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We report a state-of-the-art lattice QCD calculation of the isovector quark transversity distribution of the
proton in the continuum and physical mass limit using large-momentum effective theory. The calculation is
done at four lattice spacings a ¼ f0.098; 0.085; 0.064; 0.049g fm and various pion masses ranging
between 220 and 350 MeV, with proton momenta up to 2.8 GeV. The result is nonperturbatively
renormalized in the hybrid scheme with self-renormalization, which treats the infrared physics at large
correlation distance properly, and extrapolated to the continuum, physical mass, and infinite momentum
limit. We also compare with recent global analyses for the nucleon isovector quark transversity distribution.
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Introduction.—Parton distribution functions (PDFs) char-
acterize the internal structure of hadrons in terms of the
number densities of their quark and gluon constituents.
They are crucial inputs for interpreting the experimental

data collected at high-energy colliders such as the LHC.
At leading-twist accuracy, there exist three quark PDFs: the
unpolarized, the helicity, and the transversity PDF [1].
Among them, the transversity PDF describes the correlation
between the transverse polarizations of the nucleon and its
quark constituents, thus, plays an important role in describ-
ing the transverse spin structure of the nucleon [2]. In
contrast to the unpolarized and helicity PDFs, the trans-
versity PDF is much less constrained from experiments.
This is because it is a chiral-odd quantity and has to couple
to another chiral-odd quantity, such as the chiral-odd
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fragmentation or distribution function, in order to be
measurable experimentally [3–5]. Currently, our knowledge
of the transversity PDF mainly comes from measuring
certain spin asymmetries in semi-inclusive deep-inelastic
scattering or electron-positron annihilation to a hadron
pair and Drell-Yan processes [6,7]. Based on these data,
various global analyses of the transversity PDF have been
performed [6,8–18]. Such analyses are expected to be
greatly improved when more accurate data are accumulated
at ongoing and future experiments at, e.g., the JLab 12 GeV
upgrade and the Electron-Ion Collider (EIC).
On the other hand, recent theoretical developments

[19–24] have allowed us to calculate and fit the Bjorken
x dependence of PDFs from first-principle lattice QCD.
Such calculations are particularly important for quantities
like the nucleon transversity PDF which are hard to extract
from experiments. In the past few years, several lattice
calculations [25–27] of the nucleon transversity PDF have
been carried out using either the large-momentum effective
theory (LaMET) [20,21,28] or the short-distance expansion
(pseudo-PDF) [24]. However, they were all done at a single
lattice spacing, while a reliable extrapolation to the con-
tinuum is required to make a comparison with experimental
measurements. Moreover, the nonperturbative renormaliza-
tion used in these calculations has been shown to suffer from
undesired infrared (IR) effects arising from the improper
renormalization at long distances [29]. Therefore, it is highly
desirable to obtain a reliable prediction that uses a proper
renormalization and is valid in the continuum and physical
mass limit. This is the purpose of the present work.
In this Letter, we present a state-of-the-art lattice calcu-

lation of the isovector quark transversity PDF δuðxÞ − δdðxÞ
of the proton, using the LaMETapproach. The lattice matrix
elements of the transversity quasi-PDF are calculated at four
lattice spacings a ¼ f0.098; 0.085; 0.064; 0.049g fm and
various pion masses ranging between 220 and 350 MeV,
with proton momenta up to 2.8 GeV. The result is non-
perturbatively renormalized in the hybrid scheme [29] with
self-renormalization [30] proposed recently, which is a
viable IR-safe renormalization approach, and extrapolated
to the continuum, physical mass, and infinite momentum.
We also make a comparison between our results and recent
global analyses on the isovector quark transversity PDF of
the proton [6,18].
Theoretical framework.—The leading-twist quark trans-

versity PDF δqðxÞ of the proton is defined as [2]

δqðx; μÞ ¼
Z

dξ−

4π
e−ixP

þξ−hPS⊥jψ̄ðξ−Þγþγ⊥γ5
×W½ξ−; 0�ψð0ÞjPS⊥i; ð1Þ

where jPS⊥i denotes a transversely polarized proton with
momentum P along the z direction and polarization S⊥
along the transverse direction, x is the momentum fraction
carried by the quark, μ is the renormalization scale in the

MS scheme, ξ� ¼ ðξt � ξzÞ= ffiffiffi
2

p
are light-cone coordinates,

andW½ξ−; 0� ¼ P exp½ig R 0
ξ− du n · AðunÞ� is the gauge link

along the light-cone direction ensuring gauge invariance of
the nonlocal quark bilinear correlator.
According to LaMET,we can extract the transversity PDF

from the following transversity quasi-PDF on the lattice:

δq̃ðx; Pz; 1=aÞ ¼
Z

dz
2π

PzeixzPz h̄ðz; Pz; 1=aÞ;

h̄ðz; Pz; 1=aÞ ¼
1

2P0

hPS⊥jψ̄ðzÞγtγ⊥γ5W½z; 0�ψð0ÞjPS⊥i;

ð2Þ
where h̄ðz; Pz; 1=aÞ is the equal-time or quasi-light-front
(quasi-LF) correlation that can be calculated directly on the
lattice and a denotes the lattice spacing. Throughout this
Letter, we take the flavor combination δũðxÞ − δd̃ðxÞ to
eliminate disconnected contributions.
The bare quasi-LF correlation above contains both linear

and logarithmic ultraviolet (UV) divergences, which need
to be removed by a proper nonperturbative renormalization.
Various approaches have been suggested and implemented
in the literature [31–36]. However, they all suffer from the
problem that the renormalization factor introduces unde-
sired nonperturbative contributions distorting the IR behav-
ior of the original quasi-LF correlation. This is avoided in
the so-called hybrid scheme [29], where one separates the
quasi-LF correlations at short and long distances and
renormalize them separately. At short distances, the
renormalization is done by dividing by the same hadron
matrix element in the rest frame, as is done in the ratio
scheme [34]; at long distances, one removes the UV
divergences of the quasi-LF correlation only, which are
determined by the so-called self-renormalization [30]
through fitting the bare matrix elements at multiple lattice
spacings to a physics-dictated functional form. The renor-
malized quasi-LF correlation then takes the following form:

h̃Rðz; PzÞ ¼
h̃ðz; Pz; 1=aÞ

h̃ðz; Pz ¼ 0; 1=aÞ θðzs − jzjÞ

þ ηs
h̃ðz; Pz; 1=aÞ
ZRðz; 1=aÞ

θðjzj − zsÞ; ð3Þ

where we have introduced an additional normalization
h̃ðz; Pz; 1=aÞ ¼ h̄ðz; Pz; 1=aÞ=h̄ðz ¼ 0; Pz; 1=aÞ to cancel
lattice artifacts. As a result, our Fourier transformed
momentum distribution will give 1 rather than the nucleon
isovector tensor charge gT upon integration. Our gT ¼
1.018ð68Þ is extracted from the local matrix elements and is
consistent with the Mainz19, FLAG21 result [37,38] (see
Supplemental Material [39] for the details of extracting
nucleon isovector tensor charge gT , which includes
Refs. [40–42]). In Eq. (3), zs is introduced to separate
the short and long distances and has to lie in the
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perturbative region. ZRðz; 1=aÞ denotes the renormalization
factor extracted from the self-renormalization procedure
using the same transversity three-point correlator in the rest
frame. Details are given in Supplemental Material [39]. We
have included a factor ηs which is similar to a scheme
conversion factor and determined by requiring continuity of
the renormalized quasi-LF correlation at z ¼ zs. Of course,
one needs to check the stability of the final result with
respect to the choice of zs. We vary zs in a certain
perturbative range and include the difference in the sys-
tematic uncertainties. Note that all singular dependence on
a has been canceled in the above equation so that h̃R is
independent of a (up to some finite discretization effects).
After performing a Fourier transform tomomentum space,

we can match the transversity quasi-PDF to the transversity
PDF through the following perturbative matching:

δq̃ðx; PzÞ ¼
Z

1

−1

dy
jyjC

�
x
y
;
μ

yPz

�
δqðy; μÞ

þO
� Λ2

QCD

ðxPzÞ2
;

Λ2
QCD

½ð1 − xÞPz�2
�
; ð4Þ

where C is the perturbative matching kernel whose explicit
expression toOðαsÞ is given in Supplemental Material [39]
(which includes Refs. [43,44]). The transversity at neg-
ative y can be interpreted as the antiquark transversity
via the relation δq̄ðy; μÞ ¼ −δqð−y; μÞ. Of½Λ2

QCD=ðxPzÞ2�;
(Λ2

QCD=½ð1 − xÞPz�2)g denotes higher-twist contributions
suppressed by the nucleon momentum Pz.
Lattice calculation.—To improve the signal-to-noise ratio

of calculations with high-momentum nucleon states, we
employ the momentum smearing source technique [45].
Besides,we apply two-stepAPE smearing to further improve
the signal. We also use the sequential source method with
fixed sink to calculate the quark three-point correlator, as
illustrated in Fig. 1. In order to perform the continuum and
chiral extrapolation, we use six different lattice ensembles
generated by the CLSCollaboration [46] with lattice spacing
a ¼ f0.098; 0.085; 0.064; 0.049g fm and pion masses rang-
ing between 354 and 222 MeV. For each ensemble, we
calculate several source-sink separations with hundreds to
thousands of measurements among 500 gauge configura-
tions (for X650, it is 1500 because the autocorrelation time is
larger for this rather coarse lattice). Details of the lattice setup
and parameters are collected in Table I.
The bare matrix elements are calculated with the

nucleon carrying different spatial momenta on each
ensemble: Pz ¼ f1.84; 2.37; 2.63g GeV on X650, Pz ¼
f1.82; 2.27; 2.73g GeV on H102, Pz ¼ 1.82 GeV on H105
and C101, Pz ¼ f1.62; 2.02; 2.43; 2.83; 3.24g GeV on
N203, and Pz ¼ f2.09; 2.62g GeV on N302. We also
calculate the zero-momentum bare matrix elements for
each ensemble, which provide the renormalization factor at
short distance and the inputs to extract the renormalization
factor at long distance through self-renormalization.

To extract the ground state matrix element, we decom-
pose the two-point correlator C2ptðPz; tsepÞ and three-point
correlator C3pt

Γ ðPz; t; tsepÞ (with Γ ¼ γtγ⊥γ5) as in [48]:

C2ptðPz;tsepÞ¼jA0j2e−E0tsepþjA1j2e−E1tsepþ���;
C3pt
Γ ðPz;t;tsepÞ¼jA0j2h0jOΓj0ie−E0tsep

þjA1j2h1jOΓj1ie−E1tsep

þA1A�
0h1jOΓj0ie−E1ðtsep−tÞe−E0t

þA0A�
1h0jOΓj1ie−E0ðtsep−tÞe−E1tþ���; ð5Þ

where h0jOΓj0i ¼ h̃ðz; Pz; 1=aÞ is the ground state
matrix element and t denotes the insertion time of OΓ.
The ellipses denote the contribution from higher excited
states of the nucleon which decay faster than the
ground state and first-excited state. We extract the ground
state matrix element by performing a two-state combined
fit with C2ptðPz; tsepÞ and the ratio RΓðz; Pz; tsep; tÞ ¼
C3pt
Γ ðz; Pz; tsep; tÞ=C2ptðPz; tsepÞ. Details of the fit can be

found in Supplemental Material [39].

FIG. 1. Illustration of the sequential source method. The time
direction is from source to sink. Propagators S1;2 are combined to
construct the sequential source. The inversion with the sequential
source gives propagator S4. S4, S3, gauge link W, and necessary
projectors are assembled to get the three-point correlator.

TABLE I. The simulation setup, including lattice spacing a,
lattice size L3 × T, and the pion masses [47]. The parameters of
X650 are exactly the same asA654 [48], except that X650’s spatial
volume is 8 times that of A654. For more details, we refer the
interested readers to Table II in Supplemental Material [39]. For
zero-momentum matrix elements, the numbers of configurations
used are reduced to 350 for H102, and 100 for H105 and N203,
because that already gives a satisfactory signal-to-noise ratio.

Ensemble a (fm) L3 × T mπ (MeV) mπL Nconf

X650 0.098 483 × 48 338 8.1 1500
H102 0.085 323 × 96 354 4.9 500
H105 0.085 323 × 96 281 3.9 500
C101 0.085 483 × 96 222 4.6 500
N203 0.064 483 × 128 348 5.4 500
N302 0.049 483 × 128 348 4.2 500
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In Fig. 2, we plot the renormalized quasi-LF correlation
in the hybrid scheme, as a function of the quasi-LF distance
λ ¼ zPz. Note that our normalized quasi-LF correlation has
the advantage that the one-loop logarithms in the chiral
extrapolation [see Eq. (7) below] will get partially canceled.
The data points are obtained on ensembles with nearly the
same pion mass. As can be seen from the figure, the results
show a good convergence as Pz increases for all ensembles.
However, as we increase the nucleon boost momentum, the
excited-state contamination worsens so that uncertainties
increase. The Pz ¼ 2.63 GeV data on X650 and Pz ¼
3.23 GeV data on N203 have much larger uncertainties
compared to other datasets due to the relatively larger
momentum on these ensembles. We exclude them in our
analysis below. In Fig. 3, we show the pion mass depend-
ence of the renormalized quasi-LF correlations on ensem-
bles with the same lattice spacing a ¼ 0.085 fm, where the
pion masses are mπ ¼ f354; 281; 222g MeV, respectively.
As shown in the figure, the results exhibit only a very mild
dependence on the pion mass.
From the figures above, we can see that the uncertainty

of the renormalized quasi-LF correlation grows at large
distance, while a Fourier transform to momentum space
requires the quasi-LF correlation at all distances. If we do a
brute-force truncation and Fourier transform, unphysical
oscillations will appear in the momentum space distribu-
tion. To resolve this issue, we adopt a physics-based
extrapolation form [29] at large quasi-LF distance:

HR
mðz; PzÞ ¼

�
c1

ðiλÞa þ e−iλ
c2

ð−iλÞb
�
e−λ=λ0 ; ð6Þ

where the algebraic terms in the square bracket account for
a power law behavior of the transversity PDFs in the end
point region and the exponential term comes from the
expectation that at finite momentum the correlation func-
tion has a finite correlation length (denoted as λ0) [29],
which becomes infinite when the momentum goes to

infinity. The detail of the extrapolation is expected to
affect the final results in the small- and large-x region where
LaMET expansion breaks down [28]. An example of the
extrapolation is given in Supplemental Material [39].
After the renormalization and extrapolation, we can

Fourier transform the quasi-LF correlation to momentum
space and extract the transversity PDF by applying per-
turbative matching. The transversity PDF extracted this
way still contains lattice artifacts which shall be removed
by performing a continuum extrapolation. Also, our cal-
culations are not done at infinite momentum and the
physical point, so we have to extrapolate to infinite

FIG. 2. The real (top) and imaginary (bottom) parts of the renormalized matrix elements for different ensembles as functions of λ at
scale μ ¼ 2 GeV.

FIG. 3. The pion mass dependence of the real (top) and
imaginary (bottom) part of the renormalized matrix elements
for different ensembles with the same lattice spacing a ¼
0.085 fm and momentum Pz ¼ 1.82 GeV.
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momentum and physical pion mass. To this end, we
perform a simultaneous extrapolation using the following
functional form including a, Pz, and mπ:

δqðx; Pz; a;mπÞ

¼ 1 − g0m2
π lnðm2

π=μ20Þ þm2
πkðxÞ

1 − g0m2
π lnðm2

π=μ20Þ

×

�
δq0ðxÞ þ a2fðxÞ þ a2P2

zhðxÞ þ
gðx; aÞ
P2
z

�
; ð7Þ

where δqðx; Pz; a;mπÞ on the lhs denotes the transversity
PDF results obtained in our calculation on different
ensembles. The extrapolation of the pion mass dependence
follows from the study in Ref. [49] (with μ0 ¼ 1 GeV and
g0 ¼ −ð4g2A þ 1Þ=½2ð4πfπÞ2� and gA the axial charge of the
nucleon) and for the CLS ensembles in Ref. [50]. The
a2fðxÞ term denotes the leading discretization error which
begins at Oða2Þ as the lattice action is already OðaÞ
improved. The a2P2

z term represents the momentum-
dependent discretization error. The last term in the square
bracket accounts for the leading higher-twist contribution,
where in the numerator we also include a potential a
dependence. Choosing gðx; aÞ as a generic function or
parametrizing it with a quadratic form in a yields similar
results with slightly different errors. We refer the readers to
Supplemental Material [39] for details of this extrapolation.
Eventually, the desired transversity PDF is given by

δqðxÞ ¼ 1 − g0m2
π;phys lnðm2

π;phys=μ
2
0Þ þm2

π;physkðxÞ
1 − g0m2

π;phys lnðm2
π;phys=μ

2
0Þ

× δq0ðxÞ; ð8Þ

where mπ;phys ¼ 135 MeV.
The fitting to extract bare matrix elements, the hybrid

renormalization, large-λ extrapolation, Fourier transforma-
tion, and combined extrapolation are performed based
on 4000 bootstrap resampled two-point and three-point
correlators.
Numerical result.—Our final result for the physical

isovector quark transversity PDF δuðxÞ − δdðxÞ (normal-
ized by nucleon isovector tensor charge gT) is shown in
Fig. 4, together with the results of recent global analyses
from the JAM Collaboration (JAM20 [18] and JAM22 [6]).
JAM20 is the global analysis that finds, for the first time,
agreement between phenomenology and lattice calculation
of all nucleon tensor charges δu; δd and the isovector
combination gT . JAM22 provides an update to JAM20 by
including certain new datasets and constraints from the
Soffer bound and lattice gT result. Given the sensitivity of
the results to the choice of datasets, we tend to view the
difference between the two curves as an indication of
systematic uncertainties from global fits. As can be seen
from the figure, our result lies between the two global

analyses and agrees with both within 1 − 2σ error. Note
that we have plotted two shaded bands at the end point
regions to indicate that LaMET predictions are not reliable
there (taken as x∈ ½−0.1; 0.1� and x∈ ½0.9; 1�), which are
estimated from the observation that the higher-twist
terms in LaMET factorization Eq. (4) are of Oð1Þ, i.e.,
ΛQCD=ðxPzÞ ∼ 1 and ΛQCD=½ð1 − xÞPz� ∼ 1 with the high-
est momentum in this Letter Pz ¼ 2.83 GeV. This estima-
tion is consistent with the recent approach incorporating the
renormalization group resummation procedure [51], as can
be seen from Supplemental Material [39]. Our error band
includes both statistical and systematic uncertainties, where
the latter have four different sources. The first is the
renormalization scale dependence, which is estimated by
varying the scale to 3 GeV. The second error comes from
the extrapolation to continuum, infinite momentum, and
physical mass, which is relatively small. The third error is
from the choice of zs in the hybrid renormalization scheme.
We choose zs ¼ 0.3 fm, vary it down to zs ¼ 0.18 fm, and
take the difference as a systematic error. Lastly, the large λ
extrapolation also introduces some error that mainly affects
the small-x region −0.2≲ x≲ 0.2. We have chosen differ-
ent regions to do the extrapolation to estimate this error.
More details of the systematic uncertainties can be found in
Supplemental Material [39].
In the negative-x region, our result is consistent with

zero, which puts a strong constraint on the sea flavor
asymmetry. JAM plans to update their global analysis by
including spin asymmetry data from STAR [6]. It will be
very interesting to see how their new analysis compares
with our lattice result.
Summary.—We present a state-of-the-art calculation

of the isovector quark transversity PDF with LaMET.

FIG. 4. Our final proton isovector transversity PDF at renorm-
alization scale μ ¼ 2 GeV, extrapolated to the continuum, physi-
cal pionmass, and infinitemomentum limit (a → 0,mπ → mπ;phys,
Pz → ∞), compared with JAM20 [18] and JAM22 [6] global fits.
All results are normalized to the nucleon isovector tensor charge
gT . The blue error band includes both statistical and systematic
errors. The vertical light gray bands denote the end point regions
where LaMET predictions are not reliable.
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The calculation is done at various lattice spacings, pion
masses, and large nucleon momenta and extrapolated to the
continuum, physical mass, and infinite momentum limit.
With high statistics, we have performed multistate analyses
with multiple source-sink separations to remove the
excited-state contamination and applied state-of-the-art
renormalization, matching, and extrapolation. Our result
provides the most reliable lattice prediction of the isovector
quark transversity PDF in the proton so far and will offer
guidance to measurements at JLab and EIC.

We thank the CLS Collaboration for sharing the lattices
used to perform this study. We are grateful to Wolfgang
Söldner for helpful discussions on the X650 ensemble and
Daniel Pitonyak and Nobuo Sato for providing the JAM fits
data of the transversity PDF.Wealso thankYu-ShengLiu and
Yong Zhao for helpful correspondence. A. S. thanks the
University of the Basque Country, Bilbao for hospitality.
This work was supported in part by the High Performance
Computing Center of Central South University. The
authors gratefully acknowledge the Gauss Centre for
Supercomputing e.V. for funding this project by providing
computing time on the GCS Supercomputer SuperMUC at
Leibniz Supercomputing Centre. The LQCD calculations
were performed using the multigrid algorithm [52,53] and
Chroma software suite [54]. X. X. is supported in part by the
National Natural Science Foundation of China under Grants
No. 12275364 and No. 11905296. Y. Y. is supported in part
by the National Natural Science Foundation of China under
Grant No. 12293060, No. 12293062 and No. 12047503 and
the Strategic PriorityResearchProgramofChineseAcademy
of Sciences, Grants No. XDB34030303 andNo. YSBR-101.
F. Y., L.M., and J.-H. Z. are supported in part by theNational
Natural Science Foundation of China under Grants
No. 11975051 and No. 12375080. A. S., H.-T. S., P. S.,
Y. Y., and J.-H. Z. are also supported by a NSFC-DFG
joint grant under Grant No. 12061131006 and SCHA 458/
22. P. S. is also supported by Strategic Priority Research
Program of the Chinese Academy of Sciences under
Grant No. XDB34030301. X. J. is supported by the U.S.
Department of Energy, Office of Science, Office of Nuclear
Physics, under Contract No. DE-SC0020682. J.-W. C. is
supported by the Taiwan Ministry of Science and
Technology under Grant No. 111-2112-M-002-017 and
the Kenda Foundation. J. H. is supported by National
Natural Science Foundation of China under Grant
No. 12205106 and Guangdong Major Project of Basic
and Applied Basic Research No. 2020B0301030008.

*Corresponding author: pengsun@impcas.ac.cn
†Corresponding author: xnxiong@csu.edu.cn

[1] J. P. Ralston and D. E. Soper, Nucl. Phys. B152, 109 (1979).
[2] R. L. Jaffe and X. D. Ji, Phys. Rev. Lett. 67, 552 (1991).
[3] R. L. Jaffe and X. D. Ji, Nucl. Phys. B375, 527 (1992).

[4] J. L. Cortes, B. Pire, and J. P. Ralston, Z. Phys. C 55, 409
(1992).

[5] R. L. Jaffe and X. D. Ji, Phys. Rev. Lett. 71, 2547 (1993).
[6] L. Gamberg, M. Malda, J. A. Miller, D. Pitonyak, A.

Prokudin, and N. Sato (Jefferson Lab Angular Momentum
(JAM) Collaboration), Phys. Rev. D 106, 034014 (2022).

[7] M. Constantinou, A. Courtoy, M. A. Ebert, M. Engelhardt,
T. Giani, T. Hobbs, T. J. Hou, A. Kusina, K. Kutak, J. Liang
et al., Prog. Part. Nucl. Phys. 121, 103908 (2021).

[8] M. Anselmino, M. Boglione, U. D’Alesio, A. Kotzinian, F.
Murgia, A. Prokudin, and C. Turk, Phys. Rev. D 75, 054032
(2007).

[9] M. Anselmino, M. Boglione, U. D’Alesio, A. Kotzinian, F.
Murgia, A. Prokudin, and S. Melis, Nucl. Phys. B, Proc.
Suppl. 191, 98 (2009).

[10] M. Anselmino, M. Boglione, U. D’Alesio, S. Melis,
F.Murgia, andA. Prokudin, Phys. Rev. D 87, 094019 (2013).

[11] Z. B. Kang, A. Prokudin, P. Sun, and F. Yuan, Phys. Rev. D
91, 071501(R) (2015).

[12] Z. B. Kang, A. Prokudin, P. Sun, and F. Yuan, Phys. Rev. D
93, 014009 (2016).

[13] A. Bacchetta, A. Courtoy, and M. Radici, Phys. Rev. Lett.
107, 012001 (2011).

[14] A. Bacchetta, A. Courtoy, and M. Radici, J. High Energy
Phys. 03 (2013) 119.

[15] M. Radici, A. Courtoy, A. Bacchetta, and M. Guagnelli,
J. High Energy Phys. 05 (2015) 123.

[16] H.W. Lin, W. Melnitchouk, A. Prokudin, N. Sato, and H.
Shows, Phys. Rev. Lett. 120, 152502 (2018).

[17] M. Radici and A. Bacchetta, Phys. Rev. Lett. 120, 192001
(2018).

[18] J. Cammarota, L. Gamberg, Z. B. Kang, J. A. Miller, D.
Pitonyak, A. Prokudin, T. C. Rogers, and N. Sato (Jefferson
Lab Angular Momentum Collaboration), Phys. Rev. D 102,
054002 (2020).

[19] V. Braun and D. Müller, Eur. Phys. J. C 55, 349 (2008).
[20] X. Ji, Phys. Rev. Lett. 110, 262002 (2013).
[21] X. Ji, Sci. China Phys. Mech. Astron. 57, 1407 (2014).
[22] Y. Q.Ma and J. W. Qiu, Phys. Rev. Lett. 120, 022003 (2018).
[23] H.W. Lin, E. R. Nocera, F. Olness, K. Orginos, J. Rojo, A.

Accardi, C. Alexandrou, A. Bacchetta, G. Bozzi, J. W. Chen
et al., Prog. Part. Nucl. Phys. 100, 107 (2018).

[24] A. V. Radyushkin, Phys. Rev. D 96, 034025 (2017).
[25] C. Alexandrou, K. Cichy, M. Constantinou, K. Jansen, A.

Scapellato, and F. Steffens, Phys. Rev. D 98, 091503(R)
(2018).

[26] Y. S. Liu, J. W. Chen, L. Jin, R. Li, H.W. Lin, Y. B. Yang,
J. H. Zhang, and Y. Zhao, arXiv:1810.05043.

[27] C. Egerer et al. (HadStruc Collaboration), Phys. Rev. D 105,
034507 (2022).

[28] X. Ji, Y. Liu, Y. S. Liu, J. H. Zhang, and Y. Zhao, Rev. Mod.
Phys. 93, 035005 (2021).

[29] X. Ji, Y. Liu, A. Schäfer, W. Wang, Y. B. Yang, J. H. Zhang,
and Y. Zhao, Nucl. Phys. B964, 115311 (2021).

[30] Y. K. Huo et al. (Lattice Parton Collaboration (LPC)), Nucl.
Phys. B969, 115443 (2021).

[31] J. W. Chen, X. Ji, and J. H. Zhang, Nucl. Phys. B915, 1
(2017).

[32] T. Izubuchi, X. Ji, L. Jin, I. W. Stewart, and Y. Zhao, Phys.
Rev. D 98, 056004 (2018).

PHYSICAL REVIEW LETTERS 131, 261901 (2023)

261901-6

https://doi.org/10.1016/0550-3213(79)90082-8
https://doi.org/10.1103/PhysRevLett.67.552
https://doi.org/10.1016/0550-3213(92)90110-W
https://doi.org/10.1007/BF01565099
https://doi.org/10.1007/BF01565099
https://doi.org/10.1103/PhysRevLett.71.2547
https://doi.org/10.1103/PhysRevD.106.034014
https://doi.org/10.1016/j.ppnp.2021.103908
https://doi.org/10.1103/PhysRevD.75.054032
https://doi.org/10.1103/PhysRevD.75.054032
https://doi.org/10.1016/j.nuclphysbps.2009.03.117
https://doi.org/10.1016/j.nuclphysbps.2009.03.117
https://doi.org/10.1103/PhysRevD.87.094019
https://doi.org/10.1103/PhysRevD.91.071501
https://doi.org/10.1103/PhysRevD.91.071501
https://doi.org/10.1103/PhysRevD.93.014009
https://doi.org/10.1103/PhysRevD.93.014009
https://doi.org/10.1103/PhysRevLett.107.012001
https://doi.org/10.1103/PhysRevLett.107.012001
https://doi.org/10.1007/JHEP03(2013)119
https://doi.org/10.1007/JHEP03(2013)119
https://doi.org/10.1007/JHEP05(2015)123
https://doi.org/10.1103/PhysRevLett.120.152502
https://doi.org/10.1103/PhysRevLett.120.192001
https://doi.org/10.1103/PhysRevLett.120.192001
https://doi.org/10.1103/PhysRevD.102.054002
https://doi.org/10.1103/PhysRevD.102.054002
https://doi.org/10.1140/epjc/s10052-008-0608-4
https://doi.org/10.1103/PhysRevLett.110.262002
https://doi.org/10.1007/s11433-014-5492-3
https://doi.org/10.1103/PhysRevLett.120.022003
https://doi.org/10.1016/j.ppnp.2018.01.007
https://doi.org/10.1103/PhysRevD.96.034025
https://doi.org/10.1103/PhysRevD.98.091503
https://doi.org/10.1103/PhysRevD.98.091503
https://arXiv.org/abs/1810.05043
https://doi.org/10.1103/PhysRevD.105.034507
https://doi.org/10.1103/PhysRevD.105.034507
https://doi.org/10.1103/RevModPhys.93.035005
https://doi.org/10.1103/RevModPhys.93.035005
https://doi.org/10.1016/j.nuclphysb.2021.115311
https://doi.org/10.1016/j.nuclphysb.2021.115443
https://doi.org/10.1016/j.nuclphysb.2021.115443
https://doi.org/10.1016/j.nuclphysb.2016.12.004
https://doi.org/10.1016/j.nuclphysb.2016.12.004
https://doi.org/10.1103/PhysRevD.98.056004
https://doi.org/10.1103/PhysRevD.98.056004


[33] C. Alexandrou, K. Cichy, M. Constantinou, K.
Hadjiyiannakou, K. Jansen, H. Panagopoulos, and F.
Steffens, Nucl. Phys. B923, 394 (2017).

[34] A. Radyushkin, Phys. Rev. D 98, 014019 (2018).
[35] V. M. Braun, A. Vladimirov, and J. H. Zhang, Phys. Rev. D

99, 014013 (2019).
[36] Z. Y. Li, Y. Q. Ma, and J. W. Qiu, Phys. Rev. Lett. 122,

062002 (2019).
[37] T. Harris, G. von Hippel, P. Junnarkar, H. B. Meyer, K.

Ottnad, J. Wilhelm, H. Wittig, and L. Wrang, Phys. Rev. D
100, 034513 (2019).

[38] Y. Aoki et al. (Flavour Lattice Averaging Group (FLAG)),
Eur. Phys. J. C 82, 869 (2022).

[39] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.131.261901 for the de-
tails of self-renormalization procedure, extraction of nu-
cleon isovector tensor charge, one-loop matching, additional
information of lattice data analysis, including the fitting
strategy, large extrapolation and combined extrapolation to
continuum limit, physical pion mass and large momentum
limit. The uncertainty analysis and details of applying
renormalization group resummation for the end-point region
is also provided in the Supplemental Material.

[40] S. Park, R. Gupta, B. Yoon, S. Mondal, T. Bhattacharya,
Y. C. Jang, B. Joo, and F. Winter (Nucleon Matrix
Elements (NME) Collaboration), Phys. Rev. D 105,
054505 (2022).

[41] M. Abramczyk, T. Blum, T. Izubuchi, C. Jung, M. Lin, A.
Lytle, S. Ohta, and E. Shintani, Phys. Rev. D 101, 034510
(2020).

[42] N. Hasan, J. Green, S. Meinel, M. Engelhardt, S. Krieg, J.
Negele, A. Pochinsky, and S. Syritsyn, Phys. Rev. D 99,
114505 (2019).

[43] V. M. Braun, Y. Ji, and A. Vladimirov, J. High Energy Phys.
10 (2021) 087.

[44] C. Y. Chou and J. W. Chen, Phys. Rev. D 106, 014507
(2022).

[45] G. S. Bali, B. Lang, B. U. Musch, and A. Schäfer, Phys.
Rev. D 93, 094515 (2016).

[46] M. Bruno, D. Djukanovic, G. P. Engel, A. Francis, G.
Herdoiza, H. Horch, P. Korcyl, T. Korzec, M. Papinutto,
S. Schaefer et al., J. High Energy Phys. 02 (2015) 043.

[47] Gunnar S. Bali, J. High Energy Phys. 05 (2023) 035..
[48] T. Bhattacharya, S. D. Cohen, R. Gupta, A. Joseph, H. W.

Lin, and B. Yoon, Phys. Rev. D 89, 094502 (2014).
[49] J. W. Chen and X. d. Ji, Phys. Lett. B 523, 107 (2001).
[50] G. S. Bali et al. (RQCD Collaboration), Eur. Phys. J. A 55,

116 (2019).
[51] Y. Su, J. Holligan, X. Ji, F. Yao, J. H. Zhang, and R. Zhang,

Nucl. Phys. B991, 116201 (2023).
[52] R. Babich, J. Brannick, R. C. Brower, M. A. Clark, T. A.

Manteuffel, S. F. McCormick, J. C. Osborn, and C. Rebbi,
Phys. Rev. Lett. 105, 201602 (2010).

[53] J. C. Osborn, R. Babich, J. Brannick, R. C. Brower,
M. A. Clark, S. D. Cohen, and C. Rebbi, Proc. Sci.,
LATTICE2010 (2010) 037 [arXiv:1011.2775].

[54] R. G. Edwards and B. Joó (SciDAC, LHPC and UKQCD
Collaborations), Nucl. Phys. B, Proc. Suppl. 140, 832
(2005).

PHYSICAL REVIEW LETTERS 131, 261901 (2023)

261901-7

https://doi.org/10.1016/j.nuclphysb.2017.08.012
https://doi.org/10.1103/PhysRevD.98.014019
https://doi.org/10.1103/PhysRevD.99.014013
https://doi.org/10.1103/PhysRevD.99.014013
https://doi.org/10.1103/PhysRevLett.122.062002
https://doi.org/10.1103/PhysRevLett.122.062002
https://doi.org/10.1103/PhysRevD.100.034513
https://doi.org/10.1103/PhysRevD.100.034513
https://doi.org/10.1140/epjc/s10052-022-10536-1
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.261901
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.261901
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.261901
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.261901
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.261901
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.261901
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.261901
https://doi.org/10.1103/PhysRevD.105.054505
https://doi.org/10.1103/PhysRevD.105.054505
https://doi.org/10.1103/PhysRevD.101.034510
https://doi.org/10.1103/PhysRevD.101.034510
https://doi.org/10.1103/PhysRevD.99.114505
https://doi.org/10.1103/PhysRevD.99.114505
https://doi.org/10.1007/JHEP10(2021)087
https://doi.org/10.1007/JHEP10(2021)087
https://doi.org/10.1103/PhysRevD.106.014507
https://doi.org/10.1103/PhysRevD.106.014507
https://doi.org/10.1103/PhysRevD.93.094515
https://doi.org/10.1103/PhysRevD.93.094515
https://doi.org/10.1007/JHEP02(2015)043
https://doi.org/10.1007/JHEP05(2023)035
https://doi.org/10.1103/PhysRevD.89.094502
https://doi.org/10.1016/S0370-2693(01)01337-5
https://doi.org/10.1140/epja/i2019-12803-6
https://doi.org/10.1140/epja/i2019-12803-6
https://doi.org/10.1016/j.nuclphysb.2023.116201
https://doi.org/10.1103/PhysRevLett.105.201602
https://doi.org/10.22323/1.105.0037
https://doi.org/10.22323/1.105.0037
https://arXiv.org/abs/1011.2775
https://doi.org/10.1016/j.nuclphysbps.2004.11.254
https://doi.org/10.1016/j.nuclphysbps.2004.11.254

