9Dq5PJW0ZoCLhN7RvKlo+o3fSl/VDq5n7YX4jggXGGGpGzZVqScBAlFMSMjs9COJYkQ7qMuaWnKUUCkk0zzjmBBKx70Q6EPV3Cqmn82EhRIOQxcPRkg1ZOL3kT8z2vFyr92EsqjWBGO04f8mEEVwsnnoUcFwYoNNUFYUB0W4h4SCCtd0dxN3oBGcpb6MY1t6pbsxU6WSf2saF8WL6p2vlQGKbLgGJyAU2CDK1ACd6ACagCDPhiDJ/BsjI1X4814T0czxmznEMzB+PwFUjif3Q==</latexit>

J4 = 0

Jarlskog, Phys. Rev. Lett. 55 (1985) 1039 
Bernabeu, Branco, Gronau, Phys. Lett. B 169 (1986) 243

invariant measure of CP violation:

evaluating using typical CKM parameterization:
<latexit sha1_base64="vNwURlUT1ylp5eaCgq4O84/XAyg="></latexit>

J4 = 6(y2t � y2c )(y
2
t � y2u)(y

2
c � y2u)(y

2
b � y2s)(y

2
b � y2d))(y

2
s � y2d)

⇥ cos ✓12 cos ✓23 cos
2 ✓13 sin ✓12 sin ✓23 sin ✓13 sin �

expanding using Wolfenstein:
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Application: Electroweak Baryogenesis

M.B. Gavela et al./Nuclear Physics B 430 (1994) 345-381 375 
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Fig. 4. Asymmetries for incoming down quarks, as a function of energy. 
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Indeed, the analytical formulae in Eq. (5.35) display such a structure, with for instance 
in the case SR --* bL: 

_ [ m s m b ' ~  2 ms 
= = , a t  E =  ms, b12 0,  b14 \ M2w J Mw 

2 (msmb'~ 2 mb bl4 ,~ .jc_ (msmb'~ 2 mb l m  s at E=mb, 
b13 ~ -  \ M~ v ] Mw' \ M2w,] M w Z m ~ '  

(6.10) 

while for the complementary transition bR ~ sL, 

Gavela, Lozano, Orloff, Pene, hep-ph/9406288

in SM4, asymmetry suppressed by:
<latexit sha1_base64="k7gnDTcXnDS8nbehf94h4+0llWk="></latexit>

J4 ⇡ 8⇥ 10�24

<latexit sha1_base64="jbYuIeUxaDyzD1OFreQcEM7d6eU=">AAACHnicbVDLTgIxFO3gC/GFj52bBkJiYkJmTHws1BDdsMREhIQhpFM60NB5pL1DHAl/4Qew1Q9xZ9zKd/gDFoaFgCdpcnLOvbcnxwkFV2CaYyO1srq2vpHezGxt7+zuZfcPnlQQScqqNBCBrDtEMcF9VgUOgtVDyYjnCFZzevcTv9ZnUvHAf4Q4ZE2PdHzuckpAS63skS2YC9dlbEve6QK+xTfYbGXzZtGcAi8Ta0bypZx9+jouxZVW9sduBzTymA9UEKUalhlCc0AkcCrYMFOwI8VCQnukwxqa+sRjqjmYxh/iglba2A2kfj7gqZr5szEgnlKx5+hJj0BXLXoT8T+vEYF71RxwP4yA+TT5yI0EhgBPusBtLhkFEWtCqOQ6LKZdIgkF3djcpXafh2qW+jmJndEtWYudLJOns6J1UTx/0HXdoQRpdIxy6ARZ6BKVUBlVUBVR9IJG6A29GyPjw/g0vpLRlDHbOURzML5/AbxCpKM=</latexit>

hHi = 0

<latexit sha1_base64="yK3s4PcROLgPQWNQnH4v6WG/FKs=">AAACIHicbVDLSgMxFM3Ud31VBTdugkUQhDIj+FiIFN10qWC10Cklk95pQzOZIblTLLV/4Re41Q9xJy7rb/gDpo+FrR4IHM65Nzk5QSKFQdcdOJm5+YXFpeWV7Ora+sZmbmv73sSp5lDmsYx1JWAGpFBQRoESKokGFgUSHoL29dB/6IA2IlZ32E2gFrGmEqHgDK1Uz+36EkK8KFFfi2YL6SX1FVC3nsu7BXcE+pd4E5Iv7vtHz4Ni96ae+/YbMU8jUMglM6bquQnWekyj4BL62QM/NZAw3mZNqFqqWASm1ht9oE8PrNKgYaztUUhHavbXRo9FxnSjwE5GDFtm1huK/3nVFMPzWk+oJEVQfPxQmEqKMR22QRtCA0fZtYRxLWxYyltMM462s6mbGh2RmEnqx3HsrG3Jm+3kL7k/LninhZNbW9cVGWOZ7JF9ckg8ckaKpERuSJlw8kReyCt5c16cd+fD+RyPZpzJzg6ZgvP1A6NApak=</latexit>

hHi 6= 0

<latexit sha1_base64="yK3s4PcROLgPQWNQnH4v6WG/FKs=">AAACIHicbVDLSgMxFM3Ud31VBTdugkUQhDIj+FiIFN10qWC10Cklk95pQzOZIblTLLV/4Re41Q9xJy7rb/gDpo+FrR4IHM65Nzk5QSKFQdcdOJm5+YXFpeWV7Ora+sZmbmv73sSp5lDmsYx1JWAGpFBQRoESKokGFgUSHoL29dB/6IA2IlZ32E2gFrGmEqHgDK1Uz+36EkK8KFFfi2YL6SX1FVC3nsu7BXcE+pd4E5Iv7vtHz4Ni96ae+/YbMU8jUMglM6bquQnWekyj4BL62QM/NZAw3mZNqFqqWASm1ht9oE8PrNKgYaztUUhHavbXRo9FxnSjwE5GDFtm1huK/3nVFMPzWk+oJEVQfPxQmEqKMR22QRtCA0fZtYRxLWxYyltMM462s6mbGh2RmEnqx3HsrG3Jm+3kL7k/LninhZNbW9cVGWOZ7JF9ckg8ckaKpERuSJlw8kReyCt5c16cd+fD+RyPZpzJzg6ZgvP1A6NApak=</latexit>

hHi 6= 0

<latexit sha1_base64="yK3s4PcROLgPQWNQnH4v6WG/FKs=">AAACIHicbVDLSgMxFM3Ud31VBTdugkUQhDIj+FiIFN10qWC10Cklk95pQzOZIblTLLV/4Re41Q9xJy7rb/gDpo+FrR4IHM65Nzk5QSKFQdcdOJm5+YXFpeWV7Ora+sZmbmv73sSp5lDmsYx1JWAGpFBQRoESKokGFgUSHoL29dB/6IA2IlZ32E2gFrGmEqHgDK1Uz+36EkK8KFFfi2YL6SX1FVC3nsu7BXcE+pd4E5Iv7vtHz4Ni96ae+/YbMU8jUMglM6bquQnWekyj4BL62QM/NZAw3mZNqFqqWASm1ht9oE8PrNKgYaztUUhHavbXRo9FxnSjwE5GDFtm1huK/3nVFMPzWk+oJEVQfPxQmEqKMR22QRtCA0fZtYRxLWxYyltMM462s6mbGh2RmEnqx3HsrG3Jm+3kL7k/LninhZNbW9cVGWOZ7JF9ckg8ckaKpERuSJlw8kReyCt5c16cd+fD+RyPZpzJzg6ZgvP1A6NApak=</latexit>

hHi 6= 0

<latexit sha1_base64="p0IQmtQD329oF9Zj0lI9wQfuZeU=">AAACDXicbVDNTgIxGOziH65/qEcvDcSEE9k1UTwSvXhE4wIJIOl2u9DQ7a5tl0g2PANXjc/hzXg1PoLRt/AFLCwHASdpMpn5vnY6bsSoVJb1aWRWVtfWN7Kb5tb2zu5ebv+gJsNYYOLgkIWi4SJJGOXEUVQx0ogEQYHLSN3tX078+oAISUN+q4YRaQeoy6lPMVJacu47N3e0kytYJWsKuEzsGSlU8sXvr/LHc7WT+2l5IY4DwhVmSMqmbUWqnSChKGZkZB63YkkihPuoS5qachQQ2U6maUfwWCse9EOhD1dwqpp/NhIUSDkMXD0ZINWTi95E/M9rxso/byeUR7EiHKcP+TGDKoSTr0OPCoIVG2qCsKA6LMQ9JBBWuqC5m7wBjeQs9UMa29Qt2YudLJPaSck+K51e67ouQIosOAJ5UAQ2KIMKuAJV4AAMKBiDR/BkjI0X49V4S0czxmznEMzBeP8F+R+gYg==</latexit>

qiR

<latexit sha1_base64="yZ6KHJXddugMf8QajQPT6QlK16o=">AAACDXicbVDNTgIxGOyCP4h/qEcvjYTEE9k18edI9OLBAyYukMBKut0uVLrdte0SyYajZ676BD6BN+PVZzAefQRfwMJyEHCSJpOZ72un40aMSmWan0Ymu7S8sppby69vbG5tF3Z2azKMBSY2DlkoGi6ShFFObEUVI41IEBS4jNTd3sXYr/eJkDTkN2oQESdAHU59ipHSkn3fvrq9axeKZtmcAC4Sa0qKldJj1vp++aq2Cz8tL8RxQLjCDEnZtMxIOQkSimJGhvlSK5YkQriHOqSpKUcBkU4ySTuEJa140A+FPlzBiZr/s5GgQMpB4OrJAKmunPfG4n9eM1b+mZNQHsWKcJw+5McMqhCOvw49KghWbKAJwoLqsBB3kUBY6YJmbvL6NJLT1A9p7LxuyZrvZJHUjsrWSfn4Wtd1DlLkwD44AIfAAqegAi5BFdgAAwpG4Ak8GyPj1Xgz3tPRjDHd2QMzMD5+AWyLoAQ=</latexit>

qjL
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An Example Dimension 6 Operator

<latexit sha1_base64="qMk5lE1jyMv9UfIpC5Bt/APlSdU="></latexit>

L � Cij

⇤2
|H|2Q̄iH

†
uj

complex Yukawas can be generated by:

>
<

<latexit sha1_base64="6RH7o+bNR7CRxbtZKp/XgEkSXTc=">AAACEHicbVBLTsMwFHzhW8KvwJKNRVWJVZUgfssKNixbiX6kNqocx2mtOk5kOxVV1Et0Cwdhh9hyA87BBXDbLGjLSJZGM+/Z4/ETzpR2nG9rY3Nre2e3sGfvHxweHRdPTpsqTiWhDRLzWLZ9rChngjY005y2E0lx5HPa8oePM781olKxWDzrcUK9CPcFCxnB2kjtro8lqvdYr1hyKs4caJ24OSlBjlqv+NMNYpJGVGjCsVId10m0l2GpGeF0Ype7qaIJJkPcpx1DBY6o8rJ54AkqGyVAYSzNERrNVfvPRoYjpcaRbyYjrAdq1ZuJ/3mdVIf3XsZEkmoqyOKhMOVIx2j2exQwSYnmY0MwkcyERWSAJSbadLR0UzBiicpTvyxi26Yld7WTddK8qri3lZv6dan6kPdVgHO4gEtw4Q6q8AQ1aAABDlN4hTdrar1bH9bnYnTDynfOYAnW1y8za52J</latexit>

Q̄i

<latexit sha1_base64="/ymg9cVQFcMQo9GhbWiv8Rkx+ME=">AAACC3icbVDLTgIxFL2DLxxfqEs3jYTEFZkxvpZENy4xyiOBCel0OlDpdCZth0gIn8BWP8SdcetH+B3+gAVmIeBJmpycc297evyEM6Ud59vKra1vbG7lt+2d3b39g8LhUV3FqSS0RmIey6aPFeVM0JpmmtNmIimOfE4bfv9u6jcGVCoWiyc9TKgX4a5gISNYG+kx7Tx3CkWn7MyAVombkSJkqHYKP+0gJmlEhSYcK9VynUR7Iyw1I5yO7VI7VTTBpI+7tGWowBFV3miWdYxKRglQGEtzhEYz1f6zMcKRUsPIN5MR1j217E3F/7xWqsMbb8REkmoqyPyhMOVIx2j6cRQwSYnmQ0MwkcyERaSHJSba1LNwUzBgicpSv8xj26Yld7mTVVI/L7tX5cuHi2LlNusrDydwCmfgwjVU4B6qUAMCXZjAK7xZE+vd+rA+56M5K9s5hgVYX7/mHZvL</latexit>uj

<latexit sha1_base64="UmAscK68XS6TJMBNxVODcKIJRfA=">AAACCXicbVDLTgIxFO3gC/GFunTTSEhckRnja0l0wxISeSQwIZ3OHWjodCZth0gmfAFb/RB3xq1f4Xf4AxaYhYAnaXJyzr3t6fFizpS27W8rt7W9s7uX3y8cHB4dnxRPz1oqSiSFJo14JDseUcCZgKZmmkMnlkBCj0PbGz3N/fYYpGKReNaTGNyQDAQLGCXaSI1av1iyK/YCeJM4GSmhDPV+8afnRzQJQWjKiVJdx461mxKpGeUwLZR7iYKY0BEZQNdQQUJQbrpIOsVlo/g4iKQ5QuOFWvizkZJQqUnomcmQ6KFa9+bif1430cGDmzIRJxoEXT4UJBzrCM+/jX0mgWo+MYRQyUxYTIdEEqpNOSs3+WMWqyz1yzJ2wbTkrHeySVrXFeeuctu4KVUfs77y6AJdoivkoHtURTVUR01EEaAZekVv1sx6tz6sz+Vozsp2ztEKrK9fBiuawQ==</latexit>

H

<latexit sha1_base64="Jfzw8h9Kp4sN7qU/d1d6V8Ys+qc=">AAACEXicbVBLTsMwFHT4lvArsGRjUVViVSWI37KCTZdFoh/UhspxnNSq7US2U1FFPUW3cBB2iC0n4BxcALfNgraMZGk08549Hj9hVGnH+bbW1jc2t7YLO/bu3v7BYfHouKniVGLSwDGLZdtHijAqSENTzUg7kQRxn5GWP7if+q0hkYrG4lGPEuJxFAkaUoy0kZ5qz90ARRGRvWLJqTgzwFXi5qQEctR7xZ9uEOOUE6ExQ0p1XCfRXoakppiRsV3upookCA9QRDqGCsSJ8rJZ4jEsGyWAYSzNERrOVPvPRoa4UiPum0mOdF8te1PxP6+T6vDWy6hIUk0Enj8UpgzqGE6/DwMqCdZsZAjCkpqwEPeRRFibkhZuCoY0UXnql3ls27TkLneySpoXFfe6cvVwWare5X0VwCk4A+fABTegCmqgDhoAAw4m4BW8WRPr3fqwPueja1a+cwIWYH39AmXznjU=</latexit>

H
†

<latexit sha1_base64="Jfzw8h9Kp4sN7qU/d1d6V8Ys+qc=">AAACEXicbVBLTsMwFHT4lvArsGRjUVViVSWI37KCTZdFoh/UhspxnNSq7US2U1FFPUW3cBB2iC0n4BxcALfNgraMZGk08549Hj9hVGnH+bbW1jc2t7YLO/bu3v7BYfHouKniVGLSwDGLZdtHijAqSENTzUg7kQRxn5GWP7if+q0hkYrG4lGPEuJxFAkaUoy0kZ5qz90ARRGRvWLJqTgzwFXi5qQEctR7xZ9uEOOUE6ExQ0p1XCfRXoakppiRsV3upookCA9QRDqGCsSJ8rJZ4jEsGyWAYSzNERrOVPvPRoa4UiPum0mOdF8te1PxP6+T6vDWy6hIUk0Enj8UpgzqGE6/DwMqCdZsZAjCkpqwEPeRRFibkhZuCoY0UXnql3ls27TkLneySpoXFfe6cvVwWare5X0VwCk4A+fABTegCmqgDhoAAw4m4BW8WRPr3fqwPueja1a+cwIWYH39AmXznjU=</latexit>

H
†

has, a priori, 18 real parameters, 9 are phases:
<latexit sha1_base64="8A6V9vqOjoY/Rs442v7/snoiDT4="></latexit>

C =

0

@
|c11|ei�11 |c12|ei�12 |c13|ei�13
|c21|ei�21 |c22|ei�22 |c23|ei�23
|c31|ei�31 |c32|ei�32 |c33|ei�33

1

A

<latexit sha1_base64="KZdlqbJoscqirMkQdR64DgDukG8=">AAACCXicbVDLTgIxFO3gC/GFunTTSEhckRnja0lk4xISeSQwIZ3OHWjodCZth0gmfAFb/RB3xq1f4Xf4AxaYhYAnaXJyzr3t6fFizpS27W8rt7W9s7uX3y8cHB4dnxRPz1oqSiSFJo14JDseUcCZgKZmmkMnlkBCj0PbG9XmfnsMUrFIPOtJDG5IBoIFjBJtpEatXyzZFXsBvEmcjJRQhnq/+NPzI5qEIDTlRKmuY8faTYnUjHKYFsq9REFM6IgMoGuoICEoN10kneKyUXwcRNIcofFCLfzZSEmo1CT0zGRI9FCte3PxP6+b6ODBTZmIEw2CLh8KEo51hOffxj6TQDWfGEKoZCYspkMiCdWmnJWb/DGLVZb6ZRm7YFpy1jvZJK3rinNXuW3clKqPWV95dIEu0RVy0D2qoidUR01EEaAZekVv1sx6tz6sz+Vozsp2ztEKrK9f/eOavA==</latexit>

C

<latexit sha1_base64="KZdlqbJoscqirMkQdR64DgDukG8=">AAACCXicbVDLTgIxFO3gC/GFunTTSEhckRnja0lk4xISeSQwIZ3OHWjodCZth0gmfAFb/RB3xq1f4Xf4AxaYhYAnaXJyzr3t6fFizpS27W8rt7W9s7uX3y8cHB4dnxRPz1oqSiSFJo14JDseUcCZgKZmmkMnlkBCj0PbG9XmfnsMUrFIPOtJDG5IBoIFjBJtpEatXyzZFXsBvEmcjJRQhnq/+NPzI5qEIDTlRKmuY8faTYnUjHKYFsq9REFM6IgMoGuoICEoN10kneKyUXwcRNIcofFCLfzZSEmo1CT0zGRI9FCte3PxP6+b6ODBTZmIEw2CLh8KEo51hOffxj6TQDWfGEKoZCYspkMiCdWmnJWb/DGLVZb6ZRm7YFpy1jvZJK3rinNXuW3clKqPWV95dIEu0RVy0D2qoidUR01EEaAZekVv1sx6tz6sz+Vozsp2ztEKrK9f/eOavA==</latexit>

Cbut can set       real and diagonal using unitary transformations:

does this operator violate CP?

<latexit sha1_base64="9NTAqm7NvdT4E3HKT86nMGNaqYw="></latexit>

Qi ! U ij
Q Qj

<latexit sha1_base64="4/0mbjEVMYm/fBgwTnnYqHNYQn0="></latexit>

ui ! U ij
u uj
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II.  Invariant Measures 
of CPV at dimension 6

<latexit sha1_base64="lRJdCMJdwIC5MLGn282r8xs6KZU=">AAACJHicbVDLTsJAFJ3iG1+oO900EhJXpDW+lkQSdamJCAkQMh0uMGE6bWZuCaQh8Wvc6oe4My7c+BP+gEPpQsCT3OTk3NfJ8ULBNTrOl5VZWl5ZXVvfyG5ube/s5vb2n3QQKQYVFohA1TyqQXAJFeQooBYqoL4noOr1y5N+dQBK80A+4iiEpk+7knc4o2ikVu6wgTDE5E58EyjQeKsA5Dguj1u5vFN0EtiLxE1JnqS4b+V+Gu2ART5IZIJqXXedEJsxVciZgHG20Ig0hJT1aRfqhkrqg27GyfOxXTBK2+4EypREO1GzfzZi6ms98j0z6VPs6fneRPyvV4+wc9WMuQwjBMmmjzqRsDGwJ4nYba6AoRgZQpnixqzNelRRhia3mUvtAQ916no4tZ01KbnzmSySp9Oie1E8fzjLl67TvNbJETkmJ8Qll6RE7sg9qRBGnskLeSVv1ov1bn1Yn9PRjJXuHJAZWN+/CVOmew==</latexit>

C
<latexit sha1_base64="nZdoaHL1a7d/gUiCHH8vSbpBXNg="></latexit>

Ci,j,(k,l)
O

i,j,(k,l)

⇤2

<latexit sha1_base64="xvMx0EgOZIqcH6BoB0DLTUch55M=">AAACH3icbVDLTsJAFJ36xPqqGlduGgmJK9IaX0uiG5eYyMMAaabDBSZMH5m5JZCGj2GrH+LOuOU7/AEH6ELAk9zk5NzXyfFjwRU6ztTY2Nza3tnN7Zn7B4dHx9bJaVVFiWRQYZGIZN2nCgQPoYIcBdRjCTTwBdT8/tOsXxuAVDwKX3EUQyug3ZB3OKOoJc86byIMcX4n9UUC4/TNS8aelXeKzhz2OnEzkicZyp7102xHLAkgRCaoUg3XibGVUomcCRibhWaiIKasT7vQ0DSkAahWOv87tgtaadudSOoK0Z6r5p+NlAZKjQJfTwYUe2q1NxP/6zUS7Dy0Uh7GCULIFo86ibAxsmdh2G0ugaEYaUKZ5NqszXpUUoY6sqVL7QGPVeZ6uLBt6pTc1UzWSfW66N4Vb19u8qXHLK8cuSCX5Iq45J6UyDMpkwphJCUT8k4+jInxaXwZ34vRDSPbOSNLMKa/Ibekdw==</latexit>

Yu

<latexit sha1_base64="hDXGm0WXwMm+XnSFUwynpQvTEqA=">AAACHnicbVDJTgJBFOzBDXHD5eZlIiHxRGaM25HoxSMmshggpKfnAR16lnS/IeCEf+GqH+LNeNXv8AdshjkIWMlLKvW2Sjmh4Aot69vIrK1vbG5lt3M7u3v7B/nDo5oKIsmgygIRyIZDFQjuQxU5CmiEEqjnCKg7g/tZvz4EqXjgP+E4hLZHez7vckZRS538SQthhMmdWII7iZ877qSTL1glK4G5SuyUFEiKSif/03IDFnngIxNUqaZthdiOqUTOBExyxVakIKRsQHvQ1NSnHqh2nLydmEWtuGY3kLp8NBM192cjpp5SY8/Rkx7FvlruzcT/es0Iu7ftmPthhOCz+aNuJEwMzFkWpsslMBRjTSiTXJs1WZ9KylAntnDJHfJQpa5Hc9s5nZK9nMkqqV2U7OvS1eNloXyX5pUlp+SMnBOb3JAyeSAVUiWMvJApeSVvxtR4Nz6Mz/loxkh3jskCjK9fJKSj7w==</latexit>

Yd

<latexit sha1_base64="7BUhTW/l1KfJIQOMCCN//CzOO4Y="></latexit>

ImTr
h
YuYu

†, YdY
†
d

i3 ?

?
s

<latexit sha1_base64="5z0wu4HAu46Y52nCH3xkTHVIh9Q=">AAACH3icbVDLTsJAFJ36RHxVjSs3jYTEFWmNryXRjUtM5GGAkOn0FiZMH5m5JZCGj2GrH+LOuOU7/AEH6ELAk9zk5NzXyXFjwRXa9tTY2Nza3tnN7eX3Dw6Pjs2T05qKEsmgyiIRyYZLFQgeQhU5CmjEEmjgCqi7/adZvz4AqXgUvuIohnZAuyH3OaOopY553kIY4vxOWhFJME7fOjDumAW7ZM9hrRMnIwWSodIxf1pexJIAQmSCKtV07BjbKZXImYBxvthKFMSU9WkXmpqGNADVTud/x1ZRK57lR1JXiNZczf/ZSGmg1Chw9WRAsadWezPxv14zQf+hnfIwThBCtnjkJ8LCyJqFYXlcAkMx0oQyybVZi/WopAx1ZEuXvAGPVeZ6uLCd1yk5q5msk9p1ybkr3b7cFMqPWV45ckEuyRVxyD0pk2dSIVXCSEom5J18GBPj0/gyvhejG0a2c0aWYEx/AfZkpF0=</latexit>

Ye

?
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CP Violation at Dimension 6
consider an amplitude:

<latexit sha1_base64="sitHI3l7Ou7jK/D89+duBlJ8OMQ="></latexit>

A = A(4) +A(6) + . . .

observable:
<latexit sha1_base64="OXt8/K4Igkt1QF6dfnAbV3UcTYQ="></latexit>

|A|2 = |A(4)|2 + 2Re
⇣
A(4)A(6)⇤

⌘
+ . . .

<latexit sha1_base64="Scy61YR1Z4UFq9PRS5uTKGxraY8=">AAACHXicbVDLSsNAFJ3UV42vaJdugqWgm5IIPpZVQVy4qGAf0MQymUzaoZMHM5NiCPkU6VY/xJ24Ff/Atf6A06YL23pg4HDOvXcOx4ko4cIwPpXC0vLK6lpxXd3Y3Nre0Xb3mjyMGcINFNKQtR3IMSUBbggiKG5HDEPfobjlDK7GfmuIGSdhcC+SCNs+7AXEIwgKKXW1kuUxiFIzS61bueXCByPramWjakygLxJzSsq1I+P66/vpot7Vfiw3RLGPA4Eo5LxjGpGwU8gEQRRnasWKOY4gGsAe7kgaQB9zO52kz/SKVFzdC5l8gdAnqvpnI4U+54nvyEkfij6f98bif14nFt65nZIgigUOUP6RF1NdhPq4Ct0lDCNBE0kgYkSG1VEfyjqELGzmkjskEZ+mfsxjq7Ilc76TRdI8rpqn1ZM7s1y7BDmKYB8cgENggjNQAzegDhoAgQSMwDN4UUbKq/KmvOejBWW6UwIzUD5+ASWppjY=</latexit>

1
⇤0

CP conserved at order 
<latexit sha1_base64="CaeU7NgSoa7zkOAsD58ZwuxMfMI=">AAACD3icbVDLSgMxFM3UVx1fVcGNm2ApuCoz4msjlLoRVy3YB7RDyWQybWgmMySZYhn6Ed3qN7h2Jy7c+Alu/Al/wLTThW09EDicc29yctyIUaks68vIrKyurW9kN82t7Z3dvdz+QV2GscCkhkMWiqaLJGGUk5qiipFmJAgKXEYabv924jcGREga8gc1jIgToC6nPsVIaalx3zmHN9Dq5PJW0ZoCLhN7RvKlo+o3fSl/VDq5n7YX4jggXGGGpGzZVqScBAlFMSMjs9COJYkQ7qMuaWnKUUCkk0zzjmBBKx70Q6EPV3Cqmn82EhRIOQxcPRkg1ZOL3kT8z2vFyr92EsqjWBGO04f8mEEVwsnnoUcFwYoNNUFYUB0W4h4SCCtd0dxN3oBGcpb6MY1t6pbsxU6WSf2saF8WL6p2vlQGKbLgGJyAU2CDK1ACd6ACagCDPhiDJ/BsjI1X4814T0czxmznEMzB+PwFUjif3Q==</latexit>

J4 = 0

invariant measures of CP violation at order          ?
<latexit sha1_base64="Z5B4jibPJqJED/zNHkN5C7v1Y4k=">AAACHXicbVDLSsNAFJ34rPEV7dJNsBR0U5KCj2VVEBcuKtgHNLFMJpN26OTBzKQYQj5FutUPcSduxT9wrT/gtOnCth4YOJxz753DcSJKuDCMT2VpeWV1bb2woW5ube/sanv7TR7GDOEGCmnI2g7kmJIANwQRFLcjhqHvUNxyBldjvzXEjJMwuBdJhG0f9gLiEQSFlLpa0fIYRKmZpdat3HLhQzXraiWjYkygLxJzSkq1Y+P66/vpot7Vfiw3RLGPA4Eo5LxjGpGwU8gEQRRnatmKOY4gGsAe7kgaQB9zO52kz/SyVFzdC5l8gdAnqvpnI4U+54nvyEkfij6f98bif14nFt65nZIgigUOUP6RF1NdhPq4Ct0lDCNBE0kgYkSG1VEfyjqELGzmkjskEZ+mfsxjq7Ilc76TRdKsVszTysmdWapdghwFcAAOwREwwRmogRtQBw2AQAJG4Bm8KCPlVXlT3vPRJWW6UwQzUD5+ASj1pjg=</latexit>

1
⇤2

if and only if:

<latexit sha1_base64="Scy61YR1Z4UFq9PRS5uTKGxraY8=">AAACHXicbVDLSsNAFJ3UV42vaJdugqWgm5IIPpZVQVy4qGAf0MQymUzaoZMHM5NiCPkU6VY/xJ24Ff/Atf6A06YL23pg4HDOvXcOx4ko4cIwPpXC0vLK6lpxXd3Y3Nre0Xb3mjyMGcINFNKQtR3IMSUBbggiKG5HDEPfobjlDK7GfmuIGSdhcC+SCNs+7AXEIwgKKXW1kuUxiFIzS61bueXCByPramWjakygLxJzSsq1I+P66/vpot7Vfiw3RLGPA4Eo5LxjGpGwU8gEQRRnasWKOY4gGsAe7kgaQB9zO52kz/SKVFzdC5l8gdAnqvpnI4U+54nvyEkfij6f98bif14nFt65nZIgigUOUP6RF1NdhPq4Ct0lDCNBE0kgYkSG1VEfyjqELGzmkjskEZ+mfsxjq7Ilc76TRdI8rpqn1ZM7s1y7BDmKYB8cgENggjNQAzegDhoAgQSMwDN4UUbKq/KmvOejBWW6UwIzUD5+ASWppjY=</latexit>

1
⇤0

<latexit sha1_base64="Z5B4jibPJqJED/zNHkN5C7v1Y4k=">AAACHXicbVDLSsNAFJ34rPEV7dJNsBR0U5KCj2VVEBcuKtgHNLFMJpN26OTBzKQYQj5FutUPcSduxT9wrT/gtOnCth4YOJxz753DcSJKuDCMT2VpeWV1bb2woW5ube/sanv7TR7GDOEGCmnI2g7kmJIANwQRFLcjhqHvUNxyBldjvzXEjJMwuBdJhG0f9gLiEQSFlLpa0fIYRKmZpdat3HLhQzXraiWjYkygLxJzSkq1Y+P66/vpot7Vfiw3RLGPA4Eo5LxjGpGwU8gEQRRnatmKOY4gGsAe7kgaQB9zO52kz/SyVFzdC5l8gdAnqvpnI4U+54nvyEkfij6f98bif14nFt65nZIgigUOUP6RF1NdhPq4Ct0lDCNBE0kgYkSG1VEfyjqELGzmkjskEZ+mfsxjq7Ilc76TRdKsVszTysmdWapdghwFcAAOwREwwRmogRtQBw2AQAJG4Bm8KCPlVXlT3vPRJWW6UwQzUD5+ASj1pjg=</latexit>

1
⇤2

<latexit sha1_base64="Scy61YR1Z4UFq9PRS5uTKGxraY8=">AAACHXicbVDLSsNAFJ3UV42vaJdugqWgm5IIPpZVQVy4qGAf0MQymUzaoZMHM5NiCPkU6VY/xJ24Ff/Atf6A06YL23pg4HDOvXcOx4ko4cIwPpXC0vLK6lpxXd3Y3Nre0Xb3mjyMGcINFNKQtR3IMSUBbggiKG5HDEPfobjlDK7GfmuIGSdhcC+SCNs+7AXEIwgKKXW1kuUxiFIzS61bueXCByPramWjakygLxJzSsq1I+P66/vpot7Vfiw3RLGPA4Eo5LxjGpGwU8gEQRRnasWKOY4gGsAe7kgaQB9zO52kz/SKVFzdC5l8gdAnqvpnI4U+54nvyEkfij6f98bif14nFt65nZIgigUOUP6RF1NdhPq4Ct0lDCNBE0kgYkSG1VEfyjqELGzmkjskEZ+mfsxjq7Ilc76TRdI8rpqn1ZM7s1y7BDmKYB8cgENggjNQAzegDhoAgQSMwDN4UUbKq/KmvOejBWW6UwIzUD5+ASWppjY=</latexit>

1
⇤0

<latexit sha1_base64="Z5B4jibPJqJED/zNHkN5C7v1Y4k=">AAACHXicbVDLSsNAFJ34rPEV7dJNsBR0U5KCj2VVEBcuKtgHNLFMJpN26OTBzKQYQj5FutUPcSduxT9wrT/gtOnCth4YOJxz753DcSJKuDCMT2VpeWV1bb2woW5ube/sanv7TR7GDOEGCmnI2g7kmJIANwQRFLcjhqHvUNxyBldjvzXEjJMwuBdJhG0f9gLiEQSFlLpa0fIYRKmZpdat3HLhQzXraiWjYkygLxJzSkq1Y+P66/vpot7Vfiw3RLGPA4Eo5LxjGpGwU8gEQRRnatmKOY4gGsAe7kgaQB9zO52kz/SyVFzdC5l8gdAnqvpnI4U+54nvyEkfij6f98bif14nFt65nZIgigUOUP6RF1NdhPq4Ct0lDCNBE0kgYkSG1VEfyjqELGzmkjskEZ+mfsxjq7Ilc76TRdKsVszTysmdWapdghwFcAAOwREwwRmogRtQBw2AQAJG4Bm8KCPlVXlT3vPRJWW6UwQzUD5+ASj1pjg=</latexit>

1
⇤2
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Sample Operator: Bilinear
<latexit sha1_base64="qMk5lE1jyMv9UfIpC5Bt/APlSdU="></latexit>

L � Cij

⇤2
|H|2Q̄iH

†
uj

<latexit sha1_base64="xsUPNui2gu5J592KpDV+n+vUsHY="></latexit>

ImTr
�
Y †
uC

� <latexit sha1_base64="26uUDhoKp79v+l27XMv5txdQ1Vs="></latexit>

ImTr
�
Y †
uYuY

†
uC

� <latexit sha1_base64="wv7oKTDIy37JPOt+xQWshMsjKlQ="></latexit>

ImTr
�
Y †
u (YuY

†
u )

2C
�

<latexit sha1_base64="CLF8q7MaadSU8gztpGyXci6g06w="></latexit>

ImTr
�
Y †
uYd Y

†
d C

�

>
<

<latexit sha1_base64="6RH7o+bNR7CRxbtZKp/XgEkSXTc=">AAACEHicbVBLTsMwFHzhW8KvwJKNRVWJVZUgfssKNixbiX6kNqocx2mtOk5kOxVV1Et0Cwdhh9hyA87BBXDbLGjLSJZGM+/Z4/ETzpR2nG9rY3Nre2e3sGfvHxweHRdPTpsqTiWhDRLzWLZ9rChngjY005y2E0lx5HPa8oePM781olKxWDzrcUK9CPcFCxnB2kjtro8lqvdYr1hyKs4caJ24OSlBjlqv+NMNYpJGVGjCsVId10m0l2GpGeF0Ype7qaIJJkPcpx1DBY6o8rJ54AkqGyVAYSzNERrNVfvPRoYjpcaRbyYjrAdq1ZuJ/3mdVIf3XsZEkmoqyOKhMOVIx2j2exQwSYnmY0MwkcyERWSAJSbadLR0UzBiicpTvyxi26Yld7WTddK8qri3lZv6dan6kPdVgHO4gEtw4Q6q8AQ1aAABDlN4hTdrar1bH9bnYnTDynfOYAnW1y8za52J</latexit>

Q̄i

<latexit sha1_base64="/ymg9cVQFcMQo9GhbWiv8Rkx+ME=">AAACC3icbVDLTgIxFL2DLxxfqEs3jYTEFZkxvpZENy4xyiOBCel0OlDpdCZth0gIn8BWP8SdcetH+B3+gAVmIeBJmpycc297evyEM6Ud59vKra1vbG7lt+2d3b39g8LhUV3FqSS0RmIey6aPFeVM0JpmmtNmIimOfE4bfv9u6jcGVCoWiyc9TKgX4a5gISNYG+kx7Tx3CkWn7MyAVombkSJkqHYKP+0gJmlEhSYcK9VynUR7Iyw1I5yO7VI7VTTBpI+7tGWowBFV3miWdYxKRglQGEtzhEYz1f6zMcKRUsPIN5MR1j217E3F/7xWqsMbb8REkmoqyPyhMOVIx2j6cRQwSYnmQ0MwkcyERaSHJSba1LNwUzBgicpSv8xj26Yld7mTVVI/L7tX5cuHi2LlNusrDydwCmfgwjVU4B6qUAMCXZjAK7xZE+vd+rA+56M5K9s5hgVYX7/mHZvL</latexit>uj

<latexit sha1_base64="UmAscK68XS6TJMBNxVODcKIJRfA=">AAACCXicbVDLTgIxFO3gC/GFunTTSEhckRnja0l0wxISeSQwIZ3OHWjodCZth0gmfAFb/RB3xq1f4Xf4AxaYhYAnaXJyzr3t6fFizpS27W8rt7W9s7uX3y8cHB4dnxRPz1oqSiSFJo14JDseUcCZgKZmmkMnlkBCj0PbGz3N/fYYpGKReNaTGNyQDAQLGCXaSI1av1iyK/YCeJM4GSmhDPV+8afnRzQJQWjKiVJdx461mxKpGeUwLZR7iYKY0BEZQNdQQUJQbrpIOsVlo/g4iKQ5QuOFWvizkZJQqUnomcmQ6KFa9+bif1430cGDmzIRJxoEXT4UJBzrCM+/jX0mgWo+MYRQyUxYTIdEEqpNOSs3+WMWqyz1yzJ2wbTkrHeySVrXFeeuctu4KVUfs77y6AJdoivkoHtURTVUR01EEaAZekVv1sx6tz6sz+Vozsp2ztEKrK9fBiuawQ==</latexit>

H

<latexit sha1_base64="Jfzw8h9Kp4sN7qU/d1d6V8Ys+qc=">AAACEXicbVBLTsMwFHT4lvArsGRjUVViVSWI37KCTZdFoh/UhspxnNSq7US2U1FFPUW3cBB2iC0n4BxcALfNgraMZGk08549Hj9hVGnH+bbW1jc2t7YLO/bu3v7BYfHouKniVGLSwDGLZdtHijAqSENTzUg7kQRxn5GWP7if+q0hkYrG4lGPEuJxFAkaUoy0kZ5qz90ARRGRvWLJqTgzwFXi5qQEctR7xZ9uEOOUE6ExQ0p1XCfRXoakppiRsV3upookCA9QRDqGCsSJ8rJZ4jEsGyWAYSzNERrOVPvPRoa4UiPum0mOdF8te1PxP6+T6vDWy6hIUk0Enj8UpgzqGE6/DwMqCdZsZAjCkpqwEPeRRFibkhZuCoY0UXnql3ls27TkLneySpoXFfe6cvVwWare5X0VwCk4A+fABTegCmqgDhoAAw4m4BW8WRPr3fqwPueja1a+cwIWYH39AmXznjU=</latexit>

H
†

<latexit sha1_base64="Jfzw8h9Kp4sN7qU/d1d6V8Ys+qc=">AAACEXicbVBLTsMwFHT4lvArsGRjUVViVSWI37KCTZdFoh/UhspxnNSq7US2U1FFPUW3cBB2iC0n4BxcALfNgraMZGk08549Hj9hVGnH+bbW1jc2t7YLO/bu3v7BYfHouKniVGLSwDGLZdtHijAqSENTzUg7kQRxn5GWP7if+q0hkYrG4lGPEuJxFAkaUoy0kZ5qz90ARRGRvWLJqTgzwFXi5qQEctR7xZ9uEOOUE6ExQ0p1XCfRXoakppiRsV3upookCA9QRDqGCsSJ8rJZ4jEsGyWAYSzNERrOVPvPRoa4UiPum0mOdF8te1PxP6+T6vDWy6hIUk0Enj8UpgzqGE6/DwMqCdZsZAjCkpqwEPeRRFibkhZuCoY0UXnql3ls27TkLneySpoXFfe6cvVwWare5X0VwCk4A+fABTegCmqgDhoAAw4m4BW8WRPr3fqwPueja1a+cwIWYH39AmXznjU=</latexit>

H
†

• example operator:

• invariant measures of CP violation:

(invariants with higher powers of         are redundant)
<latexit sha1_base64="F4nDtqKP/tVqDZUrZbxr2Q3R0Cc=">AAACC3icbVDLTgIxFL2DLxxfqEs3jYTEFZkxvpZENy4xysPAhHQ6HWjodCZth0gIn8BWP8SdcetH+B3+gAVmIeBJmpycc297evyEM6Ud59vKra1vbG7lt+2d3b39g8LhUV3FqSS0RmIey6aPFeVM0JpmmtNmIimOfE4bfv9u6jcGVCoWiyc9TKgX4a5gISNYG+nxuZN2CkWn7MyAVombkSJkqHYKP+0gJmlEhSYcK9VynUR7Iyw1I5yO7VI7VTTBpI+7tGWowBFV3miWdYxKRglQGEtzhEYz1f6zMcKRUsPIN5MR1j217E3F/7xWqsMbb8REkmoqyPyhMOVIx2j6cRQwSYnmQ0MwkcyERaSHJSba1LNwUzBgicpSv8xj26Yld7mTVVI/L7tX5cuHi2LlNusrDydwCmfgwjVU4B6qUAMCXZjAK7xZE+vd+rA+56M5K9s5hgVYX7/J8Ju6</latexit>

Yu

• additional invariants by including both Yukawas  : 
ex)

(9 phases)
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Sample Operator: 4-Fermi
<latexit sha1_base64="5ChQoLYZgYBPWO02dbvmGRj7tYQ="></latexit>

L � Cijkl

⇤2 Q̄iujQ̄kdl

<latexit sha1_base64="9gQCnrP/c+RV7rQqIJ7WWRhDQ/Q="></latexit>

ImY †
u,ijY

†
d,ikCljlk

<latexit sha1_base64="66Dvfj0z8GneRapfeVqyuyf3baY="></latexit>

ImY †
u,ijY

†
d,klCkjil

<latexit sha1_base64="I7cdOvYxU4hHdqPUB7oKe6aZDrM="></latexit>

Im
�
YuY

†
u

�
ij
Y †
u,klY

†
d,kmCjlim

X
<latexit sha1_base64="6RH7o+bNR7CRxbtZKp/XgEkSXTc=">AAACEHicbVBLTsMwFHzhW8KvwJKNRVWJVZUgfssKNixbiX6kNqocx2mtOk5kOxVV1Et0Cwdhh9hyA87BBXDbLGjLSJZGM+/Z4/ETzpR2nG9rY3Nre2e3sGfvHxweHRdPTpsqTiWhDRLzWLZ9rChngjY005y2E0lx5HPa8oePM781olKxWDzrcUK9CPcFCxnB2kjtro8lqvdYr1hyKs4caJ24OSlBjlqv+NMNYpJGVGjCsVId10m0l2GpGeF0Ype7qaIJJkPcpx1DBY6o8rJ54AkqGyVAYSzNERrNVfvPRoYjpcaRbyYjrAdq1ZuJ/3mdVIf3XsZEkmoqyOKhMOVIx2j2exQwSYnmY0MwkcyERWSAJSbadLR0UzBiicpTvyxi26Yld7WTddK8qri3lZv6dan6kPdVgHO4gEtw4Q6q8AQ1aAABDlN4hTdrar1bH9bnYnTDynfOYAnW1y8za52J</latexit>

Q̄i

<latexit sha1_base64="/ymg9cVQFcMQo9GhbWiv8Rkx+ME=">AAACC3icbVDLTgIxFL2DLxxfqEs3jYTEFZkxvpZENy4xyiOBCel0OlDpdCZth0gIn8BWP8SdcetH+B3+gAVmIeBJmpycc297evyEM6Ud59vKra1vbG7lt+2d3b39g8LhUV3FqSS0RmIey6aPFeVM0JpmmtNmIimOfE4bfv9u6jcGVCoWiyc9TKgX4a5gISNYG+kx7Tx3CkWn7MyAVombkSJkqHYKP+0gJmlEhSYcK9VynUR7Iyw1I5yO7VI7VTTBpI+7tGWowBFV3miWdYxKRglQGEtzhEYz1f6zMcKRUsPIN5MR1j217E3F/7xWqsMbb8REkmoqyPyhMOVIx2j6cRQwSYnmQ0MwkcyERaSHJSba1LNwUzBgicpSv8xj26Yld7mTVVI/L7tX5cuHi2LlNusrDydwCmfgwjVU4B6qUAMCXZjAK7xZE+vd+rA+56M5K9s5hgVYX7/mHZvL</latexit>uj

<latexit sha1_base64="QXDlEOBERTTiu84uo2mzA0JqOuw=">AAACEHicbVBLTsMwFHzhW8KvwJKNRVWJVZUgfssKNixbiX6kNqocx2mtOk5kOxVV1Et0Cwdhh9hyA87BBXDbLGjLSJZGM+/Z4/ETzpR2nG9rY3Nre2e3sGfvHxweHRdPTpsqTiWhDRLzWLZ9rChngjY005y2E0lx5HPa8oePM781olKxWDzrcUK9CPcFCxnB2kjtro8lqveGvWLJqThzoHXi5qQEOWq94k83iEkaUaEJx0p1XCfRXoalZoTTiV3upoommAxxn3YMFTiiysvmgSeobJQAhbE0R2g0V+0/GxmOlBpHvpmMsB6oVW8m/ud1Uh3eexkTSaqpIIuHwpQjHaPZ71HAJCWajw3BRDITFpEBlpho09HSTcGIJSpP/bKIbZuW3NVO1knzquLeVm7q16XqQ95XAc7hAi7BhTuowhPUoAEEOEzhFd6sqfVufVifi9ENK985gyVYX782tZ2L</latexit>

Q̄k

<latexit sha1_base64="SRjFQHFXl84cPIC73oOXy0AtADc=">AAACC3icbVBLTsMwFHzhW8KvwJKNRVWJVZUgfssKNiyLoB+pjSrHcVqrjhPZTkUV9QjdwkHYIbYcgnNwAdw2C9oykqXRzHv2ePyEM6Ud59taW9/Y3Nou7Ni7e/sHh8Wj44aKU0loncQ8li0fK8qZoHXNNKetRFIc+Zw2/cH91G8OqVQsFs96lFAvwj3BQkawNtJT0OXdYsmpODOgVeLmpAQ5at3iTyeISRpRoQnHSrVdJ9FehqVmhNOxXe6kiiaYDHCPtg0VOKLKy2ZZx6hslACFsTRHaDRT7T8bGY6UGkW+mYyw7qtlbyr+57VTHd56GRNJqqkg84fClCMdo+nHUcAkJZqPDMFEMhMWkT6WmGhTz8JNwZAlKk/9Mo9tm5bc5U5WSeOi4l5Xrh4vS9W7vK8CnMIZnIMLN1CFB6hBHQj0YAKv8GZNrHfrw/qcj65Z+c4JLMD6+gXNUJu8</latexit>

dl

(81 phases)

example invariants:

…

15



How Many Phases at order 1/Λ2  ?

705

11 777

437 331

13 891 774

454 073 102

23

381

6 242

103 268

1 743 183

1E+00

1E+01
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Figure 1: The number of independent CP-violating operators in the SMEFT
up to mass dimension 14. Points joined by the lower solid line are for Nf = 1;
those joined by the upper solid line are for Nf = 3. All operators of odd
dimensions can have their phases removed by rephasing up to this dimension,
and hence they are not shown.

reproduced the same enumerations as those by [17,19] for dimension-six op-
erators and pointed out a misidentification by [18] for dimension-eight oper-
ators. Our Form code can output these results in a few seconds and can list
higher-dimensional operators quickly. Our method can be easily applied to
other EFT theories besides the SMEFT, such as QCD EFT or the SMEFT
with gravity.

As is mentioned at the end of section 3.2, our method correctly lists
operators that violate CP that cannot be removed by rephasing when only
one of them is added to SMEFT. In the presence of multiple operators, CP-
conserving operators on our list can conspire together to violate CP as there
is less freedom for rephasing. The classification of such a possibility is beyond
the scope of this paper.

24

Kondo, Murayama, Okabe, 2212.02413

<latexit sha1_base64="OXt8/K4Igkt1QF6dfnAbV3UcTYQ="></latexit>

|A|2 = |A(4)|2 + 2Re
⇣
A(4)A(6)⇤

⌘
+ . . .

<latexit sha1_base64="OvY4LJJT5LLScYuqHiCx8HWJx9o=">AAACFnicbVDLTsJAFJ36xPpCXbqZSEhwIWmNryXRjQsWmFgggdpMpwOMTKfNzJRIGv6DrX6IO+PWrd/hDzhAFwKeZJKTc+69c3L8mFGpLOvbWFldW9/YzG2Z2zu7e/v5g8O6jBKBiYMjFommjyRhlBNHUcVIMxYEhT4jDb9/N/EbAyIkjfijGsbEDVGX0w7FSGnpySnZp15a9ehZ1XseefmCVbamgMvEzkgBZKh5+Z92EOEkJFxhhqRs2Vas3BQJRTEjI7PYTiSJEe6jLmlpylFIpJtOY49gUSsB7ERCP67gVDX/bKQolHIY+noyRKonF72J+J/XSlTnxk0pjxNFOJ591EkYVBGcdAADKghWbKgJwoLqsBD3kEBY6abmLgUDGsss9csstqlbshc7WSb187J9Vb58uChUbrO+cuAYnIASsME1qIB7UAMOwECAMXgFb8bYeDc+jM/Z6IqR7RyBORhfv/lcn38=</latexit>

U(1)Li�Ljphases transforming under                            do not contribute 
in limit:

<latexit sha1_base64="bKNQVKHa/nDOpj9+8H7tsaMWZE0=">AAACHXicbVDLSsNAFJ3UV62vaJduBkvBVUnE17LoxmUF+4AmhMlk0g6dTMLMpBpCv6Vb/RB34lb8Dn/AaZuFbT0wcDjn3juH4yeMSmVZ30ZpY3Nre6e8W9nbPzg8Mo9POjJOBSZtHLNY9HwkCaOctBVVjPQSQVDkM9L1R/czvzsmQtKYP6ksIW6EBpyGFCOlJc+sRp7DU+gIOhgqJET8DC3PrFkNaw64TuyC1ECBlmf+OEGM04hwhRmSsm9biXJzJBTFjEwqdSeVJEF4hAakrylHEZFuPk8/gXWtBDCMhX5cwbla+bORo0jKLPL1ZITUUK56M/E/r5+q8NbNKU9SRThefBSmDKoYzqqAARUEK5ZpgrCgOizEQyQQVrqwpUvBmCaySP2yiF3RLdmrnayTzkXDvm5cPV7WmndFX2VwCs7AObDBDWiCB9ACbYBBBqbgFbwZU+Pd+DA+F6Mlo9ipgiUYX7+iIKJ+</latexit>

m⌫ ! 0

• there are 1143 phases appearing in fermionic dimension 6 operators
Alonso, Jenkins, Manohar, Trott, 1312.2014 

Quentin Bonnefoy, Emmanuel Gendy,  
Christophe Grojean, JTR, 2112.03889,

• 699 phases can appear in observables at order 1/Λ2  (444 phases do not!)
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III.  Opportunistic CPV

<latexit sha1_base64="lRJdCMJdwIC5MLGn282r8xs6KZU=">AAACJHicbVDLTsJAFJ3iG1+oO900EhJXpDW+lkQSdamJCAkQMh0uMGE6bWZuCaQh8Wvc6oe4My7c+BP+gEPpQsCT3OTk3NfJ8ULBNTrOl5VZWl5ZXVvfyG5ube/s5vb2n3QQKQYVFohA1TyqQXAJFeQooBYqoL4noOr1y5N+dQBK80A+4iiEpk+7knc4o2ikVu6wgTDE5E58EyjQeKsA5Dguj1u5vFN0EtiLxE1JnqS4b+V+Gu2ART5IZIJqXXedEJsxVciZgHG20Ig0hJT1aRfqhkrqg27GyfOxXTBK2+4EypREO1GzfzZi6ms98j0z6VPs6fneRPyvV4+wc9WMuQwjBMmmjzqRsDGwJ4nYba6AoRgZQpnixqzNelRRhia3mUvtAQ916no4tZ01KbnzmSySp9Oie1E8fzjLl67TvNbJETkmJ8Qll6RE7sg9qRBGnskLeSVv1ov1bn1Yn9PRjJXuHJAZWN+/CVOmew==</latexit>

C
<latexit sha1_base64="nZdoaHL1a7d/gUiCHH8vSbpBXNg="></latexit>

Ci,j,(k,l)
O

i,j,(k,l)

⇤2

<latexit sha1_base64="xvMx0EgOZIqcH6BoB0DLTUch55M=">AAACH3icbVDLTsJAFJ36xPqqGlduGgmJK9IaX0uiG5eYyMMAaabDBSZMH5m5JZCGj2GrH+LOuOU7/AEH6ELAk9zk5NzXyfFjwRU6ztTY2Nza3tnN7Zn7B4dHx9bJaVVFiWRQYZGIZN2nCgQPoYIcBdRjCTTwBdT8/tOsXxuAVDwKX3EUQyug3ZB3OKOoJc86byIMcX4n9UUC4/TNS8aelXeKzhz2OnEzkicZyp7102xHLAkgRCaoUg3XibGVUomcCRibhWaiIKasT7vQ0DSkAahWOv87tgtaadudSOoK0Z6r5p+NlAZKjQJfTwYUe2q1NxP/6zUS7Dy0Uh7GCULIFo86ibAxsmdh2G0ugaEYaUKZ5NqszXpUUoY6sqVL7QGPVeZ6uLBt6pTc1UzWSfW66N4Vb19u8qXHLK8cuSCX5Iq45J6UyDMpkwphJCUT8k4+jInxaXwZ34vRDSPbOSNLMKa/Ibekdw==</latexit>

Yu

<latexit sha1_base64="hDXGm0WXwMm+XnSFUwynpQvTEqA=">AAACHnicbVDJTgJBFOzBDXHD5eZlIiHxRGaM25HoxSMmshggpKfnAR16lnS/IeCEf+GqH+LNeNXv8AdshjkIWMlLKvW2Sjmh4Aot69vIrK1vbG5lt3M7u3v7B/nDo5oKIsmgygIRyIZDFQjuQxU5CmiEEqjnCKg7g/tZvz4EqXjgP+E4hLZHez7vckZRS538SQthhMmdWII7iZ877qSTL1glK4G5SuyUFEiKSif/03IDFnngIxNUqaZthdiOqUTOBExyxVakIKRsQHvQ1NSnHqh2nLydmEWtuGY3kLp8NBM192cjpp5SY8/Rkx7FvlruzcT/es0Iu7ftmPthhOCz+aNuJEwMzFkWpsslMBRjTSiTXJs1WZ9KylAntnDJHfJQpa5Hc9s5nZK9nMkqqV2U7OvS1eNloXyX5pUlp+SMnBOb3JAyeSAVUiWMvJApeSVvxtR4Nz6Mz/loxkh3jskCjK9fJKSj7w==</latexit>

Yd

<latexit sha1_base64="GLWggFV6nZo41wF4AnCRBzQg930="></latexit>

Im C = 0

<latexit sha1_base64="I6WsSjMK2+lL31v4TO37k6vwpv0="></latexit>

J4 = ImTr
h
YuYu

†, YdY
†
d

i3

<latexit sha1_base64="mIXt+5vvq27OCjXKbpzrIb0mW24="></latexit>

CPV / J4
⇤2
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Preserving CP at Dimension 6

<latexit sha1_base64="OXt8/K4Igkt1QF6dfnAbV3UcTYQ="></latexit>

|A|2 = |A(4)|2 + 2Re
⇣
A(4)A(6)⇤

⌘
+ . . .

preserves CP if and only if:
<latexit sha1_base64="+FXiMesX5CH5JKqyhbav/9YTdEI=">AAACD3icbVDLSgMxFL1TX3V8VV26CZaCqzIjvjZC0Y24qmAf0A4lk8m0oZnMkGSKpfQjutUPcSdu/QS/wx8wbWdhWw8EDufcm5wcP+FMacf5tnJr6xubW/lte2d3b/+gcHhUV3EqCa2RmMey6WNFORO0ppnmtJlIiiOf04bfv5/6jQGVisXiWQ8T6kW4K1jICNZGajx2LtAtcjqFolN2ZkCrxM1IETJUO4WfdhCTNKJCE46VarlOor0RlpoRTsd2qZ0qmmDSx13aMlTgiCpvNMs7RiWjBCiMpTlCo5lq/9kY4UipYeSbyQjrnlr2puJ/XivV4Y03YiJJNRVk/lCYcqRjNP08CpikRPOhIZhIZsIi0sMSE20qWrgpGLBEZalf5rFt05K73MkqqZ+X3avy5dNFsXKX9ZWHEziFM3DhGirwAFWoAYE+TOAV3qyJ9W59WJ/z0ZyV7RzDAqyvX/twnD8=</latexit>

J4 = 0

preserves CP if and only if:

<latexit sha1_base64="+FXiMesX5CH5JKqyhbav/9YTdEI=">AAACD3icbVDLSgMxFL1TX3V8VV26CZaCqzIjvjZC0Y24qmAf0A4lk8m0oZnMkGSKpfQjutUPcSdu/QS/wx8wbWdhWw8EDufcm5wcP+FMacf5tnJr6xubW/lte2d3b/+gcHhUV3EqCa2RmMey6WNFORO0ppnmtJlIiiOf04bfv5/6jQGVisXiWQ8T6kW4K1jICNZGajx2LtAtcjqFolN2ZkCrxM1IETJUO4WfdhCTNKJCE46VarlOor0RlpoRTsd2qZ0qmmDSx13aMlTgiCpvNMs7RiWjBCiMpTlCo5lq/9kY4UipYeSbyQjrnlr2puJ/XivV4Y03YiJJNRVk/lCYcqRjNP08CpikRPOhIZhIZsIi0sMSE20qWrgpGLBEZalf5rFt05K73MkqqZ+X3avy5dNFsXKX9ZWHEziFM3DhGirwAFWoAYE+TOAV3qyJ9W59WJ/z0ZyV7RzDAqyvX/twnD8=</latexit>

J4 = 0

<latexit sha1_base64="QhmjcRh9sepkEjF1vCgtzoRT6ZY=">AAACH3icbVDLTgIxFO3gC8fXqHHlppGQuCBkhijKwoToxiUm8khgQjqdAg2d6aTtEMmEj2GrH+LOuOU7/AELzELAkzQ5Oefe25PjRYxKZdszI7O1vbO7l903Dw6Pjk+s07OG5LHApI4546LlIUkYDUldUcVIKxIEBR4jTW/4NPebIyIk5eGrGkfEDVA/pD2KkdJS17qg8AE6BVgqwA7zuZIFWK5UulbOLtoLwE3ipCQHUtS61k/H5zgOSKgwQ1K2HTtSboKEopiRiZnvxJJECA9Rn7Q1DVFApJss8k9gXis+7HGhX6jgQjX/bCQokHIceHoyQGog1725+J/XjlXv3k1oGMWKhHj5US9mUHE4LwP6VBCs2FgThAXVYSEeIIGw0pWtXPJHNJJp6rdlbFO35Kx3skkapaJTLt6+3OSqj2lfWXAJrsA1cMAdqIJnUAN1gEECpuAdfBhT49P4Mr6Xoxkj3TkHKzBmv+1eoMk=</latexit>

i = 1, 2, . . . , 699where

<latexit sha1_base64="0dToV1fZZJTJ3A8ZUQ6TV35s/RA="></latexit>

Li = ImTr f(Yu, Yd, Ye)C
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When do dimension 6 operators violate CP?

consider a dimension 6 operator:

naively this is CP conserving if:

but the dimension-4 sector already violates CP:
<latexit sha1_base64="pHUkk2lt5xcHUYM2OuksyhVcOdU=">AAACEXicbVC9TsMwGHTKXwlQCowwWFSVmKoE8TdWZUFMRaI/qI0qx3Faq44T2U5FFfUpusJ7wIZYeQKeg4WBAbfpQFtOsnS6+z77fG7EqFSW9WlkVlbX1jeym+bW9k5uN7+3X5dhLDCp4ZCFoukiSRjlpKaoYqQZCYICl5GG27+e+I0BEZKG/F4NI+IEqMupTzFSWnq47ZzBNifQ6uQLVsmaAi4Te0YK5aOXivXznat28l9tL8RxQLjCDEnZsq1IOQkSimJGRmaxHUsSIdxHXdLSlKOASCeZJh7BolY86IdCH67gVDX/bCQokHIYuHoyQKonF72J+J/XipV/5SSUR7EiHKcP+TGDKoST70OPCoIVG2qCsKA6LMQ9JBBWuqS5m7wBjeQs9WMa29Qt2YudLJP6acm+KJ3f6boqIEUWHIJjcAJscAnK4AZUQQ1gEIAxeALPxth4Nd6M93Q0Y8x2DsAcjI9fCwKgyQ==</latexit>

J4 6= 0

<latexit sha1_base64="sFh44Lvq9CRwwaaZbmqdrMBq7D0="></latexit>

C6

⇤2
O6

opportunistic CP violation:
<latexit sha1_base64="PRG0yX2S4qmA58+wCGznu7G5AqA=">AAACJ3icbVDLTgIxFO3gC/GFujQmDYSEuCAzRsEl0Y07MZFHAkg6nQ40dB5pO0QyYeVn+AVs9StcuTMa3fgN/oAdhgUPb9Lk9Jx7b0+P6TMqpK5/aomV1bX1jeRmamt7Z3cvvX9QE17AMalij3m8YSJBGHVJVVLJSMPnBDkmI3WzfxXp9QHhgnrunRz6pO2grkttipFUVCd93HKQ7GHEwptR5+z+BM7ei510Vi/ok4LLwJiCbDmT//4qvT5VOunfluXhwCGuxAwJ0TR0X7ZDxCXFjIxSuVYgiI9wH3VJU0EXOUS0w8k/RjCnGAvaHlfHlXDCpmYmQuQIMXRM1Rm5FItaRP6nNQNpX7RD6vqBJC6OH7IDBqUHo1CgRTnBkg0VQJhTZRbiHuIISxXd3CZrQH0xdf0Q206plIzFTJZB7bRgFAvntyquSxBXEhyBDMgDA5RAGVyDCqgCDB7BGDyDF22svWnv2kfcmtCmM4dgrrSfPyJtqmQ=</latexit>

O
⇤
4O6 can violate CP even when

<latexit sha1_base64="heHfM0Rsg2qcdQFYuG7G7N7aRcQ="></latexit>

ImC6 = 0

<latexit sha1_base64="heHfM0Rsg2qcdQFYuG7G7N7aRcQ="></latexit>

ImC6 = 0

(possible if invariants capturing all phases vanish)
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Opportunistic CP Violation
 minimal basis:   if                  there are 699 independent CP violating invariants 

<latexit sha1_base64="+VeuETnChEZuxSdzARNbAvdKt3c=">AAACD3icbVDLSgMxFM3UVx1fVcGNm2ApuCoz4msjlLoRVy3YB7RDyWQybWgmMySZYhn6Ed3qN7h2Jy7c+Alu/Al/wLTThW09EDicc29yctyIUaks68vIrKyurW9kN82t7Z3dvdz+QV2GscCkhkMWiqaLJGGUk5qiipFmJAgKXEYabv924jcGREga8gc1jIgToC6nPsVIaalx3zmHN9Dq5PJW0ZoCLhN7RvKlo+o3fSl/VDq5n7YX4jggXGGGpGzZVqScBAlFMSMjs9COJYkQ7qMuaWnKUUCkk0zzjmBBKx70Q6EPV3Cqmn82EhRIOQxcPRkg1ZOL3kT8z2vFyr92EsqjWBGO04f8mEEVwsnnoUcFwYoNNUFYUB0W4h4SCCtd0dxN3oBGcpb6MY1t6pbsxU6WSf2saF8WL6q6rjJIkQXH4AScAhtcgRK4AxVQAxj0wRg8gWdjbLwab8Z7OpoxZjuHYA7G5y9R6J/c</latexit>

J4 = 0

 maximal basis:   if                   there are 1551 independent invariants 
<latexit sha1_base64="pHUkk2lt5xcHUYM2OuksyhVcOdU=">AAACEXicbVC9TsMwGHTKXwlQCowwWFSVmKoE8TdWZUFMRaI/qI0qx3Faq44T2U5FFfUpusJ7wIZYeQKeg4WBAbfpQFtOsnS6+z77fG7EqFSW9WlkVlbX1jeym+bW9k5uN7+3X5dhLDCp4ZCFoukiSRjlpKaoYqQZCYICl5GG27+e+I0BEZKG/F4NI+IEqMupTzFSWnq47ZzBNifQ6uQLVsmaAi4Te0YK5aOXivXznat28l9tL8RxQLjCDEnZsq1IOQkSimJGRmaxHUsSIdxHXdLSlKOASCeZJh7BolY86IdCH67gVDX/bCQokHIYuHoyQKonF72J+J/XipV/5SSUR7EiHKcP+TGDKoST70OPCoIVG2qCsKA6LMQ9JBBWuqS5m7wBjeQs9WMa29Qt2YudLJP6acm+KJ3f6boqIEUWHIJjcAJscAnK4AZUQQ1gEIAxeALPxth4Nd6M93Q0Y8x2DsAcjI9fCwKgyQ==</latexit>

J4 6= 0

<latexit sha1_base64="boQeIMZs1yOibOJ5+xIGyzEfp+Q="></latexit>

ImTr f(Yu, Yd, Ye)C

opportunistic CP violation: interference between dim. 4 and 6 operators 
that relies on the CKM phase 

is opportunistic CP violation suppressed by 
<latexit sha1_base64="3ZeGE5YOJ0n+yz/i4wUfeaZfp/o="></latexit>

J4 ⇡ 6.4⌘ �36 ⇡ 8⇥ 10�24 ?
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An Opportunistic Example in K-Kbar

L9 = ImTr�X2
uXdXuX

2
dC
(1)
HQ
�. (2.21)

We refer to this as a maximal set for C(1)
HQ

. Its cardinal matches the number of free coef-
ficients in C(1)

HQ
, 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 �✏′�✏�BSM 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
in (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 J4 with which it interferes. As we mentioned in
the introduction, we can expand the invariants in powers of the small parameter � ≈ 0.225,
in order to compare their magnitudes. If we perform our expansion on the invariants L1−L9

defined in Eq. (2.21), we get, in the up or down basis,

L1 = −4Aa
2
ba

2
t ⌘23�

8
+ ...

L2 = ... + 4a
2
ba

2
ca

2
tA (⇢⌘13 + ⌘⇢13)�

17
+ ...

L3 = ... − 4a
2
sa

2
ba

2
tA⌘13�

19
+ ...

L4 = ... + 4a
2
ca

4
t ��a

2
s + a

2
bA

2⇢�⌘12 + a
2
bA

2⌘⇢12��
19
+ ...

L5 = ... − 4a
2
sa

2
ba

2
ca

2
t ⌘12�

25
+ ...

L6 = ... + 4a
2
sa

4
ba

2
tA

2⌘ (⇢11 − ⇢22)�
28
+ ...

L7 = ... − 4a
2
sa

4
ba

2
ca

4
tA⌘⇢23�

34
+ ...

L8 = ... + 4a
2
sa

4
ba

2
ca

4
tA

2⌘⇢22�
36
+ ...

L9 = ... + 4a
2
sa

4
ba

2
ca

4
tA

2⌘⇢33�
36
+ ...

(2.22)

where, in each line, we only display the leading new independent contribution. For instance,
the second line corresponds to the leading term in L2 −Tr(Xu)L1, which projects out the
content of L2 aligned with L1. This projection can be done step by step, as shown in Ap-
pendix H; we see in particular that the leading contribution to �✏′�✏�BSM given in Eq. (2.15)
is captured by the following combination of invariants (up to a SMEFT-independent large
numerical factor),

�
✏′

✏
�

BSM
∝ L5 +Tr (Xu)Tr (Xd)L1 −Tr (Xd)L2 −Tr (Xu)L3 ∝ ⌘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 J4 → 0 in addition, since in this situation ⌘12 becomes proportional to ⌘,
as shown in Eq. (2.16).

It also becomes clear from Eq. (2.22) that seven contributions dominate J4 (which is of
order O(�36

), 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(�36

) from seven to three. (Eq. (2.22) only displays the leading order contributions

– 11 –

Let us give an example, using the O(1)
HQ

operator5 defined above. After fixing a basis,
the coefficient C(1)

HQ
is represented, in flavor space, by a 3 × 3 hermitian matrix

C(1)
HQ
=

�

�
�

�

⇢11 ⇢12 ⇢13
⇢12 ⇢22 ⇢23
⇢13 ⇢23 ⇢33

�

�
�

�

+ i
�

�
�

�

0 ⌘12 ⌘13
−⌘12 0 ⌘23
−⌘13 −⌘23 0

�

�
�

�

. (2.13)

One sees immediately that there are three independent complex phases in C(1)
HQ

. Con-
sistently, in [4] we identified the minimal set for this operator as being composed of the
following three invariants6

L1 = ImTr�XuXdC
(1)
HQ
�, L5 = ImTr�X2

uX
2
dC
(1)
HQ
�, L7 = ImTr�XuXdX

2
uX

2
dC
(1)
HQ
� . (2.14)

We recall the definitions X
u,d
≡ Y

u,d
Y †
u,d

. When J4 = 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 J4 = 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�⇤2

� (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 SM4 Lagrangian, they will be multiplied
by coefficients carrying at least an extra 1�⇤2 suppression, and will thus contribute to
observables starting from O�1�⇤4

�. This consideration allowed us to distinguish between
primary sources of CPV in SMEFT, i.e. those that can enter observables at order 1�⇤2 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 O(1)
HQ

, 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�⇤2

�. We
presented in Eq. (2.14) the minimal set for O(1)

HQ
, which describes the sources of CP violation

which remain when J4 = 0. We will refer to such sources of CPV as direct CPV . We argued
that, when J4 = 0, they are enough to capture all CPV in the theory. However, in the real

5Due to the linearity with respect to the Ci of any observable at O�1�⇤2
�, we can focus on a given

SMEFT operator without assuming that the other ones are turned off.
6The lower indices labeling the invariants are chosen to match the definitions of the subsequent

Eq. (2.21).

– 8 –

L2,

L2 ≡ ImTr�X2
uXdC

(1)
HQ
� . (2.17)

By evaluating it e.g. in the standard parametrization in the down-basis, we can check that,
as long as J4 ≠ 0, L2 is an independent object with respect to the remaining three. When
J4 → 0, however, this cannot be the case anymore, as we proved that L1,5,7 span the whole
parameter space of CPV observables in this limit. This line of reasoning leads us to write

I2L2 = I1L1 + I5L5 + I7L7 + J4R4 , (2.18)

where R4 is a CP-even invariant, still linear in the coefficient C(1)
HQ

, although not necessarily
expressed as a single trace of a polynomial expression. The Ii coefficients, on the other hand,
are combinations of the 10 independent CP-even invariants that can be built with Xu,d [27],
namely

I1,0 = Tr �Xu� , I0,1 = Tr �Xd
� ,

I2,0 = Tr �X2
u� , I1,1 = Tr(XuXd),

I0,2 = Tr �X2
d
� , I3,0 = Tr �X3

u� ,

I2,1 = Tr �X2
uXd
� , I1,2 = Tr �XuX

2
d
� ,

I0,3 = Tr �X3
d
� , I2,2 = Tr �X2

uX
2
d
� .

(2.19)

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 L2 confirms the lesson learnt by dealing with ✏′�✏: our minimal set is not enough
to capture all CP violation at O�1�⇤2

� when J4 ≠ 0, due to opportunistic CP violation. It
only captures direct CPV, the set of CP-odd quantities that remain nonzero when J4 → 0

and only vanish in the limit ⇤ → ∞. With the notation of Eq. (2.18), an example of
opportunistic CPV would be the quantity

I2L2 − (I1L1 + I4L4 + I6L6) = J4R4 . (2.20)

Equivalently, since the generated span is the same, we may as well just consider L2 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)

HQ
, we can for example pick the

set

L1 = ImTr�XuXdC
(1)
HQ
�, L2 = ImTr�X2

uXdC
(1)
HQ
�,

L3 = ImTr�XuX
2
dC
(1)
HQ
�, L4 = ImTr�XuXdX

2
uC
(1)
HQ
�,

L5 = ImTr�X2
uX

2
dC
(1)
HQ
�, L6 = ImTr�XdXuX

2
dC
(1)
HQ
�,

L7 = ImTr�XuXdX
2
uX

2
dC
(1)
HQ
�, L8 = ImTr�XuX

2
dX

2
uXdC

(1)
HQ
�,

– 10 –

minimal set of invariants:

if the minimal set vanishes, then can take real 

consider the operator:

As another benchmark example, we will consider the U(2)5 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�⇤2

�, 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 � 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)5 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�⇤2 via CP-odd flavor invariants, each
structured as single traces over the flavor indices containing only one power of a dimension-
six operator coefficient. 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�⇤2

�. We begin by focusing on the simple example where
the only operator turned on, beyond those of the SM4, is

O
(1)
HQ
= C(1)

HQ,ij
(H†i

←→
DH)(Q̄i�

µQj) . (2.1)

2.1 Parametrizing flavor

Before describing CPV flavor invariants in SMEFT, let us present the relevant flavor con-
cepts and parametrizations that we use throughout this paper. First, notice that, in the
unbroken phase, the kinetic part of the SM4 Lagrangian is invariant under a U(3)5 =

U(3)QL
× U(3)uR

× U(3)dR × U(3)LL
× U(3)eR 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

– 5 –

(3 phases  
and 6 real param)
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CHQ

L2,

L2 ≡ ImTr�X2
uXdC

(1)
HQ
� . (2.17)

By evaluating it e.g. in the standard parametrization in the down-basis, we can check that,
as long as J4 ≠ 0, L2 is an independent object with respect to the remaining three. When
J4 → 0, however, this cannot be the case anymore, as we proved that L1,5,7 span the whole
parameter space of CPV observables in this limit. This line of reasoning leads us to write

I2L2 = I1L1 + I5L5 + I7L7 + J4R4 , (2.18)

where R4 is a CP-even invariant, still linear in the coefficient C(1)
HQ

, although not necessarily
expressed as a single trace of a polynomial expression. The Ii coefficients, on the other hand,
are combinations of the 10 independent CP-even invariants that can be built with Xu,d [27],
namely

I1,0 = Tr �Xu� , I0,1 = Tr �Xd
� ,

I2,0 = Tr �X2
u� , I1,1 = Tr(XuXd),

I0,2 = Tr �X2
d
� , I3,0 = Tr �X3

u� ,

I2,1 = Tr �X2
uXd
� , I1,2 = Tr �XuX

2
d
� ,

I0,3 = Tr �X3
d
� , I2,2 = Tr �X2

uX
2
d
� .

(2.19)

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 L2 confirms the lesson learnt by dealing with ✏′�✏: our minimal set is not enough
to capture all CP violation at O�1�⇤2

� when J4 ≠ 0, due to opportunistic CP violation. It
only captures direct CPV, the set of CP-odd quantities that remain nonzero when J4 → 0

and only vanish in the limit ⇤ → ∞. With the notation of Eq. (2.18), an example of
opportunistic CPV would be the quantity

I2L2 − (I1L1 + I4L4 + I6L6) = J4R4 . (2.20)

Equivalently, since the generated span is the same, we may as well just consider L2 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)

HQ
, we can for example pick the

set

L1 = ImTr�XuXdC
(1)
HQ
�, L2 = ImTr�X2

uXdC
(1)
HQ
�,

L3 = ImTr�XuX
2
dC
(1)
HQ
�, L4 = ImTr�XuXdX

2
uC
(1)
HQ
�,

L5 = ImTr�X2
uX

2
dC
(1)
HQ
�, L6 = ImTr�XdXuX

2
dC
(1)
HQ
�,

L7 = ImTr�XuXdX
2
uX

2
dC
(1)
HQ
�, L8 = ImTr�XuX

2
dX

2
uXdC

(1)
HQ
�,
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opportunistic
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opportunistic CPV:
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Size of Opportunistic CP Violation

Taylor rank at each order in � for all bilinear operators
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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 rn in the text, at each order n in the � expansion
for all bilinear operators. At a fixed order in �, the top x-axis shows the value of ⇤ for which an invariant
appearing at such order would be comparable to J4, assuming it scales as v2�⇤2, with v ∼ 246 GeV the vev

of the Higgs field. The vertical dashed line marks the order �36 (corresponding to ⇤ = v, as indicated)
where the SM4 J4 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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Yd = VCKMY diag
d

consider the “up basis”:

counting the number of independent invariants at order 
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Size of Opportunistic CP Violation

Taylor rank at each order in � 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 rn in the text, at each order n in the � expansion
for the sum of all bilinear operators (a), 4-Fermi operators (b), and all operators (c). At a fixed order in

�, the top x-axis shows the value of ⇤ for which an invariant appearing at such order would be
comparable to J4, assuming it scales as v2�⇤2. The vertical dashed line marks the order �36

(corresponding to ⇤ = v, as indicated) where the SM4 J4 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 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 �-scaling of the building blocks of each invariant was needed. For the Yukawa matrices,
this is done by means of the parametrization in Eqs. (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 coefficients. 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,
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all dimension 6 operators: 

opportunistic
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Practical Comments (“so what?”)

I’m constraining CP violation in SMEFT (at leading 1/Λ2 order).  
What does my measurement have to do with invariants?

You’re constraining a linear combination of invariants!

What linear combination of invariants am I constraining ?

Contact us!  We might be able to help figure that out.

• Flavor invariants allow for precise, linear, parameterizations of 
flavor violating observables.

• Invariants capture how some phases have suppressed impacts 
on baryogenesis at high temperatures  

Is my measurement sensitive to opportunistic CP violation?

Maybe.

Q&A
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Take Away

future directions:
• invariants as parameters in global fits 
• invariants in electroweak baryogenesis 
• RG mixing of invariants 
• invariants at dimension >6 (nonlinear)

<latexit sha1_base64="xvMx0EgOZIqcH6BoB0DLTUch55M=">AAACH3icbVDLTsJAFJ36xPqqGlduGgmJK9IaX0uiG5eYyMMAaabDBSZMH5m5JZCGj2GrH+LOuOU7/AEH6ELAk9zk5NzXyfFjwRU6ztTY2Nza3tnN7Zn7B4dHx9bJaVVFiWRQYZGIZN2nCgQPoYIcBdRjCTTwBdT8/tOsXxuAVDwKX3EUQyug3ZB3OKOoJc86byIMcX4n9UUC4/TNS8aelXeKzhz2OnEzkicZyp7102xHLAkgRCaoUg3XibGVUomcCRibhWaiIKasT7vQ0DSkAahWOv87tgtaadudSOoK0Z6r5p+NlAZKjQJfTwYUe2q1NxP/6zUS7Dy0Uh7GCULIFo86ibAxsmdh2G0ugaEYaUKZ5NqszXpUUoY6sqVL7QGPVeZ6uLBt6pTc1UzWSfW66N4Vb19u8qXHLK8cuSCX5Iq45J6UyDMpkwphJCUT8k4+jInxaXwZ34vRDSPbOSNLMKa/Ibekdw==</latexit>

Yu

<latexit sha1_base64="hDXGm0WXwMm+XnSFUwynpQvTEqA=">AAACHnicbVDJTgJBFOzBDXHD5eZlIiHxRGaM25HoxSMmshggpKfnAR16lnS/IeCEf+GqH+LNeNXv8AdshjkIWMlLKvW2Sjmh4Aot69vIrK1vbG5lt3M7u3v7B/nDo5oKIsmgygIRyIZDFQjuQxU5CmiEEqjnCKg7g/tZvz4EqXjgP+E4hLZHez7vckZRS538SQthhMmdWII7iZ877qSTL1glK4G5SuyUFEiKSif/03IDFnngIxNUqaZthdiOqUTOBExyxVakIKRsQHvQ1NSnHqh2nLydmEWtuGY3kLp8NBM192cjpp5SY8/Rkx7FvlruzcT/es0Iu7ftmPthhOCz+aNuJEwMzFkWpsslMBRjTSiTXJs1WZ9KylAntnDJHfJQpa5Hc9s5nZK9nMkqqV2U7OvS1eNloXyX5pUlp+SMnBOb3JAyeSAVUiWMvJApeSVvxtR4Nz6Mz/loxkh3jskCjK9fJKSj7w==</latexit>

Yd

<latexit sha1_base64="7BUhTW/l1KfJIQOMCCN//CzOO4Y="></latexit>

ImTr
h
YuYu

†, YdY
†
d

i3

s
<latexit sha1_base64="5z0wu4HAu46Y52nCH3xkTHVIh9Q=">AAACH3icbVDLTsJAFJ36RHxVjSs3jYTEFWmNryXRjUtM5GGAkOn0FiZMH5m5JZCGj2GrH+LOuOU7/AEH6ELAk9zk5NzXyXFjwRXa9tTY2Nza3tnN7eX3Dw6Pjs2T05qKEsmgyiIRyYZLFQgeQhU5CmjEEmjgCqi7/adZvz4AqXgUvuIohnZAuyH3OaOopY553kIY4vxOWhFJME7fOjDumAW7ZM9hrRMnIwWSodIxf1pexJIAQmSCKtV07BjbKZXImYBxvthKFMSU9WkXmpqGNADVTud/x1ZRK57lR1JXiNZczf/ZSGmg1Chw9WRAsadWezPxv14zQf+hnfIwThBCtnjkJ8LCyJqFYXlcAkMx0oQyybVZi/WopAx1ZEuXvAGPVeZ6uLCd1yk5q5msk9p1ybkr3b7cFMqPWV45ckEuyRVxyD0pk2dSIVXCSEom5J18GBPj0/gyvhejG0a2c0aWYEx/AfZkpF0=</latexit>

Ye

<latexit sha1_base64="lRJdCMJdwIC5MLGn282r8xs6KZU=">AAACJHicbVDLTsJAFJ3iG1+oO900EhJXpDW+lkQSdamJCAkQMh0uMGE6bWZuCaQh8Wvc6oe4My7c+BP+gEPpQsCT3OTk3NfJ8ULBNTrOl5VZWl5ZXVvfyG5ube/s5vb2n3QQKQYVFohA1TyqQXAJFeQooBYqoL4noOr1y5N+dQBK80A+4iiEpk+7knc4o2ikVu6wgTDE5E58EyjQeKsA5Dguj1u5vFN0EtiLxE1JnqS4b+V+Gu2ART5IZIJqXXedEJsxVciZgHG20Ig0hJT1aRfqhkrqg27GyfOxXTBK2+4EypREO1GzfzZi6ms98j0z6VPs6fneRPyvV4+wc9WMuQwjBMmmjzqRsDGwJ4nYba6AoRgZQpnixqzNelRRhia3mUvtAQ916no4tZ01KbnzmSySp9Oie1E8fzjLl67TvNbJETkmJ8Qll6RE7sg9qRBGnskLeSVv1ov1bn1Yn9PRjJXuHJAZWN+/CVOmew==</latexit>

C

<latexit sha1_base64="+vhVHC53N2Irte4KZTHu/afAoT4="></latexit>

ImTr f(Yu, Yd, Ye)C

24


