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Fundamental Symmetries and Low-Energy Nuclear Physics
๏ The Universe is matter 

dominated at roughly 1 ppb: 

⌘ ⌘ Xp+n

X�
= 6.19(15)⇥ 10�10

๏ Sources of  CP-violation beyond the Standard Model (SM) are 
needed to generate this observed asymmetry

๏ Assuming nature is CPT symmetric, this implies T-violation 
which implies fermions will have permanent electric dipole 
moments (EDMs)

๏ This has motivated significant experimental efforts to search (or 
plan to search) for permanent EDMs in a variety of  systems  

  e, n, p, deuteron, triton, 3He, ..., 199Hg, 225Ra, 229Pa,...
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Fundamental Symmetries and Low-Energy Nuclear Physics
๏ The Universe is matter 

dominated at roughly 1 ppb: 

⌘ ⌘ Xp+n

X�
= 6.19(15)⇥ 10�10

๏ There are now a number of  groups working on computing EDMs from the 
QCD-theta term.  If  we can determine the couplings - they can be used in 
the chiral extrapolations, removing a free parameter from their analysis
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Fundamental Symmetries and Low-Energy Nuclear Physics

๏ In a large nucleus, the long-range pion exchange will dominate 
the nuclear EDM

LCPV = � ḡ0
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๏ For the QCD theta term

๏ For more generic CP Violating operators
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๏ The nuclear EDM is proportional to the Schiff  moment

Fundamental Symmetries and Low-Energy Nuclear Physics

S =
X

i 6=0

h�0|Sz|�iih�i|HCPV |�0i
E0 � Ei

+ c.c.

๏ The Schiff  parameters                     are computed with nuclear 
models under the assumption the CPV operator does not 
significantly distort the nuclear wave-function

{a0, a1, a2}

๏ For a QCD theta term only                      and thus a constraint 
on     can be made through the relation
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S =
2MNgA

F⇡
(a0ḡ0 + a1ḡ1 + a2ḡ2)



๏ The nuclear EDM is proportional to the Schiff  moment

Fundamental Symmetries and Low-Energy Nuclear Physics

S =
X

i 6=0

h�0|Sz|�iih�i|HCPV |�0i
E0 � Ei

+ c.c.

๏ 225Ra is interesting nucleus as it is pear-
shaped (octupole deformed) 

๏ “stiff ” core making nuclear model 
calculations more reliable 

๏ nearly degenerate parity partner 
state 

๏ 102 - 103 enhancement of  a0, a1, a2

E�
1/2 � E+

1/2 = 55 KeV

S =
2MNgA

F⇡
(a0ḡ0 + a1ḡ1 + a2ḡ2)

Gaffney et al. Nature 497 (2013)



๏ Sources of  CP-Violation in quark sector:

Fundamental Symmetries and Low-Energy Nuclear Physics

Operator [Operator] No. Operators
4 1✓̄

quark EDM 6 2

quark Chromo-EDM 6 2

Weinberg (GGG) 6 1

4-quark 6 2

4-quark induced 6 1
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๏ Sources of  CP-Violation in quark sector:
Operator [Operator] No. Operators

4 1✓̄

quark Chromo-EDM 6 2
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QCD Isospin Violation and CP-violating 𝜋-N
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๏ A precise determination of  the strong isospin breaking 
contribution to Mn-Mp teaches us about CP-violation  
Crewther, Vecchia, Veneziano, Witten, Phys.Lett. 91B (1980)
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Using 
de Vries, Mereghetti, Walker-Loud  

Phys. Rev. C92 (2015) [1506.06247]



๏ QCD Theta term
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ḡ0 =
�Mmd�mu

n�p

md �mu

2mdmu

md +mu
✓̄Symmetries

�Mmd�mu
n�p = ↵(md �mu)

Simple spectroscopic calculation allows us to determine this 
long-range CP-Violating pion-nucleon coupling

de Vries, Mereghetti, Walker-Loud  
Phys. Rev. C92 (2015) [1506.06247]

This relation holds to NNLO in the chiral expansion up to 
small corrections

Computational Strategy



๏ Quark Chromo-EDM Operators
L6
q̄q = � i
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Computational Strategy de Vries, Mereghetti, Seng, Walker-Loud  
Phys. Lett. B766 (2017) [1612.01567]
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๏ Quark Chromo-EDM Operators
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interactions arising from these sources of CP violation. The leading order chiral Lagrangian
for CP violation is [8]

L�
CP = � ḡ0

2F⇡
N̄⌧i⇡iN � ḡ1

2F⇡
N̄⇡3N , (2)

where ḡ0 and ḡ1 are the long-range CP-violating pion-nucleon couplings. For a QCD ✓̄-term,
ḡ1 is suppressed in the chiral expansion compared to ḡ0, but this does not hold for more
general BSM CP violation.

Focussing on the dimension-6 quark-bilinear operators, there are two quark EDM opera-
tors and two quark C-EDM operators, along with their CP conserving partners [8],
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where Fµ⌫ , Gµ⌫ are the QED and QCD field-strength tensors.1 Just as with the QCD ✓̄-term,
this symmetry can be exploited to perform simple spectroscopic lattice QCD calculations
of the nucleon mass and mass splitting in the background of the CP conserving opera-
tors. For example, one can perturbatively add the operator q̄�µ⌫⌧3qGµ⌫ to the action (after
transforming to Euclidean space-time, of course) and compute the induced change in the
proton-neutron mass splitting. This will, in turn, provide a contribution to the long-range
pion-nucleon CP-violating coupling.

In terms of gluonic operators, the two long-range couplings in Eq. (2) are given by [8]
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In these expressions

�MN = nucleon mass splitting induced by O = � q̄ ⌧3 q ,

�⇡N = nucleon sigma-term induced by O = �m̄q̄q ,

�qMN = nucleon mass splitting induced by O = �(c̃3/2) q̄�
µ⌫⌧3Gµ⌫q ,

�qMN = nucleon sigma-term induced by O = �(c̃0/2) q̄�
µ⌫Gµ⌫q ,

�qm
2
⇡ = pion sigma-term induced by O = �(c̃0/2) q̄�

µ⌫Gµ⌫q , (5)

where 2� = md�mu and 2m̄ = md+mu. One can compute simple spectroscopic properties of
the nucleon and, by exploiting the symmetry relation between these quark bilinear operators,
determine the CP-violating pion-nucleon couplings in terms of the fundamental dimension-6
quark operators.

This provides a unique opportunity to use lattice QCD and EFT to contribute signifi-
cantly to the search for BSM physics, specifically, the search for new sources of CP violation,
which we expect on general grounds. Indeed, this project addresses one of the areas high-
lighted in the USQCD white paper on “Lattice QCD for Cold Nuclear Physics” [9].

1 Note that these operators are dimension-6 because the coe�cients are proportional to the fermion masses.

This pattern of chiral symmetry breaking is expected, otherwise the BSM physics would generate additive

quark mass renormalization.

Again, all that is needed are simple spectroscopic quantities

Computational Strategy de Vries, Mereghetti, Seng, Walker-Loud  
Phys. Lett. B766 (2017) [1612.01567]
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Actually, there are subtle difficulties with the simple relations  
Seng and Ramsey-Musolf, Phys.Rev. C96 (2017) 
which require a modified relation in order to maintain the 
relations to NNLO (up to small NNLO corrections)

Computational Strategy de Vries, Mereghetti, Seng, Walker-Loud  
Phys. Lett. B766 (2017) [1612.01567]

de Vries, Mereghetti, Seng, Walker-Loud  
Phys. Lett. B766 (2017) [1612.01567]



๏ Quark Chromo-EDM Operators
L6
q̄q = � i

2
q̄�µ⌫�5(d̃0 + d̃3⌧3)Gµ⌫q �

1

2
q̄�µ⌫(c̃3⌧3 + c̃0)Gµ⌫q

Symmetries ḡ0 = �qMN
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Fig. 1. NLO correction (diagram (a)) and N2LO corrections (diagrams (b)–(g)) to the nucleon mass and mass splitting. Plain and dashed lines denote nucleons and pions. 
The dots denote vertices in the leading chiral Lagrangian. Circled dotted vertices denote SU (2) invariant couplings in the O(p2) baryon chiral Lagrangian. Crosses denote 
insertions of the chiral-symmetry breaking nucleon interactions in Eq. (8).

such that the ḡ1 relation is explicitly violated and that the prac-
tical use of Eq. (14) in obtaining precise values of the CPV cou-
pling constants is limited.3 This non-analytic quark mass correc-
tion, Eq. (15), also seems to spoil the convergence of SU (2) chiral 
perturbation theory for the nucleon mass when compared to LQCD 
calculations at unphysically heavy quark masses [47–49,24].

We point out here that it is possible to modify the tree-level 
relations in Eq. (14) such that they not only survive all NLO correc-
tions but also the dominant part of N2LO corrections. The relations 
then obtain similar precision as those found for the QCD θ̄ term, 
O(15%). The modified relations are

ḡ0 = d̃0

(
d

dc̃3
+ r

d
d(m̄ε)

)
δmN + δmN,QCD
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)
,

ḡ1 = −2d̃3

(
d

dc̃0
− r

d
dm̄

)
$mN , (16)

with r given in Eq. (10). At LO in the chiral expansion the modified 
relations are identical to those in Eq. (14). We can immediately 
check that the new relations are preserved at NLO. The NLO cor-
rection to the right-hand side of the ḡ1 relation is a function of 
the pion mass only and it is easy to see that

(
d

dc̃0
− r

d
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)
f (m2
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(

dm2
π

dc̃0

d
dm2

π
− dm2

π

dc̃0

d
dm2

π

)
f (m2

π ) = 0 .

(17)

We now turn to N2LO corrections which are potentially danger-
ous as they can be enhanced by large logarithms [33]. We focus 
on the PQ scenario to reduce the number of terms, but our con-
clusions do not depend on this [23]. The terms in standard χPT 
can be found in Ref. [50,51] and here we list the relevant terms at 
O(p4) (the QCD LECs l3,4 are defined to be precisely those of the 
original work [50])

L = l3 + l4
16

Tr(χ+)2 + l4
8

Tr(χ+)Tr(∂µU∂µU †) − l7
16
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− e6

4
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Tr(χ2
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+) − Tr(χ+)2
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N

3 Ref. [33] found that the ḡ0 relation was only affected at N2LO and numerically 
more stable.

+ N̄
[
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2
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− Tr(χ+)Tr(χ̃+)
)]

N . (18)

The li, ̃li (i = 3, 4) terms correct the pion wavefunction renormal-
ization, the pion mass, and Fπ . Combining them with the one-loop 
corrections gives (neglecting terms quadratic in isospin breaking):

Zπ = 1 − m2
π

24π2 F 2
0

Lπ − 4Bm̄

F 2
0

lr4 − 4B̃c̃0

F 2
0

l̃r4 + m2
π

12π2 F 2
0

Lϵ ,

m2
π = (m2

π )tree

{

1 − m2
π

32π2 F 2
0

Lπ

}

+ 8B2m̄2

F 2
0

lr3 + 16B B̃m̄c̃0

F 2
0
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1 + m2
π

16π2 F 2
0
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F 2
0

lr4 + 2B̃c̃0

F 2
0

l̃r4

}

, (19)

where Lπ = log µ2

m2
π

. We applied dimensional regularization in d =
4 − 2ϵ dimensions and absorbed Lϵ = 1/ϵ − γE + log 4π + 1 in the 
renormalization-scale (µ) dependent counterterms

lr3 = l3 − 1
64π2 Lϵ , l̃r3 = l̃3 − 1

64π2 Lϵ ,

lr4 = l4 + 1
16π2 Lϵ , l̃r4 = l̃4 + 1

16π2 Lϵ , (20)

in order to make m2
π and Fπ finite and scale-independent. The 

wavefunction renormalization Zπ , on the other hand, remains in-
finite and scale-dependent. l7 and l̃7 provide analogous corrections 
to the pion mass splitting. In addition, these operators induce a 
pion tadpole, which we treat in perturbation theory (see Fig. 2(e)). 
The ẽi terms in Eq. (18) induce corrections to the nucleon mass 
terms and CPV pion–nucleon couplings, suppressed by m2

π/*2
χ

with respect to LO terms.
We now investigate the N2LO corrections to $mN and δmN de-

picted in Fig. 1. Diagrams (d)–(g) contribute only to $mN and 
contain NLO chiral-invariant vertices, including recoil corrections 
to the nucleon propagator and the axial pion–nucleon couplings 
g A , and chiral-invariant nucleon-two-pion couplings. As was the 
case for the NLO correction in Fig. 1, these diagrams only depend 
on m̄ and c̃0 through the pion mass, and Eq. (17) proves that they 
do not contribute to the right-hand side of Eq. (16). The only rele-
vant corrections to the nucleon masses then originate in diagrams 
(b) and (c) [52]
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The interpretation of EDM experiments involving more than 
one nucleon additionally depends on CPV nucleon–nucleon in-
teractions. The chiral power counting predicts that these mainly 
depend on one-pion-exchange contributions involving CPV pion–
nucleon vertices [18–20]. The resulting multi-nucleon contribu-
tions to nuclear and atomic EDMs often dominate the contribu-
tions from the EDMs of the constituent nucleons [21]. Calcula-
tions of the CPV pion–nucleon coupling constants are therefore 
as important as those of nucleon EDMs. In case of the θ̄ term, 
chiral-symmetry considerations can be used to connect the leading 
isoscalar CPV pion–nucleon coupling, ḡ0, to various combinations 
of octet baryon masses [22]. In Ref. [23] it was demonstrated that 
the relation between ḡ0 and the neutron–proton mass splitting is 
free from large SU (3)-flavor breaking corrections through next-
to-next-to-leading order (N2LO) in the chiral expansion, whereas 
the symmetry relations between the other SU (3) flavor-octet mass 
splittings and ḡ0 suffer from large SU (3) breaking corrections. Us-
ing an average [24] of state-of-the-art lattice calculations of the 
isovector nucleon mass splitting [25–30], a determination of ḡ0(θ)
with O(15%) was possible [23].

The success of chiral symmetry consideration in the case of the 
θ̄ term motivates the study of similar relations for the qCEDMs. 
In this case the CPV pion–nucleon couplings can be linked to 
hadron masses and mass splittings induced by CP-conserving quark 
chromo-magnetic dipole moments (qCMDMs) [31,19,32]. While 
these matrix elements are not known, they are very suitable for 
lattice QCD (LQCD) calculations as they can be performed with 
simple spectroscopic methods. A direct LQCD calculation of the 
CPV pion–nucleon coupling, or the full nucleon EDM resulting from 
such qCEDM and qCMDM operators is substantially more difficult. 
Recent work [33], however, cast doubts on the reliability of this 
method as higher-order chiral corrections strongly violate the rela-
tions.

In this work we demonstrate in some detail how these prob-
lems can be avoided by a suitable modification of the strategy. We 
show that relations for ḡ0 and ḡ1 can be written down that are 
protected from all next-to-leading-order (NLO) and the bulk of the 
N2LO corrections, paving the way for an accurate extraction of the 
CPV pion–nucleon couplings from LQCD. These relations are pro-
vided in Eq. (16).

2. CP violating interactions and hadron spectroscopy

2.1. CP violation at the quark–gluon level

As discussed above, in an EFT approach the relevant CPV inter-
actions involving quarks and gluons consist of the QCD θ̄ term and 
several higher-dimensional operators. In this work we focus on the 
qCEDMs, and their chiral partners, the CP-conserving qCMDMs. In 
its most general form, the Lagrangian is then given by

LQCD = q̄i/Dq − q̄Mq + q̄iγ5q m∗(θ̄ − θ̄ind) + r q̄iγ5d̃C Eq

− gs

2
q̄σµνGµν(d̃C M + d̃C E iγ5)q , (1)

where q is the quark field q = (u, d, s), Gµν = Ga
µνta the gluon field 

strength contracted with SU (3) generators, M the quark mass 
matrix, M = diag(mu, md, ms), θ̄ the QCD θ̄ term, and d̃C E and 
d̃C M contain the quark chromo-electric and chromo-magnetic cou-
plings, d̃C E = diag(d̃u, ̃dd, ̃ds) and d̃C M = diag(c̃u, ̃cd, ̃cs). To write 
the Lagrangian (1) we applied the anomalous U (1)A symmetry to 
rotate the QCD θ̄ term into a complex mass term and performed 
further non-anomalous axial SU (n f ) rotations to align the vacuum 
of the theory with and without CP violation [19,20,34,35]. After 
vacuum alignment, the QCD θ̄ term is purely isoscalar and propor-
tional to the reduced quark mass

m∗ =
(

1
mu

+ 1
md

+ 1
ms

)−1

= m̄(1 − ε2)

2

(
1 + m̄(1 − ε2)

2ms

)−1

,

(2)

where we have introduced the notation m̄ = (mu + md)/2 and 
2m̄ε = md − mu . Similarly, we introduce x̃0,3 = (x̃u ± x̃d)/2 for 
x ∈ {c, d}. The SU (n f )V -breaking components of the qCEDM, d̃3

and d̃8 = d̃s − d̃0, cause vacuum misalignment, which manifests in 
tadpole couplings of the neutral pion and η meson to the vac-
uum. In Eq. (1) we aligned the theory at the quark–gluon level 
(see Ref. [36]) which causes the appearance of two corrections to 
the complex mass term, proportional to the nonperturbative ma-
trix element r and the induced θ̄ term θ̄ind, with

r = 1
2

⟨0|q̄gsσµν Gµνq|0⟩
⟨0|q̄q|0⟩ ,

θ̄ind = rTr
(
M−1d̃C E

)
= r

(
d̃u

mu
+ d̃d

md
+ d̃s

ms

)

. (3)

Alternatively, the alignment can be performed at the level of the 
hadronic effective field theory [37,19]. The ratio of vacuum con-
densates r is a dimensionful parameter, and by naive dimensional 
analysis (NDA) r ∼ O('2

χ ), where 'χ ∼ 1 GeV is a typical hadronic 
scale. This estimate is in reasonable agreement with a QCD sum 
rules result r ∼ 0.4 GeV2 [38]. The name θ̄ind for the combina-
tion of parameters in Eq. (3) is inspired by the Peccei–Quinn (PQ) 
mechanism [39]. In the PQ mechanism, if CP violation arises solely 
from the quark mass term, the theta term dynamically relaxes to 0 
and all CP violation is eliminated. In the presence of other sources 
of CP violation, the PQ mechanism causes θ̄ to relax to a non-zero 
value θ̄ind, proportional to the couplings of the higher-dimensional 
CPV sources. In the case of the qCEDM, θ̄ relaxes to the particu-
lar combination in Eq. (3) [31,36]. We stress that Eq. (1) is valid 
regardless of the presence of the PQ mechanism, whose only con-
sequence would be to set θ̄ = θ̄ind such that the third term in 
Eq. (1) disappears.

2.2. CP violation in SU (2) chiral perturbation theory

We start our discussion by only considering the two light-
est quark flavors. We are interested in the effects of the up and 
down qCEDMs on the interactions among the lightest mesons and 
baryons: pions and nucleons. The implications of the Lagrangian 
(1) (specialized to n f = 2 by neglecting the strange quark) on 
the interactions between nucleons and pions can be studied us-
ing chiral perturbation theory (χPT). The kinetic part of the QCD 
Lagrangian is invariant under the global chiral group SU (2)L ×
SU (2)R which is spontaneously broken to the isospin subgroup 
SU (2)V in the ground state. This leads to the emergence of the 
triplet of pseudo-Nambu–Goldstone bosons, the pion triplet, whose 
interactions are dictated by chiral symmetry. The pion mass arises 
from the explicit breaking of chiral symmetry by the small quark 
masses (and, to lesser degree, charges). The θ̄ term and qCEDMs 
also break chiral symmetry and induce non-derivative CPV pion–
nucleon interactions.

Before continuing with the construction of the chiral La-
grangian, we note that the qCEDMs are related to CP-even 
qCMDMs by a SU (2)L × SU (2)R rotation. This implies that chiral 
symmetry relates the matrix elements of the isoscalar (isovector) 
qCEDM operator between nN nucleon and nπ pions to those of the 
isovector (isoscalar) qCMDM operator with nN nucleons and nπ ∓1
pions. In particular, CPV pion–nucleon couplings induced by the 
qCEDMs can be expressed in terms of corrections to the nucleon 
and pion masses and mass splittings induced by the qCMDMs. This 

An additional benefit of  these relations - the quadratic 1/a2 mixing of  the 
mass operator into the CMDM cancels, leaving a residual logarithmic 
mixing

3
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Key features of this method 
The correlation function is given by  
excited state contamination is demonstrably controlled 
we can access very early Euclidean time, allowing the use of 
exponentially more precise numerical points
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“raw” correlation functions
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element we are interested in, summed over all time in-
sertions. For 0 < t0 < t, this is in fact the quantity
R(t) defined in the summation method summed over all

time insertions and the other time regions will contribute
systematic contaminations.
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The FHT relates matrix elements to derivatives of the
spectrum. The e↵ective mass is a derived quantity which
asymptotes to the ground state mass in the long Eu-
clidean time limit,
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Consider the derivative of the e↵ective mass in the pres-
ence of the external current
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From Eq. (6), we observe the term proportional to the
vacuum matrix element exactly cancels in the di↵erence
in Eq. (9) even for scalar currents, leaving us with terms
only proportional to the matrix elements of interest
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“Feynman-Hellmann” propagator

= SFH(y, x) =
X

z

S(y, z)�(z)S(z, x)

Our unconventional method is similar too 
traced back to Maiani, Martinelli, Paciello and Taglienti Nucl. Phys. B293 (1987): Güsken, 
Low, Mutter, Sommer, Patel, Schilling PLB227 (1989) first computed 
Bulava, Donnellan, Sommer, JHEP 1201 (2012): combined above with GEVP 
de Divitiis, Petronzio, Tantalo, PLB718 (2012): computed derivatives of form factors 
Chambers et al. PRD90 (2014), PRD92 (2015) Savage et al. PRL199 (2017); used 
unconventional method with background field (λ) varying strength of field to extract derivative 
Our method: 

uses analytic representation of derivative correlator instead of background field (cheaper) 
uses complete spectral decomposition of correlator, including contact operators 
analysis was pushed to greater detail, showing stability of analysis (PRD96 [1612.06963], 
[1704.01114], Nature 558 [1805.12130])
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“Feynman-Hellmann” propagator

= SFH(y, x) =
X

z

S(y, z)�(z)S(z, x)

Our unconventional method is similar too 
traced back to Maiani, Martinelli, Paciello and Taglienti Nucl. Phys. B293 (1987): Güsken, 
Low, Mutter, Sommer, Patel, Schilling PLB227 (1989) first computed 
Bulava, Donnellan, Sommer, JHEP 1201 (2012): combined above with GEVP 
de Divitiis, Petronzio, Tantalo, PLB718 (2012): computed derivatives of form factors 
Chambers et al. PRD90 (2014), PRD92 (2015) Savage et al. PRL199 (2017); used 
unconventional method with background field (λ) varying strength of field to extract derivative 
Our method: 

uses analytic representation of derivative correlator instead of background field (cheaper) 
uses complete spectral decomposition of correlator, including contact operators 
analysis was pushed to greater detail, showing stability of analysis (PRD96 [1612.06963], 
[1704.01114], Nature 558 [1805.12130])
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2

element we are interested in, summed over all time in-
sertions. For 0 < t0 < t, this is in fact the quantity
R(t) defined in the summation method summed over all

time insertions and the other time regions will contribute
systematic contaminations.

Z
dt0h⌦|T{O(t)J(t0)O†(0)}|⌦i =

Z
1

t
dt0h⌦|J(t0)O(t)O†(0)|⌦i

+

Z t

0
dt0h⌦|O(t)J(t0)O†(0)|⌦i

+

Z t

�1

dt0h⌦|O(t)O†(0)J(t0)|⌦i (7)

The FHT relates matrix elements to derivatives of the
spectrum. The e↵ective mass is a derived quantity which
asymptotes to the ground state mass in the long Eu-
clidean time limit,

meff (t, ⌧) =
1

⌧
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✓
C(t)

C(t+ ⌧)

◆
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t!1

1

⌧
ln(eE0⌧ ) (8)

Consider the derivative of the e↵ective mass in the pres-
ence of the external current
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From Eq. (6), we observe the term proportional to the
vacuum matrix element exactly cancels in the di↵erence
in Eq. (9) even for scalar currents, leaving us with terms
only proportional to the matrix elements of interest
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R(t+ ⌧)�R(t)
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(10)

where

R(t) =

R
dt0h0|T{O(t)J(t0)O(0)}|0i

C(t)
(11)
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We have improved our method to allow for arbitrary 
current insertion

see talk by Arjun Gambhir
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Our Lattice QCD Action
Möbius Domain Wall Fermions on gradient flowed 2+1+1 HISQ ensembles 
Berkowitz et al. PRD96 (2017) [1701.07559] 

Approximate chiral symmetry, many finite lattice spacing operators not allowed 
Leading discretization errors begin at O(a2) 

To control the three standard systematics for LQCD calculations, need 
multiple lattice spacings 
multiple volumes 
pion masses at/near the physical pion mass 

The only set of publicly available ensembles which satisfy these criteria are the 
Nf=2+1+1 Highly Improved Staggered Quark (HISQ: Follana et al. PRD75 (2007) [hep-lat/0610092]) 
ensembles generated by the MILC Collaboration Bazavov et al. PRD82 (2010) [1004.0342], PRD87 
(2013) [1212.4768] 

The DWF on asqtad action (Renner et al. [LHPC] NPPS 140 (2005) [hep-lat/0409130]) 
was used very successfully: LHPC; NPLQCD; Aubin, Laiho, Van de Water; … 

Fully developed Mixed-Action EFT: Bar, Bernard, Rupak, Shoresh; Tiburzi;  
Chen, O’Connell, Van de Water, Walker-Loud; … 
This motivated us to use an improved version of this action
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Our Lattice QCD Action
Möbius Domain Wall Fermions on gradient flowed 2+1+1 HISQ ensembles Berkowitz 

et al. PRD96 (2017) [1701.07559] 
Gradient Flow smearing of HISQ cfgs more effective at reducing residual chiral 

symmetry breaking than the HYP smearing used in DWF on asqtad  
mres < 0.1 ml on all ensembles for small-to-moderate L5 and M5≤1.3
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additional HISQ ensembles generated @ LLNL 
available to interested parties

Our Lattice QCD Action



Results: Preliminary
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Disconnected Diagrams
Iso-vector CPV pion-nucleon coupling dependent on iso-scalar quantities.
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Results: Preliminary
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r-subtracted matrix element
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Putting it all Together
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Renormalization

1 Renormalization of the chromomagnetic and chromo-
electric dipole moment operators.

The list of CP-odd dimension-5 operators is given in Ref. [?], in Eqs. (33)-(46). The CP-even
operators have a very similar form, and I will try to use the same ordering. The chromo-MDM
(qCMDM) operator is a matrix in flavor space. I denote it by ˜dCM = (

˜d0)CM t0+ ˜d3CM t3+ ˜d8CM t8

(where t0 = I/
p
6 and t3,8 = �3,8/2, with �a Gell-Man matrices) and express the basis in term

of ta. In the following, there is no assumption that ˜dCM is diagonal, so the basis might also
be used for flavor-changing qCMDM (relevant e.g. for K ! ⇡⇡). check this last statement,
might need a few more flavor structures...

In order to present the operators that vanish by the equation of motion (EOM) in a compact
form, we introduce the combinations:

 E ⌘ (iDµ�µ �M) , Dµ = @µ � igAa
µT

a � ieQA(�)
µ (1)

¯ E ⌘ � ¯ (i
 �
Dµ�µ +M) ,

 �
Dµ =

 �
@ µ + igAa

µT
a
+ ieQA(�)

µ . (2)
Note that  E transforms under CP in the same way as  . M is the quark mass matrix
M = diag(mu,md,ms).

In a cut-off scheme, the qCMDM can mix with a dimension-three operator O(3)
1 = S =

¯ ta . If the regularization preserves chiral symmetry, there is no mixing with dimension-four
operators. The minimal set of CP-even dimension-five operators is given by

O1 ⌘ C =

¯ �µ⌫gGµ⌫t
a , (3)

O2 ⌘ @2S = @2( ¯ ta ), (4)

O3 ⌘ E =

e

2

¯ �µ⌫Fµ⌫{Q, ta} , (5)

O4 ⌘ mFF = Tr[MQ2ta]Fµ⌫F
µ⌫ , (6)

O5 ⌘ mGG = Tr[Mta]Gb
µ⌫G

b µ⌫ , (7)

O8 ⌘ (m2S)1 =
1

2

¯ 
�M2, ta

 
 , (8)

O9 ⌘ (m2S)2 = Tr[M2
]

¯ ta , (9)
O10 ⌘ (m2S)3 = Tr[Mta] ¯ M , (10)
O11 ⌘ SEE =

¯ Et
a E, (11)

O12 ⌘ (@ · V )E = i@µ
�
¯ �µta E � ¯ Et

a�µ 
�
, (12)

O13 ⌘ V@ =

¯ ta(i /
�!
@ ) E +

¯ E(�i /
 �
@ )ta , (13)

O14 ⌘ VA� =

e

2

¯ {Q, ta} /A� E +

e

2

¯ E {Q, ta} /A� , (14)

O15 ⌘ (mSE)1 =
1

2

�
¯ {M, ta} E +

¯ E {M, ta} E

�
, (15)

O16 ⌘ (mSE)2 = Tr[Mta]
�
¯  E +

¯ E 
�
, (16)

O17 ⌘ (mDG) = Tr[Mta]
�
Dbc

µ G
b
µ⌫

�
A⌫ c. (17)

In addition to the number, we gave the operators a “nickname", which should capture their
main features (e.g. S stand for scalar, V for vector etc.). Q is the quark charge matrix Q =
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RI/SMOM Renormalization: MANY extra operators needed for 
complete renormalization



Renormalization
Coordinate space renormalization?  (Thanks Sergey Syritsyn) 
Gimenez, Giusti, Guerriero, Lubicz, Martinelli, Petrarca, Reyes, Taglienti, Trevigne  
Phys.Lett. B598 (2004) [hep-lat/0406019]

Only two operators needed 
qq-qq graphs already determined 
in perturbation theory 
Imposing tree-level condition - 
off-diagonal graphs vanish 
Tree-level renormalization 
condition for CMDM-CMDM is 
already a two-loop calculation

✓
q̄q(x) q̄q(0) 0

0 q̄�

µ⌫

G

µ⌫

q(x) q̄�
µ⌫

G

µ⌫

q(0)

◆

R

= Z

x

✓
q̄q(x) q̄q(0) q̄q(x) q̄�
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G
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µ⌫

G

µ⌫

q(x) q̄q(0) q̄�

µ⌫

G

µ⌫

q(x) q̄�
µ⌫

G

µ⌫

q(0)

◆

bare

Z

x
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๏ By exploiting symmetries, we can study the modification of  the nucleon 
spectrum in the presence of  CP conserving operators which will then 
determine the values of  the CP-violating 𝜋-N couplings which arise 
from the quark chromo-EDM operators 

๏ The long-range CPV pion-nucleon couplings could allow for a direct 
connection with fundamental coefficients in dimension-6 quark 
operators and real nuclear physics, 225Ra 

๏ The calculations are simplified through a non-standard matrix-element 
calculation technique 

๏ We need to decide upon and complete a renormalization scheme 
๏ We plan to compute at smaller pion masses to control the physical pion 

mass extrapolation

Outlook
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