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Quark EDMs from BSM
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Quark EDMs from the SM are tiny, while CP-violating BSM at 1~100 TeV
scale can give rise to sizable quark EDMs near the current experimental
sensitivity.
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BSM example:  Split supersymmetry
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Figure 1: Two loop contributions to the light SM fermion EDMs. The third diagram is for a
down-type fermion f .

gives an uncertainty on ηQCD of about 2%, while we expect an uncertainty of about 5% from
next-to-leading order effects. Notice that the value of ηQCD obtained here is different than what
computed in ref. [22] and generally used in the literature. Indeed, ref. [22] incorrectly uses the
opposite sign for γ. Our result gives a QCD renormalization coefficient about a factor of 2 smaller
than usually considered, and it agrees with the recent findings of ref. [23].

To express the neutron EDM in terms of the quark EDMs, we use the results of QCD sum-rule
techniques [24, 25]:

dn = (1± 0.5)

[
f2
πm

2
π

(mu +md)(225MeV)3

](
4

3
dd −

1

3
du

)
, (11)

where fπ ≈ 92MeV and we have neglected the contribution of the quark chromoelectric dipoles,
which does not arise at the two-loop level in the heavy-squark mass limit. Note that dn depends
on the light quark masses only through the ratio mu/md, for which we take the value mu/md =
0.553 ± 0.043.

3 Expansions in the heavy-chargino limit

We now discuss the result in the limit in which the R-symmetry breaking scale, determining
gaugino and Higgsino masses, is larger than MZ and mH . A leading-order perturbative expansion
of eq. (6) in powers of |M1,2µ|/M2

Z and |M1,2µ|/m2
H (keeping all orders in |M1,2/µ| and inMZ/mH)
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Quark and Electron EDMs
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𝑔4/
! : quark tensor charge of the neutron

Neutron EDM from quark EDMs

𝑑$ = 𝑔%$& 𝑑& + 𝑔%$' 𝑑' + 𝑔%$( 𝑑(
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Lattice QCD results on the tensor charges

𝑑$ = 𝑔%$& 𝑑& + 𝑔%$' 𝑑' + 𝑔%$( 𝑑(

𝑔4/0 = −0.195 16 , 𝑔4/2 = 0.782 28 , 𝑔4/6 = −0.0016(12)

S. Park et al [PNDME collaboration] ’25

at 𝜇 = 2 GeV

𝑔4/0 = −0.196 12 , 𝑔4/2 = 0.756 29 , 𝑔4/6 = −0.0009(11)

C.  Alexandrou et al [ETM collaboration] ’24

𝑔4
0,2 ∼ 𝑂 1 , 𝑔46 ~ 𝑂(10'()

𝑔4/2

𝑔4/0
≃ −4,
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Naïve Dimensional Analysis (NDA)

𝑑$ = 𝑔%$& 𝑑& + 𝑔%$' 𝑑' + 𝑔%$( 𝑑(

Since 𝑚6 ≪ Λ8 (hadronization scale), NDA tells us
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ii) Diagrams with external quark condensates
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Importance of quantifying 𝑔"#

From BSM, usually 𝑑1 ∼
2!
3"#$
%

So if 𝑔46 ≳
9!
9"

≒ 0.05, the strange quark EDM contribution to the 

nucleon EDMs dominates over the up and down quark EDMs.

Lattice simulations tell us 𝑔6' ~ 107%, and so actually strange EDM 
would be negligible. On the other hand, here we are discussing why it is 
hard to be understood theoretically.

For correct BSM interpretation of nucleon EDM data, this issue has to 
be resolved.
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Chiral perturbation theory

The heavy baryon EFT invariant under 𝑆𝑈 3 (×𝑆𝑈 3 )
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In a heavy baryon EFT approach [31] the neutron EDM can be systematically expanded
as a function of the electromagnetic coupling and

MΠ
Λχ

,
δM

Λχ
(5.1)

where MΠ are the masses of the meson octet, δM the mass splitting between an excited
baryon and the neutron in the exact SU(3)V limit, and10

Λχ ≡ 4πfπ. (5.2)

The corrections controlled by MΠ and electromagnetism measure the departures from the
exact flavor SU(3)V limit. The dominant effects are those proportional to the strange quark
mass, and in the following we will ignore all the others. In that limit the pion triplet remains
massless whereasM2

η = 4
3M

2
K ∝ msΛχ. Quantitatively, the breaking of SU(3)V is quite sizable,

say of order M2
K/Λ2

χ ∼ 20%, and for this reason a perturbative expansion in MK/Λχ may
not always be trustable. We will nevertheless restrict our analysis to the leading non-trivial
order in MK/Λχ, and comment on the impact of higher order corrections at the end.

Baryons with δM ! Λχ as well as mesons with masses larger or of order Λχ are integrated-
out, and their effect is captured by local counterterms. The baryons to be included in the
EFT as dynamical states are the baryon octet, the baryon decuplet, as well as several other
excitations with δM smaller than Λχ. The baryon octet of course is defined by δM = 0,
the decuplet has δM ∼ 200MeV, and so on. The splittings among the components of a
SU(3)V multiplet, due to SU(3)V breaking, are of order ms. They give rise to corrections
to dn proportional to ms/MΠ ∼ (ms/Λχ)1/2, which are higher order in the chiral expansion
and will be neglected. Therefore, in our leading order analysis the baryons form degenerate
SU(3)V multiplets.

5.1 Dipoles at leading order

In the heavy baryon EFT the baryon octet has approximately constant 4-velocity vµ, slightly
perturbed by interactions with other hadrons. It is described by a traceless matrix-valued field

Ψ =

⎛

⎜⎜⎝

Σ0√
2 + Λ√

6 Σ+ p

Σ− − Σ0√
2 + Λ√

6 n

Ξ− Ξ0 − 2Λ√
6

⎞

⎟⎟⎠ (5.3)

transforming under SU(3)V as Ψ → hΨh† and satisfying vµγµΨ = Ψ [31]. The dominant
interactions with the light mesons are given by:

L0 =
f2
π

4 Tr
[
∂µU∂

µU †
]

− BTr
[
mU † +m†U

]
(5.4)

+ Tr
[
Ψvµi∇µΨ

]
+ (D + F )Tr

[
Ψγµγ5AµΨ

]
+ (D − F )Tr

[
Ψγµγ5ΨAµ

]
,

where the meson octet field has been introduced in section 4. In the second line of (5.4),
∇µΨ = ∂µΨ + [Vµ,Ψ] is the appropriate SU(3)L × SU(3)R-covariant derivative, and Vµ, Aµ

10In this section we work with Nc = 3 and do not keep track of the large Nc scalings.
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where |ddu⟩ indicates the flavor content and |++ −⟩ the spin of the corresponding flavor.
Denoting by dψ the EDM matrix of the constituent quarks, the neutron dipole is formally
obtained from the tensor product of an operator in flavor space (the constituent quark dipole
dψ) and in spin space (the third component of spin). The result is well-known:

dn|NRQM = ⟨n;NR|dψ ⊗ σ3|n;NR⟩ = −1
3d

u
ψ + 4

3d
d
ψ. (4.2)

As already anticipated in the introduction and section 2.1, there is no contribution from the
constituent strange dipole because the strange is a sea quark. The constituent dipoles dψ are
conceptually different from the bare ones d defined in (2.1). The precise relation between the
two should be determined by matching the constituent quark picture to QCD at the scale Mh.

In order to investigate the relation between dψ and d we need to define an unambiguous
prescription for the NRQM. The prescription we adopt is the following: the chiral quark
model [29] of Georgi and Manohar is postulated to be the effective field theory description
of the constituent quarks; from it the neutron properties are extracted by taking matrix
elements of constituent quark operators (renormalized at Mh) with the non-relativistic
wavefunction (4.1), analogously to (4.2). Needless to say, this is just one of the many
prescriptions that reproduce the same predictions of the non-relativistic quark model at
leading order in some approximation. The arbitrariness in the choice of the model represents
an intrinsic systematic uncertainty of the constituent quark approach.

In the chiral quark model, quarks have a flavor-singlet constituent mass mψ, interact
weakly with gluons and with light mesons compatibly with the full, non-linearly realized,
SU(3)L × SU(3)R chiral symmetry. The EFT is defined below the chiral symmetry break-
ing scale

Mχ ≡ 4πfπ√
Nc

, (4.3)

which is numerically of order Mh, and reads [29]:

LχQM = −1
4G

A
µνG

Aµν + ψiγµ∇µψ − mψψψ (4.4)

+ f2
π

4 Tr[∂µU∂µU †] + bMχf
2
πTr[mU † + hc] + gAψγ

µγ5Aµψ

+ · · · ,

with constituent quark fields ψ transforming in the fundamental of color as well as flavor
SU(3)V , ∇µψ = (Dµ + Vµ)ψ is the color- and flavor-covariant derivative, and

Vµ = 1
2
(
ξ∂µξ

† + ξ†∂µξ
)

(4.5)

Aµ = i

2
(
ξ∂µξ

† − ξ†∂µξ
)
.

The special unitary pion matrix is ξ = eiΠ, with Π = ΠaTa and Ta = λa/2 the flavor SU(3)
generators normalized such that Tr[TaTb] = δab/2, and as usual U = ξ2. The dots in (4.4)
indicate higher dimensional operators as well as other insertions of m. The parameters of the
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Baryon octet field
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are the same as shown in (4.5). The explicit value of the parameter B will not be relevant
for us. Its main effect is introducing masses for the light mesons. The quantities D,F are
obtained by matching the predictions of the EFT with observed semi-leptonic baryon decays.
At tree-level one has D ∼ 0.8, F ∼ 0.5 (at 1-loop D ∼ 0.56, F ∼ 0.37).

In addition to (5.4) there are interactions involving higher powers of derivatives or
insertions of m, couplings to heavy baryons with δM > 0, as well as operators proportional
to the CP-violating coupling d. At leading order in the chiral expansion, there are two classes
of baryon-octet interactions containing a single insertion of d:

Ldip = − i

2
{
κ1Tr[d̂Ψσµνγ5Ψ] + κ2Tr[Ψσµνγ5d̂Ψ] + κ3Tr[d̂]Tr[Ψσµνγ5Ψ]

}
Fµν (5.5)

− 1
2
{
κ′
1Tr[d̂′ΨσµνΨ] + κ′

2Tr[Ψσµν d̂′Ψ] + κ′
3Tr[d̂′]Tr[ΨσµνΨ]

}
Fµν ,

with d̂ and d̂′ the same quantities defined in (4.8). The couplings κ1,κ2,κ3 parametrize
the baryonic EDMs at zeroth order in the chiral expansion. We collect the leading order
expression of the EDMs in appendix B. In particular, the EDM of the neutron reads

dLOn = κ1ds + κ2dd + κ3(du + dd + ds). (5.6)

To make contact with our earlier notation, we observe that the leading order prediction
for the tensor charges in (1.1) are

guTn,LO = κ3 (5.7)
gdTn,LO = κ2 + κ3

gsTn,LO = κ1 + κ3.

The parameters κ3, κ2 + κ3, or κ1 + κ3 are all expected to be of order unity according to
NDA. Yet, the particular combination

guTn,LO + gdTn,LO + gsTn,LO = κ1 + κ2 + 3κ3 (5.8)

is somewhat special since, in the absence of SU(3)V breaking, the condition guTn+gdTn+gsTn = 0
is RG-invariant. The reason is that when such relation holds the trace Tr[d] decouples
from (5.5), and only the traceless part survives. The RG-stability of the condition Tr[d] = 0 is
of course not a surprise. In fact, in the large Nc expansion, terms proportional to Tr[d] arise
from closed fermion loops and must be suppressed, so in the exact Nc = ∞ limit the condition
Tr[d] = 0 must be stable, which is what we have just observed. What is remarkable is that in
this section we are able to identify the special condition κ1 + κ2 + 3κ3 = 0 (previously shown
in (3.1)) in an EFT without quarks, just based on basic considerations.

In the following we will be agnostic about the relative size of κ1,κ2,κ3 and calculate
the chiral corrections to (5.7).

5.2 NLO corrections

The next to leading order corrections in the chiral expansion are induced by the baryon-octet
1-loop diagrams of figure 3, involving one insertion of Ldip and the baryon-meson interactions
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Baryon EDM operators invariant under 𝑆𝑈 3 (×𝑆𝑈 3 )

JHEP09(2025)064

EFT (4.4) are formally found by matching the EFT to QCD at the scale Mχ. In our notation
m denotes the quark mass renormalized at ΛUV appearing in (2.1) whereas the parameter b
in (4.4) is a constant of order unity that includes the RG evolution down to the matching scale.

Taking mψ ∼ 360MeV, gA ∼ 0.75, and a rather weak gauge coupling, g2/(4π) ∼ 0.3, the
Lagrangian (4.4) reproduces the predictions of the non-relativistic quark model as well as
many other salient features of hadronic physics [29]. We are thus justified to expect that
the same model provides a rough estimate of the neutron EDM as well.

Among the higher dimensional operators included in (4.4) there are some that are
proportional to the UV coupling d defined in (2.1). At leading order in d and zeroth order
in the electric charge and m, the SU(3)L × SU(3)R-symmetric operators with the smallest
number of derivatives are:

LχQM ⊃ − i

2 ψd̂ψσ
µνγ5ψ Fµν − 1

2 ψd̂
′
ψσ

µνψ Fµν , (4.6)

where

[d̂ψ]ij = c1[d̂]ij + c2Tr[d̂] δij , [d̂′
ψ]ij = c′

1[d̂′]ij + c′
2Tr[d̂′] δij (4.7)

and

d̂ = 1
2
(
ξ†dξ† + ξd†ξ

)
= d − ΠdΠ − 1

2
(
Π2d+ dΠ2

)
+ · · · (4.8)

d̂′ = i

2
(
ξ†dξ† − ξd†ξ

)
= Πd+ dΠ + · · · .

Similarly to b, the RG evolution of d down to Λ ∼ Mχ and the result of the matching
between (2.1) and the chiral quark model is encoded in c1, c2 and c′

1, c
′
2.

From (4.6), and setting the pion matrix to its vacuum expectation value ⟨ξ⟩ = 1, we
readily see that the EDMs of the constituent quarks appearing in (4.2) are related to the
bare EDMs of (2.1) via

[dψ]ij = c1dij + c2Tr[d]δij . (4.9)

The presence of two coefficients stems from the fact that the traceless and trace parts of d trans-
form as two independent representations of the unbroken SU(3)V , and contribute differently
to physical observables, as already emphasized in section 3. Following our prescription (4.2),
and employing the definition (1.1), we have

guTn = −1
3c1 + c2, gdTn = 4

3c1 + c2, gsTn = c2. (4.10)

In terms of fermions ψ′
L = ξψL, ψ′

R = ξ†ψR transforming under SU(3)L × SU(3)R as qL, qR
in (2.1), c2 in (4.6) is the coefficient of an operator with two insertions of U , which is dual
to the chiral condensate. That coefficient therefore arises from matching the chiral quark
model to the class of operators (2.12) discussed in section 2.2. Hence, as anticipated in
section 2.2, at leading order in the bare quark masses gsTn is entirely induced by dangerous
irrelevant operators like (2.12). Of course we cannot reliably calculate c1,2 because that
would require a non-perturbative calculation, but we can estimate them invoking naturalness
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are the same as shown in (4.5). The explicit value of the parameter B will not be relevant
for us. Its main effect is introducing masses for the light mesons. The quantities D,F are
obtained by matching the predictions of the EFT with observed semi-leptonic baryon decays.
At tree-level one has D ∼ 0.8, F ∼ 0.5 (at 1-loop D ∼ 0.56, F ∼ 0.37).

In addition to (5.4) there are interactions involving higher powers of derivatives or
insertions of m, couplings to heavy baryons with δM > 0, as well as operators proportional
to the CP-violating coupling d. At leading order in the chiral expansion, there are two classes
of baryon-octet interactions containing a single insertion of d:

Ldip = − i

2
{
κ1Tr[d̂Ψσµνγ5Ψ] + κ2Tr[Ψσµνγ5d̂Ψ] + κ3Tr[d̂]Tr[Ψσµνγ5Ψ]

}
Fµν (5.5)

− 1
2
{
κ′
1Tr[d̂′ΨσµνΨ] + κ′

2Tr[Ψσµν d̂′Ψ] + κ′
3Tr[d̂′]Tr[ΨσµνΨ]

}
Fµν ,

with d̂ and d̂′ the same quantities defined in (4.8). The couplings κ1,κ2,κ3 parametrize
the baryonic EDMs at zeroth order in the chiral expansion. We collect the leading order
expression of the EDMs in appendix B. In particular, the EDM of the neutron reads

dLOn = κ1ds + κ2dd + κ3(du + dd + ds). (5.6)

To make contact with our earlier notation, we observe that the leading order prediction
for the tensor charges in (1.1) are

guTn,LO = κ3 (5.7)
gdTn,LO = κ2 + κ3

gsTn,LO = κ1 + κ3.

The parameters κ3, κ2 + κ3, or κ1 + κ3 are all expected to be of order unity according to
NDA. Yet, the particular combination

guTn,LO + gdTn,LO + gsTn,LO = κ1 + κ2 + 3κ3 (5.8)

is somewhat special since, in the absence of SU(3)V breaking, the condition guTn+gdTn+gsTn = 0
is RG-invariant. The reason is that when such relation holds the trace Tr[d] decouples
from (5.5), and only the traceless part survives. The RG-stability of the condition Tr[d] = 0 is
of course not a surprise. In fact, in the large Nc expansion, terms proportional to Tr[d] arise
from closed fermion loops and must be suppressed, so in the exact Nc = ∞ limit the condition
Tr[d] = 0 must be stable, which is what we have just observed. What is remarkable is that in
this section we are able to identify the special condition κ1 + κ2 + 3κ3 = 0 (previously shown
in (3.1)) in an EFT without quarks, just based on basic considerations.

In the following we will be agnostic about the relative size of κ1,κ2,κ3 and calculate
the chiral corrections to (5.7).

5.2 NLO corrections

The next to leading order corrections in the chiral expansion are induced by the baryon-octet
1-loop diagrams of figure 3, involving one insertion of Ldip and the baryon-meson interactions
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NLO corrections from baryon-meson loops
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Figure 3. Next to leading order contributions to the baryon dipole moments. Double lines indicate
baryons, dashed lines refer to the light mesons and the wavy line to the external electric field.

from L0, plus corrections due to virtual heavier baryons. A simple power-counting analysis
reveals that at NLO the baryonic dipoles acquire the following form

dNLO
a′b′ = dLOa′b′ +AΠ

a′b′
M2

Π
16π2f2

π
ln µ2

M2
Π
+BΠ

a′b′
M2

Π
16π2f2

π
, (5.9)

with a′, b′ indices labelling the baryons and in our approximation Π = K, η. The quantities
AΠ

a′b′ are calculated from the diagrams of figure 3 with virtual baryon octets and meson
octets, and are fully determined in terms of the parameters d, κ1,κ2,κ3 and D,F . On the
other hand, loops involving heavier baryons introduce calculable functions of δM/MK and
δM/µ, which however depend on the unknown dipoles of the heavy baryons and light-heavy
transition dipoles. The MK-independent part of these contributions can be re-absorbed in
the SU(3)V invariant parameters κ1,2,3. The reminder is proportional to MK and is included,
along with the unknown counterterms of order O(dm), into BΠ

a′b′ . The latter are of course
incalculable within our EFT, but NDA suggests BΠ

a′b′ should be numerically of order unity.
Since lnµ2/M2

K and lnµ2/M2
η for the natural choice µ ∼ Mn are of order unity, there are

no large-log enhancements in (5.9); hence, the fully calculable non-analytic corrections propor-
tional to AΠ

a′b′ contribute comparably to the incalculable counterterms BΠ
a′b′ . For this reason,

in the absence of additional phenomenological input one cannot make a numerically accurate
prediction of dn. Nevertheless, qualitative conclusions can still be drawn, as we will see.

We calculated the diagrams of figure 3 employing Dimensional Regularization. Details
of the computation are presented in appendix B. Here we quote only the NLO expression
for gsTn evaluated at µ = Mn (see (B.11)):

gsTn,NLO = M2
K

16π2f2
π
ln M2

n

M2
K

(1
2 − 13

18D
2 + 15

9 DF − 1
2F

2
)
guTn,LO (5.10)

+ M2
K

16π2f2
π
ln M2

n

M2
K

(1
2 − 1

18(D + 3F )2
)
gdTn,LO

+
{

1 + M2
K

16π2f2
π
ln M2

n

M2
K

(
1 + 22

9 D2 − 10
3 DF + 4F 2

)

+
M2
η

16π2f2
π
ln M2

n

M2
η

(2
3 + 1

6(D − 3F )2
)}

gsTn,LO

+BK
nn,s

M2
K

16π2f2
π
.

Importantly, we see that gsTn mixes at order M2
K/Λ2

χ = 0.2 with gu,dTn because of loops
with a virtual Σ baryon and a Kaon.11 Quantitatively, evaluating (5.10) numerically with

11The relevance of the Σ,K loops in the study of the strange chromo-electric dipole was emphasized
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MK = 494MeV, fπ = 92MeV and the values of D,F extracted at tree-level, we find

gsTn,NLO = 0.14 guTn,LO + 0.048 gdTn,LO + 1.7 gsTn,LO + 0.18BK
nn,s. (5.11)

(Using the 1-loop values of D,F only the second entry would be appreciably affected, going
from 0.048 to 0.081.) So, even if for some accident the leading order |gsTn,LO| term is negligible,
the strange tensor charge receives corrections proportional to the valence quark tensor charges
of the natural size M2

K/Λ2
χ. Barring unnatural cancellations we thus conclude that

|gsTn|
|gu,dTn |

! 0.1. (5.12)

We interpreted this as a lower bound because in reality we saw in sections 3 and 4 that
gsTn,LO is typically non-vanishing. Note also that the numerical size of the non-analytic
ms lnms term in eq. (4.14) is consistent with the one presented in (5.10). This proves that
the naturalness considerations of section 4 are sensible.

Let us finally comment on the impact of higher order corrections on (5.9). We have
already mentioned that in the real world a chiral expansion may not be fully trustable because
M2

K/Λ2
χ = 0.2 is not very small. What this means in practice is that our approach may suffer

from large numerical uncertainties due to higher order corrections. What can our analysis
teach us, then? Well, for sure gsTn is a complicated function of MK/Λχ, of which we have
found just the first few terms in a hypothetical MK/Λχ ≪ 1 limit. And the very fact that in
such a limit the strange tensor charge does depend on ms allows us to draw an important
robust conclusion, which holds irrespectively of whether MK/Λχ can or cannot be considered
a small parameter: a ratio |gsTn/g

u,d
Tn | much smaller than shown in (5.12) can only be the result

of a ms-dependent cancellation among a priori unrelated quantities, namely the leading order
ms-independent value gsTn,LO and the chiral corrections. The presence of such a cancellation
cannot be excluded by our analysis, but it is fair to say that it would be very surprising.

6 Discussion

An accurate determination of how the dipole moments of the light quarks affect the neutron
EDM dn is essential to the correct interpretation of the experimental measurements of
dn within a beyond the Standard Model hypothesis.12 In this paper we approached this
interesting question, focusing in particular on the strange quark contribution, see (1.1).

We approached the problem using perturbative QCD and the large Nc expansion (com-
bined with NDA arguments), a concrete modelling of the constituent quark dynamics (com-
bined with naturalness considerations), and finally chiral perturbation theory. While none

by [10, 11]. One finds analogous sizable corrections to the matrix element of axial currents (2.11), see for
instance [5].

12In the Standard Model, the dominant contribution to dn arises from a double insertion of the Fermi
interactions dressed by long-range effects. According to NDA we expect it to be of order dn/e ∼ J(fπ/v)4/Mn ∼
10−32cm, where J ∼ 3 × 10−5 is the Jarlskog invariant and v ∼ 246 the electroweak scale. The contribution
arising from quark dipoles is instead chirally suppressed and numerically smaller by roughly a factor 10−2 [32, 33].
Hence, our results do not impact the Standard Model prediction of dn substantially. We thank T. Cohen for
asking this important question.
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Figure 3. Next to leading order contributions to the baryon dipole moments. Double lines indicate
baryons, dashed lines refer to the light mesons and the wavy line to the external electric field.

from L0, plus corrections due to virtual heavier baryons. A simple power-counting analysis
reveals that at NLO the baryonic dipoles acquire the following form
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with a′, b′ indices labelling the baryons and in our approximation Π = K, η. The quantities
AΠ

a′b′ are calculated from the diagrams of figure 3 with virtual baryon octets and meson
octets, and are fully determined in terms of the parameters d, κ1,κ2,κ3 and D,F . On the
other hand, loops involving heavier baryons introduce calculable functions of δM/MK and
δM/µ, which however depend on the unknown dipoles of the heavy baryons and light-heavy
transition dipoles. The MK-independent part of these contributions can be re-absorbed in
the SU(3)V invariant parameters κ1,2,3. The reminder is proportional to MK and is included,
along with the unknown counterterms of order O(dm), into BΠ

a′b′ . The latter are of course
incalculable within our EFT, but NDA suggests BΠ

a′b′ should be numerically of order unity.
Since lnµ2/M2

K and lnµ2/M2
η for the natural choice µ ∼ Mn are of order unity, there are

no large-log enhancements in (5.9); hence, the fully calculable non-analytic corrections propor-
tional to AΠ

a′b′ contribute comparably to the incalculable counterterms BΠ
a′b′ . For this reason,

in the absence of additional phenomenological input one cannot make a numerically accurate
prediction of dn. Nevertheless, qualitative conclusions can still be drawn, as we will see.

We calculated the diagrams of figure 3 employing Dimensional Regularization. Details
of the computation are presented in appendix B. Here we quote only the NLO expression
for gsTn evaluated at µ = Mn (see (B.11)):
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Importantly, we see that gsTn mixes at order M2
K/Λ2

χ = 0.2 with gu,dTn because of loops
with a virtual Σ baryon and a Kaon.11 Quantitatively, evaluating (5.10) numerically with

11The relevance of the Σ,K loops in the study of the strange chromo-electric dipole was emphasized
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MK = 494MeV, fπ = 92MeV and the values of D,F extracted at tree-level, we find

gsTn,NLO = 0.14 guTn,LO + 0.048 gdTn,LO + 1.7 gsTn,LO + 0.18BK
nn,s. (5.11)

(Using the 1-loop values of D,F only the second entry would be appreciably affected, going
from 0.048 to 0.081.) So, even if for some accident the leading order |gsTn,LO| term is negligible,
the strange tensor charge receives corrections proportional to the valence quark tensor charges
of the natural size M2

K/Λ2
χ. Barring unnatural cancellations we thus conclude that

|gsTn|
|gu,dTn |

! 0.1. (5.12)

We interpreted this as a lower bound because in reality we saw in sections 3 and 4 that
gsTn,LO is typically non-vanishing. Note also that the numerical size of the non-analytic
ms lnms term in eq. (4.14) is consistent with the one presented in (5.10). This proves that
the naturalness considerations of section 4 are sensible.

Let us finally comment on the impact of higher order corrections on (5.9). We have
already mentioned that in the real world a chiral expansion may not be fully trustable because
M2

K/Λ2
χ = 0.2 is not very small. What this means in practice is that our approach may suffer

from large numerical uncertainties due to higher order corrections. What can our analysis
teach us, then? Well, for sure gsTn is a complicated function of MK/Λχ, of which we have
found just the first few terms in a hypothetical MK/Λχ ≪ 1 limit. And the very fact that in
such a limit the strange tensor charge does depend on ms allows us to draw an important
robust conclusion, which holds irrespectively of whether MK/Λχ can or cannot be considered
a small parameter: a ratio |gsTn/g

u,d
Tn | much smaller than shown in (5.12) can only be the result

of a ms-dependent cancellation among a priori unrelated quantities, namely the leading order
ms-independent value gsTn,LO and the chiral corrections. The presence of such a cancellation
cannot be excluded by our analysis, but it is fair to say that it would be very surprising.

6 Discussion

An accurate determination of how the dipole moments of the light quarks affect the neutron
EDM dn is essential to the correct interpretation of the experimental measurements of
dn within a beyond the Standard Model hypothesis.12 In this paper we approached this
interesting question, focusing in particular on the strange quark contribution, see (1.1).

We approached the problem using perturbative QCD and the large Nc expansion (com-
bined with NDA arguments), a concrete modelling of the constituent quark dynamics (com-
bined with naturalness considerations), and finally chiral perturbation theory. While none

by [10, 11]. One finds analogous sizable corrections to the matrix element of axial currents (2.11), see for
instance [5].

12In the Standard Model, the dominant contribution to dn arises from a double insertion of the Fermi
interactions dressed by long-range effects. According to NDA we expect it to be of order dn/e ∼ J(fπ/v)4/Mn ∼
10−32cm, where J ∼ 3 × 10−5 is the Jarlskog invariant and v ∼ 246 the electroweak scale. The contribution
arising from quark dipoles is instead chirally suppressed and numerically smaller by roughly a factor 10−2 [32, 33].
Hence, our results do not impact the Standard Model prediction of dn substantially. We thank T. Cohen for
asking this important question.
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An accurate determination of how the dipole moments of the light quarks affect the neutron
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Constituent quark model

• Often called non-relativistic quark model (NRQM)
• Nucleons = bound states of weakly-interacting QCD-dressed quarks 𝜓

of mass 𝑚- larger than the fundamental quark mass
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Each of the three coefficients gu,d,sTn is also affected by independent O(1) corrections due to the
operators in (3.7). The explicit result (3.10) satisfies (3.1), as anticipated, and reduces to (3.2)
for Nc ≫ 1. Furthermore, when the effect of the strange quark mass is taken into account,
the present framework confirms that additional corrections of the parametric form (3.3) arise.
For example, a matrix element like that shown in (3.10) with d replaced by a product of d
and m/Mh implies a correction of order δgsTn/g

u
Tn = O( 1

Nc
ms/Mh), as it should be.

In the real world with Nc = 3 the O(1) corrections neglected in (3.10) are likely to be too
large to be ignored. Yet, one may be tempted to evaluate (3.10) at Nc = 3. That would give

gdTn

guTn

= −3
2 ,

gsTn

guTn

= 1
2 . (3.11)

A compatible result is obtained via a soliton model of baryons (see appendix A.2). In either
case, the sizable strange contribution found for Nc = 3 is probably an overestimate; still,
without knowing the relative size of the other coefficients in (3.7) nobody can tell by how much.

It is worth stressing that in the present language the prediction of a naive NRQM
corresponds to evaluating at Nc = 3 a matrix element analogous to (3.10), but with the
entire d replacing the traceless daλa:

dn|NRQM = c(n| {dJ3} |n)|Nc=3 = c
[(

−Nc − 1
6

)
du +

(
Nc + 5

6

)
dd

]

Nc=3
. (3.12)

Comparing (3.10) to (3.12) it becomes apparent that the vanishing of gsTn in a naive NRQM
occurs because of an exact cancellation between the traceless and the trace parts of d.
However, there is no underlying symmetry that guarantees the stability of such cancellation,
and in fact large Nc treats the traceless and trace parts independently, with the latter
being subleading. Analogously, daλa and Tr[d] may appear in different combinations in
the discussion of section 2.2. Consistently, we will show in the next section that “radiative
corrections” within the NRQM tend to split the contributions proportional to the traceless
and the trace parts, confirming the expected result gsTn = O(1/Nc).
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3
√
2
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where |ddu⟩ indicates the flavor content and |++ −⟩ the spin of the corresponding flavor.
Denoting by dψ the EDM matrix of the constituent quarks, the neutron dipole is formally
obtained from the tensor product of an operator in flavor space (the constituent quark dipole
dψ) and in spin space (the third component of spin). The result is well-known:

dn|NRQM = ⟨n;NR|dψ ⊗ σ3|n;NR⟩ = −1
3d

u
ψ + 4

3d
d
ψ. (4.2)

As already anticipated in the introduction and section 2.1, there is no contribution from the
constituent strange dipole because the strange is a sea quark. The constituent dipoles dψ are
conceptually different from the bare ones d defined in (2.1). The precise relation between the
two should be determined by matching the constituent quark picture to QCD at the scale Mh.

In order to investigate the relation between dψ and d we need to define an unambiguous
prescription for the NRQM. The prescription we adopt is the following: the chiral quark
model [29] of Georgi and Manohar is postulated to be the effective field theory description
of the constituent quarks; from it the neutron properties are extracted by taking matrix
elements of constituent quark operators (renormalized at Mh) with the non-relativistic
wavefunction (4.1), analogously to (4.2). Needless to say, this is just one of the many
prescriptions that reproduce the same predictions of the non-relativistic quark model at
leading order in some approximation. The arbitrariness in the choice of the model represents
an intrinsic systematic uncertainty of the constituent quark approach.

In the chiral quark model, quarks have a flavor-singlet constituent mass mψ, interact
weakly with gluons and with light mesons compatibly with the full, non-linearly realized,
SU(3)L × SU(3)R chiral symmetry. The EFT is defined below the chiral symmetry break-
ing scale

Mχ ≡ 4πfπ√
Nc

, (4.3)

which is numerically of order Mh, and reads [29]:

LχQM = −1
4G

A
µνG

Aµν + ψiγµ∇µψ − mψψψ (4.4)

+ f2
π

4 Tr[∂µU∂µU †] + bMχf
2
πTr[mU † + hc] + gAψγ

µγ5Aµψ

+ · · · ,

with constituent quark fields ψ transforming in the fundamental of color as well as flavor
SU(3)V , ∇µψ = (Dµ + Vµ)ψ is the color- and flavor-covariant derivative, and

Vµ = 1
2
(
ξ∂µξ

† + ξ†∂µξ
)

(4.5)

Aµ = i

2
(
ξ∂µξ

† − ξ†∂µξ
)
.

The special unitary pion matrix is ξ = eiΠ, with Π = ΠaTa and Ta = λa/2 the flavor SU(3)
generators normalized such that Tr[TaTb] = δab/2, and as usual U = ξ2. The dots in (4.4)
indicate higher dimensional operators as well as other insertions of m. The parameters of the
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EFT (4.4) are formally found by matching the EFT to QCD at the scale Mχ. In our notation
m denotes the quark mass renormalized at ΛUV appearing in (2.1) whereas the parameter b
in (4.4) is a constant of order unity that includes the RG evolution down to the matching scale.

Taking mψ ∼ 360MeV, gA ∼ 0.75, and a rather weak gauge coupling, g2/(4π) ∼ 0.3, the
Lagrangian (4.4) reproduces the predictions of the non-relativistic quark model as well as
many other salient features of hadronic physics [29]. We are thus justified to expect that
the same model provides a rough estimate of the neutron EDM as well.

Among the higher dimensional operators included in (4.4) there are some that are
proportional to the UV coupling d defined in (2.1). At leading order in d and zeroth order
in the electric charge and m, the SU(3)L × SU(3)R-symmetric operators with the smallest
number of derivatives are:

LχQM ⊃ − i

2 ψd̂ψσ
µνγ5ψ Fµν − 1

2 ψd̂
′
ψσ

µνψ Fµν , (4.6)

where

[d̂ψ]ij = c1[d̂]ij + c2Tr[d̂] δij , [d̂′
ψ]ij = c′

1[d̂′]ij + c′
2Tr[d̂′] δij (4.7)

and

d̂ = 1
2
(
ξ†dξ† + ξd†ξ

)
= d − ΠdΠ − 1

2
(
Π2d+ dΠ2

)
+ · · · (4.8)

d̂′ = i

2
(
ξ†dξ† − ξd†ξ

)
= Πd+ dΠ + · · · .

Similarly to b, the RG evolution of d down to Λ ∼ Mχ and the result of the matching
between (2.1) and the chiral quark model is encoded in c1, c2 and c′

1, c
′
2.

From (4.6), and setting the pion matrix to its vacuum expectation value ⟨ξ⟩ = 1, we
readily see that the EDMs of the constituent quarks appearing in (4.2) are related to the
bare EDMs of (2.1) via

[dψ]ij = c1dij + c2Tr[d]δij . (4.9)

The presence of two coefficients stems from the fact that the traceless and trace parts of d trans-
form as two independent representations of the unbroken SU(3)V , and contribute differently
to physical observables, as already emphasized in section 3. Following our prescription (4.2),
and employing the definition (1.1), we have

guTn = −1
3c1 + c2, gdTn = 4

3c1 + c2, gsTn = c2. (4.10)

In terms of fermions ψ′
L = ξψL, ψ′

R = ξ†ψR transforming under SU(3)L × SU(3)R as qL, qR
in (2.1), c2 in (4.6) is the coefficient of an operator with two insertions of U , which is dual
to the chiral condensate. That coefficient therefore arises from matching the chiral quark
model to the class of operators (2.12) discussed in section 2.2. Hence, as anticipated in
section 2.2, at leading order in the bare quark masses gsTn is entirely induced by dangerous
irrelevant operators like (2.12). Of course we cannot reliably calculate c1,2 because that
would require a non-perturbative calculation, but we can estimate them invoking naturalness
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Yet, one might say eq. (4.13) is an overestimate since it is plausible that the meson
dynamics in the chiral quark model is in fact softer than in the more familar chiral Lagrangian.
This is because if the effective meson coupling p2/f2

π could grow up to the maximal value
∼ 16π2/

√
Nc as in the chiral Lagrangian, then radiative corrections would be significant and

our predictions would depart significantly from those of a naive NRQM, which are known to
be rather accurate. If (4.4) combined with (4.1) have to reproduce the successful predictions
of the non-relativistic quark model, then the pion loops cannot be too significant. After all,
QCD should be better and better approximated by a pure quark-gluon Lagrangian as the
momentum scale increases. To mimic this feature we may imagine the loop of figure 2 gets
saturated at < Mχ. The softest scale that allows (4.4) to make sense is mψs . Therefore, in
order to obtain a more conservative estimate of the size of the radiative corrections to c2 we
perform a leading log approximation of figure 2 using Dimensional Regularization, obtaining

δc2|LL = c1
g2A

16π2f2
π

[
7
12m

2
ψs

ln µ2

m2
ψs

+ 1
2M

2
K ln µ2

M2
K

]

. (4.14)

Taking gA ∼ 0.75, mψs ∼ 540MeV and µ = 1GeV, the result is numerically δc2|LL ∼ 0.2 c1,
and thus not far from our previous guess (4.13). The parametric Nc dependence is the same
since gA = O(N0

c ) = mψs . We explicitly presented also the leading non-analytic correction
in M2

K ∝ ms because it is numerically comparable to the first term in (4.14).
Since the constituent quark mass is related to the condensate as ⟨qiqj⟩ ∼ δijmψf2

π , the
parametric dependence displayed in the first term in (4.14) is precisely the same expected
from a matching to operators like (2.12). (The only ingredient that was missing in section 2.2
is the 1/Nc suppression.) Furthermore, the non-analytic contribution M2

K lnM2
K shown in the

second term in (4.14) comes along with (incalculable) counterterms of order M2
K/(4πfπ)2. The

latter are evidently the result of a matching between (4.4) and (2.15), and their coefficients
should not be much different from the non-analytic terms, and hence compatible with NDA.
Overall, we may say that the naturalness argument employed above to estimate (4.13), or
the more conservative leading log calculation in (4.14), represent indirect evidence that the
NDA analysis of section 2.2 is accurate.

In conclusion, a closer look at the NRQM confirms the expectations from section 2.2 and
the qualitative reliability of NDA arguments. More quantitatively, the present model suggests

|gsTn|
|gu,dTn |

∼ 0.1÷ 0.3 (4.15)

as indicated by (4.13) and (4.14). The strange tensor charge cannot be neglected even in
a prescription like (4.2) in which the impact of the constituent strange identically vanishes
at the hadronic scale.

5 Chiral perturbation theory

In this section we will use chiral perturbation theory to validate the NDA estimates of
section 2.2 and the approach of section 4.
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Figure 2. 1-loop diagram describing the additive renormalization of c2 in the chiral quark model
(see (4.7)).

arguments as done in [29]: the size of c1,2 should be comparable to, and certainly not much
smaller than, the typical radiative corrections derived within the EFT. Let us look at the
corrections to c2 proportional to c1.

Corrections proportional to c1 that involve only quark-gluon loops are analogous to those
that one would find in ordinary QCD. The dominant effect of that type arises at 3 loops from
corrections analogous to that shown in the first diagram of figure 1. Yet, in the chiral quark
model that kind of diagrams are calculable because the constituent mass mψ acts as a natural
IR regulator and avoids the problem we encountered in perturbative QCD. In fact, the 3-loop
contribution is finite [20, 30]. Taking a common constituent mass mψ, using ref. [20] we find

δc2|gluons = c1
5(8ζ(3) − 7)

72

(
g2

4π2

)3
= c1 0.18

(
g2

4π2

)3
∼ c1 10−4. (4.11)

Note that this result is numerically consistent with a naive large Nc estimate, which for
Nc = 3 reads δc2 ∼ 1

Nc
(g2Nc/16π2)3 = 0.14(g2/4π2)3. In principle, (4.11) could be sizable

if the coupling was strong. However, the g indicated by [29] is quite small, and so such
correction turns out to be very tiny, as shown in the numerical estimate of (4.11).

There are also corrections to c2 that involve virtual mesons, which are characteristic of the
chiral quark model. At 1-loop there is a single diagram that can induce a non-vanishing c2 from
c1 ̸= 0. It is shown in figure 2 and has a virtual strange of massmψs = mψ+O(ms) ≈ 540MeV9

and a virtual Kaon of mass MK ≈ 494MeV. Its flavor structure

(T adψT
a)ij =

1
2Tr[dψ]δij − 1

6[dψ]ij (4.12)

introduces the desired dependence of dψ on Tr[dψ]. The diagram is UV-divergent, and the
divergence is cancelled by a local counterterm in (4.6). If we assume a sharp cutoff at the
maximum scale Mχ, taken for simplicity ≫ mψs ,MK , the size of c2 would be

δc2|NDA ∼ c1g
2
A

M2
χ

16π2f2
π

∼ c1
Nc

. (4.13)

Recalling (4.10) and (4.3) we see that the resulting form of gsTn/g
u,d
Tn is parametrically

consistent with the large Nc scaling presented in section 3.
9Here we included a formally subleading O(m) correction to the constituent mass because it is numerically

important. Technically, it is parametrized by a −ψm̂ψ term in (4.4), where m̂ is a CP-even combination of
ξ†mξ† analogous to the one on the left in (4.8) with m replacing d.
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MK = 494MeV, fπ = 92MeV and the values of D,F extracted at tree-level, we find

gsTn,NLO = 0.14 guTn,LO + 0.048 gdTn,LO + 1.7 gsTn,LO + 0.18BK
nn,s. (5.11)

(Using the 1-loop values of D,F only the second entry would be appreciably affected, going
from 0.048 to 0.081.) So, even if for some accident the leading order |gsTn,LO| term is negligible,
the strange tensor charge receives corrections proportional to the valence quark tensor charges
of the natural size M2

K/Λ2
χ. Barring unnatural cancellations we thus conclude that

|gsTn|
|gu,dTn |

! 0.1. (5.12)

We interpreted this as a lower bound because in reality we saw in sections 3 and 4 that
gsTn,LO is typically non-vanishing. Note also that the numerical size of the non-analytic
ms lnms term in eq. (4.14) is consistent with the one presented in (5.10). This proves that
the naturalness considerations of section 4 are sensible.

Let us finally comment on the impact of higher order corrections on (5.9). We have
already mentioned that in the real world a chiral expansion may not be fully trustable because
M2

K/Λ2
χ = 0.2 is not very small. What this means in practice is that our approach may suffer

from large numerical uncertainties due to higher order corrections. What can our analysis
teach us, then? Well, for sure gsTn is a complicated function of MK/Λχ, of which we have
found just the first few terms in a hypothetical MK/Λχ ≪ 1 limit. And the very fact that in
such a limit the strange tensor charge does depend on ms allows us to draw an important
robust conclusion, which holds irrespectively of whether MK/Λχ can or cannot be considered
a small parameter: a ratio |gsTn/g

u,d
Tn | much smaller than shown in (5.12) can only be the result

of a ms-dependent cancellation among a priori unrelated quantities, namely the leading order
ms-independent value gsTn,LO and the chiral corrections. The presence of such a cancellation
cannot be excluded by our analysis, but it is fair to say that it would be very surprising.

6 Discussion

An accurate determination of how the dipole moments of the light quarks affect the neutron
EDM dn is essential to the correct interpretation of the experimental measurements of
dn within a beyond the Standard Model hypothesis.12 In this paper we approached this
interesting question, focusing in particular on the strange quark contribution, see (1.1).

We approached the problem using perturbative QCD and the large Nc expansion (com-
bined with NDA arguments), a concrete modelling of the constituent quark dynamics (com-
bined with naturalness considerations), and finally chiral perturbation theory. While none

by [10, 11]. One finds analogous sizable corrections to the matrix element of axial currents (2.11), see for
instance [5].

12In the Standard Model, the dominant contribution to dn arises from a double insertion of the Fermi
interactions dressed by long-range effects. According to NDA we expect it to be of order dn/e ∼ J(fπ/v)4/Mn ∼
10−32cm, where J ∼ 3 × 10−5 is the Jarlskog invariant and v ∼ 246 the electroweak scale. The contribution
arising from quark dipoles is instead chirally suppressed and numerically smaller by roughly a factor 10−2 [32, 33].
Hence, our results do not impact the Standard Model prediction of dn substantially. We thank T. Cohen for
asking this important question.
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Large 𝑁$ counting

• Neutron as a state composed of 𝑂(𝑁5) up and down quarks with 
strangeness 𝑆 ≪ 𝑂(𝑁5)
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The object |B) = Bi1α1···iNcαNcα†
i1α1 · · ·α

†
iNcαNc

|0) denotes a properly normalized baryon state
of spin and flavor determined by the wavefunction B. Since the color Levi-Civita tensor
has been absorbed in B, αiα/α†

iα are commuting annihilation/creation operators for quarks
of spin α = +,− and flavor index i. The quantity Ok in (3.4) is a linear combination of
the following (hermitian) operators

{dJk} , Tr[d] {Jk} , {d} {Jk} , {dJk′} {Jk′} {Jk} , (3.5)

multiplied by arbitrary powers of {Jk′} {Jk′}, where Jk = σk is the spin operator [24, 25].
We adopt the notation [25, 26]

{WJk} = W i
jα

†
iα[Jk]αβαjβ . (3.6)

Structures of the form {· · · } are referred to as 1-body operators, and consequently {· · · }n

as n-body.
Neglecting the SU(3)V breaking due to the quark masses and electromagnetism, the

most important contributions to the baryon EDM are given by

Ok = c0 {daλaJk}+
c1
Nc

Tr[d] {Jk}+
c2
Nc

{daλa} {Jk}+
c3
N2

c
{daλaJk′} {Jk′} {Jk}+ · · · ,

(3.7)

where we separated the trace from the traceless parts of the dipole as

d = 1
3Tr[d] + daλa, (3.8)

with λa the Gell-Mann matrices. The coefficients c0,1,2,3 are of order unity plus corrections
proportional to increasing powers of 1/Nc. To understand the inverse powers of Nc in (3.7)
one observes that r-body operators have matrix elements scaling at most as N r

c (for baryons
of any spin). Yet, the energy shift due to an O(1) external electric field can be at most
of order the baryon mass, namely O(Nc). The very hypothesis that an expansion exists
therefore indicates the coefficients c0,1,··· must satisfy upper bounds, which we assume get
saturated in the spirit of NDA. This logic readily explains the size of c0,2,3. The power of
1/Nc in front of c1 is understood noting that the trace of d can only occur because of a
fermionic loop, and the latter are 1/Nc-suppressed.

We now want to evaluate the matrix element (3.4) of (3.7) for B being the appropriate
neutron wavefunction. Conservatively assuming the neutron is associated to a state with
vanishing strangeness (S = 0), it is easy to see that the neutron corresponds to [23, 24, 26]

|n) = Cnα
†
d+(α

†
u+α

†
d− − α†

u−α
†
d+)

Nc+1
2 |0), (3.9)

with Cn a normalization chosen so that (n|n) = 1. Using this definition we find that the
matrix element of {λaJ} can be of order Nc (see appendix A.1). On the other hand, all
other contributions in (3.7) are at most O(1). Hence, the largest contribution to the matrix
element (3.4) is from the c0 term in (3.7). We find (see appendix A.1)

dn|LO = c0 (n| {daλaJ3} |n) (3.10)

= c0

[(
−Nc + 1

6

)
du +

(
Nc + 3

6

)
dd +

(
−1
3

)
ds

]
.
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Each of the three coefficients gu,d,sTn is also affected by independent O(1) corrections due to the
operators in (3.7). The explicit result (3.10) satisfies (3.1), as anticipated, and reduces to (3.2)
for Nc ≫ 1. Furthermore, when the effect of the strange quark mass is taken into account,
the present framework confirms that additional corrections of the parametric form (3.3) arise.
For example, a matrix element like that shown in (3.10) with d replaced by a product of d
and m/Mh implies a correction of order δgsTn/g

u
Tn = O( 1

Nc
ms/Mh), as it should be.

In the real world with Nc = 3 the O(1) corrections neglected in (3.10) are likely to be too
large to be ignored. Yet, one may be tempted to evaluate (3.10) at Nc = 3. That would give

gdTn

guTn

= −3
2 ,

gsTn

guTn

= 1
2 . (3.11)

A compatible result is obtained via a soliton model of baryons (see appendix A.2). In either
case, the sizable strange contribution found for Nc = 3 is probably an overestimate; still,
without knowing the relative size of the other coefficients in (3.7) nobody can tell by how much.

It is worth stressing that in the present language the prediction of a naive NRQM
corresponds to evaluating at Nc = 3 a matrix element analogous to (3.10), but with the
entire d replacing the traceless daλa:

dn|NRQM = c(n| {dJ3} |n)|Nc=3 = c
[(

−Nc − 1
6

)
du +

(
Nc + 5

6

)
dd

]

Nc=3
. (3.12)

Comparing (3.10) to (3.12) it becomes apparent that the vanishing of gsTn in a naive NRQM
occurs because of an exact cancellation between the traceless and the trace parts of d.
However, there is no underlying symmetry that guarantees the stability of such cancellation,
and in fact large Nc treats the traceless and trace parts independently, with the latter
being subleading. Analogously, daλa and Tr[d] may appear in different combinations in
the discussion of section 2.2. Consistently, we will show in the next section that “radiative
corrections” within the NRQM tend to split the contributions proportional to the traceless
and the trace parts, confirming the expected result gsTn = O(1/Nc).

4 Constituent quark model

In this section we critically review the predictions of the non-relativistic quark model (NRQM)
and validate the claims of sections 2.2 and 3.

In the NRQM nucleons are described by bound states of weakly-interacting constituent
quarks ψ of mass mψ. This picture provided a surprisingly accurate description of hadronic
physics, and it was of course the model that people referred to when the first attempts at
estimating the quark dipole contribution to the neutron EDM were made.

In this language the normalized wavefunction of a neutron with spin up is given by

|n;NR⟩ = 1
3
√
2
[|ddu⟩ (2|++−⟩ − |+ −+⟩ − |− ++⟩) (4.1)

+ |dud⟩ (2|+ −+⟩ − |− ++⟩ − |++−⟩)

+ |udd⟩ (2|− ++⟩ − |++−⟩ − |+ −+⟩)] ,
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the gluons are attached. Therefore, the net result is again gsTn = O(1). The same conclusion
holds for the last diagram in figure 1, whereas one can show that gsTn ≤ O(1) from diagrams
with more gluon legs. All in all, large Nc considerations lead to gu,dTn = O(Nc) and gsTn = O(1).

We can say more if we postulate that flavor SU(3)V is an accurate symmetry of nature.
When framed in that context, the statement that fermionic loops are suppressed becomes
(see eq. (3.10) and eq. (5.8) below for a discussion of flavor SU(3)V )6

guTn + gdTn + gsTn = O(1). (3.1)

This relation, when combined with the earlier result gsTn/g
u,d
Tn = O(1/Nc) gives

gdTn

guTn

= −1 +O(1/Nc),
gsTn

guTn

= O(1/Nc) (SU(3)V -Large Nc). (3.2)

Eq. (3.2) should be added to the list of estimates collected in section 2.1.7
Famously, the SU(3)V flavor symmetry is explicitly broken by the quark masses and

electromagnetism. The dominant effect is by far due to the strange quark mass and is ∼
ms/Mh, which is numerically comparable to 1/Nc. The latter modifies giTn via calculable non-
analytic corrections (starting at order ms lnms) as well as incalculable power-law contributions.
The leading non-analytic corrections in ms/Mh will be carefully analyzed in section 5. Here
we just mention that the leading order counterterms induce corrections of order

δgsTn

guTn

= O
( 1
Nc

ms

Mh

)
. (3.3)

These considerations represent important consistency checks for any quantitative analysis
of the tensor charges. For example, they imply that at large Nc all contributions discussed in
section 2.2 are at least of order 1/Nc (the one in (2.17) is actually down by e−O(Nc) in this
limit). We will see that the more quantitative results derived below are indeed consistent
with large Nc expectations.

In the following subsection we will confirm the large Nc scaling via the more systematic
techniques introduced in [23–26].

3.1 A systematic approach
By carrying out a diagrammatic expansion on a reference “baryon ground state”, refs. [24, 25]
argued that the matrix elements of static baryons can be written as matrix elements of
“many-body” interactions involving quarks of definite spin and SU(3)V flavor.8 Concretely,
the matrix element of the dipole operator with a static baryon state is written, at all orders
in QCD and leading order in d, as

dBB′ = (B′|O3|B). (3.4)
6Analogously to (3.1), combining large Nc and flavor SU(3)V the quark contributions to the proton spin

satisfy guA + gdA + gsA = 0 (see the explicit definition in (2.11)). The latter relation was approximately satisfied
in several experimental analyses of inclusive deep inelastic scattering, where SU(3)V was in fact imposed (see,
e.g. [27]).

7A discussion of the tensor charges for the proton at large Nc is found in [28].
8As usual, we can write our results in a SU(3)L × SU(3)R invariant way introducing the Nambu-Goldstone

matrix ξ (see section 4) and replacing d with combinations of 1
2ξ

†dξ† everywhere in this section.
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QCD sum rules
Compute the two point correlation function of the neutron interpolating fields 
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FIG. 1: Hadronic contributions to the current correlator in an external electromagnetic field. Possible

excited states with the neutron quantum numbers are denoted generically by N ′.

where we have retained only the zeroth and first order terms of the expansion in α, and
also neglected contributions proportional to αd. We see that only Lorentz structures with
an odd number of γ-matrices are independent of α. In calculating dn, it is then clear that
we should study the operator {F̃σ, ̸q}, as this is the unique choice with an unambiguous
coefficient.

The phenomenological side of the sum rule will therefore be parametrised in the form

Π(phen) =
1

2
f(q2){F̃σ, q̸} + · · · , (10)

where, since we work outside the dispersion relation we may add polynomials in q2 to ensure
transversality in the chiral limit, and optimum behaviour for large q2. We then find that
the function f(q2) takes the usual form,

f(q2) =
λ2dnmn

(q2 − m2
n)2

+
∑

i

fi

(q2 − m2
n)(q2 − m2

i )
+

∑

i,j

fij

(q2 − m2
i )(q

2 − m2
j )

, (11)

where λ is the coupling of the current to the neutron state (7), dn is the neutron EDM, and
fi and fij correspond respectively to transitions between the neutron and excited states, and
between the excited states themselves.

To suppress the contribution of excited states, we apply a Borel transform to Π, which
we define, following [27, 28], as

BΠ ≡ lims,n→∞,s/n=M2

sn

(n − 1)!

(

−
d

ds

)n

Π(s), (12)

where s = −q2. The continuum contributions in (11) are then exponentially suppressed by a
factor corresponding to the gap between m2

n and the next excited state, usually taken around
(1.5GeV)2. However, while this suppression is quite large, previous studies of CP-even sum
rules have found that the continuum contribution is not negligible (see e.g. [28]), and it is
usually included for this reason. However, when studying correlators in background fields, as
mentioned above, one is effectively dealing with a three-point function and one consequently
loses positivity constraints for the contributions. Thus the couplings fij for example are not
sign–definite (as would be the case for the two-point function). For this reason it seems
inconsistent to parametrise the continuum in the normal way, and we have no alternative
but to neglect it. In practice, we shall find that the sum rule we obtain is stable in any case.

The coefficients of the single pole terms fi are also ambiguous in sign for the same reason,
but these contributions are not exponentially suppressed by the Borel transform, and must

6

Pheno side

as

Π(x) =
i

16π4
⟨q̄q⟩

1

(x2)3
{F̃ · σ, /x}

×
[

(1 + β)2(4edmdρd − eumuρu)χθ̄

+ (1− β2)χ{(edmuρu − eumdρd)θQ + (eumdρu − edmuρd)θG}
+ (10 + 6β2)dd − (3 + 2β − β2)du

+ d̃d{2
[

(3 + 2β + 3β2)−
1

2
(1− β)2

]

ed
(

κ−
1

2
ξ
)

− (1− β2)eu
(

κ+
1

2
ξ
)

}

+ d̃u{(1− β2)ed
(

κ+
1

2
ξ
)

− (1 + β)2eu
(

κ−
1

2
ξ
)

}
]

, (68)

and its Fourier transform is

Π(q) =i

∫

d4xeiq·xΠ(x)

=
1

64π2
⟨q̄q⟩ log

(

−q2

Λ2

)

{F̃ · σ, /q}

×
[

(1 + β)2(4edmdρd − eumuρu)χθ̄

+ (1− β2)χ{(edmuρu − eumdρd)θQ + (eumdρu − edmuρd)θG}
+ (10 + 6β2)dd − (3 + 2β − β2)du

+ d̃d{2
[

(3 + 2β + 3β2)−
1

2
(1− β)2

]

ed
(

κ−
1

2
ξ
)

− (1− β2)eu
(

κ +
1

2
ξ
)

}

+ d̃u{(1− β2)ed
(

κ+
1

2
ξ
)

− (1 + β)2eu
(

κ−
1

2
ξ
)

}
]

. (69)

Here, a certain ultraviolet mass scale Λ is introduced, though it is irrelevant to our final
result. When one sets β = +1, this expression reduces to

Π(q)(OPE) =
1

16π2
⟨q̄q⟩ log

(

−q2

Λ2

)

{F̃ · σ, /q}
[

(4edmdρd − eumuρu)χθ̄

+ (4dd − du) + (κ−
1

2
ξ)(4edd̃d − eud̃u)

]

. (70)

Equation (69) is corresponding to Eqs. (9-12) in Ref. [15]. After taking β = +1, we
find that the CEDM contribution, i.e., the last term in Eq. (70) differs from those in the
reference by a factor of 4. In addition, the sign in front of ξ is opposite to the one in
Ref. [15].
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OPE side (𝑞(𝑥) = 𝑞(0) + 𝑥6𝐷6𝑞(0) + ⋯ , 𝑥~1/𝑄)

=
ηn(0) ηn(x)

Fµν , θ, dq, d̃q

Figure 1: Diagram which yields the leading contribution without emitting either gluon or
photon.

When the propagators include neither photon nor gluon emitting term, the expressions
reduce to

Π(1)
11 (x) = 24{Tr[γ5Su(x)γ5S̄

d(x)]Sd(x) + Sd(x)γ5S̄
u(x)γ5S

d(x)} ,

Π(1)
12 (x) = 24{Tr[γ5Su(x)S̄d(x)]Sd(x)γ5 + Sd(x)S̄u(x)γ5S

d(x)γ5} ,

Π(1)
21 (x) = 24{Tr[Su(x)γ5S̄

d(x)]γ5S
d(x) + γ5S

d(x)γ5S̄
u(x)Sd(x)} ,

Π(1)
22 (x) = 24{Tr[Su(x)S̄d(x)]γ5S

d(x)γ5 + γ5S
d(x)S̄u(x)Sd(x)γ5} , (57)

where
Sq
ab(x) = δabS

q(x) . (58)

As discussed in Sec. 3, we focus on the terms proportional to {F̃ ·σ, /q}. For this reason
we extract only the terms including {F̃ · σ, /x}. They are found to be

Π(1)
11 (x) =

i

16π4
⟨q̄q⟩

1

(x2)3
{F̃ · σ, /x}

[

(4edmdρd − eumuρu)χθ̄

+ χ{(edmuρu − eumdρd)θQ + (eumdρu − edmuρd)θG}

+ (6dd − du) + (κ−
1

2
ξ)(6edd̃d − eud̃u)

]

,

Π(1)
12 (x) =Π(1)

21 (x)

=
i

16π4
⟨q̄q⟩

1

(x2)3
{F̃ · σ, /x}

[

(4edmdρd − eumuρu)χθ̄

+ (2dd − du) + (κ−
1

2
ξ)(2edd̃d − eud̃u)

]

,

Π(1)
22 (x) =

i

16π4
⟨q̄q⟩

1

(x2)3
{F̃ · σ, /x}

[

(4edmdρd − eumuρu)χθ̄

+ χ{(eumdρd − edmuρu)θQ + (edmuρd − eumdρu)θG}

+ (6dd − du) + (κ−
1

2
ξ)(6edd̃d − eud̃u)

]

. (59)

12

To single out the neutron EDM part, 𝑞3≈ 𝑚%
3 for which  

7!
+8
~0.1
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Conclusions

• Two independent lattice QCD groups have shown quite precisely 

• Determining 𝑔(' at the level of 𝑚9/𝑚' ≒ 0.05 is very important to interpret 

EDM data in terms of BSM scenarios.

• Chiral perturbation theory and constituent quark model support 𝑔(' ≳ 𝑂(0.1)
assuming there are no cancellations among LO, NLO, and higher order 

contributions. Still the bad convergence of the perturbation theory has to be kept 

in mind.

• QCD sum rules yet give tensor charges in agreement with the lattice results.  

𝑔()7 = −0.2, 𝑔()9 = 0.8, 𝑔()' = −𝑂(10;6)


