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Café com Física:



For starters, what is EDM?

u EDM stands for Electric Dipole Moment

u We’re talking about the EDM of elementary particles!
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na qual Vud indica o acoplamento do quark up ao down no processo u ! d+W
�. Os valores das componentes

Vij são obtidos de maneira puramente empírica, e os dados mais recentes fornecem [82]

|Vij | =

0

BBBB@

0.97427± 0.00015 0.22534± 0.00065 0.00351+0.00015
�0.00014

0.22520± 0.00065 0.97344± 0.00016 0.0412+0.0011
�0.0005

0.00867+0.00029
�0.00031 0.0404+0.0011

�0.0005 0.999146+0.000021
�0.000046

1

CCCCA
. (3.2.6)

Ainda sobre a violação de CP , é indispensável que se mencione os termos de dipolo propostos por Dirac.

Segundo seu paper, o Hamiltoniano de dipolo, na notação atual, é

Hdipolo = �µ ·B � d ·E . (3.2.7)

Sobre o EDM na (3.1.2), pode-se inferir que este deva apontar na direção do spin. Desta maneira, o

análogo elétrico do momento de dipolo magnético deve ter a forma

d = ⌘

⇣
q

2mc

⌘
S , (3.2.8)

onde ⌘ tem o mesmo papel do fator giromagnético g.

Neste momento é interessante observar como estes termos se transformam sobre C, P e T . Observe a

tabela 3.1.

E B µ e d

C � � �

P � + +
T + � �

CPT + + +

Tabela 3.1: Propriedades de transformação por C, P e T dos termos de EDM e MDM.

Uma vez que as propriedades são multiplicativas, observa-se que o termo de MDM, µ · B, é invariante

sob C, P e T separadamente, ou seja, também é invariante sob CP ou qualquer outra combinação destas

operações. Quanto ao termo de EDM, d · E, é evidente que há violação de P e T e, consequentemente de

CP e CT . Sobre a análise do comportamento sob estas transformações, Ramsey faz um comentário bastante

pertinente [83]:
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EDM Hamiltonian:

Violates P and T
(and CP, if the CPT theorem holds)

Why is this important? 
I’m glad you asked ;)
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Estes valores permitem impor limites às contribuições de possível Física nova. Para tanto, as contribuições

devem satisfazer

|a(Física nova)|  |aexp � a
MP

| ⇡ 10�12
. (3.5.11)

3.6 O momento dipolo elétrico do elétron

É evidente que, na equação de Dirac (3.2.1), não há contribuições de dipolo elétrico. Por outro lado, da

mesma forma que as correções sobre g são introduzidas por meio da (3.5.2), pode-se fazer com o momento

de dipolo elétrico. O termo que o origina, de acordo com a Ref. [94], é

�
i

2
de ̄Fµ⌫�

µ⌫
�
5 . (3.6.1)

Este termo, da mesma forma que o de MDM, apresenta dimensão 5. É conveniente repetir que o termo

de dipolo d ·E transforma-se, sob paridade e reversão temporal, como

P (d ·E) ! �d ·E T (d ·E) ! �d ·E , (3.6.2)

ou seja, viola P e T .

Uma vez que influências de outros setores do MP são esperadas, inclusive do setor eletrofraco, em que

estas simetrias são violadas, em algum nível deve-se ter de não nulo, respondendo por tais violações. De fato,

o valor previsto pelo MP, advindo de quark mixing via matriz CKM, é aproximadamente

|d
MP

e
| ⇡ 10�38

e · cm , (3.6.3)

que, de acordo com a Seç. 3.2, está a 9 ordens de magnitude além do alcance experimental atual (8.7 ⇥

10�29
e · cm) [95]. As esperanças são diminutas de se chegar a este nível de sensibilidade. Por outro lado,

qualquer observação acima da minúscula predição do MP, há de evidenciar Física nova, mesmo que esta

venha de energias mais altas. Alguns modelos que envolvem supersimetria fornecem valores para de já

bastante próximos dos sondáveis pelos experimentos atuais [96]. Outros modelos que fornecem EDM para o

elétron, distintos do valor previsto pelo MP, são dignos de atenção. Neste sentido, a Física de EDM constitui

uma investigação muito importante de novas possibilidades teóricas. Os modelos principais deste trabalho

preveem ajustes de EDM e MDM a partir da quebra da simetria de Lorentz, com magnitudes dependentes

dos parâmetros de violação da mesma.
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EDMs and discrete symmetries

u C and CP violations are fundamental ingredients to explain 
the matter – anti-matter asymmetry in the universe!

u The Sakharov conditions:

1. Baryon number (B) violation

2. Sources of C and CP violation (EDM searches fit here!)

3. Interactions out of thermal equilibrium

u C and CP violation sources in the SM are too small!

u There must be new Physics or unknown mechanisms in the SM!



Current Status: Experiments versus SM

u For an electronic EDM, the SM prediction is of around

u The experiments probe up until [Nature (London) 562, 355 (2018)]

u Two scenarios may fit in these 9 orders of magnitude:
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birefringence gradient, in combination with a finite value of the refine-
ment-laser beam attenuation, Aref, and a non-zero E nr leads to a non-
zero value of ω θ ω θ= ∂ /∂ = ∂ /∂ /θ

NE NES A( )ST
H–C

ST ST
H–C

refST
H–C .

Throughout the acquisition of the EDM dataset, we measured the 
slope θS

ST
H–C by applying a large θST

H–C and measuring the value of ω NE  
that survives refinement. This value is consistent with zero, directly 
bounding the attenuation under ordinary conditions to Aref > 104. We 
measured the value of θST

H–C with the following procedure. By tuning 
the power of the refinement laser, Pref, to zero so that Aref = 1, we 
observed a contribution to the precession frequency associated with 
the STIRAP state-preparation laser beams, ωST. Consistent with the 
ellipticity-gradient model described above, under these conditions we 
also observed an NE-correlated component, ω NE

ST , resulting from the 
combination of a.c. Stark-shift effects and a non-zero δ NE  (caused by 
the residual ambient E nr). The slope ω θ∂ /∂NE

ST ST
H–C was calibrated by 

setting Pref = 0 and measuring the dependence of ω NE
ST  on an exagger-

ated θST
H–C. Finally, the value of θST

H–C was found from the relation 
θ ω ω θ= /∂ /∂NE NE( )ST

H–C
ST ST ST

H–C . To minimize the ellipticity gradient, we 
set θST

H–C to the value that was found to minimize ω NE
ST . Both ω NE

ST  and 
the slope θS

ST
H–C were monitored at regular intervals throughout the 

acquisition of the EDM dataset (Extended Data Fig. 1e). The measured 
values of the systematic slope θS

ST
H–C and the residual θST

H–C were used to 
compute the contribution of the STIRAP lasers to the systematic error 
budget (Table 1).

Another parameter that contributes to a systematic shift of ω NE is an 
N E
~ ~-correlated component of the power of the refinement beam, 
defined by = + N E NE~ ~P P Pref ref

nr
ref . As illustrated in Supplementary 

Information, a misalignment between the εref and SST polarization vec-
tors, θST

ref , leads to a non-zero value in the slope ω= ∂ /∂NE NE
NES PP refref

.
For the EDM dataset, we minimized the magnitude of NESPref

 by tuning 
θST

ref  to zero via a half-waveplate in the refinement-laser beam. We did 
not observe clear evidence of a non-zero NEPref  component in our EDM 
dataset. However, we put a limit on its possible size throughout the 
acquisition of the EDM dataset by placing bounds on the offset of ω NEB, 
which has a strong linear dependence on NEPref  owing to a.c. Stark-shift 
effects1,9. The ω∂ /∂NE NEPref  slope was monitored regularly throughout 
the acquisition of the EDM dataset (Extended Data Fig. 1e). We used 
the measured upper limit of NEPref  and the value of ω∂ /∂NE NEPref  to cal-
culate a contribution of NEPref  to the systematic error budget (Table 1).

The next parameter that contributes to the systematic error budget 
is E nr, which has already been discussed as one of the parameters 
needed to induce the ∂ /∂B zz  (∂ /∂B yz ) and ω NE

ST  systematic effects. 
However, an additional contribution arises from imperfections in the 

ellipticity gradients of the refinement and readout lasers in combination 
with E nr, which was one of the dominant systematic effects in 
ACME  I1,9. By applying a large value of E nr , we measured 

ω= ∂ /∂EE
NES nr

nr  regularly throughout the acquisition of the EDM 
dataset (Extended Data Fig. 1e). E nr and its gradients in the precession 
region, ∂ /∂E znr  and ∂ /∂E ynr , were measured every two weeks during 
the acquisition of the EDM dataset using a mapping method based on 
microwave spectroscopy9. We include in the systematic error budget 
(Table 1) a contribution of this E nr systematic effect based on ES nr and 
the measured ambient E nr.

The next contribution to the systematic error arises from imperfec-
tions in the spin-measurement contrast, C . As described in detail 
in  Supplementary Information, we observed correlations 

ω= ∂ /∂ | || | CC
NES uu  with two contrast channels, | |C NE  and | |C NEB . 

Although the average values ⟨ ⟩| |C NE  and ⟨ ⟩| |C NEB  of the corresponding 
contrast channels are consistent with zero in the EDM dataset, we 
include in our error budget a limit on their possible contributions 
extracted from | |C NES  ( | |C NEBS ) and ⟨ ⟩| |C NE  (⟨ ⟩| |C NEB ) (Table 1).

The last parameter observed to generate a systematic shift was ωE , 
which can result from leakage-current, motional-magnetic-field 
( × Ev ) and geometric-phase effects19. To measure the slope 

ω ω= ∂ /∂ω
NE E

ES , we apply an E~-correlated component of the magnetic 
field, BE

z , which creates a large artificial ωE . ωES  is a measure of the 
suppression of any residual value of ωE by the N~  switch20,21. The mean 
value of ωE  in the EDM dataset, ⟨ ⟩ωE , was measured to be consistent 
with zero. We place a limit on the possible contributions from ωE effects 
using the measured values of ωES  and ⟨ ⟩ωE  (Table 1).

In addition to the above effects, we include in our systematic error 
budget possible contributions from the following parameters (all closely 
related to the parameters observed to cause a non-zero ω NE shift in our 
measurement): residual (non-reversing) magnetic fields (along all three 
directions), all additional first-order magnetic-field gradients 
(∂ /∂B xx , ∂ /∂B yy , ∂ /∂B xy , ∂ /∂B xz ), refinement- and readout-laser 
detunings and the differential detuning between the two experimental 
N
~  states, ∆N .

Results and conclusions
The result of this second-generation EDM measurement using ThO  
is ω NE  = −510 ± 373stat ± 310syst µrad s−1. Using ω= − /ENEd ħe eff  
and16,17 ≈ −E 78 GV cmeff

1 results in

= . ± . ± . × −d e(4 3 3 1 2 6 ) 10 cm (4)e stat syst
30

where the combined statistical and systematic uncertainty, 
σ = . × − e4 0 10 cmd

30
e

, is a factor of 12 smaller than the previous best 
result, from ACME I1,9.

An upper limit on |de| is computed by applying the Feldman–Cousins 
prescription9,33 to a folded normal distribution, which yields

| | < . × −d e1 1 10 cm (5)e
29

at 90% confidence level. This is 8.6 times smaller than the best previous 
limit, from ACME I1,9. Because paramagnetic molecules are sensitive 
to multiple time-reversal-symmetry-violating effects34, our measure-
ment can be more generally interpreted as ω = − +ENEħ d W Ce eff S S , 
where CS is a dimensionless time-reversal-symmetry-violating  
electron–nucleon coupling parameter and WS = −2πħ × 282 kHz is a 
molecule-specific constant16,17,35. For the de limit given above, we 
assume CS = 0. Assuming de = 0 instead gives |CS| < 7.3 × 10−10 (90% 
confidence level).

Because the values of de and CS predicted by the standard model 
are many orders of magnitude below our sensitivity2,3, this measure-
ment is a background-free probe for new physics beyond the standard 
model. Nearly every extension of the standard model4–6 introduces 
the possibility for new particles and new time-reversal-symmetry- 
violating phases, φT, that can lead to measurable EDMs. Within typical 
extensions of the standard model, an EDM arising from new particles 

Table 1 | Systematic shifts for ωNE and their statistical uncertainties
Parameter Shift Uncertainty

∂ /∂B zz  and ∂ /∂B yz 7 59

ω NE
ST  (via θ −

ST
H C) 0 1

NEPref – 109

Enr −56 140

| |C NE and | |C NEB 77 125

ωE (via BE
z) 1 1

Other magnetic-field gradients (4) – 134

Non-reversing magnetic field, B z
nr – 106

Transverse magnetic fields, B x
nr, B y

nr – 92

Refinement- and readout-laser detunings – 76

N~ -correlated laser detuning, ∆N – 48

Total systematic 29 310

Statistical uncertainty 373

Total uncertainty 486
Values are shown in µrad s−1. All uncertainties are added in quadrature. For Eeff = 78 GV cm−1, 
de = 10−30e cm corresponds to ħω| | = /ENE deeff  = 119 µrad s−1.

1 8  O C T O B E R  2 0 1 8  |  V O L  5 6 2  |  N A T U R E  |  3 5 9
© 2018 Springer Nature Limited. All rights reserved.

1. Experiments become increasingly precise and confirm the SM prediction

2. EDMs are detected above the SM prediction >>> New Physics!



Experimental detection

u Typical experiments attempt to detect EDM in atomic systems (why?)

u An electric field is applied on the atom/molecule, but a problem rises!

u The external electric field is counter-balanced by the internal field induced by polarization

The molecule’s constituents feel NO ELECTRIC FIELD (in average)

No net electric field >>>>> No EDM-induced energy shift

This implies EDMs are undetectable in atomic systems! 
This is known as the Schiff’s Theorem



Bypassing Schiff’s Theorem

u Schiff’s theorem has 3 conditions of validity:

1. Electrostatic interactions only

2. Point-like particles only

3. Nonrelativistic systems

It turns out an EDM is detectable if any of those conditions is not satisfied

1. The experiments are done using electric AND magnetic fields!

2. A nuclear EDM is detectable if the nucleus is not point-like (residual Schiff Moment)
3. An electronic EDM is detectable (and much enhanced) in relativistic scenarios



Who carries the EDM in a molecule?

u In an atom, an EDM may be due to:

1. Intrinsic properties of the electrons or nucleons OR

2. The interaction between them

u We will focus on the possibility 2, that is, electron-nucleon (e-N) couplings



Electron-nucleon couplings

u These couplings involve 4 spinors and have the general form

u They have mass dimension of at least 6

u Each factor in parenthesis is a Dirac bilinear

u Only the ones with P- and T-odd components are viable candidates!

Capítulo 7

Limites superiores a EDMs atômicos

advindos de acoplamentos LV não

mínimos elétron-núcleon de dimensão-6

Nos capítulos anteriores, consideramos que um EDM (d) era uma propriedade dos férmions ou, no caso do

núcleo atômico, de interações P - e T -ímpares no núcleo. Além destas possibilidades, um EDM atômico pode

ser devido a interações P - e T -ímpares entre os elétrons e os núcleons (prótons e nêutrons). Estas interações,

cujos termos apresentam dimensão de massa igual a 6, são entendidas como acoplamentos elétron-núcleon

(e-N) com forma geral
�
N̄�1N

� �
 ̄�2 

�
, (7.0.1)

onde �1,2 são combinações das matrizes de Dirac, e N ( ) corresponde ao espinor do núcleon (elétron). Os

acoplamentos do cenário usual estão listados na figura 7.0.1. Observe que, dada a identidade

i�µ⌫�5 =
1

2
✏µ⌫↵��

↵�
, (7.0.2)

o bilinear pseudotensor é, na verdade, um bilinear de tensor.

Tendo em vista a Ref. [89] e a discussão presente na Seç. 3.5, a interpretação física dos bilineares na

figura 7.0.1 é transparente. O primeiro termo tem uma interpretação mais dificultosa, visto que os bilineares

escalares ( ̄ = �) e pseudoescalares ( ̄i�5 = !) podem ser interpretados mais facilmente em conjunto como

uma densidade de probabilidade (⇢2 = �
2 + !

2). O segundo é mais simples: trata-se de um acoplamento da
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transform under these symmetry operations, as shown in
Table III.
It is important to stress that only the pieces that are

simultaneously P-odd and T-odd can generate EDM. As
the Lorentz-violating couplings presented in Tables I are
CPT-odd, the simultaneously P-odd and T-odd pieces turn
out to be CP-even, but able to generate EDM. Effectively,
we are interested only in the unsuppressed P-odd and
T-odd couplings, that is

ðkSVÞiðN̄NÞðψ̄γiψÞ; ðkVPÞ0ðN̄γ0NÞðψ̄iγ5ψÞ; ð12Þ

where the factor of i was inserted in order to guarantee the
hermicity. The CPT-odd effective Lagrangian, for the
possible couplings involving a rank-1 LV tensor, is then

LLV−1 ¼
X

N

½ðkSVÞiðN̄NÞðψ̄γiψÞþðkVPÞ0ðN̄γ0NÞðψ̄iγ5ψÞ&:

ð13Þ

Following the rank-1 case, it is interesting to analyze
now the e-N couplings composed by a rank-2 LV tensor,
ðkXXÞμν, which are, obviously, CPT-even. All possibilities
are listed in Table IV, which contains two P-odd and T-odd
e−N couplings that are not suppressed in the nonrelativ-
istic limit for the nucleons. These couplings are CP-odd, as
the usual Lorentz-preserving EDM terms. Again, similarly
as in Eq. (6), couplings with a rank-2 tensor presenting
index contractions between the bilinears can be read as
particular cases of the rank-4 generalization, presented in
Table IV. That said, the CPT-even effective Lagrangian is

TABLE IV. General couplings with LV tensors of ranks 2, 3, and 4, and Dirac bilinears. Again, NRL stands for the
nonrelativistic limit for the nucleons. Also, in this limit, “S” and “NS” stand for suppressed and not suppressed,
respectively.

Coupling P-odd and T-odd piece NRL EDM

Rank-2
ðkVVÞμνðN̄γμNÞðψ̄γνψÞ ðkVVÞi0ðN̄γiNÞðψ̄γ0ψÞ S ' ' '

ðkVVÞ0iðN̄γ0NÞðψ̄γiψÞ NS Yes
ðkAVÞμνðN̄γμγ5NÞðψ̄γνψÞ None ' ' ' ' ' '
ðkVAÞμνðN̄γμNÞðψ̄γνγ5ψÞ None ' ' ' ' ' '
ðkAAÞμνðN̄γμγ5NÞðψ̄γνγ5ψÞ ðkAAÞ0iðN̄γ0γ5NÞðψ̄γiγ5ψÞ S ' ' '

ðkAAÞi0ðN̄γiγ5NÞðψ̄γ0γ5ψÞ NS Yes
ðkTSÞμνðN̄σμνNÞðψ̄ψÞ None ' ' ' ' ' '
ðkTPÞμνðN̄σμνNÞðψ̄iγ5ψÞ None ' ' ' ' ' '
ðkSTÞμνðN̄NÞðψ̄σμνψÞ None ' ' ' ' ' '
ðkPTÞμνðN̄iγ5NÞðψ̄σμνψÞ None ' ' ' ' ' '

Rank-3
ðkVTÞαμνðN̄γαNÞðψ̄σμνψÞ None ' ' ' ' ' '
ðkATÞαμνðN̄γαγ5NÞðψ̄σμνψÞ ðkATÞ0ijðN̄γ0γ5NÞðψ̄σijψÞ S ' ' '

ðkATÞi0jðN̄γiγ5NÞðψ̄σ0jψÞ NS Yes
ðkATÞij0ðN̄γiγ5NÞðψ̄σj0ψÞ NS Yes

ðkTVÞαμνðN̄σμνNÞðψ̄γαψÞ None ' ' ' ' ' '
ðkTAÞαμνðN̄σμνNÞðψ̄γαγ5ψÞ ðkTAÞ0ijðN̄σijNÞðψ̄γ0γ5ψÞ NS Yes

ðkTAÞi0jðN̄σ0jNÞðψ̄γiγ5ψÞ S ' ' '
ðkTAÞij0ðN̄σj0NÞðψ̄γiγ5ψÞ S ' ' '

Rank-4
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densidade de corrente nuclear com a densidade de corrente quiral eletrônica. O terceiro, por outro lado, é

uma interação entre densidades de momento magnético e elétrico – de fato, este termo de interação é melhor

limitado por meio do momento de Schiff. Esta análise pode ser estendida a todos os acoplamentos entre

bilineares fermiônicos na tabela da figura 7.3.1.

No que diz respeito a seus comportamentos sob transformações C, P e T , dos acoplamentos ilustrados na

figura 7.0.1, apenas o primeiro, o terceiro e o quinto são compatíveis com geração de EDM. Esta classificação

é feita com o auxílio da tabela 7.1 e, uma vez selecionados, escreve-se a Lagrangiana com os acoplamentos

P - e T -ímpares
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onde a soma é efetuada sobre todos os núcleons; as contantes CS , CT , CP são adimencionais e GF é a constante

de Fermi. Dentre estes, a contribuição dominante advém do acoplamento escalar-pseudoescalar CSN̄jNj ̄�
5
 

[121, 122, 123, 124]. Além disto, este acoplamento é similar ao termo dominante no que é conhecido como

“não conservação da paridade em sistemas atômicos” (PNC), que tem origem no acoplamento da corrente

axial eletrônica neutra com a corrente fraca nucleônica neutra via troca do bóson Z
0 [105, 125, 126, 127, 128,

129, 130, 131]. Dados experimentais recentes permitiram impor CS < 7.3⇥ 10�10 [132].
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Tabela 7.1: Comportamento dos bilineares de Dirac sob transformações discretas

Os outros dois acoplamentos, o tensor-pseudotensor e escalar-pseudoescalar, foram investigados na Ref.

[133] via cálculos atômicos envolvendo o núcleo do átomo 199Hg. Vale lembrar que, além de efeitos de EDM,

interações P - e T -ímpares estão relacionadas, por exemplo: à polarização atômica em átomos pesados, a

elementos de matriz não nulos, e a transições M1 proibidas [134, 135, 136].
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Effective Lagrangiantransform under these symmetry operations, as shown in
Table III.
It is important to stress that only the pieces that are

simultaneously P-odd and T-odd can generate EDM. As
the Lorentz-violating couplings presented in Tables I are
CPT-odd, the simultaneously P-odd and T-odd pieces turn
out to be CP-even, but able to generate EDM. Effectively,
we are interested only in the unsuppressed P-odd and
T-odd couplings, that is

ðkSVÞiðN̄NÞðψ̄γiψÞ; ðkVPÞ0ðN̄γ0NÞðψ̄iγ5ψÞ; ð12Þ

where the factor of i was inserted in order to guarantee the
hermicity. The CPT-odd effective Lagrangian, for the
possible couplings involving a rank-1 LV tensor, is then

LLV−1 ¼
X

N

½ðkSVÞiðN̄NÞðψ̄γiψÞþðkVPÞ0ðN̄γ0NÞðψ̄iγ5ψÞ&:

ð13Þ

Following the rank-1 case, it is interesting to analyze
now the e-N couplings composed by a rank-2 LV tensor,
ðkXXÞμν, which are, obviously, CPT-even. All possibilities
are listed in Table IV, which contains two P-odd and T-odd
e−N couplings that are not suppressed in the nonrelativ-
istic limit for the nucleons. These couplings are CP-odd, as
the usual Lorentz-preserving EDM terms. Again, similarly
as in Eq. (6), couplings with a rank-2 tensor presenting
index contractions between the bilinears can be read as
particular cases of the rank-4 generalization, presented in
Table IV. That said, the CPT-even effective Lagrangian is

TABLE IV. General couplings with LV tensors of ranks 2, 3, and 4, and Dirac bilinears. Again, NRL stands for the
nonrelativistic limit for the nucleons. Also, in this limit, “S” and “NS” stand for suppressed and not suppressed,
respectively.

Coupling P-odd and T-odd piece NRL EDM

Rank-2
ðkVVÞμνðN̄γμNÞðψ̄γνψÞ ðkVVÞi0ðN̄γiNÞðψ̄γ0ψÞ S ' ' '

ðkVVÞ0iðN̄γ0NÞðψ̄γiψÞ NS Yes
ðkAVÞμνðN̄γμγ5NÞðψ̄γνψÞ None ' ' ' ' ' '
ðkVAÞμνðN̄γμNÞðψ̄γνγ5ψÞ None ' ' ' ' ' '
ðkAAÞμνðN̄γμγ5NÞðψ̄γνγ5ψÞ ðkAAÞ0iðN̄γ0γ5NÞðψ̄γiγ5ψÞ S ' ' '

ðkAAÞi0ðN̄γiγ5NÞðψ̄γ0γ5ψÞ NS Yes
ðkTSÞμνðN̄σμνNÞðψ̄ψÞ None ' ' ' ' ' '
ðkTPÞμνðN̄σμνNÞðψ̄iγ5ψÞ None ' ' ' ' ' '
ðkSTÞμνðN̄NÞðψ̄σμνψÞ None ' ' ' ' ' '
ðkPTÞμνðN̄iγ5NÞðψ̄σμνψÞ None ' ' ' ' ' '

Rank-3
ðkVTÞαμνðN̄γαNÞðψ̄σμνψÞ None ' ' ' ' ' '
ðkATÞαμνðN̄γαγ5NÞðψ̄σμνψÞ ðkATÞ0ijðN̄γ0γ5NÞðψ̄σijψÞ S ' ' '

ðkATÞi0jðN̄γiγ5NÞðψ̄σ0jψÞ NS Yes
ðkATÞij0ðN̄γiγ5NÞðψ̄σj0ψÞ NS Yes

ðkTVÞαμνðN̄σμνNÞðψ̄γαψÞ None ' ' ' ' ' '
ðkTAÞαμνðN̄σμνNÞðψ̄γαγ5ψÞ ðkTAÞ0ijðN̄σijNÞðψ̄γ0γ5ψÞ NS Yes

ðkTAÞi0jðN̄σ0jNÞðψ̄γiγ5ψÞ S ' ' '
ðkTAÞij0ðN̄σj0NÞðψ̄γiγ5ψÞ S ' ' '

Rank-4
ðkTTÞαβμνðN̄σαβNÞðψ̄σμνψÞ ðkTTÞ0ijkðN̄σ0iNÞðψ̄σjkψÞ S ' ' '

ðkTTÞi0jkðN̄σi0NÞðψ̄σjkψÞ S ' ' '
ðkTTÞij0kðN̄σijNÞðψ̄σ0kψÞ NS Yes
ðkTTÞijk0ðN̄σijNÞðψ̄σk0ψÞ NS Yes

TABLE III. Behavior of Dirac bilinears under discrete sym-
metry operators.

ψ̄ψ ψ̄ iγ5ψ ψ̄γ0ψ ψ̄γiψ ψ̄γ0γ5ψ ψ̄γiγ5ψ ψ̄σ0iψ ψ̄σijψ

P þ − þ − − þ − þ
T þ − þ − þ − þ −
C þ þ − − þ þ − −
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Electron-nucleon couplings:
an example

u Now we’ll outline how to read an EDM contribution from an effective 4-spinor Lagrangian

u Consider the (dominant) term

u First we apply the nonrelativistic limit for the nucleons

Neste capítulo pretendemos estudar classes gerais de acoplamentos e-N , relacionados a tensores LV de

rank-1 a rank-4. Estas classes abrangem acoplamentos não mostrados na figura 7.0.1, e que foram recente-

mente propostos em [137]. Esta referência explora todos os acoplamentos possíveis, mas trata de espinores

idênticos e não impõe bounds nos parâmetros LV. Aqui vamos selecionar os acoplamentos e-N que podem

gerar EDM e mostrar como extrair a contribuição destes para com o EDM atômico. Feito isto, iremos usar

os dados experimentais recentes e estimativas numéricas da literatura para impor bounds nas magnitudes dos

acoplamentos. Para ilustrar o procedimento, na seção a seguir veremos como calcular o dequiv advindo do

acoplamento CSP N̄jNj ̄�5 .

7.1 Cálculo do EDM gerado por um acoplamento e-N : um exemplo

Nesta seção seguiremos o roteiro das Refs. [105, 121, 128], considerando a Lagrangiana

LCP = �
GF
p
2

X

j

CSN̄jNj ̄i�5 . (7.1.1)

Confirma-se, por meio da tabela 7.1, que este acoplamento de fato é P - e T -ímpar. A seguir deve-se

implementar o limite não relativístico para os núcleons, o que é feito considerando, do bilinear N̄jNj , apenas

a parcela quadrática na componente maior �N , isto é

N̄jNj =

✓
�
⇤
N

�
⇤
N

◆
0

B@
1 0

0 �1

1

CA

0

B@
�N

�N

1

CA

⇡ |�N |
2
, (7.1.2)

na qual podemos identificar

n(r) = |�N |
2
, (7.1.3)

onde n(r) corresponde à densidade de probabilidade do núcleon. Após isto, teremos a Lagrangiana para o

elétron apenas

LCP�e = �
GF
p
2
CSAn(r) ̄i�5 , (7.1.4)

cuja contribuição ao Hamiltoniano é obtida, em termos práticos, trocando-se  ̄ por ��
0. Isto nos leva a

HCP = i
GF
p
2
CSAn(r)�

0
�5 , (7.1.5)

onde o fator do número de massa, A, vem da soma sobre todos os núcleons. Observe que o fator n(r) limita
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Remaining (electron’s) Lagrangian
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u The electron’s Hamiltonian is then

u Next, we need to find the energy shift this Hamiltonian piece generates:

Where the wavefunction is that of the electron in an atom under an external electric field!

Electron-nucleon couplings:
an example
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o efeito do Hamiltoniano (7.1.5) à região interna ao núcleo (r < RN ). O próximo passo é calcular a correção

ao espectro, ou seja, o seguinte shift

�E = h |HCP | i , (7.1.6)

onde o espinor | i corresponde ao espinor do elétron de valência em um átomo sob um campo elétrico

externo E = Ez ẑ. Façamos uma curta digressão para escrevermos os espinores | i. Para tanto, considere o

Hamiltoniano do elétron de valência em um átomo sob a ação apenas do potencial interno �int(r),

H0 = ↵ · p+m�
0
� e�int(r) , (7.1.7)
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u Without an external electric field, the electron’s Hamiltonian is

Whose solutions are

u As an external electric field is applied, the ground state is modified as

Where, by perturbation theory

Electron-nucleon couplings:
an example
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estado fundamental | 0i deve ser corrigido como

| i = | 0i+ eEz|⌘i , (7.1.8)

onde

|⌘i =
X

n 6=0

| nih n|z| 0i

E0 � En

, (7.1.9)

que deixa evidente o fato de | 0i e |⌘i terem paridades opostas. A partir daqui, vamos nos restringir ao

elétron de valência do átomo de tálio (A = 205 and Z = 81), usando os dados da Ref. [121], em que �int(r)

é adotado como o potencial modificado de Tiez

�int(r) =

8
>><

>>:

r > RN

(Z�1)
r(1+br)2 exp (�ar) + 1

r

r < RN

h
(Z�1)
(1+br)2 exp (�ar) + 1

i ⇣
3� r

2

R
2
N

⌘
1

2RN

, (7.1.10)

onde RN = 1.34⇥ 10�4
a0 é o raio do núcleo em unidades do raio de Bohr (a0), a = 0.2579 e b = 2.5937 em

unidades atômicas, ~ = e = me = 1 e c = ↵
�1 = 137.036. Este potencial aproxima os efeitos das camadas

eletrônicas internas ao de uma blindagem, evidente nos termos exponenciais decrescentes.

Como mencionado, os estados | 0i e |⌘i têm paridade oposta (o estado fundamental | 0i tem l = 1 e |⌘i

tem l = 0). Em componentes, o estado fundamental e a perturbação são dados por

( 0)
l=1
J= 1

2 ,m= 1
2
=

0

B@
i

r
G

l,J= 1
2
(r)�l1

2 ,
1
2

1
r
F
l,J= 1

2
(r) (� · r̂)�l1

2 ,
1
2

1

CA , (7.1.11)

118

o efeito do Hamiltoniano (7.1.5) à região interna ao núcleo (r < RN ). O próximo passo é calcular a correção

ao espectro, ou seja, o seguinte shift

�E = h |HCP | i , (7.1.6)

onde o espinor | i corresponde ao espinor do elétron de valência em um átomo sob um campo elétrico
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Modified Tiez-potential

Note it has opposite parity if compared to the ground state



u The energy shift is then

u So that we identify

u Let us make a few comments on these spinors

Electron-nucleon couplings:
an example

Figura 7.1.1: Gráficos de F e F
S para o estado fundamental do tálio [121].
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The shift is proportional to Eext!
The constant factor should be 

equivalent to an EDM.



u The spinors of the ground state     and       are solutions of the Dirac and of the 
Sternheimer equations, respectively

u We will use data on the thallium atom (A=205 and Z=81)

The ground state is                                                                     while the first-order correction is

Electron-nucleon couplings:
an example
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�E = h |HCP | i , (7.1.6)

onde o espinor | i corresponde ao espinor do elétron de valência em um átomo sob um campo elétrico

externo E = Ez ẑ. Façamos uma curta digressão para escrevermos os espinores | i. Para tanto, considere o

Hamiltoniano do elétron de valência em um átomo sob a ação apenas do potencial interno �int(r),

H0 = ↵ · p+m�
0
� e�int(r) , (7.1.7)

cujos autoestados são denotados por | ni. Uma vez sob o efeito de um campo elétrico externo E = Ez ẑ, o

estado fundamental | 0i deve ser corrigido como

| i = | 0i+ eEz|⌘i , (7.1.8)

onde

|⌘i =
X

n 6=0

| nih n|z| 0i

E0 � En

, (7.1.9)

que deixa evidente o fato de | 0i e |⌘i terem paridades opostas. A partir daqui, vamos nos restringir ao

elétron de valência do átomo de tálio (A = 205 and Z = 81), usando os dados da Ref. [121], em que �int(r)

é adotado como o potencial modificado de Tiez

�int(r) =

8
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>>:
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onde RN = 1.34⇥ 10�4
a0 é o raio do núcleo em unidades do raio de Bohr (a0), a = 0.2579 e b = 2.5937 em

unidades atômicas, ~ = e = me = 1 e c = ↵
�1 = 137.036. Este potencial aproxima os efeitos das camadas

eletrônicas internas ao de uma blindagem, evidente nos termos exponenciais decrescentes.

Como mencionado, os estados | 0i e |⌘i têm paridade oposta (o estado fundamental | 0i tem l = 1 e |⌘i

tem l = 0). Em componentes, o estado fundamental e a perturbação são dados por
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onde Y
m

l
corresponde aos harmônicos esféricos normalizados. As componentes G

l,J= 1
2

e F
l,J= 1

2
, doravante

chamadas apenas de G e F , respeitam as seguintes equações diferenciais acopladas:

d

dr
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r
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2

↵2
+ �i

◆
F , (7.1.14)
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dr
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F = �↵ (W0 + �i)G , (7.1.15)

onde, para o estado fundamental do tálio, W0 = E �mc
2 = �.225, em unidades atômicas. A perturbação

|⌘i, por sua vez, respeita

(H0 � E) |⌘i = �z| 0i , (7.1.16)

que é conhecida como a equação de Sternheimer – daí o superscrito S [138, 139]. Desta forma, as componentes

de |⌘i são soluções das seguintes equações diferenciais acopladas
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onde ignoramos os subscritos. Vale ressaltar que, embora o estado fundamental seja normalizado,
R
dr

�
F

2 +G
2
�
=

1, da perturbação se exige apenas que as componentes FS e G
S vão a zero distante da origem. Estas soluções,

especialmente as F e F
S na figura 7.1.1, são fundamentais no cálculo dos enhancement factors de átomos

pesados – estes fatores indicam que, devido a efeitos relativísticos, o EDM do átomo pode exceder o do elétron

em até 3 ordens de magnitude [98, 99, 140, 141]. Com estas informações, já temos o suficiente para calcular

o shift �E da (7.1.6). Usando as componentes das (7.1.11) e (7.1.12), escrevemos

�E = (h 0|+ eEzh⌘|)HCP (| 0i+ eEz|⌘i) , (7.1.19)
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In these spinors we use:



u Using these spinors, we get

u Using the numerical estimates in [B. Lee Roberts and W. J. Marciano, Lepton Dipole Moments]

u This contribution cannot be larger than the experimental upper limit, which implies

Electron-nucleon couplings:
an example

Figura 7.1.1: Gráficos de F e F
S para o estado fundamental do tálio [121].

que vale

�E = eEzh 0|HCP |⌘i+ eEzh⌘|HCP | 0i

= 2eEz< (h 0|HCP |⌘i) , (7.1.20)

onde usamos o fato dos espinores | 0i e |⌘i terem paridades opostas. A partir da (7.1.20), a contribuição ao

EDM atômico advinda da interação (7.1.1) pode ser lida do shift como

�E = dequivEz , (7.1.21)

onde

dequiv = 2e< (h 0|HCP |⌘i) . (7.1.22)

A partir das componentes das (7.1.11) e (7.1.12), podemos calcular o EDM equivalente gerado pelo

Hamiltoniano (7.1.5). Obtemos

dequiv = 2e
GF
p
2

3ACS

4⇡R3
N

Z
RN

0

�
GF

S +G
S
F
�
dr , (7.1.23)
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onde usamos n = 3/4⇡R3
N

. De acordo com as Refs. [105, 121], para o tálio, o dequiv vale

dequiv = 6.8⇥ 104CSGF (7.1.24)

em unidades atômicas. Desta forma, supondo que esta seja a única fonte de EDM atômico, dequiv não pode

ser maior que o limite superior experimental sobre o EDM do elétron, |de| < 1.1 ⇥ 10�29
e · cm [132]. De

maneira mais precisa, este limite experimental deve ser lido, de acordo com [132], como

|de| + |d[e-N escalar-pseudoescalar]| < 1.1⇥ 10�29
e · cm , (7.1.25)

permitindo impor o bound

CS < 7.3⇥ 10�10
, (7.1.26)

caso assumamos que acoplamentos e-N sejam a única fonte de EDM atômico, ou seja, que |de| = 0.

Ilustrado o método, estamos em condições de abordar as classes gerais de acoplamentos e-N .

7.2 Classes gerais de acoplamentos e-N de dimensão-6 com tensores

LV de rank-1 a rank-4

A maneira mais simples de estender os acoplamentos da figura 7.0.1, mantendo a dimensão de massa

igual a 6, é considerar um tensor de fundo (kXX)µ e desconsiderar acoplamentos com Fµ⌫ e derivadas. Os

acoplamentos teriam, então, a forma

LLV = (kXX)µ
⇥�
N̄ �1 N

� �
 ̄ �2  

�⇤µ
, (7.2.1)

indicando que o índice superior µ pertence a �1 ou �2. Além disto, o subscrito XX em (kXX)µ vai identificar

os dois bilineares como: escalar (S), pseudoescalar (P ), vetor (V ), vetor axial (A) e tensor (T ) – estes

equivalem às 16 matrizes 4⇥ 4 linearmente independentes. Visto que pretendemos manter a dimensão-6, os

operadores �1,2 devem ser as matrizes

I4⇥4 , i�
5
, �

µ
, �

µ
�5 , �

µ⌫
, (7.2.2)

onde ↵i = �
0
�
i, �µ⌫ = i

2 [�
µ
, �

⌫ ], com �
0j = i↵

j , �ij = ✏ijk⌃k.

Uma vez que estamos interessados na geração de EDM, devemos focar nas componentes que violam P e
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The Fermi constant GF is known



Generalized electron-nucleon couplings

Now we know to read EDM contributions from the couplings;

u Next we need to generalize them using Lorentz-violating background tensors

u First let us look at the rank-1 case

u Each X stands for the type of Dirac bilinear: Scalar (A), Pseudoscalar (P), Vector (V), Axial Vector (A), 

and Tensor (T) (remember they have dimension-6)

u Let us have a look at the possibilities (LOOK FOR P- and T-ODD COMPONENTS ONLY)
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Inspired by [Phys. Rev. D 99, 056016 (2019)]



Motivations?

u Non null vacuum expectation values from possible higher-energy Physics

u Anisotropic properties to the spacetime > (minute) Lorentz Symmetry* and/or CPT violations

u Please have a look at <<https://lorentz.sitehost.iu.edu/kostelecky/faq.html>>

u A very versatile framework subject to stringent experimental data



Rank-1 LV electron-nucleon couplings

in an atom deprived of particle EDM sources—(i) and (ii),
an effective atomic EDM may be engendered via
dimension-6 interactions between the nucleus and the
electronic cloud, being represented by P-odd and T-odd
electron-nucleon (e-N) couplings, such as

LCP ¼ i
GFffiffiffi
2

p
X

j

½CSN̄jNjψ̄γ5ψ þ CPN̄jγ5Njψ̄ψ

þ CTN̄jσμνNjψ̄σμνγ5ψ $: ð1Þ

Among these, the dominant contribution arises from the
scalar-pseudoscalar coupling, CSN̄jNjψ̄γ5ψ , where GF

denotes Fermi’s constant [4,14,23,24]. By supposing that
the e-N couplings are the sole source of EDM for the atom,
the dimensionless coefficient CS can be constrained to the
level CS < 7.3 × 10−10, according to the most precise
experiment up to date on the electron’s EDM [9].
Moreover, the scalar-pseudoscalar coupling is similar to
the dominant term in ordinary atomic parity nonconserva-
tion (PNC), originated from the coupling of the axial
electronic neutral weak current to the vector nucleonic
neutral weak current via a Z0 exchange [4,24,25]. The
effects on atomic polarization in heavy atoms have also
been studied [2,26,27]. P-odd and T-odd interactions in
atomic systems may yield non-null matrix elements in
heavy atoms with one valence electron [28]. Other
e-N couplings, including the tensor-pseudotensor and
pseudoscalar-scalar, are investigated via atomic calcula-
tions for the 199Hg nucleus [29].
EDM phenomenology can also arise in a Lorentz-

violating (LV) scenario, addressed within the framework
of the Standard Model extension (SME), developed by
Kostelecky, Colladay and others in Refs. [30]. The SME
includes dimension-4 and dimension-3 LV terms in all
sectors of the SM, comprising fermions [31–34], photons
[35–37], Yang-Mills developments [38], Casimir effect
[39], photon-fermion interactions [40,41] and electroweak
(EW) processes [42–44]. The minimal SME can be further
extended so as to contain nonminimal couplings composed
of higher-order derivatives in the photon [45] and in the
fermion sector [46], as well as higher-dimension operators
[47–49]. Nonminimal couplings deprived of higher-order
derivatives (except the one contained in the field strength)
have been proposed in describing LV interactions between
fermions and photons [50–52] and LV interactions in the
electroweak sector [53]. Dimension-5 terms of Myers-
Pospelov type have also been investigated in the context
of black-body radiation [54] and emission of electromag-
netic and gravitational waves [55].
Lorentz violation can also work as a source of CP

violation and EDM via radiative corrections [56] or even at
tree level via dimension-5 nonminimal couplings [57–60].
Lorentz-violating (LV) dimension-5 nonminimal couplings
have been proposed as nonusual QED interactions between

fermions and photons, yielding EDM Lagrangians pieces
as λψ̄ðKFÞμναβΓμνFαβψ and λ1ψ̄TμαFα

νΓμνψ , where
ðKFÞμναβ and Tμα are CPT-even LV tensors, and Γμν are
combinations of Dirac matrices [58–60]. Electron EDM
experimental data has yielded upper bounds as tight as
10−25 ðeVÞ−1 on the magnitude of these couplings. Looking
at another route, nuclear EDMs may also be connected with
LV physics. Lorentz-violating contributions to the nuclear
Schiff moment have been investigated as well [61]. It is
worth mentioning that LV theories were also analyzed in
connection with the magnetic dipole moment physics [62–
64], notwithstanding providing less severe upper bounds.
In this work, we investigate a class of dimension-6 and

Lorentz-violating e-N couplings, composed by rank-1,
rank-2, rank-3, and rank-4 background tensors, and the
possible generation of atomic EDM. These couplings were
first proposed in a recent generalization of gauge theories
with LV operators of arbitrary dimension [65], which
contains nonminimal couplings of dimensions ranging
from 5 to 8. Specifically, we are interested in the dimen-
sion-6 fermion-fermion interactions displayed here in
Tables I and IV, for the purpose of generating EDM.
This work is organized as follows. In Sec. II, several
possibilities of dimension-6 couplings are presented and
analyzed concerning their behavior under C, P, and T
operations and suppression criteria for yielding EDM.
Also, redundancies in the couplings are illustrated and
commented. In Sec. III, we examine the Hamiltonians
corresponding to unsuppressed EDM couplings, and their
respective energy shifts are estimated and limited using
the current experimental data. The sidereal analysis on the
LV terms is also performed. In Sec. IV, the conclusions
are drawn.

II. NONMINIMAL ELECTRON-NUCLEON
LORENTZ-VIOLATING COUPLINGS

An atomic EDM could be the result of the EDM
contained in the electrons or nucleons, or it could be

TABLE I. General CPT-odd couplings with a rank-1 LV tensor
and Dirac bilinears. NRL stands for the nonrelativistic limit for
the nucleons (N). In this limit, the coupling component can be
suppressed, “S,” or not suppressed, “NS.”

Coupling P-odd, T-odd piece NRL EDM

ðkSVÞμðN̄NÞðψ̄γμψÞ ðkSVÞiðN̄NÞðψ̄γiψÞ NS Yes
ðkVSÞμðN̄γμNÞðψ̄ψÞ ðkVSÞiðN̄γiNÞðψ̄ψÞ S ' ' '
ðkVPÞμðN̄γμNÞðψ̄iγ5ψÞ ðkVPÞ0ðN̄γ0NÞðψ̄iγ5ψÞ NS Yes
ðkPVÞμðN̄iγ5NÞðψ̄γμψÞ ðkPVÞ0ðN̄γ5NÞðψ̄γ0ψÞ S ' ' '
ðkSAÞμðN̄NÞðψ̄γμγ5ψÞ None ' ' ' ' ' '
ðkASÞμðN̄γμγ5NÞðψ̄ψÞ None ' ' ' ' ' '
ðkPAÞμðN̄iγ5NÞðψ̄γμγ5ψÞ None ' ' ' ' ' '
ðkAPÞμðN̄γμγ5NÞðψ̄ iγ5ψÞ None ' ' ' ' ' '
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We could try other possibilities, but 
they are redundant

(particular cases of rank-3 couplings!)

due to P-odd and T-odd electron-nucleon interactions only.
Lorentz violation is a natural source of CP-breaking and
can work as an environment to generate P-odd and T-odd
e-N interactions. In this sense, we are interested in a class
of Lorentz-violating (LV) electron-nucleon couplings.
Considering dimension-6 couplings involving 2 fermions,
we are restricted to derivative free couplings, otherwise
these would have dimension higher than 6, one unit higher
for each extra derivative considered. The simplest case
involves a rank-1 LV tensor ðkXXÞμ, so that the effective
dimension-6 Lagrangian piece should have the form

LLV ¼ ðkXXÞμ½ðN̄Γ1NÞðψ̄Γ2ψÞ%μ; ð2Þ

indicating that the upper index μ belongs to either Γ1 or Γ2.
In addition, the subscript XX in ðkXXÞμ refers to the nature
of the two fermion bilinears as follows: scalar (S), pseu-
doscalar (P), vector (V), axial vector (A), and tensor (T),
which account for the 16 linearly independent 4 × 4
matrices. Due to the limitation on dimension-6 couplings,
the operators Γ1;2 must be combinations of Dirac matrices.
We use the definitions

αi ¼
!
0 σi

σi 0

"
; Σk ¼

!
σk 0

0 σk

"
; γi ¼

!
0 σi

−σi 0

"
;

γ0 ¼
!
1 0

0 −1

"
; γ5 ¼

!
0 1

1 0

"
; ð3Þ

and σμν ¼ i½γμ; γν%=2, with σ0j ¼ iαj, σij ¼ ϵijkΣk. As
we are interested in the generation of EDM, we should
focus on the P-odd and T-odd couplings. In principle, one
can have Γ1;Γ2 ¼ γμ; γμγ5; γ5; 1, which provide several
possibilities,

Γ1 ¼ γμ; Γ2 ¼ 1; Γ1 ¼ γμ; Γ2 ¼ γ5;

Γ1 ¼ γμγ5; Γ2 ¼ 1; Γ1 ¼ γμγ5; Γ2 ¼ γ5; ð4Þ

and the corresponding combinations interchanging Γ1 and
Γ2, yielding eight couplings that are listed in Table I.
CPT-odd dimension-6 couplings, containing the tensor

operator σμν, can also be proposed. The initial options
would be

Γ1 ¼ γμ; Γ2 ¼ σμν; Γ1 ¼ γμγ5; Γ2 ¼ σμν; ð5Þ

to which one adds the corresponding combinations letting
Γ1 ↔ Γ2, engendering four possibilities, displayed in
Table II. These couplings, however, are included in a
rank-3 generalization. Observe, for instance:

ðκVTÞνðN̄γμNÞðψ̄σμνψÞ ¼ ðκVTÞνgβμðN̄γμNÞðψ̄σβνψÞ
¼ ðkVTÞνβμðN̄γμNÞðψ̄σβνψÞ; ð6Þ

where ðkVTÞνβμ ¼ ðkVTÞνgβμ is a particular parametrization,
with gβμ being the Minkowski metric tensor. Consequently,
all the rank-1 couplings with one contracted index between
the bilinears can be reproduced by the rank-3 structures of
Table IV. In other words, all the rank-1 couplings of Table II
are included as particular cases of the rank-3 couplings to
be shown in Table IV, which also includes the couplings of
rank-2 and rank-4.
Other combinations involving σμν, such as

Γ1 ¼ γνσμν; Γ2 ¼ 1; ð7Þ

Γ1 ¼ γνσμν; Γ2 ¼ γ5; ð8Þ

Γ1 ¼ γνσμνγ5; Γ2 ¼ 1; ð9Þ

could also be proposed, but dot not bring novelty, due to
the redundancy of the product γνσμν ¼ 3iγμ. In addition,
the identity

σμνγ5 ¼
i
2
ϵμνρθσρθ;

where ϵμνρθ (with ϵ0123 ¼ þ 1) is the Levi-Civita symbol,
frees us from taking “pseudotensor” (σμνγ5) terms into
account, since these can be written in terms of the tensor
ones, as follows:

ððkV−PTÞνÞðN̄γμNÞðψ̄iσμνγ5ψÞ ¼ ðkVTÞμρθðN̄γμNÞðψ̄σρθψÞ;

ð10Þ

where

ðkVTÞμρθ ¼
1

2
ϵνμρθðkV−PTÞν: ð11Þ

Thus, these couplings are equivalent to the rank-3 ones
displayed in Table V.
Concerning the couplings in Tables I and IV, these are

considered suppressed when the nucleon’s bilinear mixes
large and small spinor components, becoming negligible in
the nonrelativistic limit. We obviously are interested only in
the unsuppressed, i.e., the bilinears composed of only large
components. The behavior of the couplings under discrete
symmetries depends on the way the Dirac bilinears

TABLE II. Redundant CPT-odd couplings with a rank-1 LV
tensor and matrixes γμ, σμν, and γ5.

Coupling P-odd, T-odd piece NRL EDM

ðkVTÞνðN̄γμNÞðψ̄σμνψÞ None ' ' ' ' ' '
ðkATÞνðN̄γμγ5NÞðψ̄σμνψÞ ðkATÞ0ðN̄γiγ5NÞðψ̄σi0ψÞ NS Yes
ðkTVÞνðN̄σμνNÞðψ̄γμψÞ None ' ' ' ' ' '
ðkTAÞνðN̄σμνNÞðψ̄γμγ5ψÞ ðkTAÞ0ðN̄σi0NÞðψ̄γiγ5ψÞ S ' ' '
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u There are 2 contributions arising from rank-1 couplings

u According to the results

u Only the kVP contribution is real in                                      . Its contribution is: 

Rank-1 electron-nucleon Couplings

incapaz de promover shifts no espectro e EDM. Vale escrever as integrais

h 0|�
0
�
i
|⌘i = i�i3

Z
RN

0


1

3
F

S(r)G(r) +G
S(r)F (r)

�
dr , (7.2.14)

h 0|�5|⌘i = i

Z
RN

0

⇥
�F

S(r)G(r) +G
S(r)F (r)

⇤
dr , (7.2.15)

h 0|i�
i
|⌘i = �i3

Z
RN

0


�
1

3
F

S(r)G(r) +G
S(r)F (r)

�
dr , (7.2.16)

onde a delta de kronecker indica a única componente não nula, devido à estrutura do operador e integrais

angulares.

Para a segunda componente do Hamiltoniano (7.2.11), (kV P )0, temos uma contribuição idêntica à do caso

escalar-pseudoescalar ilustrado acima, isto é:

|d1-equiv| = 2eA (kV P )0 n(r)|<
⇥
h 0|

�
i�

0
�5

�
|⌘i

⇤
|, (7.2.17)

ou

|d1-equiv| = 2e (kV P )0
3A

4⇡R3
N

Z
RN

0

⇥
F

S(r)G(r) +G
S(r)F (r)

⇤
dr , (7.2.18)

onde usamos uma densidade de probabilidade uniforme, n = 3/4⇡R3
N

. A partir disto, usando o valor da

integral atômica em (7.1.24), extraído das Refs. [105], e a medida experimental atual |de| < 1.1⇥10�29
e ·cm,

da Ref. [132], podemos impor o seguinte limite superior:

| (kV P )0 | < 1.6⇥ 10�15 (GeV)�2
. (7.2.19)

Dado que o bound (7.2.19) diz respeito à componente temporal (kV P )0, conclui-se que este não é sujeito

a variações siderais, diferente dos em [102, 109]. No que diz respeito ao Hamiltoniano de rank-2, isto é

HLVe�2 = [� (kV V )0i A�
0
�
i
� (kAA)i0 h�

i
iN�5] · n(r) , (7.2.20)

vê-se que, uma vez que as integrais (7.2.14) e (7.2.15) são complexas, não há contribuição de EDM.

Avançando, podemos escrever os acoplamentos de rank-3 e rank-4 – listados nas tabelas 7.5 e 7.6. As

Lagrangianas respectivas são

LLV�3 =
X

N

h
(kAT )i0j (N̄�

i
�5N)( ̄�0j

 ) + (kAT )ij0 (N̄�
i
�5N)( ̄�j0

 ) + (kTA)0ij (N̄�
ij
N)( ̄�0�5 )

i
,

(7.2.21)
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Seguindo o roteiro da seção anterior, aplicando o limite não relativístico para os núcleons, e usando as

definições das matrizes de Dirac em (3.3.4), obtemos as seguintes correspondências:

N̄N , N̄�
0
N ! n(r),

N̄�i�5N , N̄i�
0i
�5N ! �h�

i
iN · n(r),

N̄�
ij
N ! ✏ijkh�

k
iN · n(r) ,

onde n(r) é a densidade de probabilidade dos núcleons, tomada igual tanto para nêutrons quanto para prótons;

e o vetor h�k
iN é o valor esperado do spin do núcleon. Observe que, embora as densidades formem uma soma

coerente, a soma sobre os spins, devido ao princípio de exclusão de Pauli, resulta apenas no spin do núcleon

desemparelhado. Dito isto, a partir das (7.2.7) e (7.2.8), podemos escrever as Lagrangianas efetivas para o

elétron:

LLVe�1 =
⇥
(kSV )i A(ē�ie) + (kV P )0 A(ēi�5e)

⇤
· n(r) (7.2.9)

para os acoplamentos com um tensor LV rank-1, e

LLVe�2 =
⇥
A (kV V )0i

�
ē�

i
e
�
+ (kAA)i0 h�

i
iN

�
ē�

0
�5e

�⇤
· n(r) (7.2.10)

para um tensor de rank-2. Comecemos pelo Hamiltoniano advindo da (7.2.9), que é

HLVe�1 = [� (kSV )i A�
0
�
i
� (kV P )0 Ai�

0
�5] · n(r) . (7.2.11)

Seguindo o roteiro da seção anterior, o shift no espectro, gerado por cada parcela do Hamiltoniano P - e

T -ímpar, é dado por

�E = h |HP,T | i = 2eEz<

Z
 
†
0HP,T ⌘d

3
r

�
, (7.2.12)

de modo que o EDM equivalente pode ser lido a partir de

�E

Ez

= 2e< [h 0|HP,T |⌘i] ⌘ dequiv . (7.2.13)

Aplicando esta prescrição para as parcelas do Hamiltoniano (7.2.11), e usando os espinores (7.1.11) e

(7.1.12), vemos que o acoplamento com (kSV )i gera uma contribuição puramente complexa, vide Eq. (7.2.14),
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0
�5] · n(r) . (7.2.11)

Seguindo o roteiro da seção anterior, o shift no espectro, gerado por cada parcela do Hamiltoniano P - e

T -ímpar, é dado por

�E = h |HP,T | i = 2eEz<

Z
 
†
0HP,T ⌘d

3
r

�
, (7.2.12)

de modo que o EDM equivalente pode ser lido a partir de

�E

Ez

= 2e< [h 0|HP,T |⌘i] ⌘ dequiv . (7.2.13)

Aplicando esta prescrição para as parcelas do Hamiltoniano (7.2.11), e usando os espinores (7.1.11) e

(7.1.12), vemos que o acoplamento com (kSV )i gera uma contribuição puramente complexa, vide Eq. (7.2.14),
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incapaz de promover shifts no espectro e EDM. Vale escrever as integrais
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onde a delta de kronecker indica a única componente não nula, devido à estrutura do operador e integrais

angulares.

Para a segunda componente do Hamiltoniano (7.2.11), (kV P )0, temos uma contribuição idêntica à do caso

escalar-pseudoescalar ilustrado acima, isto é:

|d1-equiv| = 2eA (kV P )0 n(r)|<
⇥
h 0|

�
i�

0
�5

�
|⌘i

⇤
|, (7.2.17)

ou

|d1-equiv| = 2e (kV P )0
3A

4⇡R3
N

Z
RN

0

⇥
F

S(r)G(r) +G
S(r)F (r)

⇤
dr , (7.2.18)

onde usamos uma densidade de probabilidade uniforme, n = 3/4⇡R3
N

. A partir disto, usando o valor da

integral atômica em (7.1.24), extraído das Refs. [105], e a medida experimental atual |de| < 1.1⇥10�29
e ·cm,

da Ref. [132], podemos impor o seguinte limite superior:

| (kV P )0 | < 1.6⇥ 10�15 (GeV)�2
. (7.2.19)

Dado que o bound (7.2.19) diz respeito à componente temporal (kV P )0, conclui-se que este não é sujeito

a variações siderais, diferente dos em [102, 109]. No que diz respeito ao Hamiltoniano de rank-2, isto é

HLVe�2 = [� (kV V )0i A�
0
�
i
� (kAA)i0 h�

i
iN�5] · n(r) , (7.2.20)

vê-se que, uma vez que as integrais (7.2.14) e (7.2.15) são complexas, não há contribuição de EDM.

Avançando, podemos escrever os acoplamentos de rank-3 e rank-4 – listados nas tabelas 7.5 e 7.6. As

Lagrangianas respectivas são

LLV�3 =
X

N

h
(kAT )i0j (N̄�

i
�5N)( ̄�0j

 ) + (kAT )ij0 (N̄�
i
�5N)( ̄�j0

 ) + (kTA)0ij (N̄�
ij
N)( ̄�0�5 )

i
,

(7.2.21)
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incapaz de promover shifts no espectro e EDM. Vale escrever as integrais
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onde a delta de kronecker indica a única componente não nula, devido à estrutura do operador e integrais

angulares.

Para a segunda componente do Hamiltoniano (7.2.11), (kV P )0, temos uma contribuição idêntica à do caso

escalar-pseudoescalar ilustrado acima, isto é:

|d1-equiv| = 2eA (kV P )0 n(r)|<
⇥
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ou
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onde usamos uma densidade de probabilidade uniforme, n = 3/4⇡R3
N

. A partir disto, usando o valor da

integral atômica em (7.1.24), extraído das Refs. [105], e a medida experimental atual |de| < 1.1⇥10�29
e ·cm,

da Ref. [132], podemos impor o seguinte limite superior:

| (kV P )0 | < 1.6⇥ 10�15 (GeV)�2
. (7.2.19)

Dado que o bound (7.2.19) diz respeito à componente temporal (kV P )0, conclui-se que este não é sujeito

a variações siderais, diferente dos em [102, 109]. No que diz respeito ao Hamiltoniano de rank-2, isto é

HLVe�2 = [� (kV V )0i A�
0
�
i
� (kAA)i0 h�

i
iN�5] · n(r) , (7.2.20)

vê-se que, uma vez que as integrais (7.2.14) e (7.2.15) são complexas, não há contribuição de EDM.

Avançando, podemos escrever os acoplamentos de rank-3 e rank-4 – listados nas tabelas 7.5 e 7.6. As

Lagrangianas respectivas são

LLV�3 =
X

N
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(kAT )i0j (N̄�

i
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 ) + (kAT )ij0 (N̄�
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(7.2.21)
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The only contribution of rank-1

incapaz de promover shifts no espectro e EDM. Vale escrever as integrais
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onde a delta de kronecker indica a única componente não nula, devido à estrutura do operador e integrais

angulares.

Para a segunda componente do Hamiltoniano (7.2.11), (kV P )0, temos uma contribuição idêntica à do caso

escalar-pseudoescalar ilustrado acima, isto é:

|d1-equiv| = 2eA (kV P )0 n(r)|<
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ou
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onde usamos uma densidade de probabilidade uniforme, n = 3/4⇡R3
N

. A partir disto, usando o valor da

integral atômica em (7.1.24), extraído das Refs. [105], e a medida experimental atual |de| < 1.1⇥10�29
e ·cm,

da Ref. [132], podemos impor o seguinte limite superior:

| (kV P )0 | < 1.6⇥ 10�15 (GeV)�2
. (7.2.19)

Dado que o bound (7.2.19) diz respeito à componente temporal (kV P )0, conclui-se que este não é sujeito

a variações siderais, diferente dos em [102, 109]. No que diz respeito ao Hamiltoniano de rank-2, isto é

HLVe�2 = [� (kV V )0i A�
0
�
i
� (kAA)i0 h�

i
iN�5] · n(r) , (7.2.20)

vê-se que, uma vez que as integrais (7.2.14) e (7.2.15) são complexas, não há contribuição de EDM.

Avançando, podemos escrever os acoplamentos de rank-3 e rank-4 – listados nas tabelas 7.5 e 7.6. As

Lagrangianas respectivas são

LLV�3 =
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h
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 ) + (kAT )ij0 (N̄�
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Later we’ll assume the 3rd is 
approximately this (known) integral



u For the rank-2 case, the possibilities are

Rank-2 electron-nucleon Couplings

transform under these symmetry operations, as shown in
Table III.
It is important to stress that only the pieces that are

simultaneously P-odd and T-odd can generate EDM. As
the Lorentz-violating couplings presented in Tables I are
CPT-odd, the simultaneously P-odd and T-odd pieces turn
out to be CP-even, but able to generate EDM. Effectively,
we are interested only in the unsuppressed P-odd and
T-odd couplings, that is

ðkSVÞiðN̄NÞðψ̄γiψÞ; ðkVPÞ0ðN̄γ0NÞðψ̄iγ5ψÞ; ð12Þ

where the factor of i was inserted in order to guarantee the
hermicity. The CPT-odd effective Lagrangian, for the
possible couplings involving a rank-1 LV tensor, is then

LLV−1 ¼
X

N

½ðkSVÞiðN̄NÞðψ̄γiψÞþðkVPÞ0ðN̄γ0NÞðψ̄iγ5ψÞ&:

ð13Þ

Following the rank-1 case, it is interesting to analyze
now the e-N couplings composed by a rank-2 LV tensor,
ðkXXÞμν, which are, obviously, CPT-even. All possibilities
are listed in Table IV, which contains two P-odd and T-odd
e−N couplings that are not suppressed in the nonrelativ-
istic limit for the nucleons. These couplings are CP-odd, as
the usual Lorentz-preserving EDM terms. Again, similarly
as in Eq. (6), couplings with a rank-2 tensor presenting
index contractions between the bilinears can be read as
particular cases of the rank-4 generalization, presented in
Table IV. That said, the CPT-even effective Lagrangian is

TABLE IV. General couplings with LV tensors of ranks 2, 3, and 4, and Dirac bilinears. Again, NRL stands for the
nonrelativistic limit for the nucleons. Also, in this limit, “S” and “NS” stand for suppressed and not suppressed,
respectively.

Coupling P-odd and T-odd piece NRL EDM

Rank-2
ðkVVÞμνðN̄γμNÞðψ̄γνψÞ ðkVVÞi0ðN̄γiNÞðψ̄γ0ψÞ S ' ' '

ðkVVÞ0iðN̄γ0NÞðψ̄γiψÞ NS Yes
ðkAVÞμνðN̄γμγ5NÞðψ̄γνψÞ None ' ' ' ' ' '
ðkVAÞμνðN̄γμNÞðψ̄γνγ5ψÞ None ' ' ' ' ' '
ðkAAÞμνðN̄γμγ5NÞðψ̄γνγ5ψÞ ðkAAÞ0iðN̄γ0γ5NÞðψ̄γiγ5ψÞ S ' ' '

ðkAAÞi0ðN̄γiγ5NÞðψ̄γ0γ5ψÞ NS Yes
ðkTSÞμνðN̄σμνNÞðψ̄ψÞ None ' ' ' ' ' '
ðkTPÞμνðN̄σμνNÞðψ̄iγ5ψÞ None ' ' ' ' ' '
ðkSTÞμνðN̄NÞðψ̄σμνψÞ None ' ' ' ' ' '
ðkPTÞμνðN̄iγ5NÞðψ̄σμνψÞ None ' ' ' ' ' '

Rank-3
ðkVTÞαμνðN̄γαNÞðψ̄σμνψÞ None ' ' ' ' ' '
ðkATÞαμνðN̄γαγ5NÞðψ̄σμνψÞ ðkATÞ0ijðN̄γ0γ5NÞðψ̄σijψÞ S ' ' '

ðkATÞi0jðN̄γiγ5NÞðψ̄σ0jψÞ NS Yes
ðkATÞij0ðN̄γiγ5NÞðψ̄σj0ψÞ NS Yes

ðkTVÞαμνðN̄σμνNÞðψ̄γαψÞ None ' ' ' ' ' '
ðkTAÞαμνðN̄σμνNÞðψ̄γαγ5ψÞ ðkTAÞ0ijðN̄σijNÞðψ̄γ0γ5ψÞ NS Yes

ðkTAÞi0jðN̄σ0jNÞðψ̄γiγ5ψÞ S ' ' '
ðkTAÞij0ðN̄σj0NÞðψ̄γiγ5ψÞ S ' ' '

Rank-4
ðkTTÞαβμνðN̄σαβNÞðψ̄σμνψÞ ðkTTÞ0ijkðN̄σ0iNÞðψ̄σjkψÞ S ' ' '

ðkTTÞi0jkðN̄σi0NÞðψ̄σjkψÞ S ' ' '
ðkTTÞij0kðN̄σijNÞðψ̄σ0kψÞ NS Yes
ðkTTÞijk0ðN̄σijNÞðψ̄σk0ψÞ NS Yes

TABLE III. Behavior of Dirac bilinears under discrete sym-
metry operators.

ψ̄ψ ψ̄ iγ5ψ ψ̄γ0ψ ψ̄γiψ ψ̄γ0γ5ψ ψ̄γiγ5ψ ψ̄σ0iψ ψ̄σijψ

P þ − þ − − þ − þ
T þ − þ − þ − þ −
C þ þ − − þ þ − −

ARAUJO, BLIN, SAMPAIO, and FERREIRA PHYS. REV. D 100, 015046 (2019)

015046-4

2 candidates, but we’ll see only 1 yields non-zero EDM



u The Hamiltonian arising from these two contributions are

u Observe

1. The first term yields no contribution because

2. The second term depends on the valence nucleon’s spin, because the nucleon’s spins do 

not add coherently! But it does not matter: its contribution is not real.

u The take-home lesson: for couplings dependent on the nucleons’ spins, the bounds are 205 

larger (less stringent) than the one on rank-1 (only the valence nucleon’s spin counts!).

Rank-2 electron-nucleon Couplings

incapaz de promover shifts no espectro e EDM. Vale escrever as integrais
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onde a delta de kronecker indica a única componente não nula, devido à estrutura do operador e integrais

angulares.

Para a segunda componente do Hamiltoniano (7.2.11), (kV P )0, temos uma contribuição idêntica à do caso

escalar-pseudoescalar ilustrado acima, isto é:

|d1-equiv| = 2eA (kV P )0 n(r)|<
⇥
h 0|

�
i�

0
�5

�
|⌘i

⇤
|, (7.2.17)

ou

|d1-equiv| = 2e (kV P )0
3A

4⇡R3
N
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F

S(r)G(r) +G
S(r)F (r)
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dr , (7.2.18)

onde usamos uma densidade de probabilidade uniforme, n = 3/4⇡R3
N

. A partir disto, usando o valor da

integral atômica em (7.1.24), extraído das Refs. [105], e a medida experimental atual |de| < 1.1⇥10�29
e ·cm,

da Ref. [132], podemos impor o seguinte limite superior:

| (kV P )0 | < 1.6⇥ 10�15 (GeV)�2
. (7.2.19)

Dado que o bound (7.2.19) diz respeito à componente temporal (kV P )0, conclui-se que este não é sujeito

a variações siderais, diferente dos em [102, 109]. No que diz respeito ao Hamiltoniano de rank-2, isto é

HLVe�2 = [� (kV V )0i A�
0
�
i
� (kAA)i0 h�

i
iN�5] · n(r) , (7.2.20)

vê-se que, uma vez que as integrais (7.2.14) e (7.2.15) são complexas, não há contribuição de EDM.

Avançando, podemos escrever os acoplamentos de rank-3 e rank-4 – listados nas tabelas 7.5 e 7.6. As

Lagrangianas respectivas são

LLV�3 =
X

N

h
(kAT )i0j (N̄�

i
�5N)( ̄�0j

 ) + (kAT )ij0 (N̄�
i
�5N)( ̄�j0

 ) + (kTA)0ij (N̄�
ij
N)( ̄�0�5 )

i
,

(7.2.21)

125

Seguindo o roteiro da seção anterior, aplicando o limite não relativístico para os núcleons, e usando as

definições das matrizes de Dirac em (3.3.4), obtemos as seguintes correspondências:

N̄N , N̄�
0
N ! n(r),

N̄�i�5N , N̄i�
0i
�5N ! �h�

i
iN · n(r),

N̄�
ij
N ! ✏ijkh�

k
iN · n(r) ,

onde n(r) é a densidade de probabilidade dos núcleons, tomada igual tanto para nêutrons quanto para prótons;

e o vetor h�k
iN é o valor esperado do spin do núcleon. Observe que, embora as densidades formem uma soma

coerente, a soma sobre os spins, devido ao princípio de exclusão de Pauli, resulta apenas no spin do núcleon

desemparelhado. Dito isto, a partir das (7.2.7) e (7.2.8), podemos escrever as Lagrangianas efetivas para o

elétron:

LLVe�1 =
⇥
(kSV )i A(ē�ie) + (kV P )0 A(ēi�5e)

⇤
· n(r) (7.2.9)

para os acoplamentos com um tensor LV rank-1, e

LLVe�2 =
⇥
A (kV V )0i

�
ē�

i
e
�
+ (kAA)i0 h�

i
iN

�
ē�

0
�5e

�⇤
· n(r) (7.2.10)

para um tensor de rank-2. Comecemos pelo Hamiltoniano advindo da (7.2.9), que é

HLVe�1 = [� (kSV )i A�
0
�
i
� (kV P )0 Ai�

0
�5] · n(r) . (7.2.11)

Seguindo o roteiro da seção anterior, o shift no espectro, gerado por cada parcela do Hamiltoniano P - e

T -ímpar, é dado por

�E = h |HP,T | i = 2eEz<

Z
 
†
0HP,T ⌘d

3
r

�
, (7.2.12)

de modo que o EDM equivalente pode ser lido a partir de

�E

Ez

= 2e< [h 0|HP,T |⌘i] ⌘ dequiv . (7.2.13)

Aplicando esta prescrição para as parcelas do Hamiltoniano (7.2.11), e usando os espinores (7.1.11) e

(7.1.12), vemos que o acoplamento com (kSV )i gera uma contribuição puramente complexa, vide Eq. (7.2.14),
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u We can extend the same analysis for the rank-3 and rank-4 cases:

Rank-3 and 4 electron-nucleon 
Couplings

transform under these symmetry operations, as shown in
Table III.
It is important to stress that only the pieces that are

simultaneously P-odd and T-odd can generate EDM. As
the Lorentz-violating couplings presented in Tables I are
CPT-odd, the simultaneously P-odd and T-odd pieces turn
out to be CP-even, but able to generate EDM. Effectively,
we are interested only in the unsuppressed P-odd and
T-odd couplings, that is

ðkSVÞiðN̄NÞðψ̄γiψÞ; ðkVPÞ0ðN̄γ0NÞðψ̄iγ5ψÞ; ð12Þ

where the factor of i was inserted in order to guarantee the
hermicity. The CPT-odd effective Lagrangian, for the
possible couplings involving a rank-1 LV tensor, is then

LLV−1 ¼
X

N

½ðkSVÞiðN̄NÞðψ̄γiψÞþðkVPÞ0ðN̄γ0NÞðψ̄iγ5ψÞ&:

ð13Þ

Following the rank-1 case, it is interesting to analyze
now the e-N couplings composed by a rank-2 LV tensor,
ðkXXÞμν, which are, obviously, CPT-even. All possibilities
are listed in Table IV, which contains two P-odd and T-odd
e−N couplings that are not suppressed in the nonrelativ-
istic limit for the nucleons. These couplings are CP-odd, as
the usual Lorentz-preserving EDM terms. Again, similarly
as in Eq. (6), couplings with a rank-2 tensor presenting
index contractions between the bilinears can be read as
particular cases of the rank-4 generalization, presented in
Table IV. That said, the CPT-even effective Lagrangian is

TABLE IV. General couplings with LV tensors of ranks 2, 3, and 4, and Dirac bilinears. Again, NRL stands for the
nonrelativistic limit for the nucleons. Also, in this limit, “S” and “NS” stand for suppressed and not suppressed,
respectively.

Coupling P-odd and T-odd piece NRL EDM

Rank-2
ðkVVÞμνðN̄γμNÞðψ̄γνψÞ ðkVVÞi0ðN̄γiNÞðψ̄γ0ψÞ S ' ' '

ðkVVÞ0iðN̄γ0NÞðψ̄γiψÞ NS Yes
ðkAVÞμνðN̄γμγ5NÞðψ̄γνψÞ None ' ' ' ' ' '
ðkVAÞμνðN̄γμNÞðψ̄γνγ5ψÞ None ' ' ' ' ' '
ðkAAÞμνðN̄γμγ5NÞðψ̄γνγ5ψÞ ðkAAÞ0iðN̄γ0γ5NÞðψ̄γiγ5ψÞ S ' ' '

ðkAAÞi0ðN̄γiγ5NÞðψ̄γ0γ5ψÞ NS Yes
ðkTSÞμνðN̄σμνNÞðψ̄ψÞ None ' ' ' ' ' '
ðkTPÞμνðN̄σμνNÞðψ̄iγ5ψÞ None ' ' ' ' ' '
ðkSTÞμνðN̄NÞðψ̄σμνψÞ None ' ' ' ' ' '
ðkPTÞμνðN̄iγ5NÞðψ̄σμνψÞ None ' ' ' ' ' '

Rank-3
ðkVTÞαμνðN̄γαNÞðψ̄σμνψÞ None ' ' ' ' ' '
ðkATÞαμνðN̄γαγ5NÞðψ̄σμνψÞ ðkATÞ0ijðN̄γ0γ5NÞðψ̄σijψÞ S ' ' '

ðkATÞi0jðN̄γiγ5NÞðψ̄σ0jψÞ NS Yes
ðkATÞij0ðN̄γiγ5NÞðψ̄σj0ψÞ NS Yes

ðkTVÞαμνðN̄σμνNÞðψ̄γαψÞ None ' ' ' ' ' '
ðkTAÞαμνðN̄σμνNÞðψ̄γαγ5ψÞ ðkTAÞ0ijðN̄σijNÞðψ̄γ0γ5ψÞ NS Yes

ðkTAÞi0jðN̄σ0jNÞðψ̄γiγ5ψÞ S ' ' '
ðkTAÞij0ðN̄σj0NÞðψ̄γiγ5ψÞ S ' ' '

Rank-4
ðkTTÞαβμνðN̄σαβNÞðψ̄σμνψÞ ðkTTÞ0ijkðN̄σ0iNÞðψ̄σjkψÞ S ' ' '

ðkTTÞi0jkðN̄σi0NÞðψ̄σjkψÞ S ' ' '
ðkTTÞij0kðN̄σijNÞðψ̄σ0kψÞ NS Yes
ðkTTÞijk0ðN̄σijNÞðψ̄σk0ψÞ NS Yes

TABLE III. Behavior of Dirac bilinears under discrete sym-
metry operators.

ψ̄ψ ψ̄ iγ5ψ ψ̄γ0ψ ψ̄γiψ ψ̄γ0γ5ψ ψ̄γiγ5ψ ψ̄σ0iψ ψ̄σijψ

P þ − þ − − þ − þ
T þ − þ − þ − þ −
C þ þ − − þ þ − −
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We found, 
for example:

hψ0jγ5jηi¼ i
Z

RNucleus

0
½−FSðrÞGðrÞþGSðrÞFðrÞ&dr; ð41Þ

hψ0jiγijηi ¼ δi3

Z
RNucleus

0

!
−
1

3
FSðrÞGðrÞ þGSðrÞFðrÞ

"
dr;

ð42Þ

where the δi3 means that only the i ¼ 3 component
survives, due to the structure of the γ3 matrix, while the
analogue contributions for i ¼ 1, 2 vanish.
For the rank-3 and rank-4 cases, the Hamiltonians are

HLVe−3 ¼ ½ðkATÞi0jhσiiNiγ0αj − ðkATÞij0hσiiNiγ0αj

− ðkTAÞ0ijϵijkhσkiNγ5& · nðrÞ; ð43Þ

HLVe−4 ¼ ½−ðkTTÞij0kϵijlhσliNiγ0αk

þ ðkTTÞijk0ϵijlhσliNiγ0αk& · nðrÞ; ð44Þ

in which the term ðkTAÞ0ij, according to Eq. (41), yields no
real contribution. Concerning the remaining pieces, the
Hamiltonian (44) can also be read as

HLVe−4 ¼ ½−ðKTTÞ0klhσliNiγk þ ðKTTÞ0klhσliNiγk& · nðrÞ;
ð45Þ

with the redefinition ðkTTÞij0kϵijl ¼ ðKTTÞ0kl. The EDM
contributions from the rank-3 Hamiltonian are

dð1Þ3−equiv ¼ 2eðkATÞi03hσiiNℜ½hψ0jiγ3jηi&; ð46Þ

dð2Þ3−equiv ¼ −2eðkATÞi30hσiiNℜ½hψ0jiγ3jηi&; ð47Þ

and from rank-4,

dð1Þ4−equiv ¼ −2eðKTTÞ03lhσliNℜ½hψ0jiγ3jηi&; ð48Þ

dð2Þ4−equiv ¼ 2eðKTTÞ30lhσliNℜ½hψ0jiγ3jηi&: ð49Þ

We point out that the presence of the factor ϵijk in Eq. (44)
induces an effect similar to a rotation on the nucleon’s spin
hσliN or background vector, coupling orthogonal compo-
nents of hσliN and ðkTTÞij03. Accordingly, say we pick
i ¼ 1, then j ¼ 2, and we must use a nucleon in the spin
state hσziN in order to obtain the EDM contribution arising
from ðkTTÞ1203, which corresponds to constrain ðKTTÞ033.
Assuming that the thallium valence nucleon has spin

hσziN ¼ ' 1 [67], and that the atomic integral in Eq. (42)
has the same magnitude as the one in Eq. (37), we attain,
for the rank-3 couplings, the upper bounds

jðkATÞi03j < 3.2 × 10−13 ðGeVÞ−2; ð50Þ

jðkATÞi30j < 3.2 × 10−13 ðGeVÞ−2; ð51Þ

and for the rank-4:

jðKTTÞ03lj < 3.2 × 10−13 ðGeVÞ−2; ð52Þ

jðKTTÞ30lj < 3.2 × 10−13 ðGeVÞ−2: ð53Þ

In these cases, the bounds suffer sidereal variations, for
these are in fact measured in the Lab’s reference frame, in
which these tensor components are not constant. This issue
will be addressed in the Sec. III Awhile the constraints are
summarized in Table V.

A. Sidereal analysis

Because the LV background tensors are constant only
in an inertial reference frame (RF), such as the Sun’s rest
frame, it is necessary, therefore, to show how to translate
these bounds to the Earth-located Lab’s RF, at the colati-
tude χ, rotating around the Earth’s axis with angular
velocity Ω. In short, the bounds should be written in terms
of the tensor components in the Sun’s RF. For experiments
up to a few weeks long, the transformation law for a rank-2
tensor, say Bμν, according to Refs. [59,68], is merely a
spatial rotation,

BðLabÞ
μν ¼ RμαRνβB

ðSunÞ
αβ ; ð54Þ

where

Rμν ¼

0

BBB@

1 0 0 0

0 cos χ cosΩt cos χ sinΩt − sin χ

0 − sinΩt cosΩt 0

0 sin χ cosΩt sin χ sinΩt cos χ

1

CCCA; ð55Þ

in which the first line and column were included for
completeness. According to the transformation law (54),
the components ðkATÞi03 and ðkATÞi30 transform as

ðkATÞ
ðLabÞ
i03 ¼ RikR3lðkATÞ

ðSunÞ
k0l ; ð56Þ

ðkATÞ
ðLabÞ
i30 ¼ RikR3lðkATÞ

ðSunÞ
kl0 ; ð57Þ

whose time averages for l ¼ 1, 2, 3 yield, respectively:

hðkATÞ
ðLabÞ
103 i¼1

4
½ðkATÞ

ðSunÞ
101 þðkATÞ

ðSunÞ
202 −2ðkATÞ

ðSunÞ
303 &sin2χ

hðkATÞ
ðLabÞ
203 i¼½−ðkATÞ

ðSunÞ
102 þðkATÞ

ðSunÞ
201 &sinχ

hðkATÞ
ðLabÞ
303 i¼

!
1

2
ððkATÞ

ðSunÞ
101 þðkATÞ

ðSunÞ
202 Þsin2χ

þðkATÞ
ðSunÞ
303 cos2χ

"
; ð58Þ
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Note this bound is 205 times larger than 
the one we found for the rank-1 case:

incapaz de promover shifts no espectro e EDM. Vale escrever as integrais

h 0|�
0
�
i
|⌘i = i�i3

Z
RN

0


1

3
F

S(r)G(r) +G
S(r)F (r)

�
dr , (7.2.14)

h 0|�5|⌘i = i

Z
RN

0

⇥
�F

S(r)G(r) +G
S(r)F (r)

⇤
dr , (7.2.15)

h 0|i�
i
|⌘i = �i3

Z
RN

0


�
1

3
F

S(r)G(r) +G
S(r)F (r)

�
dr , (7.2.16)

onde a delta de kronecker indica a única componente não nula, devido à estrutura do operador e integrais

angulares.

Para a segunda componente do Hamiltoniano (7.2.11), (kV P )0, temos uma contribuição idêntica à do caso

escalar-pseudoescalar ilustrado acima, isto é:

|d1-equiv| = 2eA (kV P )0 n(r)|<
⇥
h 0|

�
i�

0
�5

�
|⌘i

⇤
|, (7.2.17)

ou

|d1-equiv| = 2e (kV P )0
3A

4⇡R3
N

Z
RN

0

⇥
F

S(r)G(r) +G
S(r)F (r)

⇤
dr , (7.2.18)

onde usamos uma densidade de probabilidade uniforme, n = 3/4⇡R3
N

. A partir disto, usando o valor da

integral atômica em (7.1.24), extraído das Refs. [105], e a medida experimental atual |de| < 1.1⇥10�29
e ·cm,

da Ref. [132], podemos impor o seguinte limite superior:

| (kV P )0 | < 1.6⇥ 10�15 (GeV)�2
. (7.2.19)

Dado que o bound (7.2.19) diz respeito à componente temporal (kV P )0, conclui-se que este não é sujeito

a variações siderais, diferente dos em [102, 109]. No que diz respeito ao Hamiltoniano de rank-2, isto é

HLVe�2 = [� (kV V )0i A�
0
�
i
� (kAA)i0 h�

i
iN�5] · n(r) , (7.2.20)

vê-se que, uma vez que as integrais (7.2.14) e (7.2.15) são complexas, não há contribuição de EDM.

Avançando, podemos escrever os acoplamentos de rank-3 e rank-4 – listados nas tabelas 7.5 e 7.6. As

Lagrangianas respectivas são

LLV�3 =
X

N

h
(kAT )i0j (N̄�

i
�5N)( ̄�0j

 ) + (kAT )ij0 (N̄�
i
�5N)( ̄�j0

 ) + (kTA)0ij (N̄�
ij
N)( ̄�0�5 )

i
,

(7.2.21)

125



u The Hamiltonian contributions from the rank-3 and rank-4 cases

hψ0jγ5jηi¼ i
Z

RNucleus

0
½−FSðrÞGðrÞþGSðrÞFðrÞ&dr; ð41Þ

hψ0jiγijηi ¼ δi3

Z
RNucleus

0

!
−
1

3
FSðrÞGðrÞ þGSðrÞFðrÞ

"
dr;

ð42Þ

where the δi3 means that only the i ¼ 3 component
survives, due to the structure of the γ3 matrix, while the
analogue contributions for i ¼ 1, 2 vanish.
For the rank-3 and rank-4 cases, the Hamiltonians are

HLVe−3 ¼ ½ðkATÞi0jhσiiNiγ0αj − ðkATÞij0hσiiNiγ0αj

− ðkTAÞ0ijϵijkhσkiNγ5& · nðrÞ; ð43Þ

HLVe−4 ¼ ½−ðkTTÞij0kϵijlhσliNiγ0αk

þ ðkTTÞijk0ϵijlhσliNiγ0αk& · nðrÞ; ð44Þ

in which the term ðkTAÞ0ij, according to Eq. (41), yields no
real contribution. Concerning the remaining pieces, the
Hamiltonian (44) can also be read as

HLVe−4 ¼ ½−ðKTTÞ0klhσliNiγk þ ðKTTÞ0klhσliNiγk& · nðrÞ;
ð45Þ

with the redefinition ðkTTÞij0kϵijl ¼ ðKTTÞ0kl. The EDM
contributions from the rank-3 Hamiltonian are

dð1Þ3−equiv ¼ 2eðkATÞi03hσiiNℜ½hψ0jiγ3jηi&; ð46Þ

dð2Þ3−equiv ¼ −2eðkATÞi30hσiiNℜ½hψ0jiγ3jηi&; ð47Þ

and from rank-4,

dð1Þ4−equiv ¼ −2eðKTTÞ03lhσliNℜ½hψ0jiγ3jηi&; ð48Þ

dð2Þ4−equiv ¼ 2eðKTTÞ30lhσliNℜ½hψ0jiγ3jηi&: ð49Þ

We point out that the presence of the factor ϵijk in Eq. (44)
induces an effect similar to a rotation on the nucleon’s spin
hσliN or background vector, coupling orthogonal compo-
nents of hσliN and ðkTTÞij03. Accordingly, say we pick
i ¼ 1, then j ¼ 2, and we must use a nucleon in the spin
state hσziN in order to obtain the EDM contribution arising
from ðkTTÞ1203, which corresponds to constrain ðKTTÞ033.
Assuming that the thallium valence nucleon has spin

hσziN ¼ ' 1 [67], and that the atomic integral in Eq. (42)
has the same magnitude as the one in Eq. (37), we attain,
for the rank-3 couplings, the upper bounds

jðkATÞi03j < 3.2 × 10−13 ðGeVÞ−2; ð50Þ

jðkATÞi30j < 3.2 × 10−13 ðGeVÞ−2; ð51Þ

and for the rank-4:

jðKTTÞ03lj < 3.2 × 10−13 ðGeVÞ−2; ð52Þ

jðKTTÞ30lj < 3.2 × 10−13 ðGeVÞ−2: ð53Þ

In these cases, the bounds suffer sidereal variations, for
these are in fact measured in the Lab’s reference frame, in
which these tensor components are not constant. This issue
will be addressed in the Sec. III Awhile the constraints are
summarized in Table V.

A. Sidereal analysis

Because the LV background tensors are constant only
in an inertial reference frame (RF), such as the Sun’s rest
frame, it is necessary, therefore, to show how to translate
these bounds to the Earth-located Lab’s RF, at the colati-
tude χ, rotating around the Earth’s axis with angular
velocity Ω. In short, the bounds should be written in terms
of the tensor components in the Sun’s RF. For experiments
up to a few weeks long, the transformation law for a rank-2
tensor, say Bμν, according to Refs. [59,68], is merely a
spatial rotation,

BðLabÞ
μν ¼ RμαRνβB

ðSunÞ
αβ ; ð54Þ

where

Rμν ¼

0

BBB@

1 0 0 0

0 cos χ cosΩt cos χ sinΩt − sin χ

0 − sinΩt cosΩt 0

0 sin χ cosΩt sin χ sinΩt cos χ

1

CCCA; ð55Þ

in which the first line and column were included for
completeness. According to the transformation law (54),
the components ðkATÞi03 and ðkATÞi30 transform as

ðkATÞ
ðLabÞ
i03 ¼ RikR3lðkATÞ

ðSunÞ
k0l ; ð56Þ

ðkATÞ
ðLabÞ
i30 ¼ RikR3lðkATÞ

ðSunÞ
kl0 ; ð57Þ

whose time averages for l ¼ 1, 2, 3 yield, respectively:

hðkATÞ
ðLabÞ
103 i¼1

4
½ðkATÞ

ðSunÞ
101 þðkATÞ

ðSunÞ
202 −2ðkATÞ

ðSunÞ
303 &sin2χ

hðkATÞ
ðLabÞ
203 i¼½−ðkATÞ

ðSunÞ
102 þðkATÞ

ðSunÞ
201 &sinχ

hðkATÞ
ðLabÞ
303 i¼

!
1

2
ððkATÞ

ðSunÞ
101 þðkATÞ

ðSunÞ
202 Þsin2χ

þðkATÞ
ðSunÞ
303 cos2χ

"
; ð58Þ
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Rank-3 and 4 electron-nucleon 
Couplings

Bounds on rank-3 tensors:

hψ0jγ5jηi¼ i
Z

RNucleus

0
½−FSðrÞGðrÞþGSðrÞFðrÞ&dr; ð41Þ

hψ0jiγijηi ¼ δi3

Z
RNucleus

0

!
−
1

3
FSðrÞGðrÞ þGSðrÞFðrÞ

"
dr;

ð42Þ

where the δi3 means that only the i ¼ 3 component
survives, due to the structure of the γ3 matrix, while the
analogue contributions for i ¼ 1, 2 vanish.
For the rank-3 and rank-4 cases, the Hamiltonians are

HLVe−3 ¼ ½ðkATÞi0jhσiiNiγ0αj − ðkATÞij0hσiiNiγ0αj

− ðkTAÞ0ijϵijkhσkiNγ5& · nðrÞ; ð43Þ

HLVe−4 ¼ ½−ðkTTÞij0kϵijlhσliNiγ0αk

þ ðkTTÞijk0ϵijlhσliNiγ0αk& · nðrÞ; ð44Þ

in which the term ðkTAÞ0ij, according to Eq. (41), yields no
real contribution. Concerning the remaining pieces, the
Hamiltonian (44) can also be read as

HLVe−4 ¼ ½−ðKTTÞ0klhσliNiγk þ ðKTTÞ0klhσliNiγk& · nðrÞ;
ð45Þ

with the redefinition ðkTTÞij0kϵijl ¼ ðKTTÞ0kl. The EDM
contributions from the rank-3 Hamiltonian are

dð1Þ3−equiv ¼ 2eðkATÞi03hσiiNℜ½hψ0jiγ3jηi&; ð46Þ

dð2Þ3−equiv ¼ −2eðkATÞi30hσiiNℜ½hψ0jiγ3jηi&; ð47Þ

and from rank-4,

dð1Þ4−equiv ¼ −2eðKTTÞ03lhσliNℜ½hψ0jiγ3jηi&; ð48Þ

dð2Þ4−equiv ¼ 2eðKTTÞ30lhσliNℜ½hψ0jiγ3jηi&: ð49Þ

We point out that the presence of the factor ϵijk in Eq. (44)
induces an effect similar to a rotation on the nucleon’s spin
hσliN or background vector, coupling orthogonal compo-
nents of hσliN and ðkTTÞij03. Accordingly, say we pick
i ¼ 1, then j ¼ 2, and we must use a nucleon in the spin
state hσziN in order to obtain the EDM contribution arising
from ðkTTÞ1203, which corresponds to constrain ðKTTÞ033.
Assuming that the thallium valence nucleon has spin

hσziN ¼ ' 1 [67], and that the atomic integral in Eq. (42)
has the same magnitude as the one in Eq. (37), we attain,
for the rank-3 couplings, the upper bounds

jðkATÞi03j < 3.2 × 10−13 ðGeVÞ−2; ð50Þ

jðkATÞi30j < 3.2 × 10−13 ðGeVÞ−2; ð51Þ

and for the rank-4:

jðKTTÞ03lj < 3.2 × 10−13 ðGeVÞ−2; ð52Þ

jðKTTÞ30lj < 3.2 × 10−13 ðGeVÞ−2: ð53Þ

In these cases, the bounds suffer sidereal variations, for
these are in fact measured in the Lab’s reference frame, in
which these tensor components are not constant. This issue
will be addressed in the Sec. III Awhile the constraints are
summarized in Table V.

A. Sidereal analysis

Because the LV background tensors are constant only
in an inertial reference frame (RF), such as the Sun’s rest
frame, it is necessary, therefore, to show how to translate
these bounds to the Earth-located Lab’s RF, at the colati-
tude χ, rotating around the Earth’s axis with angular
velocity Ω. In short, the bounds should be written in terms
of the tensor components in the Sun’s RF. For experiments
up to a few weeks long, the transformation law for a rank-2
tensor, say Bμν, according to Refs. [59,68], is merely a
spatial rotation,

BðLabÞ
μν ¼ RμαRνβB

ðSunÞ
αβ ; ð54Þ

where

Rμν ¼

0

BBB@

1 0 0 0

0 cos χ cosΩt cos χ sinΩt − sin χ

0 − sinΩt cosΩt 0

0 sin χ cosΩt sin χ sinΩt cos χ

1

CCCA; ð55Þ

in which the first line and column were included for
completeness. According to the transformation law (54),
the components ðkATÞi03 and ðkATÞi30 transform as

ðkATÞ
ðLabÞ
i03 ¼ RikR3lðkATÞ

ðSunÞ
k0l ; ð56Þ

ðkATÞ
ðLabÞ
i30 ¼ RikR3lðkATÞ

ðSunÞ
kl0 ; ð57Þ

whose time averages for l ¼ 1, 2, 3 yield, respectively:

hðkATÞ
ðLabÞ
103 i¼1

4
½ðkATÞ

ðSunÞ
101 þðkATÞ

ðSunÞ
202 −2ðkATÞ

ðSunÞ
303 &sin2χ

hðkATÞ
ðLabÞ
203 i¼½−ðkATÞ

ðSunÞ
102 þðkATÞ

ðSunÞ
201 &sinχ

hðkATÞ
ðLabÞ
303 i¼

!
1

2
ððkATÞ

ðSunÞ
101 þðkATÞ

ðSunÞ
202 Þsin2χ

þðkATÞ
ðSunÞ
303 cos2χ

"
; ð58Þ
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hψ0jγ5jηi¼ i
Z

RNucleus

0
½−FSðrÞGðrÞþGSðrÞFðrÞ&dr; ð41Þ

hψ0jiγijηi ¼ δi3

Z
RNucleus

0

!
−
1

3
FSðrÞGðrÞ þGSðrÞFðrÞ

"
dr;

ð42Þ

where the δi3 means that only the i ¼ 3 component
survives, due to the structure of the γ3 matrix, while the
analogue contributions for i ¼ 1, 2 vanish.
For the rank-3 and rank-4 cases, the Hamiltonians are

HLVe−3 ¼ ½ðkATÞi0jhσiiNiγ0αj − ðkATÞij0hσiiNiγ0αj

− ðkTAÞ0ijϵijkhσkiNγ5& · nðrÞ; ð43Þ

HLVe−4 ¼ ½−ðkTTÞij0kϵijlhσliNiγ0αk

þ ðkTTÞijk0ϵijlhσliNiγ0αk& · nðrÞ; ð44Þ

in which the term ðkTAÞ0ij, according to Eq. (41), yields no
real contribution. Concerning the remaining pieces, the
Hamiltonian (44) can also be read as

HLVe−4 ¼ ½−ðKTTÞ0klhσliNiγk þ ðKTTÞ0klhσliNiγk& · nðrÞ;
ð45Þ

with the redefinition ðkTTÞij0kϵijl ¼ ðKTTÞ0kl. The EDM
contributions from the rank-3 Hamiltonian are

dð1Þ3−equiv ¼ 2eðkATÞi03hσiiNℜ½hψ0jiγ3jηi&; ð46Þ

dð2Þ3−equiv ¼ −2eðkATÞi30hσiiNℜ½hψ0jiγ3jηi&; ð47Þ

and from rank-4,

dð1Þ4−equiv ¼ −2eðKTTÞ03lhσliNℜ½hψ0jiγ3jηi&; ð48Þ

dð2Þ4−equiv ¼ 2eðKTTÞ30lhσliNℜ½hψ0jiγ3jηi&: ð49Þ

We point out that the presence of the factor ϵijk in Eq. (44)
induces an effect similar to a rotation on the nucleon’s spin
hσliN or background vector, coupling orthogonal compo-
nents of hσliN and ðkTTÞij03. Accordingly, say we pick
i ¼ 1, then j ¼ 2, and we must use a nucleon in the spin
state hσziN in order to obtain the EDM contribution arising
from ðkTTÞ1203, which corresponds to constrain ðKTTÞ033.
Assuming that the thallium valence nucleon has spin

hσziN ¼ ' 1 [67], and that the atomic integral in Eq. (42)
has the same magnitude as the one in Eq. (37), we attain,
for the rank-3 couplings, the upper bounds

jðkATÞi03j < 3.2 × 10−13 ðGeVÞ−2; ð50Þ

jðkATÞi30j < 3.2 × 10−13 ðGeVÞ−2; ð51Þ

and for the rank-4:

jðKTTÞ03lj < 3.2 × 10−13 ðGeVÞ−2; ð52Þ

jðKTTÞ30lj < 3.2 × 10−13 ðGeVÞ−2: ð53Þ

In these cases, the bounds suffer sidereal variations, for
these are in fact measured in the Lab’s reference frame, in
which these tensor components are not constant. This issue
will be addressed in the Sec. III Awhile the constraints are
summarized in Table V.

A. Sidereal analysis

Because the LV background tensors are constant only
in an inertial reference frame (RF), such as the Sun’s rest
frame, it is necessary, therefore, to show how to translate
these bounds to the Earth-located Lab’s RF, at the colati-
tude χ, rotating around the Earth’s axis with angular
velocity Ω. In short, the bounds should be written in terms
of the tensor components in the Sun’s RF. For experiments
up to a few weeks long, the transformation law for a rank-2
tensor, say Bμν, according to Refs. [59,68], is merely a
spatial rotation,

BðLabÞ
μν ¼ RμαRνβB

ðSunÞ
αβ ; ð54Þ

where

Rμν ¼

0

BBB@

1 0 0 0

0 cos χ cosΩt cos χ sinΩt − sin χ

0 − sinΩt cosΩt 0

0 sin χ cosΩt sin χ sinΩt cos χ

1

CCCA; ð55Þ

in which the first line and column were included for
completeness. According to the transformation law (54),
the components ðkATÞi03 and ðkATÞi30 transform as

ðkATÞ
ðLabÞ
i03 ¼ RikR3lðkATÞ

ðSunÞ
k0l ; ð56Þ

ðkATÞ
ðLabÞ
i30 ¼ RikR3lðkATÞ

ðSunÞ
kl0 ; ð57Þ

whose time averages for l ¼ 1, 2, 3 yield, respectively:

hðkATÞ
ðLabÞ
103 i¼1

4
½ðkATÞ

ðSunÞ
101 þðkATÞ

ðSunÞ
202 −2ðkATÞ

ðSunÞ
303 &sin2χ

hðkATÞ
ðLabÞ
203 i¼½−ðkATÞ

ðSunÞ
102 þðkATÞ

ðSunÞ
201 &sinχ

hðkATÞ
ðLabÞ
303 i¼

!
1

2
ððkATÞ

ðSunÞ
101 þðkATÞ

ðSunÞ
202 Þsin2χ

þðkATÞ
ðSunÞ
303 cos2χ

"
; ð58Þ
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Bounds on rank-4 tensors:

hψ0jγ5jηi¼ i
Z

RNucleus

0
½−FSðrÞGðrÞþGSðrÞFðrÞ&dr; ð41Þ

hψ0jiγijηi ¼ δi3

Z
RNucleus

0

!
−
1

3
FSðrÞGðrÞ þGSðrÞFðrÞ

"
dr;

ð42Þ

where the δi3 means that only the i ¼ 3 component
survives, due to the structure of the γ3 matrix, while the
analogue contributions for i ¼ 1, 2 vanish.
For the rank-3 and rank-4 cases, the Hamiltonians are

HLVe−3 ¼ ½ðkATÞi0jhσiiNiγ0αj − ðkATÞij0hσiiNiγ0αj

− ðkTAÞ0ijϵijkhσkiNγ5& · nðrÞ; ð43Þ

HLVe−4 ¼ ½−ðkTTÞij0kϵijlhσliNiγ0αk

þ ðkTTÞijk0ϵijlhσliNiγ0αk& · nðrÞ; ð44Þ

in which the term ðkTAÞ0ij, according to Eq. (41), yields no
real contribution. Concerning the remaining pieces, the
Hamiltonian (44) can also be read as

HLVe−4 ¼ ½−ðKTTÞ0klhσliNiγk þ ðKTTÞ0klhσliNiγk& · nðrÞ;
ð45Þ

with the redefinition ðkTTÞij0kϵijl ¼ ðKTTÞ0kl. The EDM
contributions from the rank-3 Hamiltonian are

dð1Þ3−equiv ¼ 2eðkATÞi03hσiiNℜ½hψ0jiγ3jηi&; ð46Þ

dð2Þ3−equiv ¼ −2eðkATÞi30hσiiNℜ½hψ0jiγ3jηi&; ð47Þ

and from rank-4,

dð1Þ4−equiv ¼ −2eðKTTÞ03lhσliNℜ½hψ0jiγ3jηi&; ð48Þ

dð2Þ4−equiv ¼ 2eðKTTÞ30lhσliNℜ½hψ0jiγ3jηi&: ð49Þ

We point out that the presence of the factor ϵijk in Eq. (44)
induces an effect similar to a rotation on the nucleon’s spin
hσliN or background vector, coupling orthogonal compo-
nents of hσliN and ðkTTÞij03. Accordingly, say we pick
i ¼ 1, then j ¼ 2, and we must use a nucleon in the spin
state hσziN in order to obtain the EDM contribution arising
from ðkTTÞ1203, which corresponds to constrain ðKTTÞ033.
Assuming that the thallium valence nucleon has spin

hσziN ¼ ' 1 [67], and that the atomic integral in Eq. (42)
has the same magnitude as the one in Eq. (37), we attain,
for the rank-3 couplings, the upper bounds

jðkATÞi03j < 3.2 × 10−13 ðGeVÞ−2; ð50Þ

jðkATÞi30j < 3.2 × 10−13 ðGeVÞ−2; ð51Þ

and for the rank-4:

jðKTTÞ03lj < 3.2 × 10−13 ðGeVÞ−2; ð52Þ

jðKTTÞ30lj < 3.2 × 10−13 ðGeVÞ−2: ð53Þ

In these cases, the bounds suffer sidereal variations, for
these are in fact measured in the Lab’s reference frame, in
which these tensor components are not constant. This issue
will be addressed in the Sec. III Awhile the constraints are
summarized in Table V.

A. Sidereal analysis

Because the LV background tensors are constant only
in an inertial reference frame (RF), such as the Sun’s rest
frame, it is necessary, therefore, to show how to translate
these bounds to the Earth-located Lab’s RF, at the colati-
tude χ, rotating around the Earth’s axis with angular
velocity Ω. In short, the bounds should be written in terms
of the tensor components in the Sun’s RF. For experiments
up to a few weeks long, the transformation law for a rank-2
tensor, say Bμν, according to Refs. [59,68], is merely a
spatial rotation,

BðLabÞ
μν ¼ RμαRνβB

ðSunÞ
αβ ; ð54Þ

where

Rμν ¼

0

BBB@

1 0 0 0

0 cos χ cosΩt cos χ sinΩt − sin χ

0 − sinΩt cosΩt 0

0 sin χ cosΩt sin χ sinΩt cos χ

1

CCCA; ð55Þ

in which the first line and column were included for
completeness. According to the transformation law (54),
the components ðkATÞi03 and ðkATÞi30 transform as

ðkATÞ
ðLabÞ
i03 ¼ RikR3lðkATÞ

ðSunÞ
k0l ; ð56Þ

ðkATÞ
ðLabÞ
i30 ¼ RikR3lðkATÞ

ðSunÞ
kl0 ; ð57Þ

whose time averages for l ¼ 1, 2, 3 yield, respectively:

hðkATÞ
ðLabÞ
103 i¼1

4
½ðkATÞ

ðSunÞ
101 þðkATÞ

ðSunÞ
202 −2ðkATÞ

ðSunÞ
303 &sin2χ

hðkATÞ
ðLabÞ
203 i¼½−ðkATÞ

ðSunÞ
102 þðkATÞ

ðSunÞ
201 &sinχ

hðkATÞ
ðLabÞ
303 i¼

!
1

2
ððkATÞ

ðSunÞ
101 þðkATÞ

ðSunÞ
202 Þsin2χ

þðkATÞ
ðSunÞ
303 cos2χ

"
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Redefining:

hψ0jγ5jηi¼ i
Z

RNucleus

0
½−FSðrÞGðrÞþGSðrÞFðrÞ&dr; ð41Þ

hψ0jiγijηi ¼ δi3

Z
RNucleus

0

!
−
1

3
FSðrÞGðrÞ þGSðrÞFðrÞ

"
dr;

ð42Þ

where the δi3 means that only the i ¼ 3 component
survives, due to the structure of the γ3 matrix, while the
analogue contributions for i ¼ 1, 2 vanish.
For the rank-3 and rank-4 cases, the Hamiltonians are

HLVe−3 ¼ ½ðkATÞi0jhσiiNiγ0αj − ðkATÞij0hσiiNiγ0αj

− ðkTAÞ0ijϵijkhσkiNγ5& · nðrÞ; ð43Þ

HLVe−4 ¼ ½−ðkTTÞij0kϵijlhσliNiγ0αk

þ ðkTTÞijk0ϵijlhσliNiγ0αk& · nðrÞ; ð44Þ

in which the term ðkTAÞ0ij, according to Eq. (41), yields no
real contribution. Concerning the remaining pieces, the
Hamiltonian (44) can also be read as

HLVe−4 ¼ ½−ðKTTÞ0klhσliNiγk þ ðKTTÞ0klhσliNiγk& · nðrÞ;
ð45Þ

with the redefinition ðkTTÞij0kϵijl ¼ ðKTTÞ0kl. The EDM
contributions from the rank-3 Hamiltonian are

dð1Þ3−equiv ¼ 2eðkATÞi03hσiiNℜ½hψ0jiγ3jηi&; ð46Þ

dð2Þ3−equiv ¼ −2eðkATÞi30hσiiNℜ½hψ0jiγ3jηi&; ð47Þ

and from rank-4,

dð1Þ4−equiv ¼ −2eðKTTÞ03lhσliNℜ½hψ0jiγ3jηi&; ð48Þ

dð2Þ4−equiv ¼ 2eðKTTÞ30lhσliNℜ½hψ0jiγ3jηi&: ð49Þ

We point out that the presence of the factor ϵijk in Eq. (44)
induces an effect similar to a rotation on the nucleon’s spin
hσliN or background vector, coupling orthogonal compo-
nents of hσliN and ðkTTÞij03. Accordingly, say we pick
i ¼ 1, then j ¼ 2, and we must use a nucleon in the spin
state hσziN in order to obtain the EDM contribution arising
from ðkTTÞ1203, which corresponds to constrain ðKTTÞ033.
Assuming that the thallium valence nucleon has spin

hσziN ¼ ' 1 [67], and that the atomic integral in Eq. (42)
has the same magnitude as the one in Eq. (37), we attain,
for the rank-3 couplings, the upper bounds

jðkATÞi03j < 3.2 × 10−13 ðGeVÞ−2; ð50Þ

jðkATÞi30j < 3.2 × 10−13 ðGeVÞ−2; ð51Þ

and for the rank-4:

jðKTTÞ03lj < 3.2 × 10−13 ðGeVÞ−2; ð52Þ

jðKTTÞ30lj < 3.2 × 10−13 ðGeVÞ−2: ð53Þ

In these cases, the bounds suffer sidereal variations, for
these are in fact measured in the Lab’s reference frame, in
which these tensor components are not constant. This issue
will be addressed in the Sec. III Awhile the constraints are
summarized in Table V.

A. Sidereal analysis

Because the LV background tensors are constant only
in an inertial reference frame (RF), such as the Sun’s rest
frame, it is necessary, therefore, to show how to translate
these bounds to the Earth-located Lab’s RF, at the colati-
tude χ, rotating around the Earth’s axis with angular
velocity Ω. In short, the bounds should be written in terms
of the tensor components in the Sun’s RF. For experiments
up to a few weeks long, the transformation law for a rank-2
tensor, say Bμν, according to Refs. [59,68], is merely a
spatial rotation,

BðLabÞ
μν ¼ RμαRνβB

ðSunÞ
αβ ; ð54Þ

where

Rμν ¼

0

BBB@

1 0 0 0

0 cos χ cosΩt cos χ sinΩt − sin χ

0 − sinΩt cosΩt 0

0 sin χ cosΩt sin χ sinΩt cos χ

1

CCCA; ð55Þ

in which the first line and column were included for
completeness. According to the transformation law (54),
the components ðkATÞi03 and ðkATÞi30 transform as

ðkATÞ
ðLabÞ
i03 ¼ RikR3lðkATÞ

ðSunÞ
k0l ; ð56Þ

ðkATÞ
ðLabÞ
i30 ¼ RikR3lðkATÞ

ðSunÞ
kl0 ; ð57Þ

whose time averages for l ¼ 1, 2, 3 yield, respectively:

hðkATÞ
ðLabÞ
103 i¼1

4
½ðkATÞ

ðSunÞ
101 þðkATÞ

ðSunÞ
202 −2ðkATÞ

ðSunÞ
303 &sin2χ

hðkATÞ
ðLabÞ
203 i¼½−ðkATÞ

ðSunÞ
102 þðkATÞ

ðSunÞ
201 &sinχ

hðkATÞ
ðLabÞ
303 i¼

!
1

2
ððkATÞ

ðSunÞ
101 þðkATÞ

ðSunÞ
202 Þsin2χ

þðkATÞ
ðSunÞ
303 cos2χ

"
; ð58Þ

CONSTRAINING DIMENSION-SIX NONMINIMAL … PHYS. REV. D 100, 015046 (2019)

015046-7



Sidereal Variations

u The LV tensors are not constant in the Lab’s Reference Frame (RF)

u The closest to an inertial RF we got is the Sun >>> A transformation is needed!

u It turns out that, for not-so-long-experiments, we only need a rotation!

hψ0jγ5jηi¼ i
Z

RNucleus

0
½−FSðrÞGðrÞþGSðrÞFðrÞ&dr; ð41Þ

hψ0jiγijηi ¼ δi3

Z
RNucleus

0

!
−
1

3
FSðrÞGðrÞ þGSðrÞFðrÞ

"
dr;

ð42Þ

where the δi3 means that only the i ¼ 3 component
survives, due to the structure of the γ3 matrix, while the
analogue contributions for i ¼ 1, 2 vanish.
For the rank-3 and rank-4 cases, the Hamiltonians are

HLVe−3 ¼ ½ðkATÞi0jhσiiNiγ0αj − ðkATÞij0hσiiNiγ0αj

− ðkTAÞ0ijϵijkhσkiNγ5& · nðrÞ; ð43Þ

HLVe−4 ¼ ½−ðkTTÞij0kϵijlhσliNiγ0αk

þ ðkTTÞijk0ϵijlhσliNiγ0αk& · nðrÞ; ð44Þ

in which the term ðkTAÞ0ij, according to Eq. (41), yields no
real contribution. Concerning the remaining pieces, the
Hamiltonian (44) can also be read as

HLVe−4 ¼ ½−ðKTTÞ0klhσliNiγk þ ðKTTÞ0klhσliNiγk& · nðrÞ;
ð45Þ

with the redefinition ðkTTÞij0kϵijl ¼ ðKTTÞ0kl. The EDM
contributions from the rank-3 Hamiltonian are

dð1Þ3−equiv ¼ 2eðkATÞi03hσiiNℜ½hψ0jiγ3jηi&; ð46Þ

dð2Þ3−equiv ¼ −2eðkATÞi30hσiiNℜ½hψ0jiγ3jηi&; ð47Þ

and from rank-4,

dð1Þ4−equiv ¼ −2eðKTTÞ03lhσliNℜ½hψ0jiγ3jηi&; ð48Þ

dð2Þ4−equiv ¼ 2eðKTTÞ30lhσliNℜ½hψ0jiγ3jηi&: ð49Þ

We point out that the presence of the factor ϵijk in Eq. (44)
induces an effect similar to a rotation on the nucleon’s spin
hσliN or background vector, coupling orthogonal compo-
nents of hσliN and ðkTTÞij03. Accordingly, say we pick
i ¼ 1, then j ¼ 2, and we must use a nucleon in the spin
state hσziN in order to obtain the EDM contribution arising
from ðkTTÞ1203, which corresponds to constrain ðKTTÞ033.
Assuming that the thallium valence nucleon has spin

hσziN ¼ ' 1 [67], and that the atomic integral in Eq. (42)
has the same magnitude as the one in Eq. (37), we attain,
for the rank-3 couplings, the upper bounds

jðkATÞi03j < 3.2 × 10−13 ðGeVÞ−2; ð50Þ

jðkATÞi30j < 3.2 × 10−13 ðGeVÞ−2; ð51Þ

and for the rank-4:

jðKTTÞ03lj < 3.2 × 10−13 ðGeVÞ−2; ð52Þ

jðKTTÞ30lj < 3.2 × 10−13 ðGeVÞ−2: ð53Þ

In these cases, the bounds suffer sidereal variations, for
these are in fact measured in the Lab’s reference frame, in
which these tensor components are not constant. This issue
will be addressed in the Sec. III Awhile the constraints are
summarized in Table V.

A. Sidereal analysis

Because the LV background tensors are constant only
in an inertial reference frame (RF), such as the Sun’s rest
frame, it is necessary, therefore, to show how to translate
these bounds to the Earth-located Lab’s RF, at the colati-
tude χ, rotating around the Earth’s axis with angular
velocity Ω. In short, the bounds should be written in terms
of the tensor components in the Sun’s RF. For experiments
up to a few weeks long, the transformation law for a rank-2
tensor, say Bμν, according to Refs. [59,68], is merely a
spatial rotation,

BðLabÞ
μν ¼ RμαRνβB

ðSunÞ
αβ ; ð54Þ

where

Rμν ¼

0

BBB@

1 0 0 0

0 cos χ cosΩt cos χ sinΩt − sin χ

0 − sinΩt cosΩt 0

0 sin χ cosΩt sin χ sinΩt cos χ

1

CCCA; ð55Þ

in which the first line and column were included for
completeness. According to the transformation law (54),
the components ðkATÞi03 and ðkATÞi30 transform as

ðkATÞ
ðLabÞ
i03 ¼ RikR3lðkATÞ

ðSunÞ
k0l ; ð56Þ

ðkATÞ
ðLabÞ
i30 ¼ RikR3lðkATÞ

ðSunÞ
kl0 ; ð57Þ

whose time averages for l ¼ 1, 2, 3 yield, respectively:

hðkATÞ
ðLabÞ
103 i¼1

4
½ðkATÞ

ðSunÞ
101 þðkATÞ

ðSunÞ
202 −2ðkATÞ

ðSunÞ
303 &sin2χ

hðkATÞ
ðLabÞ
203 i¼½−ðkATÞ

ðSunÞ
102 þðkATÞ

ðSunÞ
201 &sinχ

hðkATÞ
ðLabÞ
303 i¼

!
1

2
ððkATÞ

ðSunÞ
101 þðkATÞ

ðSunÞ
202 Þsin2χ

þðkATÞ
ðSunÞ
303 cos2χ

"
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hψ0jγ5jηi¼ i
Z

RNucleus

0
½−FSðrÞGðrÞþGSðrÞFðrÞ&dr; ð41Þ

hψ0jiγijηi ¼ δi3

Z
RNucleus

0

!
−
1

3
FSðrÞGðrÞ þGSðrÞFðrÞ

"
dr;

ð42Þ

where the δi3 means that only the i ¼ 3 component
survives, due to the structure of the γ3 matrix, while the
analogue contributions for i ¼ 1, 2 vanish.
For the rank-3 and rank-4 cases, the Hamiltonians are

HLVe−3 ¼ ½ðkATÞi0jhσiiNiγ0αj − ðkATÞij0hσiiNiγ0αj

− ðkTAÞ0ijϵijkhσkiNγ5& · nðrÞ; ð43Þ

HLVe−4 ¼ ½−ðkTTÞij0kϵijlhσliNiγ0αk

þ ðkTTÞijk0ϵijlhσliNiγ0αk& · nðrÞ; ð44Þ

in which the term ðkTAÞ0ij, according to Eq. (41), yields no
real contribution. Concerning the remaining pieces, the
Hamiltonian (44) can also be read as

HLVe−4 ¼ ½−ðKTTÞ0klhσliNiγk þ ðKTTÞ0klhσliNiγk& · nðrÞ;
ð45Þ

with the redefinition ðkTTÞij0kϵijl ¼ ðKTTÞ0kl. The EDM
contributions from the rank-3 Hamiltonian are

dð1Þ3−equiv ¼ 2eðkATÞi03hσiiNℜ½hψ0jiγ3jηi&; ð46Þ

dð2Þ3−equiv ¼ −2eðkATÞi30hσiiNℜ½hψ0jiγ3jηi&; ð47Þ

and from rank-4,

dð1Þ4−equiv ¼ −2eðKTTÞ03lhσliNℜ½hψ0jiγ3jηi&; ð48Þ

dð2Þ4−equiv ¼ 2eðKTTÞ30lhσliNℜ½hψ0jiγ3jηi&: ð49Þ

We point out that the presence of the factor ϵijk in Eq. (44)
induces an effect similar to a rotation on the nucleon’s spin
hσliN or background vector, coupling orthogonal compo-
nents of hσliN and ðkTTÞij03. Accordingly, say we pick
i ¼ 1, then j ¼ 2, and we must use a nucleon in the spin
state hσziN in order to obtain the EDM contribution arising
from ðkTTÞ1203, which corresponds to constrain ðKTTÞ033.
Assuming that the thallium valence nucleon has spin

hσziN ¼ ' 1 [67], and that the atomic integral in Eq. (42)
has the same magnitude as the one in Eq. (37), we attain,
for the rank-3 couplings, the upper bounds

jðkATÞi03j < 3.2 × 10−13 ðGeVÞ−2; ð50Þ

jðkATÞi30j < 3.2 × 10−13 ðGeVÞ−2; ð51Þ

and for the rank-4:

jðKTTÞ03lj < 3.2 × 10−13 ðGeVÞ−2; ð52Þ

jðKTTÞ30lj < 3.2 × 10−13 ðGeVÞ−2: ð53Þ

In these cases, the bounds suffer sidereal variations, for
these are in fact measured in the Lab’s reference frame, in
which these tensor components are not constant. This issue
will be addressed in the Sec. III Awhile the constraints are
summarized in Table V.

A. Sidereal analysis

Because the LV background tensors are constant only
in an inertial reference frame (RF), such as the Sun’s rest
frame, it is necessary, therefore, to show how to translate
these bounds to the Earth-located Lab’s RF, at the colati-
tude χ, rotating around the Earth’s axis with angular
velocity Ω. In short, the bounds should be written in terms
of the tensor components in the Sun’s RF. For experiments
up to a few weeks long, the transformation law for a rank-2
tensor, say Bμν, according to Refs. [59,68], is merely a
spatial rotation,

BðLabÞ
μν ¼ RμαRνβB

ðSunÞ
αβ ; ð54Þ

where

Rμν ¼

0

BBB@

1 0 0 0

0 cos χ cosΩt cos χ sinΩt − sin χ

0 − sinΩt cosΩt 0

0 sin χ cosΩt sin χ sinΩt cos χ

1

CCCA; ð55Þ

in which the first line and column were included for
completeness. According to the transformation law (54),
the components ðkATÞi03 and ðkATÞi30 transform as

ðkATÞ
ðLabÞ
i03 ¼ RikR3lðkATÞ

ðSunÞ
k0l ; ð56Þ

ðkATÞ
ðLabÞ
i30 ¼ RikR3lðkATÞ

ðSunÞ
kl0 ; ð57Þ

whose time averages for l ¼ 1, 2, 3 yield, respectively:

hðkATÞ
ðLabÞ
103 i¼1

4
½ðkATÞ

ðSunÞ
101 þðkATÞ

ðSunÞ
202 −2ðkATÞ

ðSunÞ
303 &sin2χ

hðkATÞ
ðLabÞ
203 i¼½−ðkATÞ

ðSunÞ
102 þðkATÞ

ðSunÞ
201 &sinχ

hðkATÞ
ðLabÞ
303 i¼

!
1

2
ððkATÞ
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101 þðkATÞ
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202 Þsin2χ

þðkATÞ
ðSunÞ
303 cos2χ
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Chi: Lab’s colatitude

Omega: Earth’s rotation 
angular velocity

Next we time-average them in the Sun’s RF.

Not all of them survive this step; here goes a list of the ones that do



Sidereal Variations

and similar expressions for ðkATÞ
ðLabÞ
130 , ðkATÞ

ðLabÞ
230 , and

ðkATÞ
ðLabÞ
330 . The same procedure can be applied to the

components of ðKTTÞ03l for l ¼ 1, 2, 3, yielding,
respectively,

hðKTTÞ
ðLabÞ
031 i ¼ 1

4

h
ðKTTÞ

ðSunÞ
011 þ ðKTTÞ

ðSunÞ
022

− 2ðKTTÞ
ðSunÞ
033

i
sin 2χ

hðKTTÞ
ðLabÞ
032 i ¼

h
−ðKTTÞ

ðSunÞ
012 þ ðKTTÞ

ðSunÞ
201

i
sin χ

hðKTTÞ
ðLabÞ
303 i ¼

!
1

2
ððKTTÞ

ðSunÞ
101 þ ðKTTÞ

ðSunÞ
202 Þsin2χ

þ ðKTTÞ
ðSunÞ
303 cos2χ

"
; ð59Þ

and similar expressions for the components ðKTTÞ30l. Finally,
the sidereal variations of the bounds (52) are displayed as:
####
1

4

h
ðKTTÞ

ðSunÞ
011 þ ðKTTÞ

ðSunÞ
022 − 2ðKTTÞ

ðSunÞ
033

i
sin 2χ

####

<3.2 × 10−13 ðGeVÞ−2
###
h
ðKTTÞ

ðSunÞ
012 − ðKTTÞ

ðSunÞ
021

i
sin χ

###

<3.2 × 10−13 ðGeVÞ−2
####

!
1

2
ððKTTÞ

ðSunÞ
011 þ ðKTTÞ

ðSunÞ
022 Þsin2χ þ ðKTTÞ

ðSunÞ
033 cos2χ

"####

<3.2 × 10−13 ðGeVÞ−2; ð60Þ

For clarity, the bounds (50)–(53), in terms of the Sun’s RF
quantities, are listed in the Table V for l ¼ 1, 2, 3.

IV. CONCLUSION AND FINAL REMARKS

One point to be noted is that the 4-fermion couplings
here presented involve two kinds of fermion spinors,
that is, we consider both ðkSVÞμðN̄NÞðψ̄γμψÞ and
ðkVSÞμðN̄γμNÞðψ̄ψÞ. Such a distinction is not important
when one does not differ between the interacting fermion
bilinears, but it should be taken into account for dimension-
6 electron-nucleon interactions. Accordingly, the couplings
presented in Tables I and IV are displayed in Ref. [65], the
only difference is that here we consider twice as many
couplings, since we are dealing with different spinors. To
illustrate the redundancies, we have included comments
and the couplings in Table II, which are particular para-
metrizations of the ones of rank-3 listed in Table IV.
Still concerning Ref. [65], it is worth mentioning that the

first line of the dimension-6 couplings of its Table III
contains

ðkSSÞðN̄NÞðψ̄ψÞ; ðkPPÞðN̄iγ5NÞðψ̄iγ5ψÞ;
ðkSPÞðN̄NÞðψ̄iγ5ψÞ; ðkPSÞðN̄iγ5NÞðψ̄ψÞ; ð61Þ

that do not violate Lorentz symmetry. From those, only the
last two are P-odd and T-odd and generate EDM, and only
the third one is not suppressed, being equivalent to

TABLE V. Bounds on the LV tensors of ranks ranging from 1 to 4.

Component Upper bound
###ðkVPÞ

ðSunÞ
0

### 1.6 × 10−15 ðGeVÞ−2
### 14
h
ðkATÞ

ðSunÞ
101 þ ðkATÞ

ðSunÞ
202 − 2ðkATÞ

ðSunÞ
303

i
sin 2χ

### 3.2 × 10−13ðGeVÞ−2
###
h
−ðkATÞ

ðSunÞ
102 þ ðkATÞ

ðSunÞ
201

i
sin χ

### 3.2 × 10−13 ðGeVÞ−2
###
h
1
2

$
ðkATÞ

ðSunÞ
101 þ ðkATÞ

ðSunÞ
202

%
sin2χ þ ðkATÞ

ðSunÞ
303 cos2χ

i### 3.2 × 10−13 ðGeVÞ−2
### 14
h
ðkATÞ

ðSunÞ
110 þ ðkATÞ

ðSunÞ
220 − 2ðkATÞ

ðSunÞ
330

i
sin 2χ

### 3.2 × 10−13 ðGeVÞ−2
###
h
−ðkATÞ

ðSunÞ
120 þ ðkATÞ

ðSunÞ
210

i
sin χ

### 3.2 × 10−13 ðGeVÞ−2
###
h
1
2

$
ðkATÞ

ðSunÞ
110 þ ðkATÞ

ðSunÞ
220

%
sin2 χ þ ðkATÞ

ðSunÞ
330 cos2 χ

i### 3.2 × 10−13 ðGeVÞ−2
### 14
h
ðKTTÞ

ðSunÞ
011 þ ðKTTÞ

ðSunÞ
022 − 2ðKTTÞ

ðSunÞ
033

i
sin 2χ

### 3.2 × 10−13 ðGeVÞ−2
###
h
ðKTTÞ

ðSunÞ
012 − ðKTTÞ

ðSunÞ
021

i
sin χ

### 3.2 × 10−13 ðGeVÞ−2
###
h
1
2

$
ðKTTÞ

ðSunÞ
011 þ ðKTTÞ

ðSunÞ
022

%
sin2 χ þ ðKTTÞ

ðSunÞ
033 cos2 χ

i### 3.2 × 10−13 ðGeVÞ−2
### 14
h
ðKTTÞ

ðSunÞ
101 þ ðKTTÞ

ðSunÞ
202 − 2ðKTTÞ

ðSunÞ
303

i
sin 2χ

### 3.2 × 10−13 ðGeVÞ−2
###
h
ðKTTÞ

ðSunÞ
102 − ðKTTÞ

ðSunÞ
201

i
sin χ

### 3.2 × 10−13 ðGeVÞ−2
###
h
1
2

$
ðKTTÞ

ðSunÞ
101 þ ðKTTÞ

ðSunÞ
202

%
sin2 χ þ ðKTTÞ

ðSunÞ
303 cos2 χ

i### 3.2 × 10−13 ðGeVÞ−2
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u These are the first bounds on these 
coefficients, which where recently 
proposed by Kostelecky;

u Next we comment on a few other 
couplings we haven’t covered
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I. INTRODUCTION

Electric dipole moments (EDMs) are excellent probes
for violation of discrete symmetries [1–4] and of physics
beyond the standard model (SM) [5,6]. EDM terms violate
both parity (P) and time reversal (T) symmetries, while
preserve charge conjugation (C), if the CPT theorem holds.
In the SM structure, P and CP violations have been
proposed and detected since the 1950s, but violations of
T only recently have been measured by the BABAR
Collaboration [7]. Furthermore, the role of CP violation
is crucial in explaining the baryon asymmetry in the
universe, as pointed out by Sakharov [8]. However, as a
standard EDM is C-even, it cannot play a role by itself on
the baryon asymmetry in the universe. Concerning the
EDM experiments, the growing experimental precision has
lead to stringent upper bounds on several CP-violating
theories [9–12]. If an atomic EDM were to be detected, it
could arise from intrinsic properties of the electrons and/or
nucleus, or from P-odd and T-odd electron-nucleon (e-N)
couplings.

In the SM, the electronic EDM is generated via radiative
corrections at four loop order [13,14], with magnitude
de−SM ≃ 10−38 e · cm. In addition, the current experimental
measurement has ruled out an electronic EDM up to
de−exp ¼ 1.1 × 10−31 e · cm [9], which is still 7 orders of
magnitude above the SM prediction. Concerning the EDM
searches, it is important to remember that the carrier of
EDMmay be the electron or the atomic nucleus. In fact, the
atomic nucleus, due to P-odd and T-odd nuclear inter-
actions [15], can yield a nuclear EDM, which, for a
pointlike nucleus, would be screened by the very interest-
ing Schiff’s theorem [16]. For a finite-sized nucleus,
however, the screening is not total, and the Schiff moment
appears as a residual effect [15]. Furthermore, if relativity is
considered, not only the screening is ineffective, but the
whole atom’s or molecule’s EDM may exceed the elec-
tron’s by a few orders of magnitude [17–20]. Recent
experiments to measure nuclear EDM have been under-
taken and an upper bound of d199Hg < 7.4 × 10−30 e · cm
was set for the 199Hg nucleus [21]. The surprisingly minute
nuclear EDM, which is related to the QCD θ-term, poses
the strong CP problem, whose solution could involve the
yet undetected axions [22].
There are three ways to generate EDM for an atom. Two

of them rely on EDM sources in the atom’s constituents
and appropriate means of circumventing the Schiff’s
theorem: (i) relativistic enhancement of the electron
EDM; (ii) partial screening of the nuclear EDM due to
the finite-sized nucleus. The third mechanism is based on
P-odd and T-odd electron-nucleon interactions. Thus, even
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Comments on other couplings

u Kostelecky’s paper contains terms as

u These are not LV. In fact, one of them is identical to the usual Scalar-Pseudoscalar contribution

and similar expressions for ðkATÞ
ðLabÞ
130 , ðkATÞ

ðLabÞ
230 , and

ðkATÞ
ðLabÞ
330 . The same procedure can be applied to the

components of ðKTTÞ03l for l ¼ 1, 2, 3, yielding,
respectively,

hðKTTÞ
ðLabÞ
031 i ¼ 1

4

h
ðKTTÞ

ðSunÞ
011 þ ðKTTÞ

ðSunÞ
022

− 2ðKTTÞ
ðSunÞ
033

i
sin 2χ

hðKTTÞ
ðLabÞ
032 i ¼

h
−ðKTTÞ

ðSunÞ
012 þ ðKTTÞ

ðSunÞ
201

i
sin χ

hðKTTÞ
ðLabÞ
303 i ¼

!
1

2
ððKTTÞ

ðSunÞ
101 þ ðKTTÞ

ðSunÞ
202 Þsin2χ

þ ðKTTÞ
ðSunÞ
303 cos2χ

"
; ð59Þ

and similar expressions for the components ðKTTÞ30l. Finally,
the sidereal variations of the bounds (52) are displayed as:
####
1

4

h
ðKTTÞ

ðSunÞ
011 þ ðKTTÞ

ðSunÞ
022 − 2ðKTTÞ

ðSunÞ
033

i
sin 2χ

####

<3.2 × 10−13 ðGeVÞ−2
###
h
ðKTTÞ

ðSunÞ
012 − ðKTTÞ

ðSunÞ
021

i
sin χ

###

<3.2 × 10−13 ðGeVÞ−2
####

!
1

2
ððKTTÞ

ðSunÞ
011 þ ðKTTÞ

ðSunÞ
022 Þsin2χ þ ðKTTÞ

ðSunÞ
033 cos2χ

"####

<3.2 × 10−13 ðGeVÞ−2; ð60Þ

For clarity, the bounds (50)–(53), in terms of the Sun’s RF
quantities, are listed in the Table V for l ¼ 1, 2, 3.

IV. CONCLUSION AND FINAL REMARKS

One point to be noted is that the 4-fermion couplings
here presented involve two kinds of fermion spinors,
that is, we consider both ðkSVÞμðN̄NÞðψ̄γμψÞ and
ðkVSÞμðN̄γμNÞðψ̄ψÞ. Such a distinction is not important
when one does not differ between the interacting fermion
bilinears, but it should be taken into account for dimension-
6 electron-nucleon interactions. Accordingly, the couplings
presented in Tables I and IV are displayed in Ref. [65], the
only difference is that here we consider twice as many
couplings, since we are dealing with different spinors. To
illustrate the redundancies, we have included comments
and the couplings in Table II, which are particular para-
metrizations of the ones of rank-3 listed in Table IV.
Still concerning Ref. [65], it is worth mentioning that the

first line of the dimension-6 couplings of its Table III
contains

ðkSSÞðN̄NÞðψ̄ψÞ; ðkPPÞðN̄iγ5NÞðψ̄iγ5ψÞ;
ðkSPÞðN̄NÞðψ̄iγ5ψÞ; ðkPSÞðN̄iγ5NÞðψ̄ψÞ; ð61Þ

that do not violate Lorentz symmetry. From those, only the
last two are P-odd and T-odd and generate EDM, and only
the third one is not suppressed, being equivalent to

TABLE V. Bounds on the LV tensors of ranks ranging from 1 to 4.

Component Upper bound
###ðkVPÞ

ðSunÞ
0

### 1.6 × 10−15 ðGeVÞ−2
### 14
h
ðkATÞ

ðSunÞ
101 þ ðkATÞ

ðSunÞ
202 − 2ðkATÞ

ðSunÞ
303

i
sin 2χ

### 3.2 × 10−13ðGeVÞ−2
###
h
−ðkATÞ

ðSunÞ
102 þ ðkATÞ

ðSunÞ
201

i
sin χ

### 3.2 × 10−13 ðGeVÞ−2
###
h
1
2

$
ðkATÞ

ðSunÞ
101 þ ðkATÞ

ðSunÞ
202

%
sin2χ þ ðkATÞ

ðSunÞ
303 cos2χ

i### 3.2 × 10−13 ðGeVÞ−2
### 14
h
ðkATÞ

ðSunÞ
110 þ ðkATÞ

ðSunÞ
220 − 2ðkATÞ

ðSunÞ
330

i
sin 2χ

### 3.2 × 10−13 ðGeVÞ−2
###
h
−ðkATÞ

ðSunÞ
120 þ ðkATÞ

ðSunÞ
210

i
sin χ

### 3.2 × 10−13 ðGeVÞ−2
###
h
1
2

$
ðkATÞ

ðSunÞ
110 þ ðkATÞ

ðSunÞ
220

%
sin2 χ þ ðkATÞ

ðSunÞ
330 cos2 χ

i### 3.2 × 10−13 ðGeVÞ−2
### 14
h
ðKTTÞ

ðSunÞ
011 þ ðKTTÞ

ðSunÞ
022 − 2ðKTTÞ

ðSunÞ
033

i
sin 2χ

### 3.2 × 10−13 ðGeVÞ−2
###
h
ðKTTÞ

ðSunÞ
012 − ðKTTÞ

ðSunÞ
021

i
sin χ

### 3.2 × 10−13 ðGeVÞ−2
###
h
1
2

$
ðKTTÞ

ðSunÞ
011 þ ðKTTÞ

ðSunÞ
022

%
sin2 χ þ ðKTTÞ

ðSunÞ
033 cos2 χ

i### 3.2 × 10−13 ðGeVÞ−2
### 14
h
ðKTTÞ

ðSunÞ
101 þ ðKTTÞ

ðSunÞ
202 − 2ðKTTÞ

ðSunÞ
303

i
sin 2χ

### 3.2 × 10−13 ðGeVÞ−2
###
h
ðKTTÞ

ðSunÞ
102 − ðKTTÞ

ðSunÞ
201

i
sin χ

### 3.2 × 10−13 ðGeVÞ−2
###
h
1
2

$
ðKTTÞ

ðSunÞ
101 þ ðKTTÞ

ðSunÞ
202

%
sin2 χ þ ðKTTÞ

ðSunÞ
303 cos2 χ

i### 3.2 × 10−13 ðGeVÞ−2
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Lð6Þ
ψψ ¼ iðκSPÞðψ̄ψÞðψ̄γ5ψÞ: ð62Þ

Such a coupling is identical to the standard scalar-
pseudoscalar electron-nucleon interaction in Eq. (1)
[4,14,24]. It yields

dequiv−κSP ¼ 2eAκSP
3

4πR3
Nucleus

Z
RNucleus

0
ðFSðrÞGðrÞ

þ GSðrÞFðrÞÞdr; ð63Þ

and must fulfill

κSP < 1.6 × 10−15 ðGeVÞ−2: ð64Þ

Clearly, due to the scalar form of the coupling (62), the
coefficient κSP does not suffer sidereal variations.
In outlining the procedure, we stress that the possibilities

of couplings with LV tensors of ranks ranging from 1 to 4
were listed in Tables I and IV. Their behavior under C, P
and T was crucial to extract the components compatible
with EDM generation. After applying the nonrelativistic
limit for the nucleons, a few candidates were suppressed
and no longer considered. The remaining unsuppressed
couplings had their Hamiltonian pieces evaluated in
Eqs. (33), (39), (43), and (44), then their respective
EDM-equivalent contributions were calculated as in
Eq. (35), via atomic parity nonconservation methods.
Also, as mentioned in Sec. II, due to their matrix structure,
some couplings yield no real contribution to the energy
shift, i.e., null dequiv, being then discarded. The surviving
terms had their magnitudes limited using the electron’s

EDM data, which is justified by the fact that the measured
atomic EDM (attributed to either an unpaired electron or
nucleon, depending on the experiment) may be due to
P-odd and T-odd e-N interactions as well—thus, we have
just chosen the most restrictive upper bound.
The most stringent upper bounds of 1.6×10−15 ðGeVÞ−2,

in Eqs. (38) and (64), were set on the terms proportional to
the atomic mass A, i.e., the terms ðkVPÞ0 and κSP—these are
the dominant contributions. The other bounds are about 2
orders of magnitude less restrictive, due to the fact that the
nucleons’ spins do not add up coherently. Moreover, the
bounds with spatial indices suffer sidereal variations due to
the Earth’s rotation and Lab’s location, and were transformed
according to the rule (54) and then time averaged, providing
the bounds in Table V.
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Neste capítulo pretendemos estudar classes gerais de acoplamentos e-N , relacionados a tensores LV de

rank-1 a rank-4. Estas classes abrangem acoplamentos não mostrados na figura 7.0.1, e que foram recente-

mente propostos em [137]. Esta referência explora todos os acoplamentos possíveis, mas trata de espinores

idênticos e não impõe bounds nos parâmetros LV. Aqui vamos selecionar os acoplamentos e-N que podem

gerar EDM e mostrar como extrair a contribuição destes para com o EDM atômico. Feito isto, iremos usar

os dados experimentais recentes e estimativas numéricas da literatura para impor bounds nas magnitudes dos

acoplamentos. Para ilustrar o procedimento, na seção a seguir veremos como calcular o dequiv advindo do

acoplamento CSP N̄jNj ̄�5 .

7.1 Cálculo do EDM gerado por um acoplamento e-N : um exemplo

Nesta seção seguiremos o roteiro das Refs. [105, 121, 128], considerando a Lagrangiana

LCP = �
GF
p
2

X

j

CSN̄jNj ̄i�5 . (7.1.1)

Confirma-se, por meio da tabela 7.1, que este acoplamento de fato é P - e T -ímpar. A seguir deve-se

implementar o limite não relativístico para os núcleons, o que é feito considerando, do bilinear N̄jNj , apenas

a parcela quadrática na componente maior �N , isto é

N̄jNj =

✓
�
⇤
N

�
⇤
N

◆
0

B@
1 0

0 �1

1

CA

0

B@
�N

�N

1

CA

⇡ |�N |
2
, (7.1.2)

na qual podemos identificar

n(r) = |�N |
2
, (7.1.3)

onde n(r) corresponde à densidade de probabilidade do núcleon. Após isto, teremos a Lagrangiana para o

elétron apenas

LCP�e = �
GF
p
2
CSAn(r) ̄i�5 , (7.1.4)

cuja contribuição ao Hamiltoniano é obtida, em termos práticos, trocando-se  ̄ por ��
0. Isto nos leva a

HCP = i
GF
p
2
CSAn(r)�

0
�5 , (7.1.5)

onde o fator do número de massa, A, vem da soma sobre todos os núcleons. Observe que o fator n(r) limita
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Lð6Þ
ψψ ¼ iðκSPÞðψ̄ψÞðψ̄γ5ψÞ: ð62Þ

Such a coupling is identical to the standard scalar-
pseudoscalar electron-nucleon interaction in Eq. (1)
[4,14,24]. It yields

dequiv−κSP ¼ 2eAκSP
3

4πR3
Nucleus

Z
RNucleus

0
ðFSðrÞGðrÞ

þ GSðrÞFðrÞÞdr; ð63Þ

and must fulfill

κSP < 1.6 × 10−15 ðGeVÞ−2: ð64Þ

Clearly, due to the scalar form of the coupling (62), the
coefficient κSP does not suffer sidereal variations.
In outlining the procedure, we stress that the possibilities

of couplings with LV tensors of ranks ranging from 1 to 4
were listed in Tables I and IV. Their behavior under C, P
and T was crucial to extract the components compatible
with EDM generation. After applying the nonrelativistic
limit for the nucleons, a few candidates were suppressed
and no longer considered. The remaining unsuppressed
couplings had their Hamiltonian pieces evaluated in
Eqs. (33), (39), (43), and (44), then their respective
EDM-equivalent contributions were calculated as in
Eq. (35), via atomic parity nonconservation methods.
Also, as mentioned in Sec. II, due to their matrix structure,
some couplings yield no real contribution to the energy
shift, i.e., null dequiv, being then discarded. The surviving
terms had their magnitudes limited using the electron’s

EDM data, which is justified by the fact that the measured
atomic EDM (attributed to either an unpaired electron or
nucleon, depending on the experiment) may be due to
P-odd and T-odd e-N interactions as well—thus, we have
just chosen the most restrictive upper bound.
The most stringent upper bounds of 1.6×10−15 ðGeVÞ−2,

in Eqs. (38) and (64), were set on the terms proportional to
the atomic mass A, i.e., the terms ðkVPÞ0 and κSP—these are
the dominant contributions. The other bounds are about 2
orders of magnitude less restrictive, due to the fact that the
nucleons’ spins do not add up coherently. Moreover, the
bounds with spatial indices suffer sidereal variations due to
the Earth’s rotation and Lab’s location, and were transformed
according to the rule (54) and then time averaged, providing
the bounds in Table V.
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Also, we consider different spinors, 
so our possibilities double!

Is identical to



Future Perspectives

u Improve bounds by evaluating the integral:

u What if we consider only usual couplings:

And then correct the electron’s spinor by a dimension-5 coupling?

hψ0jγ5jηi¼ i
Z

RNucleus

0
½−FSðrÞGðrÞþGSðrÞFðrÞ&dr; ð41Þ

hψ0jiγijηi ¼ δi3

Z
RNucleus

0

!
−
1

3
FSðrÞGðrÞ þGSðrÞFðrÞ

"
dr;

ð42Þ

where the δi3 means that only the i ¼ 3 component
survives, due to the structure of the γ3 matrix, while the
analogue contributions for i ¼ 1, 2 vanish.
For the rank-3 and rank-4 cases, the Hamiltonians are

HLVe−3 ¼ ½ðkATÞi0jhσiiNiγ0αj − ðkATÞij0hσiiNiγ0αj

− ðkTAÞ0ijϵijkhσkiNγ5& · nðrÞ; ð43Þ

HLVe−4 ¼ ½−ðkTTÞij0kϵijlhσliNiγ0αk

þ ðkTTÞijk0ϵijlhσliNiγ0αk& · nðrÞ; ð44Þ

in which the term ðkTAÞ0ij, according to Eq. (41), yields no
real contribution. Concerning the remaining pieces, the
Hamiltonian (44) can also be read as

HLVe−4 ¼ ½−ðKTTÞ0klhσliNiγk þ ðKTTÞ0klhσliNiγk& · nðrÞ;
ð45Þ

with the redefinition ðkTTÞij0kϵijl ¼ ðKTTÞ0kl. The EDM
contributions from the rank-3 Hamiltonian are

dð1Þ3−equiv ¼ 2eðkATÞi03hσiiNℜ½hψ0jiγ3jηi&; ð46Þ

dð2Þ3−equiv ¼ −2eðkATÞi30hσiiNℜ½hψ0jiγ3jηi&; ð47Þ

and from rank-4,

dð1Þ4−equiv ¼ −2eðKTTÞ03lhσliNℜ½hψ0jiγ3jηi&; ð48Þ

dð2Þ4−equiv ¼ 2eðKTTÞ30lhσliNℜ½hψ0jiγ3jηi&: ð49Þ

We point out that the presence of the factor ϵijk in Eq. (44)
induces an effect similar to a rotation on the nucleon’s spin
hσliN or background vector, coupling orthogonal compo-
nents of hσliN and ðkTTÞij03. Accordingly, say we pick
i ¼ 1, then j ¼ 2, and we must use a nucleon in the spin
state hσziN in order to obtain the EDM contribution arising
from ðkTTÞ1203, which corresponds to constrain ðKTTÞ033.
Assuming that the thallium valence nucleon has spin

hσziN ¼ ' 1 [67], and that the atomic integral in Eq. (42)
has the same magnitude as the one in Eq. (37), we attain,
for the rank-3 couplings, the upper bounds

jðkATÞi03j < 3.2 × 10−13 ðGeVÞ−2; ð50Þ

jðkATÞi30j < 3.2 × 10−13 ðGeVÞ−2; ð51Þ

and for the rank-4:

jðKTTÞ03lj < 3.2 × 10−13 ðGeVÞ−2; ð52Þ

jðKTTÞ30lj < 3.2 × 10−13 ðGeVÞ−2: ð53Þ

In these cases, the bounds suffer sidereal variations, for
these are in fact measured in the Lab’s reference frame, in
which these tensor components are not constant. This issue
will be addressed in the Sec. III Awhile the constraints are
summarized in Table V.

A. Sidereal analysis

Because the LV background tensors are constant only
in an inertial reference frame (RF), such as the Sun’s rest
frame, it is necessary, therefore, to show how to translate
these bounds to the Earth-located Lab’s RF, at the colati-
tude χ, rotating around the Earth’s axis with angular
velocity Ω. In short, the bounds should be written in terms
of the tensor components in the Sun’s RF. For experiments
up to a few weeks long, the transformation law for a rank-2
tensor, say Bμν, according to Refs. [59,68], is merely a
spatial rotation,

BðLabÞ
μν ¼ RμαRνβB

ðSunÞ
αβ ; ð54Þ

where

Rμν ¼

0

BBB@

1 0 0 0

0 cos χ cosΩt cos χ sinΩt − sin χ

0 − sinΩt cosΩt 0

0 sin χ cosΩt sin χ sinΩt cos χ

1

CCCA; ð55Þ

in which the first line and column were included for
completeness. According to the transformation law (54),
the components ðkATÞi03 and ðkATÞi30 transform as

ðkATÞ
ðLabÞ
i03 ¼ RikR3lðkATÞ

ðSunÞ
k0l ; ð56Þ

ðkATÞ
ðLabÞ
i30 ¼ RikR3lðkATÞ

ðSunÞ
kl0 ; ð57Þ

whose time averages for l ¼ 1, 2, 3 yield, respectively:

hðkATÞ
ðLabÞ
103 i¼1

4
½ðkATÞ

ðSunÞ
101 þðkATÞ

ðSunÞ
202 −2ðkATÞ

ðSunÞ
303 &sin2χ

hðkATÞ
ðLabÞ
203 i¼½−ðkATÞ

ðSunÞ
102 þðkATÞ

ðSunÞ
201 &sinχ

hðkATÞ
ðLabÞ
303 i¼

!
1

2
ððkATÞ

ðSunÞ
101 þðkATÞ

ðSunÞ
202 Þsin2χ

þðkATÞ
ðSunÞ
303 cos2χ

"
; ð58Þ
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Numerical issues!

Figura 7.0.1: Acoplamentos e-N usuais extraídos da Ref. [105].

densidade de corrente nuclear com a densidade de corrente quiral eletrônica. O terceiro, por outro lado, é

uma interação entre densidades de momento magnético e elétrico – de fato, este termo de interação é melhor

limitado por meio do momento de Schiff. Esta análise pode ser estendida a todos os acoplamentos entre

bilineares fermiônicos na tabela da figura 7.3.1.

No que diz respeito a seus comportamentos sob transformações C, P e T , dos acoplamentos ilustrados na

figura 7.0.1, apenas o primeiro, o terceiro e o quinto são compatíveis com geração de EDM. Esta classificação

é feita com o auxílio da tabela 7.1 e, uma vez selecionados, escreve-se a Lagrangiana com os acoplamentos

P - e T -ímpares

LCP = �
GF
p
2

X

j


CSN̄jNj ̄i�

5
 + CP N̄ji�5Nj ̄ �

1

2
✏µ⌫↵�CT N̄j�

µ⌫
Nj ̄�

↵�
 

�
, (7.0.3)

onde a soma é efetuada sobre todos os núcleons; as contantes CS , CT , CP são adimencionais e GF é a constante

de Fermi. Dentre estes, a contribuição dominante advém do acoplamento escalar-pseudoescalar CSN̄jNj ̄�
5
 

[121, 122, 123, 124]. Além disto, este acoplamento é similar ao termo dominante no que é conhecido como

“não conservação da paridade em sistemas atômicos” (PNC), que tem origem no acoplamento da corrente

axial eletrônica neutra com a corrente fraca nucleônica neutra via troca do bóson Z
0 [105, 125, 126, 127, 128,

129, 130, 131]. Dados experimentais recentes permitiram impor CS < 7.3⇥ 10�10 [132].

 ̄  ̄i�5  ̄�
0
  ̄�

i
  ̄�

0
�5  ̄�

i
�5  ̄�

0i
  ̄�

ij
 

P + � + � � + � +
T + � + � + � + �

C + + � � + + � �

Tabela 7.1: Comportamento dos bilineares de Dirac sob transformações discretas

Os outros dois acoplamentos, o tensor-pseudotensor e escalar-pseudoescalar, foram investigados na Ref.

[133] via cálculos atômicos envolvendo o núcleo do átomo 199Hg. Vale lembrar que, além de efeitos de EDM,

interações P - e T -ímpares estão relacionadas, por exemplo: à polarização atômica em átomos pesados, a

elementos de matriz não nulos, e a transições M1 proibidas [134, 135, 136].

116

Figura 7.3.1: Acoplamentos propostos na tabela III da Ref. [137]
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Thank you for your time J


