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• Explore CP-Violation beyond the Standard Model


• Define a flavor-independent formalism for CPV


• Count the independent new sources of CP-violation at order  in the EFT expansion1/Λ2

Motivation
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• Review (pt. 1): CP-Violation in the Standard Model


• Review (pt. 2): the Standard Model Effective Field Theory


• CPV in the SMEFT: no way out of collectivity


• Counting CP-odd flavor-invariants at order 

• Next steps and Summary

1/Λ2

Outline
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In the Electroweak sector, CP violation is encoded in the CKM matrix

Taken from: Matthew D. Schwartz, “Quantum Field Theory and the Standard Model”

Under CP:

so a complex CKM matrix breaks CP 

CP-Violation in the Standard Model 
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CP-Violation in the Standard Model 
CP-Violation must thus have a flavor-independent meaning. In the SM, this is provided by the Jarlskog 
Invariant 

<latexit sha1_base64="qGXhKVqMFviEInALUnL99DvZ5DY="></latexit>
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In the standard parametrization 
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mass degeneracies!
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CP in the Standard Model is conserved iff J4 = 0

No CPV if Nf = 2 CP breaking is a collective effect!

CP-Violation in the Standard Model 
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Deviations from the dimension-4 SM are parametrized via higher dimensional, gauge invariant operators, built 
with SM field

<latexit sha1_base64="cyQ1ieRTC5RYiHXhlE16s1b3mOY="></latexit>

LSMEFT = L
(4)
SM +

X

n�5

cn
⇤n�4

O
(n)

We will focus on operators of dimension 6 in the Warsaw basis (B. Grzadkowski et al. arXiv:1008.4884)

The Standard Model is generally intended as the renormalizable part of a larger description, that includes the 
effects from heavy resonances that cannot be produced on-shell (assuming no new light degrees of freedom). 

The Standard Model Effective Field Theory
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As we know from the SM, the presence of phases alone does not necessary imply CPV. 

Take a SMEFT with just one generation and only turn on the modified Yukawa  operator𝒪uH
<latexit sha1_base64="6NOgVxxHHTYae5RxpKUuHtwgFUY="></latexit>

L = LSM +
CuH

⇤2
|H|2Q̄LuRH̃

After EWSB this operator produces a correction to the electron EDM via a Barr-Zee type diagram

𝒪Hu

<latexit sha1_base64="lHknxnLIgJJg6XR09ByVHkFZkh4="></latexit>
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CP-Violation in the SMEFT
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𝒪Hu

CP-Violation in the SMEFT
• One could argue that this phase can be removed 

redefining 

• However, it will pop up again in the mass term 

• A careful evaluation yields

<latexit sha1_base64="Q49rxOzP6s0PRj/5GmvvwYfCtjw="></latexit>

uR ! e�i arg(CHu)uR

<latexit sha1_base64="RqSrm+PMye/jLcdzLlhVVI1vZsg="></latexit>

L � �mūLuR

<latexit sha1_base64="LynON0f05dixvm5J4FI4+N7Navo="></latexit>
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Rephasing invariant!
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Which phases are physical for 3 flavors? When does the SMEFT break CP?

<latexit sha1_base64="iI5kUTXdzNsfj1LOH35YeGNNvQg="></latexit>

A = A(4) +A(6) + . . . ) |A(4)|2 + 2Re
⇣
A(4)A(6)⇤

⌘

Conserves CP iff  J4 = 0

Conserves CP iff  & ???=0J4 = 0
More precisely, what are the order parameters of CP-Violation in the SMEFT?

CP-Violation in the SMEFT
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Given a SMEFT dimension-6 operator containing fermions, we can build a set of CP-odd flavor invariants by 
giving it spurionic transformation properties.

<latexit sha1_base64="kNq5vEnmNlLZV4MrgtNJrEZiD3I="></latexit>
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For example, turning on only

Hermitian 3x3 matrix  3 phases→

CP is conserved iff J4 = LHQ(1)
1 = LHQ(1)

2 = LHQ(1)
3 = 0

CP-odd invariants
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The number of independent linear CP-odd invariants is smaller than the number of new phases!

How many conditions?

CP-odd invariants
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Working at  reduces the number of CP-violating parameters. Let us start from the up-basis𝒪(1/Λ2)

In the lepton sector, this choice breaks the  of the free Lagrangian down to the  described by the 
transformation 

U(3)L × U(3)e U(1)3

<latexit sha1_base64="9u1LYVzDVa8d+Sa2aSSIr0zopYk="></latexit>

(L, e) ! diag(ei�1 , ei�2 , ei�3)(L, e)

This has to be a symmetry of all observables.

At dimension 6, operators containing leptons are charged under this symmetry, e.g. 

<latexit sha1_base64="KhwxmarDPVZUgskOX4fRBOU7OO4="></latexit>
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Off-diagonal coefficients are charged under such , so at  no invariant containing them can be builtU(1)3 𝒪(1/Λ2)

<latexit sha1_base64="950Fih5YXWg+/aRoTPS1d0uUT7E="></latexit>

Yu = diag(yu, yc, yt) Yd = VCKMdiag(yd, ys, yb) Ye = diag(ye, yµ, y⌧ )

CP-odd observables at 𝒪(1/Λ2)



| Emanuele Gendy Abd El Sayed16 December 2021 14

In the Standard Model, the smallness of the phenomenological parameters from all three generations 
conspire to produce a non-zero but small  J4

<latexit sha1_base64="qGXhKVqMFviEInALUnL99DvZ5DY="></latexit>
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Using the Wolfenstein parametrization

with  λ ≈ 0.2 , ai = 𝒪(1)

<latexit sha1_base64="u/SQUuRlVclLzd5qNebmpF3/IE0="></latexit>
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CPV in the SM: a collective effect
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This large suppression carries over to the physical observables, e.g. the electron EDM de

(Pospelov and Ritz, 1311.5537)

(some mass suppression can be lifted by the dynamics)

(ACME collaboration)

<latexit sha1_base64="7ka4a5nZizRt42sh6KiTg4KIroU="></latexit>
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CPV in the SM: a collective effect
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In the SMEFT, CPV still exhibits a collective nature, but the suppression does not need to be the same. E.g. 

<latexit sha1_base64="c1guS65cwnRzczyf9020pFrKRwQ="></latexit>0

@
L1

L2

L3

1

A =

0

@
Aa2

b
a2
t
ImC(1)

HQ,23�
8

0
0

1

A+O(�9)
<latexit sha1_base64="kNq5vEnmNlLZV4MrgtNJrEZiD3I="></latexit>

O
(1)
HQ

= C
(1)
HQ,mn

⇣
H

†
i
 !
D µH

⌘
Q̄m�

µ
Qn

Specific ansatz for the flavor structure can change the suppression

MFV
<latexit sha1_base64="alOhDz3ce6+74BBtL40fzvhV9OI="></latexit>

L1 ⇠ �16

CPV in the SMEFT: a collective effect
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As for the SM, this suppression is carried over to observables, modulo some mass suppression lifted by the 
dynamics. Again for the EDM

<latexit sha1_base64="6DAjB9Lsf3h69n87kZ/bS1pqUFY="></latexit>
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CPV in the SMEFT: a collective effect
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Next steps
• Study the interference of dimension-6 CP-even coefficients with the SM CP-odd phase


• Study the suppression of invariants in realistic flavor models


• Match to UV models
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Summary
• CPV in the SMEFT inherits the collective nature of CPV in the SM


• Additional CP breaking contained in the coefficients of fermionic higher dimensional operators can 
be consistently captured by CP-odd linear flavor-invariants


• Not all new phases contained in the operator coefficients break CP at order . Using 
invariants straightforwardly provides the correct counting


• The invariants can be used to check the suppression of CPV coming from SMEFT operators, connect 
to UV models and more…

𝒪(1/Λ2)


