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Nucleon charges and BSM physics Rajan Gupta

1. Introduction

Neutrons and protons, the bound states of quarks and gluons, make up most of the observed
mass of the universe. Neglecting the ® term in the definition of Quantum Chromodynamics (QCD),
all quantities impacted by the strong interactions (dynamics of quarks and gluons) are calculable in
terms of the masses of ny = 6 quark flavors and one fundamental scale, or equivalently the coupling
a,(Q?) as these two are related by dimensional transmutation. Since a;(Q?) is scale dependent,
with Q? a typical momentum flowing in the process, quantitative analyses of QCD fall into (i) the
high energy regime probed in accelerators where a; is small (QCD becomes asymptotically free) and
perturbation theory in @, becomes reliable, and (ii) low energy, (< 1 GeV), where non-perturbative
methods are needed since a; grows to O(1) (confinement). This second regime encompasses
almost all terrestrial phenomena. Large scale simulations of Lattice QCD, i.e., QCD formulated in
Euclidean time on a discrete space-time lattice, are now providing many properties of hadrons with
increasing precision and impacting phenomenology. Results that the community considers robust
with respect to control over statistical and systematic errors are now reviewed regularly by the Flavor
Lattice Averaging Group (FLAG) [1, 2]. This talk addresses the status of the calculations of the
static properties of neutrons and protons, i.e., their charges, and provides the connections to probes
of both the standard model (SM) and beyond the standard model (BSM) physics. The discussion
will be limited to the three light quark flavors—the up, down and strange quarks—as the heavier
quarks do not significantly impact the properties of the hadrons composed of light quarks. Also,
only {my, m} will be the 2 tunable quark masses assuming isospin symmetric m; = m,, = my data.

Weak, electromagnetic and BSM interactions give tiny corrections to properties governed
by QCD. Furthermore, interactions that violate the symmetries of QCD, for example, charge-
conjugation-parity (CP), generate new properties such as electric dipole moments (EDMs) as
discussed in Sec. 8.

The fundamental outputs of lattice QCD are the spectrum of hadrons, matrix elements (ME) of
various operators composed of quarks and gluons, between the ground state of these hadrons, and
the properties of QCD at finite temperature. These operators, in an effective field theory framework,
include both fundamental and effective operators encapsulating BSM physics. The simplest ob-
servables are the charges of nucleons, gZ”‘;’,ST’V, extracted from the matrix elements of axial, scalar,
tensor and vector quark bilinear operators, gI"q with the Dirac matrix I' = vy, ¥5, I, 0, ¥, T€SpPEC-
tively. Of these, axial and vector are part of the SM while scalar and tensor arise from loop effects or
explicitly in BSM theories. This talk presents a status report on their calculations and provides the
connections between them and the SM and BSM physics they impact. In particular, I will discuss:

» The isovector axial vector charge, gg‘d , that gives the strength of the weak interactions with
nucleons. See the FLAG 2024 report [1] for the status.

* The charges gZ’d’s that give the contributions of the intrinsic spin of the quarks to the nucleon
spin [3]. See Sec. 7.

* The tensor charges, g;’d’s, that give the contribution of the quark EDMs to the neutron/proton
EDM [4]. They are also the first Mellin moments of the transversity distribution of quarks within
nucleons measured in semi-inclusive deep inelastic scattering. See Sec. 8.

* The magnetic dipole moment and electromagnetic form factors of nucleons from the ME of the

vector current. Unfortunately, the topic of form factors will not be covered here. For a review of
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the axial vector isovector form factors, see [5].

» The isovector scalar and tensor charges, g?g";}, can arise due to loop effects or novel BSM
interactions. These are being extracted both from low-energy experiments, i.e., from high
precision analyses of neutron decay, and at the LHC. For background see Refs. [0, 7], and Ref. [2]

for the latest results and details.

u+d
S

quark mass in the small quark mass approximation [8], and the strangeness content of nucleons,

* The pion-nucleon sigma term, o,n = m, q X g% ¢, that gives the nucleon mass generated by the
given by oy = mgg. These quantities are discussed in Sec. 9

* The full set of charges, gz'f"j;’ssj,v, also give the strengths of the lowest order interactions, in
various Lorentz channels, of dark matter and their mediators or of novel Higgs-like interactions
with nucleons as discussed in Sec. 6.

Nucleon charges are extracted from the forward ME, i.e., with zero momentum insertion, of the
flavor diagonal quark bilinear operators, 0? (x) = g(x)I'q(x) with g € {u, d, s}, using the relation

(n(sy,p = 0)|Zrglqln(si, p = 0)) = Zrgl ™ a(sf)Tu(s;), (1)

with u(s) the nucleon spinor and Zr the renormalization factor. The ME are obtained from 3-point
correlation functions whose quark-line diagrams are shown in Fig. 1.

t
T
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Figure 1: The connected (left) and disconnected (middle) quark-line diagrams that contribute to the 3-point
functions from which the matrix element of flavor-diagonal operators are extracted. The black and gray blobs
denote the nucleon source and sink separated by Euclidean time 7. The operator, shown by the symbol ®, is
inserted at all intermediate times # between the nucleon source and sink points. The right diagram, redraw of
the middle, illustrates the Nr-intermediate state that can give an enhanced contribution for the scalar operator.

To get non-perturbative values of these ME, we need to know the nucleon state in the fully
quantum QCD vacuum. Lattice QCD provides both the QCD vacuum and the Euclidean time
evolution of hadron states in it, albeit in a computer as an ensemble average over a statistical sample
of gauge configurations representing the path integral. Briefly, the steps in the calculation are:

* After Wick rotation to Euclidean time (f — if and ¢’ — ¢~5), QCD, discretized on a space-
time lattice, can be simulated as a 4-dimensional classical statistical mechanics system using
the Feynman path integral formulation. Correlation functions are then calculated as ensemble
averages over importance sampled gauge field configurations generated with the Boltzmann
weight, e ™5,

* The fermions in the path integral are integrated out exactly leaving the QCD action § =
Sgauge + an log(Det M[U]¢), a functional of only the gauge fields U. Here the sum in
the second term is over the determinant of the Dirac matrix M s for each of the ny quark flavors.
This non-local determinant retains fermions properties such as the Pauli principle.

» These configurations provide a statistical representation of the QCD vacuum.
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* To construct the quark-line diagrams illustrated in Fig. 1, the fully non-perturbative Feynman
—J

propagator, P;_}b
tion of a quark with spin i and color a from space-time point x to point y, spin j and color b.

(x — ), is calculated by inverting the Dirac matrix M. It gives the propaga-

One column (or row) of M~! is the solution for all end points y on the lattice. A very efficient
multigrid method [9] is used for this inversion, nevertheless its calculation consumes a large
fraction of the total computer time.

* Correlation functions are then calculated by stitching together these quark propagators with the
operators—both interpolating operators for creating/annihilating the states and operator used as
probes of the physics and inserted at intermediate times ¢.

* The evolution in Euclidean time is given by the transfer matrix 7~ = e~ Thus, the propagation
of excited states are exponentially suppressed, and for appropriately large ¢ and 7 — ¢, the ground-
state is isolated. ME calculated with large t and 7—¢ are considered as within ground-state hadrons.

* Energies of the states and ME at single time ¢ within these states are extracted by making fits to
the spectral decomposition of respective correlation functions. Both of these quantities are the
same in Euclidean and Minkowski time, so no rotation of lattice values back to Minkowski time
is required. See Sec. 2.

» Each simulation provides quantities at a given value of the lattice spacing a, lattice size L, and
quark masses m; and mg, i.e., these data points are defined by {a, L, M, Mk} .

* The bare lattice quantities are renormalized and connected to a continuum scheme such as MS
at scale 2 GeV used by phenomenologists when analyzing experimental results. These renor-
malization factors for quark bilinears, Z, are calculated nonperturbatively on the lattice in, for
example, the regularization independent symmetric momentum subtraction (RI-sMOM) scheme
[10, 11]. These Zs are then matched to the MS scheme and run to 2 GeV using perturbation
theory. Systematics due to uncertainty in Zs have been controlled to within 1-2%.

* Calculations are done at many {a, m;, L}. Physical results are then obtained by extrapolation of

physical
i

the renormalized data collected at these {a,m;, L} to {a — 0,m; —> m ,L — oo} using

physically motivated fit ansatz.

Discretization of QCD on a Euclidean space-time lattice introduces systematic uncertainties
and the numerical evaluation of the path integral (ensemble average over gauge configurations) in-
troduces statistical errors. The major sources of errors in the calculations of the nucleon charges are:

* Statistical: The signal-to-noise (S2N) ratio in all nucleon correlation functions falls exponentially
as e~ (Mn—15Ma)t 119 3] At present, the signal in the highest statistics calculations extends
to = 2 fm in 2-point functions, to = 1.5 fm in 3-point functions, .... No method exists yet to
fundamentally ameliorate this S2N problem.

» At these distances, the excited states contributions (ESC) are significant. These artifacts have to
be removed to get ground state matrix elements (GSME). The solution to removing these ESC
is to fit the correlation functions to their spectral decomposition keeping as many excited states
as allowed by the statistical precision. This is discussion in Sec. 2. Current statistics allow fits
keeping up to 1-2 excited states. Resolving and removing the contributions of excited states to
nucleon correlation function continues to be a leading systematic. .

mi)hysical

* The extrapolation to {a — 0,m; — , L — oo} requires sufficient number and range of

data points in all three variables {a, m;, L}. In short, to enable keeping all the significant terms
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in the physically motivated ansatz. See Sec. 5.

* QOur recent lattice QCD analyses of the nucleon axial vector form factor G A(0?) [5, 14-16] and
of the pion-nucleon sigma term o,n [8] presented evidence of larger-than-expected excited-
state contributions (ESC) from Nz and Nz multihadron excited states to the nucleon 3-point
correlation functions. Motivated by these works, we continue to study the impact of including
Nr/Nrm states in the analysis of all the flavor diagonal nucleon matrix elements. See Sec. 3.

* To choose between fit strategies—*“standard” using first excited-state mass from the 2-point func-
tion versus that of the Nx state—for the final results, we incorporate input from yPT and physics
since often the )(2 of the fits, by themselves, do not resolve between the two.

2. Correlation functions and their Spectral Decomposition

For a unitary formulation of lattice QCD, the spectral decomposition of all 2-point functions is

3
CP(1) = (N(T)N(0) = Z |A;[2eMiT @
i=0

Fits to lattice data for C?P!(7) give, in principle, the amplitudes for creation/annihilation of the states,
Aj;, and the masses, M; (energies for nonzero-momentum correlators), of all states that couple to
the nucleon interpolating operator . The challenge is these fits are not well-constrained—Ilarge
regions of parameter space give similar y? for even 3-state fits. Furthermore, extracting/identifying
states that have tiny A; but may contribute significantly to higher n-point functions is challenging.

The GSME (0|00}, and from them g?;bare using Eq. (1), are extracted from fits to the spectral
decomposition of the spin-projected 3-point functions Clipt(t; T):

G (1) = IN(DORON(O) = ) LA GlOF] pye M=M= (3)
i,j=0

where 01? () is the operator, i.e., the probe, inserted at time r. While the ESC decrease exponentially
with source-sink separation 7, the signal-to-noise ratio in the Cgpt also degrades exponentially as
e~ (MN=3/2Mx)T 112 13]. Consequently, even 2-state fits to Eq. (1) with all Ag, M; and the
ATA; <i|016{| J) left as free parameters are poorly constrained. With current data, the Cép " are well-
measured only up to source-sink separation 7 ~ 1.5 fm, and for 7 < 1.5 fm ESC are found to be
significant as illustrated in Fig. 3. The analysis becomes much more stable if one can input, as priors,
the key quantities, Ap and M;, from fits to other correlation functions or from phenomenology.

3. Removing excited-state contributions in nucleon correlation functions

Most readers interested in phenomenology can skip this section as it describes a lattice detail.
On the other hand, controlling and removing excited-state contributions is key to obtaining high
precision results for nucleon calculations and is a good illustration of lattice QCD exhibiting all the
expected subtleties of field theory. Solving this problem is a challenge to the younger practitioners!
The interpolating operator N couples to multihadron (N (p = 1)z (p = —1), N(0)x(0)7(0), .. .),
and radial (N (1440), .. .) excited states, i.e., all states with (1/2%) nucleon quantum numbers. The
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former are towers of states that become arbitrarily dense as pj — 0. Note that the contributions of
roughly degenerate set of states to Eq. (3) can be treated as one term: the effective amplitude equal-
ing the sum of the amplitudes, which is never used after the fit, i.e., only their common energy M; is
relevant. For example, the N(p = 1)x(p = —1) and N(0)7(0)x(0) are approximately degenerate,
so I use the label “Nx” to imply their joint contribution. One can recast Eq. (3) in terms of groups
of nearly degenerate states that give significant ESC and focus on determining an M; for them.

In general, the coupling of a “local” N to a multihadron state is suppressed by the normalizing
factor 1/L3 for each additional particle created. Consequently, one would presume that the contri-
bution of multihadron “Nn” states to n-point functions should be tiny. In reality, we know examples
where “Nn” contributions to certain matrix elements (thus to the corresponding 3-point functions)
are sufficiently enhanced to compensate for the 1/L? suppression of the creation/annihilation am-
plitude [8, 14]. Two examples suggested by yPT are: (i) the pseudoscalar, G p, and induced
pseudoscalar, G p, form factors (FF) extracted from the pseudoscalar/axial current [17] and (ii) the
scalar charges gg’d [8]. The quark line diagrams illustrating this enhancement are shown in Fig. 2
(left and middle). These are in addition to the standard 1-loop yPT contribution shown in Fig. 2
(right) that is applicable to all charges. In the case of the extraction of the axial FF, the analysis (y?)
of the fit to the lattice data for the A4 correlator confirmed the enhanced contribution and the need
for including the N state in the fit. The resulting FF validate this need as they satisfy the PCAC

relation to within expected discretization effects, i.e., the deviations decreased from a factor of =~ 2
u,d '
i
A data-driven method would be established if the y? of the fits in the following two analyses

differed. (i) using M| =~ 1250 MeV (N case) and (ii) M; = 1500 MeV (standard case with M
close to the radial excitation N(1440) mass and assuming multihadron states can be neglected).

to about 10% [14, 16]. Such a data driven confirmation has not yet been achieved for g

In practice, the number of states that can be kept in the spectral decomposition is dictated by the
statistical quality of the data, and, unfortunately, the /\(2 of current fits do not, a priori, distinguish
between the “standard” versus “Nn” analyses even though the M, are quite different. The 7 — oo
values with these two M) are, however, significantly different. As a result, fits to current data with
even 2 excited states use external inputs, notably of the mass gap (AM; = M| — M), rather than
predicting them.

There are 4 approaches being explored: (i) Take the ground state amplitude Ay and masses
M; from fits to the nucleon 2-point correlation functions constructed using the same interpolating
operator N. The shortcoming is—these fits do not expose the N7 states due to the 1/L> sup-
pression. (ii) Take the M; from some other related 3-point functions with enhanced ME. This
strategy works for the axial FF analysis [17]. (iii) Input the phenomenological values of excited
states motivated by yPT via narrow priors. This is used for ggf’d in [8] and the axial FF in [18].
(iv) Construct a variational ansatz for the N and carry out a generalized eigenvalue analysis [19].
This strategy will be challenging if a number of multihadron states are needed. Compounding the
issue of developing data-driven methods, note that the My (1) (-1) becomes smaller than M;q;q1
only for M, < 200 MeV. Thus, to even expose/quantify these effects, one needs data from multiple
ensembles generated with M, < 200 MeV.

We are currently investigating strategy (i), i.e., use much higher statistics data on two physical
masses ensembles to push the analysis to values of 7 at which the 3-state fits to (i) the “standard” ap-
proach with M| and M> taken from a simultaneous fit to 2-point function within a jackknife/bootstrap
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procedure, and (ii) the “Nn” approach with M| = My ., the energy of the non-interacting state using
lattice energies and input using narrow priors, and M, the first excited state mass in the 2-point fit
are distinguished by the y2. This would constitute a data-driven resolution for observables needing
the N state to be included in the ESC analysis.
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Figure 2: Quark line diagrams illustrating the contribution of N7 states. (Left) The current A,, annihilates
the pion in the Nx state produced by the nucleon source. Since the pion is light, the A, can couple to
it anywhere on the time slice , i.e., giving a compensating enhancement of L3. See Ref. [5] for a review.
(Middle—relevant to g;’d) the scalar current couples to a light quark loop creating an enhanced N state [8].
(Right) The standard pion loop contribution to all charges that could be O (5%) be as suggested by yPT.
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Figure 3: In the absence of ESC, the data for the ratio Czpt(t, 7)/C?(£)C? (1 —¢t) in the limits (T — 1) — oo
and t — oo, should be independent of 7 and ¢, i.e., the desired ground-state value given by a horizontal line
about r = 7/2. These examples of the current data [20] show large ESC. The gray band is the estimate of
GSME given by a fit to the n = 2 truncated spectral function. In each column, the data are the same but the
top panel shows a fit without the N state and the bottom with. The y? of these two fits are similar.

4. Renormalization of lattice data

Results obtained with the lattice as the regulator, using a particular formulation of lattice
QCD, and a particular choice of lattice operators need to be expressed in a scheme used by
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phenomenologists, typically MS at scale 4 = 2 GeV. The renormalization of quark bilinears
(calculation of the factors Z4 s 7) is usually done non-perturbatively on the lattice at scale a using
an intermediate scheme such as the regularization independent symmetric momentum subtraction
(RI-sMOM) scheme [10, 11]. Results in this scheme are first matched to the continuum MS scheme
at the same scale a (horizontal matching), and then run to the final scale, say u = 2 GeV. The last
two steps in the calculation are done in the continuum using perturbation theory. Suffice to say this
part of the calculation for nucleon charges is under control at the 1-2% level. See Appendix B in
Ref. [20] for details.

5. Chiral-continuum-finite-volume extrapolation (CCFYV)

u,d,s
A

point, a — 0, M, = 135 MeV, and ML — oo, using the ansatz

The renormalized axial, g , and tensor, g;’d’s , charges are extrapolated to the physical

2 ,~MyL
g(a, My, M;L) = co+cqa+cyM> + c3—2—c— . 4)
VML
It includes the leading corrections in the 3 variables {a, M, M L}. Note that the O(a) term is
pertinent to our lattice setup. It would be c,a” if the action and operators were O (a) improved.
Also, higher order corrections are known but including them results in over parameterization with
current data. Clearly, the goal is to increase the number of {a, M, Mg, ML} points to be able
to include higher order terms. In all calculations so far, there is no evidence for significant finite-
volume corrections for ML > 4 [2]. So this correction is often dropped. Also, a term o M12< is
added to the analysis if it is not tuned to the physical value in the simulations.

The leading chiral contribution to g'g’d is from a term o« M, and the ansatz becomes [§]

gz’d(a,]\4,T,M,TL):do+daa+d21\/l,r+d3M72r+d4M,r (1— )e_M”L, 5

M,L

Note that the finite-volume term is also modified. For the pion-nucleon sigma term, o,y =
mbaregu+d,bare

18 , the data are extrapolated using the N?LO yPT expression [21]:

2
Oan = (da+dSa)M2 + dsM3 + dysMy + dy My log % . (6)
N
Our yPT analysis [8] suggests all five terms contribute significantly. Typically, with data at only
3-4 values of M., one can effectively explore the chiral part of the ansatz with a maximum of three
terms. One more term can be included by fixing the coefficient dg/' to its yPT value evaluated with
My = 0.939GeV, g4 = 1.276, and F, = 92.3MeV [8]. These CCFV extrapolations constitute a
major uncertainty in current calculations. It is steadily decreasing as the number of {a, M, ML}
points, accumulated over a larger range in each variable, are simulated.
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6. Status of results for gz’f"i’} and the o-terms

The current status of the results for 2+1 and 2+1+1-flavor calculations that meet the FLAG
criteria for averaging, is shown in Figs. 4 and 5 taken from Ref. [20]. Overall, all lattice data agree
within 1o. There are two notable (= 20) differences: in g;“ and o,y between the most recent
2+1+1 flavor results from the PNDME [20] and the ETM [22] collaborations. These differences are
mainly due to the handling of ESC, in particular of the Nx states. The PNDME analysis includes
them, while in most cases the others, including ETM, do not or do not find evidence for them. This,
again, highlights the already stated need to resolve the issue of the contribution of multihadron
states in the analysis of ESC.

Note that, at the lowest order, the hadronic part of the interactions with dark matter or novel
Higgs in an effective theory framework is gI'q, where I" could be any element of the 16 Dirac
gamma matrices. Thus, the full set of charges, g,lfx’,%fs,T,v’ provide the full set of couplings needed
by phenomenologists and experimenters to describe these novel phenomena.

u d s
A 8A EA
I b PNDME 25 ¥ bl PNDME 25 T b PNDME 25
+ + +
& & &
! = ETM 24 !L - ETM 24 Il = ETM 24
z z z
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— - . T i
& 0 Mainz 19A & 0 Mainz 19A & I Mainz 19A
Il n I
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Figure 4: Comparison of lattice results obtained using 2+1+1 or 2+1-flavors of quarks that meet the FLAG
criteria. Unfilled symbols indicate unpublished results or are conference proceedings. The references are
PNDME 25 [20], ETM 24 [22] PNDME 18A [3] PNDME 18B [4] Mainz 19A [23] yQCD 18 [24].

7. The axial charges, gZ’d’S, and the nucleon spin

Phenomenologically, the key parameter quantifying the interactions of the neutron with the
weak charged current is the isovector axial charge gl‘f{d. It is measured very accurately from
the asymmetry parameter A (relative to the decay plane defined by the directions of the neutron
spin and the emitted electron’s direction) in the decay distribution of the neutron, n — p +
e~ + V.. High precision results for the ratio of the axial to the vector charge, g4/gyv have been
obtained in two experiments: (i) 1.2772(20) using polarized ultracold neutrons (UCN) by the
UCNA collaboration [39, 40], and (ii) 1.27641(45)(33) using a cold neutron beam in PERKEO

III [41, 42]. An open question is, given these precise measurements, can contributions expected
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Figure 5: (Left) Results for o,n = mudgg"d from 2+1- and 2+1+1-flavor lattice calculations that satisfy
the FLAG criteria for inclusion in averages. The BMW 20 1+1+1+1-flavor result is still a preprint and
listed here under 2+1+1-flavor calculations for brevity. We follow the FLAG conventions and denote direct
determinations by squares and the results obtained using the Feynman-Helmann method by triangles. The
references for the lattice results are: PNDME 25 [20], ETM 24 [22], Gupta 21ahb [8], BMW 20A [25]
ETM 14A [26], Mainz 23ehe [27] RQCD 22xux [28] yQCD 15A [29], BMW 15 [30], BMW 11A [25].
The phenomenological estimates (blue filled circles), obtained using mN scattering data, are from
Hoferichter 23 [31], Ruiz de Elvira 17 [32], Hoferichter 15 [33], Chen 12 [34] Alarcon 11 [35]. (Right)
Results for ;. The additional references for o~y are MILC 12C [36], Junnarkar 13 [37], MILC 09D [38]

from BSM physics be resolved. For this an equally precise (to better than a part in a thousand)
prediction of the value in QCD is needed [43, 44]. Reaching this precision is the goal of lattice
QCD calculations but it is quite a way away—the FLAG 2024 report assigns an ~ 2% uncertainty to
gZ‘d [2]. For further discussion on g%‘d , see the talk by André Walker-Loud at this conference [45].

A gauge invariant decomposition of the nucleon’s total spin into the sum of the contribution
of (i) the intrinsic spin of the quark of flavor g, Aq = AX, = (1)pq+ = gi; (ii) the orbital angular
momentum of that quark, L; and (iii) the total angular momentum of the gluons J, is given by Ji’s

1 1
Loy (EAq+Lq)+Jg )

q=u,d,s,c,

sum rule [46]:

To explain the spin of the proton starting from QCD, all three terms needs to be calculated. The
flavor diagonal charges give the first term, LAY = 3 g=u.d.s %Aq. Our latest result, 3, 4 %Aq =
0.143(24) at 4 GeV? [20], is in good agreement with the COMPASS analysis 0.13 < %AZ <0.18

at 3 GeV? [47]. Note that, above 3 GeV? the change in the axial charges with scale is negligible.

8. Tensor charges, g;’d’s , quark electric dipole moment, and transversity moment

I will use the electric dipole moment of the neutron (nEDM) to illustrate how BSM physics can
give rise to novel phenomena at low energy and/or to provide corrections to the properties of hadrons.
Most BSM models have new sources of CP. At low energies, a renormalization group analysis
(integrating over momenta between the BSM scale A and the hadronic scale ¢ and integrating out
heavy degrees of freedom) gives possible interactions (operators O composed of quarks and gluons)
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organized by their dimension—the effective low-energy theory. One can determine their impact on
low energy phenomena by calculating their ME between hadronic states using lattice QCD.

To motivate the connection between tensor charges and the quark EDM, consider the QCD
Lagrangian in the presence of three P interactions—the ®-term, which is allowed in the standard
model, the quark EDM and the Weinberg three gluon operator, ‘W— at the hadronic scale u (see
Refs. [48, 49] for background)

22
3272

~ e _ - -
Loco—LEp = Laco=3550G G =i Y dg Qo Fryq +day f° G, GPPGLE (8)
q

where Fy,,, and G, are the electromagnetic and chromo field strength tensors, GHY = ehveB Gaop/2,
and o, = (i/2)[Yu,¥v]. The couplings, d,, dqy are of the form c;/AP~* where c; is the coupling
at scale y generated by a renormalization group analysis and D is the dimension of the operator.
Note that the ®-term is part of the SM, but is usually neglected under the assumption that some
form of Peccei-Quinn mechanism relaxes ® — 0 [50]. It, however, also gets contributions due to
mixing with BSM operators, for example the Weinberg operator, under the renormalization group.

The electromagnetic properties of hadrons (nucleons in our case) are extracted from the ME of
the electromagnetic current JEM = eV, = e 2., qyuq within the hadron ground state. Its Lorentz
covariant parameterization in terms of the Dirac, F, Pauli, F,, and electric dipole form factor, F3, is

[w,yv]qv Fq>) vl . Fi(d?)

NIIEM(g)IN) = un (p’ Fi(g*) +i
(NI (@) IN) =un(p’) |yu F1(q7) +i > My > 15 o

where I have neglected the parity violating anapole form factor F4. From these, the Sachs electric,
Gg=F - (q2 /AM 2)F2, and magnetic form factors, Gys = F| + F», are obtained. Taking different
momentum and spin projections of the real and imaginary parts of (N[V,(Q)|N) give the charges
(the electric charge is Gg(0) = F1(0) = 1 due to CVC and the (anomalous) magnetic dipole moment
is F»(0)/2Mp). The form factor F3 arises only if there are interactions that violate parity P and
time reversal T invariances. Each CP operator gives a contribution F3(0)/2My = d,, to the nEDM.

The change to the low energy physics (nEDM) on including CF interactions can arise in two
ways: a change in the probe (vector current) and through the presence of the new interactions in
the Lagrangian. The ® and Weinberg operators do not change the vector current. To get their
contribution to the nEDM, one can use the small ® and dy approximation to expand the CP part
of ngD in the action e~5. The leading order contribution is then given by the correlation of these
operators with the vector current,

QIN OV (ON(0)ID)]op = <N(T) (v,l / d*x @G’“’G’“’) (1) N(0)> : (10)
(QIN (T)V, ()N (0)|2)] g, = <N(T) (Vi / d*x day G, GPPGl) (1) N(0)> .
In short, the presence of CP operator changes the coupling of the vector current to the neutron by a

tiny amount due to the generation of an EDM whose value is given by the correlation of the gluonic
operator (® or ‘W) with the vector 3-point function. Parenthetically, the CP modification §g of
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the pion-nucleon coupling g, is obtained by a similar calculation with V), replaced by the axial
current A, in Egs. (10) and (11).

The leading contribution of the quark EDM operator to nEDM comes from a new term,
% 2.qdq otV q, in the vector current derived from the Lgé I
ME are the tensor charges g;’d’s and their contribution to the nEDM is 3, d, g;. These charges,

using the Noether’s theorem. Its

in particular g;’d, are well determined, while g7. is tiny, however reducing the uncertainty in it
is important if dy is enhanced by m; as expected if the BSM CF interactions are Higgs-like. An
analysis of the constraints on the CP couplings d,, using our lattice QCD values for g;’d’s has been
presented in Refs. [4], and these d; in the split SUSY scenario with gaugino mass unification [51—
53]. So far, in lattice QCD calculations of the contribution of various operators to nEDM, the
charges g;’d’s giving the contribution of the quark EDM operators, are the only robust numbers.

Results for the contribution of the ®-term to nEDM (after the understanding of, and taking
into account, the phase ¢"®9575 that arises in the nucleon spinor due to each CP operator O in
Ref. [54]) have been presented in Refs. [55-58]. At first sight, in terms of collecting lattice data,
this is a controlled calculation requiring weighting the matrix element of the vector current by the
topological charge Q on each lattice. Getting a statistical signal in F3(0) and the systematics have,
however, proven to be challenging. Practitioners have used various methods to calculate Q: the
integral f d*x G*¥GH using gauge links on gradient flowed lattices [55, 57], the fermion method
using the pseudoscalar density [56], and the overlap Dirac operator [58]. These give similar results.
For renormalization, one basically needs only Zy, which is well determined.

Overall, the validity of these results lies in the practitioner’s eye! In Refs. [55, 58], the
calculations were done on ensembles with M, > 339 MeV and the data extrapolated to the physical
M, = 135 MeV. The fit and the error at M, = 135 MeV is dominated by the use of the constraint
dy/® =0at M, = 0. In my opinion, more data closer to M, = 135 MeV are needed to validate
both the chiral fit and the value.

The Los Alamos group [57] do have data at M, ~ 135 MeV, which by itself, and consequently
the final result, has much larger errors. The more important issue they raise is whether Nx states
should be included in removing ESC as suggested by a yPT analysis. Unfortunately, the result even
changes sign between the two analyses. My overall conclusion is much more work needs to be done
to get data closer to M, = 135 MeV, increase statistical precision and resolve the ESC conundrum.

The lattice calculations of the remaining leading CF operators: the quark chromo EDM [59],
the Weinberg [60] and the 4-fermion operators are in even earlier stages of development.

9. Scalar charges gg’d’s, the pion-nucleon sigma term oy, the strangeness content o

The matrix elements of the flavor diagonal scalar quark bilinear operators are used to calculate
the pion-nucleon sigma term o, which gives the dependence of the nucleon mass on the quark
mass, and the strangeness content y of the nucleon. These are defined as

OMny _ 2(N|3sIN)

oxNn = my{Nliu+ dd|N) = m o =my{N|ss|N), =
N l< | | > 1 K s< | | > <N|I/_H/£+dd|N>

12)

my

Two methods have been used to calculate these ME: (i) the direct evaluation of the matrix elements
(sum of the connected and disconnected contributions from the quark line diagrams shown in Fig. 1),
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and (ii) using the Feynman-Hellmann theorem to evaluate the derivative of the nucleon mass with
respect to the quark mass. The equality of the two methods for o, is shown in Eq. (12). The
world data for o, and o is shown in Fig. 5 using the FLAG format.

The average of lattice QCD results from 2+1-flavor simulations given in the FLAG 2024 report,
which predates the results in [20]1S 07 v [no Nz = 42.2(2.4) MeV [2], while the latest phenomenolog-
ical analysis using the N scattering data, and including corrections due to isospin violations [31], is
02N |pheno = 55.9(3.6) MeV. On the other hand, our lattice QCD result including the N state in the
analysis gave 0N |nx = 59.6(7.4) MeV and without it 0z N |no Nz = 41.9(4.9) MeV [8] (updated
to 0N |Nx = 61(6) MeV and 0z N |no Nz = 42(6) MeV in [20]). Thus, the main issue confronting
lattice calculations is—should the Nz state be included in the analysis? If yes, as suggested by
xPT [8], then our o v | v » Suggests no tension between the lattice QCD and the phenomenological
result, otherwise there is an ~ 4.50 tension. Hopefully, more precise lattice calculations underway
will shed light on this issue. For dark matter direct detection experiments, a larger gg’d is good
news since the cross-section in the favored scalar channel is o« ( g’;,’d)z.

In the case of oy, the lightest multihadron intermediate state in Fig. 1 (middle) would be
YK, which is heavier than N(1440). Thus the standard analyses is appropriate. The FLAG 2024
report gives o = 41.0(8.8) MeV (44.9(6.4) MeV) for the 2+1+1-flavor (2+1-flavor) theory. Our
2+1+1-flavor result, o5 |no Nz = 35(13) MeV [20], is consistent but has much larger uncertainty as
shown in Fig. 5.

10. Conclusions and Future Prospects

Lattice QCD results for all the charges will, steadily over time, continue to improve in precision.
The slowest part of the numerical calculation is of the disconnected diagrams and new ideas would
help. The two largest systematics in current results are removing the contributions of excited states
and the CCFV extrapolation to get physical results. The second can be addressed by increasing the
number and range of {a, M, M L} points simulated close to the physical pion mass, and increasing
the statistics. The community is doing this. I see accelerating the calculation of the disconnected
contributions and removing the contribution of excited states as the main bottlenecks. Of course,

Mn-1.5M

underlying it all is the S2N problem due to the exponential, e =, growth of the noise in all

n-point nucleon correlation functions. Is this an inherent problem or waiting for a clever idea?

My estimate is the community will reach an overall 1% precision in all isovector charges in
d

T’
attainable. The main limiting factor will be the amount of resources devoted to the calculations of

the disconnected diagrams. The charges g%, . are small in magnitude and a 20% precision would
be a good target.

the next five years. For the flavor-diagonal charges, gl'f{ results with 2% precision should be

The most interesting case is of the scalar charges gg’d’s. Resolving whether multihadron N7
states make significant contributions to the respective correlation functions is the key bottleneck.
Numerical tools and algorithms developed to first reduce their contribution in the correlation func-
tions simulated coupled with data-driven analysis strategies to remove the remaining contributions
using their spectral decomposition will have a broad impact on the field.
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