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Outline

The collective nature of CPV: Real vs. Imaginary

The (flavour-)invariant measures of CPV

Beyond Jarlskog: the 699 (minimal) invariants of SMEFT6

The BSM/SMEFT sources of CPV and their sizes

Models of flavour: MFV, Alignment/Froggatt-Nielsen

Connections with UV?

2

Note 1: I’ll consider only heavy/decoupling new physics

Note 2: I’ll assume that SU(2)xU(1) is linearly realised above the weak scale, i.e. SMEFT rather than HEFT. Our 
construction can be generalised but we haven’t gone  through this exercise (yet). I’ll also assume that possible 
B and L violating effects are pushed to high scale irrelevant for our discussion.



SM: Once, Now, Future  
The high-pT perspective

3
Many thanks to J. De Blas et al. (HEPfit)  for the analysis of current data (work in 

progress) and to A. Paul for plotting the results

EW

Higgs

TGC

EW known at 0.1%, TGC known at 1%, Higgs known at 10%

The flavour perspectiveThe B-factories money plot

• Spectacular progress in last 20 years

• The CKM mechanism dominates CP

violation & flavor changing processes

• The implications of the consistency of
measurements are often overstated

• Larger allowed region if there is NP
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Summer 19

CKM
f i t t e r

Z L – p. 25

CKM picture works amazingly well
but still many anomalies

Where is New Physics?
What is its structure/symmetry?



Which Selection Rules/Symmetries?

4

Effective Field Theory

(can be easily seen by counting powers of             )

= field operators of dimension-D

Expansion in physical scale of new physics      :

Wilson coefficients: number of fields in 
independently of D 

Cohen,Kaplan,Nelson’97; Luty’97 
Giudice,Grojean,Pomarol,Rattazzi,’07

Motivation for precision tests:
Organisation

Why EFT?

Self-Consistency Check

SM test ➙ New Physics Search
e.g. E/Λ  expansion = hierarchy between departures from SM

Perturbativity (E/⇤, coupling ⇥ v/⇤) ⌧ 1

relevant experiment energy

Under what conditions does it faithfully describe some BSM at low-energy?
When is it justified to truncate the EFT expansion at dimension-6? Exceptions?

generically, coupling ~ g* (coupling of New Physics to SM)
but there might exist “selection rules” 

that lead to other scaling

c(D)
i ⇠ (coupling)ni�2

Dimensional arguments impose

ni=number of fields in operator 
   (independant of D)

O
(D)
i

Operator Naive (maximal) Symmetry/Selection Rule

scaling with g⇤ and corresponding suppression

Oy = |H|
2 ̄LH R g3⇤ Chiral: yf/g⇤

OT = (1/2)

✓
H†

$
DµH

◆2

g2⇤ Custodial: (g0/g⇤)2, y2t /16⇡
2

OGG = |H|
2Ga

µ⌫G
aµ⌫

OBB = |H|
2Bµ⌫Bµ⌫

g2⇤

Shift symmetry: (yt/g⇤)2

Elementary Vectors: (gs/g⇤)2 (for OGG)

(g0/g⇤)2 (for OBB)

Minimal Coupling: g2⇤/16⇡
2

O6 = |H|
6 g4⇤ Shift symmetry: �/g2⇤

OH = (1/2)(@µ|H|
2
)
2 g2⇤ Coset Curvature: ✏c

OB = (i/2)

✓
H†

$
DµH

◆
@⌫Bµ⌫

g⇤
Elementary Vectors: g0/g⇤ (for OB)

g/g⇤ (for OW )

OW = (i/2)

✓
H†�a

$
DµH

◆
@⌫W a

µ⌫

OHB = (i/2)
�
DµH†D⌫H

�
Bµ⌫

OHW = (i/2)
�
DµH†�aD⌫H

�
W a

µ⌫

g⇤

Elementary Vectors: g0/g⇤ (for OHB)

g/g⇤ (for OHW )

Minimal Coupling: g2⇤/16⇡
2

Table 1: Some operators relevant for Higgs physics and the impact of approximate symmetries

on the estimated size of their coe�cient [6]. The coe�cient ✏c parametrizes the possibility that

the Higgs doublet originates as a PNGB from the flat coset ISO(4)/SO(4) [36] (see also [37]).

A suppression gV /g⇤ for every field strength (referred to as Elementary Vectors in the table),

applies to all models where the transverse components of gauge bosons are elementary. See

Ref. [36] for a construction where transverse gauge bosons are composite and have strong

dipole interactions.

These inequalities determine the region of the plane (⇤, g⇤) which is excluded consistently with

the EFT expansion for a given . This is a conservative bound, since it is obtained by using

only a subset of the events (e↵ectively only those with relevant energy up to Mcut = ⇤). It

is thus less stringent than the bound one would obtain in the full theory with the full dataset,

but it is by construction consistent with the EFT expansion. Compared to the constraint

implied by the full theory with the same reduced dataset, that of Eq. (2.2) has an error of

order 2. For constraints obtained in this way, and for a valid EFT description in general, no

question of unitarity violation arises (see for example Ref. [38] for a discussion of this issue

in the context of anomalous triple gauge couplings).

An analysis of the experimental results based on the multiple cut technique proposed here
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Examples of symmetries leading to different selection rules
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Does BSM respect B, L, custodial 
sym. , SU(3)5flavour, CP?

Is there any additional symmetry?

The EFT parametrisation of New Physics



What about CPV?

• Unlike B,L, CP is not an accidental symmetry of SM4


• But its violation is “screened” by the CKM selection rule (see next slides)


• As advertised by Z. Ligeti last week: BSM CPV effects can be O(1) in most loop-level FCNC processes


• On the other hand, there are already strong (indirect) constraints, e.g., EDM


• We need a map to explore CPV effect: What are the BSM sources of CPV and what could be their sizes? 

5

Future sensitivity to NP in B mixing
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CKM
f i t t e r • What NP parameter space can be probed?

• hd,s , NP scale: h ' |Cij|2

|V ⇤
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f i t t e r
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Big improvements in 2020s

Complementary to high-pT searches

Then theory improves or progress slows

Z L – p. 27

Testing quark flavor (take II)

• Assume that NP is negligible in tree-level processes, arbitrary in FCNCs (loops)

• Consider tree-level + meson mixing:

General parametrization of many models
by two real parameters (in addition to SM):

h e2i�=ANP(B0!B0)/ASM(B0!B0)
-"

NP parameters
SM:

CSM

m
2
W

NP:
CNP

⇤2

What is the scale ⇤? How different is the CNP coupling from CSM?

• Is h = O(1) allowed? If not, the CKM mechanism dominates

To answer, redo CKM fit: tree-dominated unchanged, loop-mediated modified

(Importance of these constraints known since the 1970s, conservative picture of future progress)

Z L – p. 26
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New physics in B meson mixing: future sensitivity and limitations

Jérôme Charles∗,1 Sébastien Descotes-Genon∗,2 Zoltan Ligeti,3

Stéphane Monteil∗,4 Michele Papucci,5 Karim Trabelsi∗,2 and Luiz Vale Silva∗6
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4Universit Clermont Auvergne, CNRS/IN2P3, LPC, F-63000 Clermont-Ferrand, France.
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6IFIC, Universitat de València - CSIC, Parc Cient́ıfic, Cat. José Beltrán 2, E-46980 Paterna, Spain
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The mixing of neutral mesons is sensitive to some of the highest scales probed in laboratory
experiments. In light of the planned LHCb Upgrade II, a possible upgrade of Belle II, and the broad
interest in flavor physics in the tera-Z phase of the proposed FCC-ee program, we study constraints
on new physics contributions to Bd and Bs mixings which can be obtained in these benchmark
scenarios. We explore the limitations of this program, and identify the measurement of |Vcb| as
one of the key ingredients in which progress beyond current expectations is necessary to maximize
future sensitivity. We speculate on possible solutions to this bottleneck. Given the current tension
with the standard model (SM) in semileptonic B decays, we explore how its resolution may impact
the search for new physics in mixing. Even if new physics has the same CKM and loop suppressions
of flavor changing processes as the SM, the sensitivity will reach 2TeV, and it can be much higher
if any SM suppressions are lifted. We illustrate the discovery potential of this program.

I. INTRODUCTION

The mixing of neutral mesons has provided severe con-
straints on new degrees of freedom at high energies: since
measurements of mixing and CP violation in neutral
kaons in the 1960s, it has provided precious information
on charm and top quarks before their discovery. The
hypothesis of Kobayashi–Maskawa for the origin of CP
violation [1] observed in kaons was only tested experi-
mentally when BaBar and Belle around 2003–2004 estab-
lished CP violation in good agreement with the predic-
tions of the standard model (SM) [2, 3]. These B-factory
results showed that the standard model (SM) source of
CP violation in the flavor sector was the dominant part.
However, even after BaBar and Belle, and the LHCb re-
sults of the last decade, new physics (NP) is still allowed
to contribute at the 20–30% level, compared to the SM,
in flavor-changing neutral current (FCNC) processes.
Since neutral-meson mixings are FCNC processes

which are suppressed in the SM, they provide strong con-
straints on new physics. This led to the development
of numerous mechanisms to suppress such contributions,
should NP exist at the TeV scale. Low-energy supersym-
metry is one example, where the ansatz of degeneracy or
alignment were both motivated by constraints from neu-
tral meson mixing and other FCNC processes. In a large
class of NP models the unitarity of the CKM matrix is
maintained, and the most significant NP effects occur in
observables that vanish at tree level in the SM [4–7]. In
such scenarios, which encompass a large class of models,
possible effects of heavy particles in each neutral meson
system can be described by two real parameters,

M12 =
(

M12

)

SM
×
(

1 + hd,s e
2iσd,s

)

, (1)

where M12 relates to the time evolution of the two-state

neutral meson system (for a review, see [8]). However,
the extraction of NP contribution to meson mixing is en-
tangled with the determination of the SM parameters,
namely the CKM elements. It is not enough to mea-
sure the mixing amplitude itself, only the combination
of many measurements can reveal a deviation from the
SM. In the SM CKM fit [2, 9], the constraints come
from ∆F = 1 processes dominated by tree-level charged-
current interactions, and ∆F = 2 meson mixing pro-
cesses, which first arise at one-loop level. We can modify
the CKM fit to constrain new physics in ∆F = 2 pro-
cesses, under the assumption that it does not significantly
affect the SM tree-level charged-current interactions.
The parameterization in Eq. (1) is convenient because

any NP contribution to M12 is additive, so it is easy to
read off from a fit the bounds on the magnitude and the
phase of the NP contribution, or to convert the result to
bounds on SMEFT operators [10, 11]. In particular, for
the NP contribution to the mixing of a meson with qiq̄j
flavor quantum numbers, due to the operator

C2
ij

Λ2

(

q̄i,Lγµqj,L
)2

, (2)

where Cij is related to the flavour dependence and Λ to
the NP energy scale, one finds [12]

h ≃ 1.5
|Cij |2

|λt
ij |2

(4π)2

GFΛ2
≃

|Cij |2

|λt
ij |2

(

4.5TeV

Λ

)2

,

σ = arg
(

Cij λ
t∗
ij

)

, (3)

where λt
ij = V ∗

ti Vtj and V is the CKM matrix. Operators
of different chiralities have conversion factors differing
by O(1) factors [13]. Minimal flavor violation (MFV),
where the NP contributions are aligned with the SM ones,
correspond to σ = 0 (mod π/2).

Charles et al. ‘20

Does new physics break CP?

https://inspirehep.net/literature?q=find%20eprint%202006.04824


CPV is a Collective Effect
The example of electron EDM
• “Imaginary” Yukawa coupling gives rise to eEDM through Barr-Zee diagram

6

L = y h ̄ 

Brod, Haisch, Zupan ’13

Constrained indirectly: one-loop impact on Electric Dipole 
Moments (EDM): 

e.g.  de < 8.7 10-29 e cm  (ACME 13)

too strong to compete!

CP-violating Higgs couplings

HEFT2013, Oct 10 2013J. Zupan     Constraints on CPV Higgs...

electron EDM
• dominant contribution from 

2-loop Barr-Zee type diagram

• depends on electron yukawa

• setting ye=1 is then quite constraining

• the constraint vanishes, if the Higgs does not couple to electrons 

• e.g. if it only couples to the 3rd gen.

7

exp

δghtt ≲ 0.01~

Brod,Haisch,Zupan 13

 

• The Yukawa can be made real by chiral rotation: 


• The “phase” will appear in the mass


• The CPV effect is captured by Im (y†.m), which is invariant under chiral rotation

 ! ei✓�
5

 

Trivial here, but can get complicated: flavour indices, links to UV parameters…

http://arxiv.org/abs/arXiv:1310.1385


Dim.6 Yukawa’s Contribution to EDMs
CP doesn’t say Wilson coefficients are real

7

L = Yu Q̄H̃U + CuH |H|2Q̄H̃U

de
e

/ ↵ye
16⇡3

(a I1 + b I2 + c I3)
In = Im Tr

⇣
Y †
u

�
YuY

†
u

�n
CuH

⌘

Constrained indirectly: one-loop impact on Electric Dipole 
Moments (EDM): 

e.g.  de < 8.7 10-29 e cm  (ACME 13)

too strong to compete!

CP-violating Higgs couplings

HEFT2013, Oct 10 2013J. Zupan     Constraints on CPV Higgs...

electron EDM
• dominant contribution from 

2-loop Barr-Zee type diagram

• depends on electron yukawa

• setting ye=1 is then quite constraining

• the constraint vanishes, if the Higgs does not couple to electrons 

• e.g. if it only couples to the 3rd gen.

7

exp

δghtt ≲ 0.01~

Brod,Haisch,Zupan 13

 

At two loops and 1/Λ2 order, Barr-Zee diagrams depends only on three phases captured by three invariants

At higher loops, more phases can appear. 

• How many?

• How many constraints should we impose to ensure CP is conserved?

3x3

complex

3x3

complex

One can choose U(3)QxU(3)U transformations to make CuH or ghuu *real*

so CPV effects cannot simply be sourced by Im CuH


Phases can be moved to mass matrices. Even in mass basis, residual U(1)’s to move phase around.

a, b, c functions of Yu only
with

gijhuu hūiuj

Y ij

u
+ 3v2Cij

uH



X

The SM4 Collective CPV
The well-known KM counting

Yu (9R+ 9I)
Yd (9R+ 9I)

SU(3)Q SU(3)u SU(3)d U(1)u U(1)d U(1)B
3 3̄ 1 1 0 0

3 1 3̄ 0 1 0
3R+5I 3R+5I 3R+5I 1I 1I 1I

9R+ 1I

physical

• The position of this physical phase is (flavour)-basis dependent, e.g. 


• Up-basis: Yu=diag, Yd= VCKM.diag


• Down-basis: Yu=VCKM.diag, Yd=diag


• many other choices of flavour bases 

8
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1 12. CKM Quark-Mixing Matrix

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
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≠s12 c12 0
0 0 1
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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
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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,
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3(fl ≠ i÷)
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db + O(⁄4) . (12.5)

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
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Jarlskog Invariant
The SM CPV order 
• The lowest order flavour invariant sensitive to CPV


• Explicitly


• Even if δ~O(1), large suppression effects due to collective nature of CPV


• Important property: CP is conserved iff J4=0 (neglecting θQCD for now)
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⇣
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sin �

O
�
�0

�
O
�
�30

�
O
�
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�

Wolfenstein parametrisation

1 12. CKM Quark-Mixing Matrix

12. CKM Quark-Mixing Matrix

Revised March 2020 by A. Ceccucci (CERN), Z. Ligeti (LBNL) and Y. Sakai (KEK).
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Beyond Jarlskog: Building SM6 invariants
Playing with new fermion bilinear interactions first
• In the Warsaw basis, Manohar et al. counted 7 Hermitian and 8 generic bilinear operators 

for a total of 129 phases (and 164 real parameters)
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7 :  2
H

2
D

Q
(1)
Hl

, Q(3)
Hl

(H†
i
 !
D µH)(l̄p�µlr), (H†

i
 !
D

I

µ
H)(l̄p⌧ I�µlr)

QHe (H†
i
 !
D µH)(ēp�µer)

Q
(1)
Hq

, Q(3)
Hq

(H†
i
 !
D µH)(q̄p�µqr), (H†

i
 !
D

I

µ
H)(q̄p⌧ I�µqr)

QHu (H†
i
 !
D µH)(ūp�

µ
ur)

QHd (H†
i
 !
D µH)(d̄p�µdr)

QHud i( eH†
DµH)(ūp�

µ
dr)

6 :  2
XH + h.c.

QeW , QeB

QuG , QuW , QuB

QdG, QdW , QdB

5 :  2
H

3 + h.c.

QeH (H†
H)(l̄perH)

QuH (H†
H)(q̄pur

eH)

QdH (H†
H)(q̄pdrH)

SU(3)Q SU(3)u SU(3)d SU(3)L SU(3)e
1 1 1 3 3̄

3 3̄ 1 1 1
3 1 3̄ 1 1
1 1 1 8 + 1 1
1 1 1 1 8 + 1

8 + 1 1 1 1 1
1 8 + 1 1 1 1
1 1 8 + 1 1 1
1 3 3̄ 1 1

SU(3)Q SU(3)u SU(3)d SU(3)L SU(3)e
1 1 1 3 3̄

3 3̄ 1 1 1
3 1 3̄ 1 1
1 1 1 8 + 1 1
1 1 1 1 8 + 1

8 + 1 1 1 1 1
1 8 + 1 1 1 1
1 1 8 + 1 1 1
1 3 3̄ 1 1

• In the limit mν=0, lepton numbers in each family are conserved. The WC not invariant 
under these U(1)’s can never show up at linear order in any amplitude: 129 → 102 phases 
(and 164 → 137 real parameters)



Beyond Jarlskog: Building SM6 invariants
Examples of invariants from with bilinear operators
• For each operators, e.g. the dim.6 Yukawa operators, we can build a series of CP-odd 

invariants:
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Iu1...dk = Im Tr

✓
Y †
u

⇣
YuY

†
u

⌘u1
⇣
YdY

†
d

⌘d1

. . .
⇣
YuY u†

⌘uk
⇣
YdY

†
d

⌘dk

CuH

◆

• Of course, they are not all independent:

I3 = Tr
⇣
YuY

†
u

⌘
I2 +

1

2

✓
Tr

✓⇣
YuY

†
u

⌘2
◆
� Tr2

⇣
YuY

†
u

⌘◆
I1e.g., for 3 families, 

• If J4=0, we can find 9 independent invariants ⇒ minimal basis of invariants. 


“CP is conserved iff J4 and the invariants of a minimal basis are all vanishing”


• If J4≠0, we can actually build 18 independent invariants! Not surprising, because CP-
even BSM can interfere with CP-odd SM. But what was maybe unexpected is that we 
can build more than 9 (independent) invariants that are larger than J4 → maximal basis 
of invariants.



Scaling of Collective CPV BSM Effects
The new invariants don’t suffer from the same suppression factors

In = y2n+1
u ⌘u + y2n+1

c ⌘c + y2n+1
t ⌘t

I1,1 = c13c23s13s�
�
y2b � c212y

2
d � s212y

2
s

�
yt ⇢ut + . . .

• The invariants can be evaluated in e.g. the up-flavour basis:
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O
�
�6

�

O
�
�16n+8

�
O
�
�8n+4

�
O
�
�0

�

O
�
�3

�

• You can actually build17 independent invariants larger than J4 (the 18th is O(J4)):  

Rank 1 ! O
�
�0

�

Rank 2 ! O
�
�4

�

Rank 3 ! O
�
�8

�

Rank 5 ! O
�
�10

�

Rank 6 ! O
�
�12

�

Rank 9 ! O
�
�14

�

Rank 10 ! O
�
�16

�

Rank 11 ! O
�
�18

�

Rank 14 ! O
�
�20

�

Rank 15 ! O
�
�22

�

Rank 17 ! O
�
�24

�
Rank 18 ! O

�
�36

�

Minimal basis Maximal basis

17 (resp. 14) possible new sources of CPV larger than J4 as long as Λ<6TeV (resp. Λ<100TeV)  

dim.6 

up-Yukawa 


operator

⦿

⦿



Models of Flavours
MFV, first
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• Other constraints from CP-even observables: totally flavour generic/anarchic dim-6 
operators are severely constrained. How additional flavour structure will affect the orders of 
CPV computed above in the generic case?

• Let’s first stick to the canonical flavour “model”: Minimal Flavour Violation

CuH = aYu + b
⇣
YuY

†
u

⌘
Yu + c

⇣
YdY

†
d

⌘
Yu + . . .

Rank 1 ! O
�
�0

�

Rank 2 ! O
�
�4

�

Rank 3 ! O
�
�8

�

Rank 1 ! O
�
�0

�

Rank 2 ! O
�
�8

�

Rank 3 ! O
�
�18

�

Generic Flavour MFV



CPV Orders in Alignment Models
Froggatt-Nielsen-type Flavour Structure
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• For the dim.6 up-Yukawa operator, the scaling of the invariants and the rank structure 
remain unchanged. But for other operators, e.g. dim.6 down-Yukawa, the invariants get 
more suppressed: 

O
�
�3

�

O
�
�3

�

O
�
�3

�

O
�
�9

�

O
�
�9

�

O
�
�6

�

O
�
�6

�

O
�
�6

�

O
�
�12

�

O
�
�12

�

∝

Generic FN

Still 17 

larger-than-J4 

invariants

• Another popular flavour structure is alignment inherited e.g. from U(1)FN symmetry


• The U(1) charges of the quarks will imprint a particular scaling of the dim.6 WC:



Beyond Jarlskog: 4-Fermi operators
A total of 700 (fermionic) BSM CPV minimal parameters
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• In the Warsaw basis, Manohar et al. also counted the free-parameters in 4F operators: 
1014 phases. As before, not all these phases can show up at leading order when the 
neutrino masses are taken to vanish: only 597 survive (adding to the 102 bilinear ones and 
J4 for a total of 700 phases)

CQuQd Q̄uQ̄d
SU(3)Q SU(3)u SU(3)d
1 + 3 + 6 3̄ 3̄

• One can build two types of 4F-invariants out of the bilinear invariants:
B-type

Im
⇣
MdH

il
MuH

†

jk
CQuQd

ijkl

⌘
A-type

Im
⇣
MuH

ij
MdH

kl
CQuQd

ijkl

⌘

Im Tr
�
MuHCuH

�
matrices built out of Yu and Yd that to form bilinear invariants, e.g., 

e.g.



Beyond Jarlskog: 4-Fermi operators
More invariants: minimal and maximal bases
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• As for the bilinears, one can construct a minimal basis of invariants:

“CP is conserved iff J4 and the invariants of a minimal basis are all vanishing”


• The dimension of the minimal basis is always equal to the number of phases associated to 
an operator: QQQQ → 18, QuQd → 81, LLuu → 36/9 (w/wo neutrino masses) …


• But the real coefficients also contribute to CPV: the dimension of the maximal basis is 
equal to the total number of parameters associated to an operator: QQQQ → 45, QuQd → 
162, LLuu → 81/27 (w/wo neutrino masses) …



Theta QCD
Can we build new invariants using ϴQCD?
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Invariants with ✓QCD

Consider the ✓-term in QCD:

LQCD ⊃ −✓QCD

g2
s

16⇡2
Tr�GG̃� (0.1)

✓QCD has the following flavour charges:

SU(3)QL U(1)QL SU(3)uR U(1)uR SU(3)dR U(1)dR
QL 3 1 1 0 1 0
uR 1 0 3 1 1 0
dR 1 0 1 0 3 1
Yu 3 1 3̄ -1 1 0
Yd 3 1 1 0 3̄ -1

ei✓QCD 1 6 1 -3 1 -3

New phases? ✓QCD can only be used to cancel the U(1) flavour transformations of quark-type
phases, therefore it cannot help to get more lepton-like phases at dim-61.

New single-trace invariants? Single-trace SU(3)-invariant objects are also necessarily U(1)-
invariant since they are built using �n

m
which is U(3)-invariant. Consequently, there should not exist

single-trace invariants with ✓QCD, and it’s unclear whether we should compare invariants with ✓QCD

with those in our usual sets (from which we excluded all non-single-trace objects).

Comparing invariants? At dim-4, we can build the usual invariant related to the physical ✓̄ ≡
✓QCD − arg det (YuYd):

e−i✓QCD detYu detYd = �det (YuYd)�e−i�✓QCD−arg det(YuYd)� = �det (YuYd)�e−i✓̄ (0.2)

Therefore, all invariants built out of ei✓QCD can be traded for invariants where it is replaced by
detY †

u detY †
d
, or by detY †

d
if ei✓QCD detYu appears, etc. This confirms that no new phase/structure

can be obtained using ✓QCD. However one can ask: which option leads to the smallest �-suppression?

If used in the perturbative regime of QCD, invariants which display e−i✓QCD should probably

multiply a non-perturbative factor e
− 8⇡2

g2s ≈ �37−38 at µ = mh (where gs = 1.1855), while detYu ∼
�12,detYd ∼ �15, so ei✓QCD -invariants never yield the dominant contribution.

1Note that the SU(2)W angle ✓W cannot be used for that either, since it can be rotated away via a baryon
number transformation. Said differently, ✓W is charged under U(1)B while we focus on the U(1)B-preserving SMEFT
couplings at dim-6, so the U(1)B transformation of ✓W cannot be cancelled by that of other coefficients.

• Given that                                  in a flavour invariant, no new SM invariant can be constructed ✓̄ = ✓ � arg det (YuYd)

• In SM6, in principle, new structure can emerge

In the IR, for instance in �PT, the non-perturbative QCD contributions are not expected to be
suppressed and we should compare the different options without further suppression. Using a dim-6
up Yukawa, we have the invariant

Im �e−i✓QCD✏ABC✏abcYu,AaYu,BbCuH,Cc detYd� (0.3)

which, due to the existence of ✓̄, can be replaced by

Im �✏ABC✏abcYu,AaYu,BbCuH,Cc detY
†
u
� (0.4)

The latter is less suppressed. On the other hand, for the 4-Fermi operator CQuQd, we have

Im �e−i✓QCD✏ABC✏abc✏DEF ✏defYu,AaYu,BbCQuQd,CcDdYd,EeYd,Ff� = �up basis4abasatac�
12ImCQuQd,1111 + ...

(0.5)
where we used that ✓QCD = ✓̄ < 10−10 ∼ �15 in the up-basis (Is this �-scaling (�12ImCQuQd,1111)
better than the one obtained from the single-trace basis?). This is less suppressed than the
equivalent

Im �✏ABC✏abc✏DEF ✏defYu,AaYu,BbCQuQd,CcDdYd,EeYd,Ff detY
†
u
detY †

d
� (0.6)

Applications? It would be nice to find which ✓QCD-invariants enter the EDMs of the neutron [1]
and of the electron [2, 3] (or of the muon, etc). The neutron not being a flavour singlet, its EDM is
not expected to map to simple invariants, but the electron one must (as it does when computed from
UV logs in SMEFT or even in Barr-Zee diagrams -although in a more complicated way). However,
in the refs cited, the computations are done in �PT, there are pions, kaons, baryons in loops, so
that the construction breaks by construction the flavour invariance (since heavy quarks have been
integrated out, heavier mesons are not considered, etc). Therefore, it’s unclear whether a precise
invariant reconstruction from the refs cited can be performed.
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• Probably highly suppressed in the perturbative regime of QCD (                          )e�8⇡2/g2
s ⇠ �37

• Relevant at low scale?



Conclusions
EDM constraints don’t exclude all sources of CPV

• CPV is a collective effect.


• CPV is accidentally suppressed in SM4.


• Many new possible new sources of CPV at dim.6 level. 


• Minimal basis of invariants: conditions for CP to be preserved (at 1/Λ2 order): 
→ 699 (when m𝜈=0) → 48 (when Yd→0) invariants (and J4) have to vanish.


• Maximal basis of invariants: proper/flavour-basis independent parametrisation 
of the sources of CPV: many more than 699 independent invariants can be 
larger than J4. Conversely, the “phases” can be appear in CP-even 
observables in a way that is not J4-suppressed.
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