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1 Introduction

This Letter of Interest discusses the need to study contributions of various e↵ective CP -violating quark-gluon
interactions to the nucleon Electric Dipole Moments (nEDMs) from first principles using lattice QCD calcula-
tions. Limits from measurements of particle EDMs provide some of the tightest constraints on extensions of the
Standard Model such as SUSY. Nucleon EDMs are of particular interest as they additionally o↵er insight into
baryogenesis and the strong CP problem.

While first detection of EDM in a nucleon or a nucleus would be a colossal breakthrough, understanding the
nature of underlying CP violation mechanism will require measurements of EDMs in multiple systems such as
proton, neutron, nuclei, and molecules. Precise ab initio knowledge of how various kinds of e↵ective quark-gluon
��CP interactions contribute to “intrinsic” EDMs of protons and neutrons will be necessary for this program.

2 CP violation and EDMs of nucleons/light nuclei

CP violation is one of the necessary conditions for existence of baryon matter, as concluded by Sakharov [1].
Although there is��CP interaction within the Standard Model, it contributes to nEDM only ⇠ 10�31

e cm, which
is negligible compared to the current experimental limit for the neutron |dn| < 1.5 ÷ 2.9 · 10�26

e cm [2, 3].
Upcoming neutron EDM experiments at ILL, SNS, PSI, and TRIUMF are projected to improve the sensitivity
by two orders of magnitude and constrain the nEDM to 10�28

e cm. Proposed experiments to measure EDMs
of protons and light nuclei in storage rings are especially exciting as they have potential to reach precision
⇠ 10�29

e cm [4, 5] and, taken together, discriminate between di↵erent kinds of ��CP interactions. Prototype
storage-ring proton EDM experiment may start construction after 2022, followed by precision experiment after
2027 [6, 7, 8]. These experiments will then be extended to measure EDMs of 2D, 3H and 3He.

Measurements of EDMs in light nuclei will play an especially important role in revealing the nature of CP

violation. Combined together with measurements of intrinsic EDMs of the proton and the neutron, they may
allow us to separate ��CP due to the QCD ✓̄-term and ��CP extensions of the Standard Model [9, 10, 11, 12].
This requries knowing their contributions to nucleon intrinsic EDM and ��CP nucleon interactions from first
principles. In the light nuclei, contributions of��CP nucleon interactions to EDMs have been computed in chiral
perturbation theory [13]. However, contributions to the proton and neutron intrinsic EDMs
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can be reliably computed only using lattice QCD. So far, only contributions of quark EDMs (gqTn,p) have been
computed on a lattice with certainty [14]. However, contributions of various other (e↵ective) ��CP quark-gluon
interactions such as ✓̄QCD-term (d✓̄), Weinberg 3-gluon interaction (d�W ), quark chromo-EDMs (d�q ), etc, remain
to be determined.

3 Nucleon EDMs from lattice QCD

Studies of nucleon structure using lattice QCD have progressed dramatically in the recent years [15], including
the recent calculation of the nucleon axial charge with sub-percent precision [16]. Computing nucleon vector and
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The physics / basic idea of the LOI
• The first principile Lattice QCD calculation connecting quark/gluon-level (effective) 

interaction to CP-violating nucleon EDM and matrix elements which is essential ingredients 
to interpret the future EDM experiments 

• Physics outcome :

θ-EDM mixed to higher-dim ops

• Cross frontiers :     
TF05 (Lattice Gauge Theory), 
CompF2 (Theoretical Calculation and Simulation)
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Fig. 1. Flow diagram of the dependence of the elementary level P,CP-odd processes on the EDMs of composite systems, whose
EDMs can be measurable. “RGE” means renormalization group evolution and “PQM” means Peccei-Quinn mechanism.

negligible due to the small neutrino mass. If the neutrinos are
Majorana fermions the effect of additional CP phases can gen-
erate the electron EDM from the two-loop level, and a larger
value will be allowed for de [62,63,64,65].

Purely gluonic CP-odd processes such as the θ-term or the
Weinberg operator are also known to be very small. The θ-term
generated by the CKM phase is θ̄ ∼ 10−17 [66,67], which yields
a nucleon EDM of |dN | ∼ 10−33e cm. The Weinberg operator
gives an even smaller nucleon EDM, of order 10−40e cm [68].

In the strongly interacting sector, the most widely accepted
leading hadronic CP violation due to the CP phase of the CKM
matrix is generated by the long distance effect. The long dis-
tance contribution of the CKM phase arises from the interfer-
ence between the tree level strangeness violating |∆S| = 1 W
boson exchange process and the penguin diagram (see Fig. 2),
which forms the Jarlskog invariant (7). From a naive dimen-
sional analysis, the nucleon and nuclear EDMs are estimated
as d ∼ O(αs

4πG
2
FJΛ

3
QCD) ∼ 10−32e cm, which is larger than the

contribution from the short distance processes (quark EDM,
chromo-EDM, Weinberg operator, etc). Previous calculations
of the nucleon EDM are in good agreement with this estima-
tions [69,70,71,72,73,74,75,76,77,78].

The CP violating effects in the SM exhibit an EDM well
smaller than the experimental detectability, and a large room
is left for the discovery of new source of CP violation BSM.
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Fig. 2. Tree level |∆S| = 1 W boson exchange diagram (left)
and the penguin diagram (right).

2.3 Sources of CP violation from BSM physics

In many scenarios of BSM, large EDMs are predicted, because
of higher order contributions that can arise at the one- or
two-loop levels. These contributions are overwhelmingly ex-
ceed over the loop suppressed SM contribution. In Fig. 4, we
present the typical lowest order CP violating processes of BSM
contributing to the EDMs at the elementary level. In this sub-
section, we would like to elaborate several such well motivated
candidates of BSM which can generate EDMs.

�6

•Nucleon EDM 

Role of (lattice) QCD : connect quark/gluon-level (effective) operators to 
hadron/nuclei matrix elements and interactions (Form factor, dn) 

Non-perturbative determination is important → Lattice QCD calculation!

Important bottleneck 
of the EDM calculation!

[N. Yamanaka, et al. Eur. Phys. J. A53 (2017) 54, Ginges and Flambaum Phys. Rep. 397, 63, 2004]
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dim=5, e, quark EDM
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                        :  Strong CP problem 
Dim=5 operators suppressed by             -> effectively dim=6,  
quark EDM … the most accurate lattice data for EDM (~5% for u,d) 
Others are not well determined. cEDM, Weinberg ops just started. 
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1 Introduction

This Letter of Interest discusses the need to study contributions of various e↵ective CP -violating quark-gluon
interactions to the nucleon Electric Dipole Moments (nEDMs) from first principles using lattice QCD calcula-
tions. Limits from measurements of particle EDMs provide some of the tightest constraints on extensions of the
Standard Model such as SUSY. Nucleon EDMs are of particular interest as they additionally o↵er insight into
baryogenesis and the strong CP problem.

While first detection of EDM in a nucleon or a nucleus would be a colossal breakthrough, understanding the
nature of underlying CP violation mechanism will require measurements of EDMs in multiple systems such as
proton, neutron, nuclei, and molecules. Precise ab initio knowledge of how various kinds of e↵ective quark-gluon
��CP interactions contribute to “intrinsic” EDMs of protons and neutrons will be necessary for this program.

2 CP violation and EDMs of nucleons/light nuclei

CP violation is one of the necessary conditions for existence of baryon matter, as concluded by Sakharov [1].
Although there is��CP interaction within the Standard Model, it contributes to nEDM only ⇠ 10�31

e cm, which
is negligible compared to the current experimental limit for the neutron |dn| < 1.5 ÷ 2.9 · 10�26

e cm [2, 3].
Upcoming neutron EDM experiments at ILL, SNS, PSI, and TRIUMF are projected to improve the sensitivity
by two orders of magnitude and constrain the nEDM to 10�28

e cm. Proposed experiments to measure EDMs
of protons and light nuclei in storage rings are especially exciting as they have potential to reach precision
⇠ 10�29

e cm [4, 5] and, taken together, discriminate between di↵erent kinds of ��CP interactions. Prototype
storage-ring proton EDM experiment may start construction after 2022, followed by precision experiment after
2027 [6, 7, 8]. These experiments will then be extended to measure EDMs of 2D, 3H and 3He.

Measurements of EDMs in light nuclei will play an especially important role in revealing the nature of CP

violation. Combined together with measurements of intrinsic EDMs of the proton and the neutron, they may
allow us to separate ��CP due to the QCD ✓̄-term and ��CP extensions of the Standard Model [9, 10, 11, 12].
This requries knowing their contributions to nucleon intrinsic EDM and ��CP nucleon interactions from first
principles. In the light nuclei, contributions of��CP nucleon interactions to EDMs have been computed in chiral
perturbation theory [13]. However, contributions to the proton and neutron intrinsic EDMs
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can be reliably computed only using lattice QCD. So far, only contributions of quark EDMs (gqTn,p) have been
computed on a lattice with certainty [14]. However, contributions of various other (e↵ective) ��CP quark-gluon
interactions such as ✓̄QCD-term (d✓̄), Weinberg 3-gluon interaction (d�W ), quark chromo-EDMs (d�q ), etc, remain
to be determined.

3 Nucleon EDMs from lattice QCD

Studies of nucleon structure using lattice QCD have progressed dramatically in the recent years [15], including
the recent calculation of the nucleon axial charge with sub-percent precision [16]. Computing nucleon vector and
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meson-baryon couplings. From the large Nc analysis, this error is estimated to be
O(100%). The accuracy of the contribution of the |∆S| = 1 four-quark interac-
tions to the |∆S| = 1 interbaryon potential is expected to be improved through
the phenomenological and EFT analyses of the nonleptonic weak decays of hyper-
ons130, 140–143 and hypernuclei.144–150

The nucleon EDM contribution to the nuclear EDM is also an important source
of uncertainty. The long distance effect of the nucleon EDM from the CKM CP
phase was estimated to be O(10−32)e cm in many previous works,151–154 an order
of magnitude smaller than the EDM of light nuclei (see Table 5). The contribution
of the nucleon EDM is not enhanced inside the nucleus, due to the spin quenching
factor smaller than one (see Section 3). The uncertainty is however enlarged due to
unknown relative sign with the nuclear EDM.154

We should note that the tree level CKM contribution with higher dimension op-
erators was also evaluated, yielding a nucleon EDM of dn ∼ O(10−31)e cm.155 There
the baryon matrix elements were estimated using the naive dimensional analysis,
with a suppression factor of 1

3 due to the strange quark. However, from recent lat-
tice QCD analyses of nucleon matrix elements such as the nucleon strange content
or the axial charge, it is known that the strange quark effect is smaller by one or
two orders of magnitude.156–168 This result for the nucleon EDM should therefore
be recognized as the upper limit of the theoretical uncertainty.

8. Prospects for the search of new physics beyond standard model

8.1. Prospects for several candidate models

(a) (b) (c) (d)

Fig. 9. Diagrammatic representation of several known important elementary level CP violating
processes contributing to the nuclear EDM. The dashed lines denote the boson of new physics
BSM. (a) One-loop level quark chromo-EDM, (b) Barr-Zee type two-loop level diagram, (c) CP-
odd four-quark interaction, (d) Weinberg operator.

Let us now see the prospects for the discovery of new physics BSM. After the
integration of new particles, the CP violation BSM generates several dimension-six

Origin of EDM: CP-violating (CP-odd) BSM physics
BSM particles

CPV int.

CP-odd four-quark Weinberg op.

EDM is usually measured using composite particles (neutron, atoms, etc)

[N. Yamanaka, et al. Eur. Phys. J. A53 (2017) 54, Ginges and Flambaum Phys. Rep. 397, 63, 2004]

BSM may induce EDM in lower loop level: a good probe of new physics

EDM effects may be enhanced in the composite system.

S

nucleon



What is required for the LOI to succeed
- EDM Experiments  (proton, neutron, ….)
- LQCD side  :

• High Performance Computing resources
• θ-EDM noisy needs a lot of statistics, ~1k-10 k level QCD configurations, 

• topological charge needs to be well sampled

• (sea) quark mass dependence

Chiral Lattice Quark is a must, as θ and chromo EDM is sensitive to the 
chiral symmetry violation from dimension-5 lattice artifact. 

U(1)A rotation: 

[ S. Aoki, A. Gocksch, A. V. Manohar, and S. R. Sharpe, Phys. Rev. Lett. 65, 1092 (1990) ] 

• Could share most of Lattice configurations (QCD vacuum samples) with other 
LQCD calculation 

• Man-power   (both Lattice theorists and software supports)
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FIG. 53: Topological charge distributions. Top: 323, ml = 0.004− 0.008, left to right. Bottom: 243,

ml = 0.005 and 0.01.

tary pion masses in the range 290–420MeV (225–420MeV for the partially quenched pions). The

raw data obtained at each of the two values of β was presented in Sections III and IV respectively

and the chiral behaviour of physical quantities on the 243 and 323 lattices separately was studied

in AppendixA. The main aim of this paper however, was to combine the data obtained at the

two values of the lattice spacing into global chiral–continuum fits in order to obtain results in the

continuum limit and at physical quark masses and we explain our procedure in SectionV. In that

section we define our scaling trajectory, explain how we match the parameters at the different

lattice spacings so that they correspond to the same physics and discuss how we perform the ex-

trapolations. We consider this discussion to be a significant component of this paper and believe

that this will prove to be a good approach in future efforts to obtain physical results from lattice

data. Although we apply the procedures to our data at two values of the lattice spacing, we stress

that the discussion is more general and can be used with data from simulations at an arbitrary

number of different values of β . In the second half of SectionV we then perform the combined

continuum–chiral fits in order to obtain our physical results for the decay constants, physical bare

Mπ = 330 MeV Mπ = 420  MeV

1 2 Ls/2 Ls... ...

q(L) q(R)

T T T .....



What do you plan to do during Snowmass

• Θ A lot of LQCD trials,  50-100% error at physical quark mass
• External electric field method
• Restrict correlation b/w  θ Qtop and nucleon on lattice 
• Other ways to  control  statistical fluctuations
• Devoted QCD configuration with (imaginary) θ

• Quark-EDM : best shape  ~ 3-5 % error (except strange quark)  
[ Bhattacharya et al, PRL 115, 212002 (2015) ] [ Yamanaka et al. 
JLQCD, PRD 98, 054516 (2018) ] 

• Quark chromo EDM : unrenormalized lattice number evaluated 
(~20% stat error for unrenormalized value),
also non-perturbative renormalization available [ Bhattacharya et 
al, PRD92, 114026 (2016) ] 

• Weinberg operator : started [ Shindler et al, PRD92, 094518 
(2015) ] , also renormalization proposed [ Cirigliano et al, 
arXiv:1711.04730]  ,  uncertainty is very large

• 4-quark operators : not explored yet
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What do you hope to get out of Snowmass

• nEDM and proton storage ring experiments are critical
• Results directly connected to origin mystery of the Universe
• Discovery would provide huge benefit to HEP community

And

• In the next decade, nucleon EDM may be in good shape
• proton in 10 years, even greater sensitivity
• Atomic/molecular EDMs (e.g. Hg, Ra, ThO, …): need to 

collaborate with nuclear and atomic physicists 
(effective theory, shell-model etc.)
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• nEDM and proton storage ring experiments are 
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• Results directly connected to origin of mystery of the 

Universe.
• Discovery would provide huge benefit to HEP 
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• Proton in 10 years, even greater sensitivity
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Sergey N. Syritsyn

θQCD-induced nEDM : Status
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✓̄

�0.6
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�0.3
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�0.1

0.0

0.1

F̄
3
(0

)

m⇡ = 465MeV

m⇡ = 360MeV

[F3]true = “F3” + 2↵F2

Correction to previous results:

After removing the spurious contribution,  
no lattice signal for θQCD-induced nEDM   dN is very small, 
compatible with zero 
RESOLVED conflict with phenomenology values, lack of mq scaling

[ETMC 2016]

[Shintani et al 2005]

[Berruto et al 2006]

[Guo et al 2015]

20

Table III: Corrections to the results reported in earlier calculations of ✓̄-induced nucleon EDMs for the nucleon (n) and the
proton(p). Some of the used values are at nonzero momentum transfer Q2. Both form factors F2,3 are quoted as dimensionless
(in “magneton” units e/(2mN )). The errors for F3 are taken equal to those of F̃3 except for Ref. [8], in which the errors are
extracted from our interpolation of the corrected F̄3(✓̄) values (see Fig. 16). In the first row, the correction follows the original
conventions [10] exactly. In the following rows, the parity-mixing angles ↵ have been transformed to ↵ < 0, and the EDMs
have been corrected with F3 = F̃3 + 2↵F2 using the assumptions discussed in the text.

m⇡ [MeV] mN [GeV] F2 ↵ F̃3 F3

[10] n 373 1.216(4) �1.50(16)a �0.217(18) �0.555(74) 0.094(74)
[5] n 530 1.334(8) �0.560(40) �0.247(17)b �0.325(68) �0.048(68)

p 530 1.334(8) 0.399(37) �0.247(17)b 0.284(81) 0.087(81)
[6] n 690 1.575(9) �1.715(46) �0.070(20) �1.39(1.52) �1.15(1.52)

n 605 1.470(9) �1.698(68) �0.160(20) 0.60(2.98) 1.14(2.98)
[8] n 465 1.246(7) �1.491(22)c �0.079(27)d �0.375(48) �0.130(76)d

n 360 1.138(13) �1.473(37)c �0.092(14)d �0.248(29) 0.020(58)d

a
Estimated as (� 1

2F
v
2 (0)) from Ref. [33] assuming F

s
2 ⇡ 0.

b
The value f1n was reported incorrectly in Ref. [5] with a factor of

1
2 [34].

c
From Ref. [35] where F2 was computed with ✓̄ = 0.

d
Estimated from a linear+cubic fit to plotted ↵̄(✓̄) and F

✓
3 data [8].

Figure 16: Corrected (filled symbols) and original (open symbols) values for the neutron form factor F3 at a nonzero imaginary
✓ angle from Ref. [8]. The linear parts in the limit ✓ ! 0 are shown in Table III.

conventions. For example, using Eq.(55) from Ref. [10],

⇧0
3pt,Q

�
�k =

i

4
(1 + �0)�5�k

�
⇠ iQk

2mN

⇥
↵1

�
F1 +

EN + 3mN

2mN
F2

�
+

EN + mN

2mN
F̃3

⇤

=
iQk

2mN

⇥
↵1GE + (1 + ⌧) (F̃3 + 2↵1F2)| {z }

F3

⇤
,

(73)

where ⌧ = EN�mN
2mN

introduced in Eq.(C6) and GE = F1 � ⌧F2 is the Sachs electric form factor. Comparing the above
equation to the expected form (C12), for the corrected value of F3 we obtain

F3(Q
2) = F̃3(Q

2) + 2↵1F2(Q
2) , (74)

which holds for any value of Q2.
Although it is more suitable that the original authors of Refs. [5–11] reanalyze their data with these new formulas,

it is interesting to examine whether the presently available lattice calculations yield nonzero values for the ✓̄-induced
nucleon EDMs after corrections similar to Eq. (74) have been applied. The most precise result for F3n(0) that
also allows us to perform the correction unambiguously is Ref.[10], which reports an 8� nonzero value for F3(0) =
�0.56(7) from calculations with dynamical twisted-mass fermions at m⇡ = 373 MeV. However, when we apply the
corresponding correction (74), the value becomes 0.09(7) and essentially compatible with zero.

Calculations with a finite imaginary ✓ angle [7, 8] yield the most precise values of the neutron EDM to date.
However, they do not contain su�cient details to deduce the proper correction for F3. It must also be noted that it

{
{
{

 [M.Abramczyk, S.Aoki, S.N.S., et al, 1701.07792]
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Sergey N. Syritsyn

Nucleon "Parity Mixing"

hHinti = eAµhJµi = �eGM (0)

2mN

~⌃ · ~H � eF3(0)

2mN

~⌃ · ~E

LN = N̄
⇥
i/@ �me�2i↵�5 �Q�µA

µ � (̃+ i⇣̃�5)
1

2
Fµ⌫

�µ⌫

2mN

⇤
N

EN (~p = 0)�mN = � 

2mN

~⌃ · ~H � ⇣

2mN

~⌃ · ~E +O(2, ⇣2)

with + i⇣ = e2i↵�5(̃+ i⇣̃)

coupling of E,B to spin in the forward limit

poles of the Dirac operator in bg. electric & magnetic fields

With proper definition of  F2,3 [M.Abramczyk, S.Aoki, SNS, et al, 1701.07792]

Numerical test: compare EDFF with mass shift in uniform bg. electric field

Large F2n contribution to "F3n"

↵D ⇡ 30(0.2)
d-cEDM induces large mixing
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4d spherical [K.-F. Liu, et al, 2017] 

truncation in t-direction [Shintani et al 2015, Guo et al 2019] 

4d “cylinder” (new)

Noise reduction for θ-induced EDM

Statistical error  ～ V4

Topological charge: 

Constraining to the fiducial volume for Q

Q ∼
!

V4

GG̃, ⟨Q2⟩ ∼ V4

F3 ∼ ⟨Q · (NJµ
EM N̄)⟩nucleon EDM:

t

��tQ

T +�tQ

t = 0

T

Jµ
EM

rQ

Q ⇠
Z

VQ

d4xq(x)

|tQ � tJ | < �t

|xQ � xsink| < R

VQ : |~x| < rQ, ��tQ < t0 < T +�tQ
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Recent results: the isovector tensor charge

[N. Yamanaka, 1902.00527]

All lattice results are very accurate and show consistency among them. 
The lattice error is much smaller than phenomenological estimates. 
Lattice : important input for nEDM

This work

ETM(2016)

χQCD(2016)

RQCD(2016)

Ling et al.(2017)

BMW(2016)
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Yao et al.(2016)

Hoferichter et al.(2015)
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FIG. 12. Our result for �⇡N (filled square) compared with those from recent direct evaluations in

lattice QCD (open squares, RQCD [9], �QCD [8], ETM [11]), analyses of lattice QCD data using

Feynman-Hellmann theorem (black triangles, QCDSF-UKQCD [7], Lutz et al. [72], BMW [10],

Ling et al. [73]) and phenomenological studies (open circles, Alarcón et al. [12], Hoferichter et al.

[13], Yao et al. [15], Ruiz de Elvira et al. [16]). As for our result, the smallest error bar denotes

the statistical one, and the largest one also takes into account those due to the extrapolation and

the discretization.

VI. TENSOR CHARGES

For the tensor charges (9), we consider up, down and strange quark contributions, �u, �d

and �s, which are needed to study new physics e↵ects to nucleon observables in the flavor

basis. We also report on the isovector tensor charge

gT ⌘
1

2mN
hp|ūi�03�5u� d̄i�03�5d|pi = �u� �d, (37)

which has been studied in one-loop ChPT [67, 76] and previous lattice studies [18, 21, 61,

62, 69, 77, 78].

Figure 14 shows the e↵ective values of the tensor charges at mud = 0.015. The Gaussian

smearing works well to obtain plateaux, from which we determine the tensor charges by the

constant fit in �t and �t0. Numerical results are summarized in Table VII. �2/d.o.f.<1.3

at all simulation points. The isovector charge gT is purely connected contribution, and is

determined with an accuracy of a few %. We observe that disconnected contributions to �u

26

•

PNDME(2018)

JLQCD(2018)

ETM(2017)

RQCD(2016)

Green et al.(2012)

Radici et al.(2018)

Kang et al.(2016)

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

gT


