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Current  U           SQCD proposals 

Nucleon Charges & Axial form factors 
1(EF/NP) : Clover-Wilson 

Nucleon Electric Dipole Moment (NP) 
3 proposals : Clover-Wilson, Domain Wall, DW+Overlap 

Gluon trace anomaly and energy-momentum form factors  
in the nucleon 

1 (NP) : contribution to the proton mass

Impact on Experimental programs 
Input to neutrino experiments DUNE / LBNE 

Axial form factors ➞ neutrino cross-section 

Searches for BSM (HEP theory) in precision experiments (NP) 
Nucleon & Nuclear Electric dipole moments 
CPv 𝜋N couping  
Constraints on θQCD connected to PQ axions / DM 
Non-QCD sources of CPv may be connected to baryogenesis 

J/𝛹 threshold photo-production at JLab, EIC 
Gluon EM tensor and contributions to the proton mass 
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Precision Form factors & Nucleon "Charges"
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FIG. 1: (Top left) Test of whether the three form factors Gu�d
A (Q2), G̃u�d

P (Q2), Gu�d
P (Q2) satisfy the PCAC

relation using data from 5 large volume lattices as published in Ref. [18]. The remaining three panels show
data (preliminary) extended to 9 ensembles. (Top right) The axial form factor G

u�d
A (Q2) and a Padé fit.

(Bottom Left) The electric form factor Gu�d
E (Q2) and (bottom right) the magnetic form factor, Gu�d

M (Q2)
compared with the Kelly parameterization of the experimental data.

we will be able to significantly improve the chiral-continuum fit. As shown in Refs. [13, 16],
the clover-on-HISQ data for the disconnected contributions to flavor diagonal axial and tensor
charges showed a significant a dependence even for the M⇡ ⇡ 310 MeV ensembles. Since this a

dependence had a significant e↵ect on the quark contribution to the proton spin [16], the proposed
unitary calculations will provide a necessary and valuable check. In short, the parameter range of
these seven ensembles is already su�cient to provide a meaningful comparison with the extensive
clover-on-HISQ calculations done with similar lattice parameters [2, 3, 11] as illustrated in Sec. III.
The impact of these clover-on-clover results will, in time, be enhanced by the analysis of additional
ensembles being generated at M⇡ = 220, 170 and 130 MeV and at finer a.

To summarize, our goal is to continue to accumulate high statistics data on lattices with
M⇡L > 4 that allow good control over chiral and continuum extrapolation for a number of nucleon
properties with 2+1-flavor clover fermions. These include the axial, scalar and tensor charges
and form factors needed to interpret the results of many experiments and probe new physics as
discussed in Refs. [2–5, 16, 18]. The matrix elements of the flavor-diagonal tensor operators will
quantify the contributions of the u, d, s quark electric dipole moments (qEDM) to the neutron

electric dipole moment (nEDM) [2, 19]. Results for the axial charges, gu,d,sA , give the quark con-
tribution to the nucleon spin, which is determined experimentally to be about 30% only. Results
for the scalar operators give the pion-nucleon sigma term �⇡N and the strangeness content of the
nucleons, �s. They are also needed to calculate the cross-section for the phenomenologically most
favored (spin independent) scenario for the interaction of dark matter with nuclear targets. In fact,
the calculation of the various flavor diagonal charges will provide input on the coupling of dark

• electromagnetic structure & radii 

• gS, gT : neutron β-decay  
sensitivity to beyond-SM physics 

• gT : Nucleon EDM from quark EDM  

• helicity/transversity moments,  
quark momentum fraction 

• disconnected contributions

Figure 44: Lattice results and FLAG averages for the isovector scalar charge gu�d
S for Nf = 2,

2 + 1, and 2 + 1 + 1 flavour calculations. Also shown is a phenomenological result obtained
using the conserved vector current (CVC) relation [959] (circle).

Two-flavour calculations include RQCD 14, with details identical to those described
in Sec. 10.3.2. There are two calculations, ETM 15D [867] and ETM 17 [871], which
employed twisted-mass fermions on the Iwasaki gauge action. The earlier work utilized
three ensembles, with three volumes and two pion masses down to the physical point.
The more recent work used only the physical pion mass ensemble. Both works used only
a single lattice spacing a ⇠ 0.09 fm, and therefore do not meet the criteria for continuum
extrapolation. The early work by RBC 08 with domain-wall fermions used three heavy
values for the pion mass, and a single value for the lattice spacing, volume, and source-sink
separation, and therefore do not meet many of the criteria.

The final FLAG value for gu�d

T
is

Nf = 2 + 1 + 1 : gu�d

T
= 0.989(34) Ref. [98], (434)

Nf = 2 + 1 : gu�d

T
= 0.965(61) Ref. [102]. (435)

10.4 Flavour Diagonal Charges

Three examples of interactions for which matrix elements of flavour-diagonal operators
(q�q where � defines the Lorentz structure of the bilinear quark operator) are needed are
the neutral current interactions of neutrinos, elastic scattering of electrons o↵ nuclei, and
the scattering of dark matter o↵ nuclei. In addition, these matrix elements also probe
intrinsic properties of nucleons (the spin, the nucleon sigma term and strangeness content,
and the contribution of the electric dipole moment (EDM) of the quarks to the nucleon
EDM) as explained below. For brevity, all operators are assumed to be appropriately
renormalized as discussed in Sec. 10.1.3.
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Figure 45: Lattice results and FLAG averages for the isovector tensor charge gu�d
T for

Nf = 2, 2 + 1, and 2 + 1 + 1 flavour calculations. Also shown are phenomenological results
using measures of transversity [973–977] (circles).

be estimated using �u,d,s by exploiting the heavy-quark limit [978–980].
The matrix elements of the axial operator q�µ�5q give the contribution �q of quarks

of flavour q to the spin of the nucleon:

hN |q�µ�5q|Ni = gq
A
uN�µ�5uN ,

gq
A
⌘ �q =

Z 1

0
dx(�q(x) +�q(x)) . (439)

The charge gq
A

is thus the contribution of the spin of a quark of flavour q to the spin
of the nucleon. It is also related to the first Mellin moment of the polarized parton dis-
tribution function (PDF) �q as shown in the second line in Eq. (439). Measurements
by the European Muon collaboration in 1987 of the spin asymmetry in polarized deep
inelastic scattering showed that the sum of the spins of the quarks contributes less than
half of the total spin of the proton [981]. To understand this unexpected result, called
the “proton spin crisis”, it is common to start with Ji’s sum rule [982], which provides a
gauge invariant decomposition of the nucleon’s total spin, as

1

2
=

X

q=u,d,s,c,·

✓
1

2
�q + Lq

◆
+ Jg , (440)

where �q/2 ⌘ gq
A
/2 is the contribution of the intrinsic spin of a quark with flavour q; Lq

is the orbital angular momentum of that quark; and Jg is the total angular momentum of
the gluons. Thus, to obtain the spin of the proton starting from QCD requires calculat-
ing the contributions of the three terms: the spin and orbital angular momentum of the
quarks, and the angular momentum of the gluons. Lattice-QCD calculations of the vari-
ous matrix elements needed to extract the three contributions are underway. An alternate
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[FLAG'21 Review]

Figure 49: Lattice results and FLAG averages for gu,d,sT for the Nf = 2, 2 + 1, and 2 + 1 + 1
flavour calculations.

applies to the JLQCD 18 [884] and ETM 17 [871] calculations. The Mainz 19A [988]
results with 2+1-flavour ensembles of clover fermions are not included in the averages as
Ref. [988] is a conference proceeding.
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Nucleon charges with unitary clover-imp. Wilson quarks (Continuation) 
[NME collaboration (LANL/JLab/W&M); Rajan Gupta (PI), Sungwoo Park (talk), et al]
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Vector, Axial & Pseudoscalar Form factors
• Axial form factor:  

quasi-elasticE neutrino scattering 

• Pseudoscalar charge & form factor 
muon capture (MuCAP) 
explore low-Q2 PCAC on a lattice 
role of N𝜋 states 

• Vector form factors: 
proton radius 
two-photon exchange 
input to GPD & PVES experiments 
flavor structure : u/d/s contributions 

2+1 Wilson-Clover quarks [R.Gupta (PI) ; Park et al 2103.05599]

II. PROPOSED WORK

In this section, we focus on studying the axial, electric, and magnetic form factors. For a
comprehensive overview of other gA and form-factor calculations, see Ref. [15].

To guide the discussion, it is useful to introduce notation for the form factors:

hp(p)|V +
µ |n(k)i= ūp(p)


gµF1(q2)+

isµnqn

2MN
F2(q2)

�
un(k), (2.1)

hp(p)|A +
µ |n(k)i= ūp(p)


gµg5FA(q2)+

qµ
2MN

g5FP̃(q
2)

�
un(k), (2.2)

hp(p)|P+
µ |n(k)i= 2MN

mu +md
F̃P(q2) ūp(p)g5un(k), (2.3)

where q = p� k, and F1, F2, FA, FP̃, and F̃P are the (isovector) Dirac, Pauli, axial, induced pseu-
doscalar, and pseudoscalar form factors, respectively. (A similar expression for the scalar density
is not needed here.) Our normalization of the pseudoscalar form factor is slightly unconventional;
the literature usually introduces FP = 2MNF̃P/(mu +md), which depends on the renormalization
scheme for the quark masses. The Dirac and Pauli form factors are related to the isovector “elec-
tric” and “magnetic” form factors via

GE(q2) = F1(q2)+
q2

4M2
N

F2(q2), (2.4)

GE(q2) = F1(q2)+F2(q2), (2.5)

The electric form factor is proportional to hp|V4|ni, while hp|Vi|ni is needed to get F2.
Ideally, we would like to study FA, FP̃, and F̃P too. The partial conservation of the axial current

(PCAC), ∂ ·A + = i(mu +md)P+, leads to the relation

F̃P(q2) = FA(q2)+
q2

4M2
N

FP̃(q
2). (2.6)

As an operator identity, PCAC leads to more general identities among correlation functions. Sev-
eral years ago, groups computing these form factors found that although their correlators satisfied
PCAC, their extracted matrix elements did not [16–18]. Eventually, the problem was traced to
contamination from excited states [19, 20], particularly Np states. These states do not show up
strongly in two-point functions, but they can make a large contribution in correlation functions
with A4 and P , which are pion creation/annihilation operators. Indeed, the effects of these states
can be anticipated and described via chiral perturbation theory [21]. Recent work studying all
five (P and four components of A ) correlators indeed show that A4 couples strongly the Np
states [22–24]. Unfortunately, such a study requires an ensemble with physical pion-mass, for
which the costs seem prohibitive without additional strategic improvements.

Instead, we observe from the current year’s running that higher statistics are needed to confi-
dently demonstrate the all-staggered approach. Last year, we proposed computing matrix elements
of several currents: taking the neutron at rest and the proton to have momentum in the z direction,
we intended work with Az, A4, P, and V4.2 The choice of z-axis momentum simplifies the stag-
gered group theory but projects onto a combination for FA and FP̃. A4 and P proved disappointing

2 Continuum currents are obtained from lattice currents with appropriate (re)normalization, e.g., A
.
= ZAA.

2

Continuation: 
Further analysis of 13 ensembles 
• m𝜋 = 280 ... 130 MeV 

• a = 0.127 ... 0.056 fm 
• m𝜋L = 3.7 ... 6.2

Disconnected contributions: 
• chiral fits with m𝜋 down to 170 MeV   

• cont.limit with a down to 0.07 fm
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FIG. 1: Preliminary data from the 13 ensembles. (Top left) Test of whether the three form factors Gu�d
A (Q2),

G̃u�d
P (Q2), Gu�d

P (Q2) satisfy the PCAC relation. (Top right) The axial form factor Gu�d
A (Q2) and a Padé

fit. (Bottom feft and right) The electric Gu�d
E (Q2) and the magnetic form factor, Gu�d

M (Q2) compared with
the Kelly parameterization of the experimental data.

The goal of our form factors analysis is to provide a parameterization of the lattice data that is
valid for Q2 . 1 GeV2 with full control over the statistical and systematic uncertainties.

The status of the disconnected calculations from the 2020-2022 USQCD allocations (which have
been less than half of the requests) is shown in the first six rows of Table II. Examples of results
obtained in 2022-2023 for the ratio plots for the disconnected contributions which, in the limit
⌧ ! 1, give the axial, scalar and tensor charges for both the light and strange quarks, are shown
in Fig. 2. Our goal is to determine/assess the excited states that give significant contribution
using �PT and make fits with di↵erent possible excited state spectrum. This analysis of the flavor
diagonal charges from these 6 ensembles is underway and current statistics are deemed adequate
for first results. This preliminary analysis also indicates that the largest uncertainty comes from
having only six ensembles. So we propose to continue simulations to get enough points with
di↵erent {a,M⇡,M⇡L} to perform chiral-continuum-finite-volume fits to get physical results. If we
find additional time on small clusters, we will continue to increase statistics opportunistically.

IV. METHODOLOGY, EXPECTED RESULTS AND IMPACT

The methodology and analysis strategies will build on those already described in Refs. [13, 15,
17, 18, 20] and in the earlier proposals. To cost e↵ectively increase the statistics, we are using the
truncated solver method with bias correction [1, 22]. To control excited-state contamination, we
are performing 3-state fits to data at multiple source-sink separations tsep, and with 3–6 di↵erent
but plausible estimates of the first excited state energy. Operator renormalization is carried out

hp(p)|Vµ|n(k)i = ūp(p)
⇥
�µF1(q

2) +
�µ⌫q⌫

2MN
F2(q

2)
⇤
un(k)
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Lattice methods 

(Imaginary) background electric field 

CPv form factor F3(Q2→0) 

Nucleon EDM

The most sensitive probe of non-CKM CPv: 

Any signal >10-5⋅(current bound)→discovery 

θQCD-induced EDM : Strong-CP problem 

Prerequisite for Baryogenesis (non-θQCD EDM)

H = �~dN · ~E

Dirac Pauli (anomalous 
magnetic dipole)

Electric dipole

Moore’s Law for Neutron EDM Searches

6

10-28 e cm
CURRENT LIMIT <300
Spallation Source @ORNL < 5
Ultracold Neutrons @LANL ~30
PSI EDM <50 (I), <5 (II)
ILL PNPI <10
Munich FRMII < 5
RCMP TRIUMF <50 (I), <5 (II)
JPARC < 5
Standard Model (CKM) < 0.001

hp+ q|Jµ|pi��CP = ūp0
⇥
F1�

µ + (F2 + iF3�5)
�µ⌫q⌫
2mN

⇤
up

Lint = eAem
µ Vµ [⇠ ~B · µN

~SN ]

+ eAem
µ Aµ [⇠ ~E · dN ~SN ]

may be induced by 
• θQCD   angle 
• quark EDM (gT) 
• quark & gluon chromo-EDM 
• higher-dim BSM interactions
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Nucleon EDM(1) : θQCD-Term

Wilson-Clover quarks [T.Bhattacharya(PI),] 
• gradient flow to determine top. charge density ∫FF̃ 
• g̃P: CPv 𝜋N coupling induced by θQCD  

• NEXT: continue to improve stats., establish signal

DW + Overlap quarks: [Jian Liang, K.-F.Liu(PI)]:  
• partial-Vol4D sampling of Q (cluster decomp.) 
• partial quenching : fit to valence mq dependence 
• NEXT: continue on finer a = 0.081 fm

Challenges:  
• effect of θQCD vanishes at mq➞mqphys 

• noise in global Q=∫FF̃ grows with V4 

• dynamics depends on chiral symmetry 

• Q2 ➞ 0 extrapolation

DW quarks [T.Blum, S.Syritsyn(PI), F. He] 
• background electric field (valence only)  
• local (timeslice) sampling of top.charge 
• exploit correlation of Q and Dslash 0-modes 
• NEXT: proceed to physical point (24ID)

243x64, m𝜋 ≈ 420 MeV, LMA vs LMA+AMA
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Figure 2: The chiral-continuum extrapolation of �Q obtained on the HISQ (top) and clover
(bottom) ensembles.
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Figure 3: Simultaneous chiral-continuum fit to the combined clover and HISQ results for
the contribution of the ⇥-term to nEDM.

3 Physics Goals

The physics goals of this proposal are unchanged from last years: to calculate the contri-
butions of the ⇥, qcEDM and Weinberg operators to the nEDM and CPV pion-nucleon
couplings. Together with the qEDM contribution to the nEDM (for which we have pub-
lished extensive results [1–4]) and four-fermion operators (that have not yet been studied
using lattice QCD), these operators are expected to give the dominant contribution to the
nEDM in an e↵ective field theory framework. Knowing their matrix elements will allow suc-

4

signal-to-noise ratio 1 to assess the systematic errors, we have reasonably good signals for the nEDM
calculation on the 24I lattices (Table 1). The results are plotted in Fig. 1 as a function of m

2
⇡ for the 24I lattices

with sea pion masses at 330 MeV, 450 MeV and 556 MeV. As we emphasized in the main proposal, the
anomalous Ward identity (AWI) dictates that the nEDM vanishes for m⇡ = 0. This is true for finite lattice
spacing for the overlap fermion and it has been checked numerically in our calculation of the quark spin [4] .
We can use this property of the overlap fermion which satisfies AWI to do an interpolation with the zero pion
mass point set to zero. The interpolation formula is based on the chiral perturbation theory which includes a
logarithmic dependence on the pion mass, i.e., d = A✓̄em

2
⇡ ln(m2

⇡/m
2
N

).

Fixing the nEDM to be zero at zero pion mass and interpolating from heavier valence pion masses has
decreased the error of the nEDM at the physical pion mass at 139 MeV more than by directly calculating it at
the physical pion point. This is a unique feature of the overlap fermion. Of course, it would be desirable also to
calculate the nEDM at the physical pion mass of 139 MeV. However, based on the present interpolation result,
one would need many times the statistics than what we have now to reach the same level of precision.

Figure 1. The neutron electric dipole moment as a function of m
2
⇡ as extrapolated from three heavier pion masses.

The red points indicate the values at the physical pion mass. The left panel is the fit for the unitary case where
the sea and valence quark masses are the same. The right panel is for the partially quenched case.

One can do better. As we explained in Sec. 1, the overlap fermion matrix has a multi-mass feature which
allows matrix inversion of multiple masses with very little overhead. We tapped this feature and calculated 3 to
4 masses for each of the lattices with di↵erent sea mass. The results and the fit are plotted in the right panel of
Fig. 1. We see that there is a peculiar feature in that the partially quenched cases as a function of the valence
pion mass seem to be oblique compared to those of the unitary case. This feature has been predicted in partially
quenched chiral perturbation theory[5] with the formula

dn =
e✓̄ms

4⇡2 f 2

"
F⇡ log

 
M

2
v

µ2

!
+ FJ log

 
M

2
vs

µ2

!#
+
✓̄e

⇤2
�


ms

2
c (µ) + d (ms � mv) + f qil (ms � mv)

�
, (1)

where there are terms that are proportional to the di↵erence between the valence and sea quark masses, namely
ms � mv, Inspired by this, we have done a global fit with di↵erent sea and valence pion masses with the partially
quenched chiral perturbation theory with the fitting formula

dn = c1m
2
⇡,s log

0
BBBB@

m
2
⇡,v

m
2
N

1
CCCCA + c2m

2
⇡,s + c3

⇣
m

2
⇡,v � m

2
⇡,s

⌘
, (2)

where c1,2,3 are free parameters. Our lattice data are well fitted with �2/d.o. f . = 1.2, and our numerical results
suggest that the di↵erent valence and sea quark mass dependence is consistent with the chiral perturbation
expression. It is also interesting to point out that the chiral log term is crucial to ensure that the NEDM
approaches zero in the chiral limit of both the valence and sea quark masses.

1For the details of this cuto↵ and the use of the Cluster Decomposition Error Reduction (CDER) algorithm [1] in our calculation,
please refer to our previous proposals.
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where the second errors are estimates of the systematics other than due to the excited-state spectrum.

3. Weinberg Three-Gluon Operator

The Weinberg three-gluon operator mixes with other operators of the same dimension, and with
lower dimension operators like the topological term. The latter mixing is especially problematic
since this diverges as we take the continuum limit. In the gradient-flow scheme [16], however,
the flow-time acts as a gauge- and Lorentz-symmetric hard ultraviolet cuto�, even as the chiral
and rotational symmetric breaking lattice artifacts vanish in the continuum limit 0 ! 0. Thus, in
this scheme, the matrix elements of the Weinberg operator have a finite continuum limit, but do
have a $ (1/Cgf) mixing with the lower dimensional topological charge [21], a log Cgf mixing with
operators of the same dimension, and an $ (Cgf) mixing with higher dimension operators. As a
result, in contrast with the almost flow-time independent topological susceptibility, the Weinberg
and mixed susceptibilities have a strong dependence on the flow time, as shown in Fig. 6. In
addition, the �3 calculated from the matrix element of the product of the vector current and the
Weinberg operator, needs the subtraction of a log Cgf dependent contribution from the quark-EDM
operator.
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Figure 7: The simultaneous chiral (right) continuum (left) extrapolation of nEDM due to Weinberg operator
in the gradient-flow scheme at ggf ⇡ 0.34 fm.
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Figure 9: Example of fits to remove ESC in the three-point function of the imaginary part+4 in the presence
of a cEDM on the 3 quark. The rest is similar to Fig. 4.

where �4(G) = k̄(G))3
W4W5k(G), ⇠ ⌘ 8 k̄f`a

W5⌧`a)
3
k, % ⌘ k̄8W5)

3
k, G ⌘  , H ⌘ 2<0 + �, and

the bar denotes division by 1+1�<0. We can determine 2̄�, Ḡ and H̄ by fitting the LHS to a constant;
in practice, we first determine 2̄� to make the LHS a constant over a large range in Euclidean time,
and then determine Ḡ and H̄ to extend the region holding 2̄� fixed. In terms of these, the three

isovector operators
�
0⇠ � � %

0

�
,
⇣
H̄

Ḡ
� �

⌘
%

0
, and

⇣
1 � �Ḡ

H̄

⌘
0⇠ are related by the Ward identity, and

describe the same physics! Note that the coe�cient Ḡ is zero if all $ (0) chiral symmetry breaking
is removed by nonperturbatively tuning the coe�cient 2(, of the clover term. But, as is clear from
the equations, the physical e�ects of the isovector operator % are enhanced by one inverse power
of <0, so a small mistuning gives a large contribution. By the same token, any $ (02) e�ect in the
determination of Ḡ/H̄ from the Ward identity have a large e�ect on the determination of �3. As a
result, the di�erent determinations of the contribution of the cEDM operator do not agree, as shown
in Fig. 8; leading to a large systematic error in the determination of �3.

In addition to this uncertainty, the assumed spectrum of intermediate states that contribute
significantly to the three-point function also makes a large di�erence in the determination. Fig. 9
illustrates this uncertainty. Finally, we show a preliminary chiral-continuum extrapolation of the
results in Fig. 10. The errors indicated here are only statistical.
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Figure 10: Chiral-continuum extrapolation of nEDM due to cEDM using the fit ansatz: 3# = 21+22"
2
c
+230

giving �0.18(17) at the physical point. A fit to 02 has almost same quality and the same extrapolated value.
On each ensemble, the excited state contamination is removed using the standard analysis based on the
spectrum from the nucleon two-point function.

8

Wilson-Clover quarks [T.Bhattacharya, Lattice 2021; 2203.03746]

Challenges:  

• renorm. & mixing  
with lower-dim operators  
(e.g. dim-4 FF̃ ➞ θQCD-nEDM) 

• quark cEDM (dim-5):  
disconnected quarks  
in vector current and cEDM  

• Weinberg term (dim-6):  
gluon noise 

• Weinberg term ( ~G⋅G⋅G̃):

• quark cEDM ( q̅ (σ⋅G) 𝛾5q ):

• CONITNUATION :  
improve  stats.for m𝜋 ≈ 280 MeV, 

   a=0.073 ... 0.094 fm

Nucleon EDM from Theta, quark & gluon(Weinberg) chromoEDM with clover fermions 
[Tanmoy Bhattacharya (PI), et al]
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Nucleon EDM from CPv 4-quark Operators

nEDM contribution from 4q-CPV with  
Domain Wall quarks [Blum, Syritsyn(PI), F. He] 
• uniform background electric field(*)  
• A2A propagators of chiral-symmetric quarks

O
(1)
'ud =

1

3
(ūu) (d̄�5d) + (ūTAu) (d̄�5T
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Figure 1: The top-left (-right) panel shows the value of Re ✏0/✏ as a function of Im ⇠ud (Im ⇠us). The solid
blue bands indicate the theoretical value of Re ✏0/✏ using (✏0/✏)SM = (1.4±6.9)⇥10�4 based on Ref. [12],
while the dashed blue lines apply (✏0/✏)SM = (1.8±4.5)⇥10�4 from Ref. [13], and the experimental value
is shown in green (all at 1�). The vertical lines indicate the current/future sensitivities of ✏K and dn,D,Ra

experiments, derived using the R-fit procedure. The middle-left (-right) panel shows the sizes of dHg and
dn, assuming a value for Im ⇠ud (Im ⇠us) that solves the ✏0/✏ discrepancy. The red points are generated
by taking random values of the nuclear and hadronic matrix elements within their allowed ranges. The
black lines result from taking the central values of these matrix elements. The lower two panels show the
analogous correlation in the dRa � dn plane.

11

[Cirigliano et al, 2017 (1612.03914)]  
• constraints on Left-Right interaction 

from combined CPV in Kaons and nEDM 
• nEDM from dim.analysis: 

large potential for impact from lattice QCD

O
(1)
quqd = (ū�5u) (d̄d) + (ūu) (d̄�5d)

� [(ūu)(d̄d) $ (ūd)(d̄u)]

O
(8)
quqd = (ū�5T

Au) (d̄TAd) + (ūTAu) (d̄�5T
Ad)

� [(ūu)(d̄d) $ (ūd)(d̄u)]

Also CPv from SUSY models

CPv L-R interaction
CPv in K⇾𝜋𝜋 decays
nucleon/nuclear EDM

nEDM with  
background 

E-field

nEDM with  
vector  
current
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Gluon Trace Anomaly & Energy-Mom. FFs

1 Introduction

This is a continuation proposal of the lattice calculation of the nucleon energy-momentum tensor (EMT) using
overlap fermions. The nucleon gravitational form factors (GFF) of the ETM encompass the issues of proton spin
and mass decompositions. They also contain information about the pressure distribution, the sigma terms, and
total pressure associated with the trace anomaly.

The GFF contain the following terms for the quarks and gluons

hP0|(T µ⌫q,g)R(µ)|Pi/2M = ū(P0)[T1q,g(q2, µ)�(µP̄⌫) + T2q,g(q2, µ)
P̄(µi�⌫)↵q↵

2M

+ Dq,g(q2, µ)
qµq⌫ � gµ⌫q2

M
+ C̄q,g(q2, µ)Mgµ⌫]u(P) (1)

where T1q,g(0) = hxiq,g(µ) is the momentum fraction and T1q,g(0) + T2q,g(0) = 2Jq,g(µ) the angular momentum
fraction [2, 3]. By making a connection to the stress tensor of a continuous medium, it is shown by Polyakov [4]
and Polyakov and Schweitzer [5] that Dq,g(q2) is related to the internal force of the hadron and encodes the shear
forces and pressure distributions of the quarks and glue in the nucleon. The pressure distribution of the quarks
has been deduced from the experimentally measured Dq(q2) [6] and the pressure distributions for both the
quarks and glue from Dq,g(q2) are calculated on the lattice [7]. The metric term C̄ in GFF has been identified as
the pressure and it is pointed out that the trace anomaly provides the negative pressure to confine the hadron [8].

The distribution of the trace anomaly has recently been calculated in the nucleon, the ⇢ and the pion [1]. We
propose to calculate the form factor of the glue part of the trace anomaly. It is of high experimental interest [9].
It is shown [10] that the photoproduction of J/ at threshold would be a place to probe this. It has also been
explored by using gauge/string duality [11]. The recent lattice calculation [1] of the radial distribution of the
trace anomaly reveals that there is a node so that the integral goes to zero at the chiral limit. This implies that the
behavior of the trace anomaly distribution is driven by the quark condensate which diverges at the origin. We
propose to calculate both the nucleon and pion form factors of the trace anomaly on the 24I and 48I lattices.
Hopefully, this might inspire experimentalists to measure them.

In this proposal, we will first show how we will calculate the form factors of the trace anomaly based on the
complete code and methods used in the hadron mass calculations and present the current preliminary results
(Sec. 2), goal of this proposal (Sec. 3) and the resources requested (Sec. 4). A quarterly run plan is also included
in Sec. 5.

2 Computational strategy

This year, we plan to extend the trace anomaly calculation of the hadron mass [1] to the form factors, on both
the 24I lattice with unphysical masses and the 48I lattice with physical masses. The hadron mass is proportional
to the corresponding matrix element of the EMT trace [12, 13, 14]:

MH =
⌦
T µµ
↵

H = (1 + �m)
⌦
Hm
↵

H +
�

2g
⌦
F2↵

H , (2)

where F2 is the gluon operator and the gluon field tensor Fµ⌫ is defined through the standard clover definition.

The trace anomaly contribution to the hadron mass can be extracted from the ratio of two- and three-point
correlation functions with wall source and wall sink:

C2(t f ;H) =
DX

~y

H(t f , ~x)
X

~x

H†(ti = 0, ~x)
E

(3)

S Cg
3(t f ;H) =

DX

~y

H(t f , ~x)
X

t2(t f ,0),~z

Og(t,~z)
X

~x

H†(ti = 0, ~x)
E
, (4)
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• will be measured in J/𝛹 threshold  
photo-production at JLab, EIC

Gluon contribution to the proton EM tensor using DW+Overlap [B.Wang(PI)]

• contribution to the hadron mass

• node in radial distribution of trace anomaly; 
driven by chiral condensate dynamics? 
[He, Sun, Yang, PRD'21]

• CONTINUATION: 
compute nucleon & pion trace anomaly dist. 
using DW+Overlap quarks up to Q2 ~ 4 GeV2  
24I (m𝜋=340MeV) 48I (m𝜋=140MeV)

Figure 1. Joint fit results on 24I with m⇡ = 340 MeV for di↵erent source and momentum setups. The cases with
~pi = 0, ~q = ~p f and ~pi = �~p f , ~q = 2~p f are shown in the top and lower panels, respectively.

Figure 2. The gluon trace anomaly form factor G⇡(Q2) with mla = 0.016, which corresponds to m⇡ = 340 MeV.
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Presentations by PIs & Discussion

• Nucleon EDM using Overlap fermions 

• Nucleon EDM using Clover fermions  
(PI: Tanmoy Bhattacharya) 

• Nucleon Matrix Elements using clover fermions 
Sungwoo Park (Los Alamos National Laboratory)  

• QCD trace anomaly form factors of the nucleon energy-momentum tensor 
Bigeng Wang (University of Kentucky)   [Partonic structure section] 

• Discussion


