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1 Introduction

Transverse-momentum-dependent parton distribution functions (TMDPDFs), together with
generalized parton distributions (GPDs), play an essential role in mapping the three-
dimensional structure of nucleons, known as the nucleon tomography program [1]. In contrast
to GPDs which characterize the correlation between transverse position and longitudinal
momentum of partons, TMDPDFs describe the correlation between transverse and longi-
tudinal momenta of partons. At leading-twist accuracy, there are eight independent quark
TMDPDFs which are characterized by their nucleon and quark polarizations [2]. Among
them, the naive time-reversal-odd Sivers and Boer-Mulders functions, are of special interest.
While the Sivers function characterizes the correlation of quark transverse momentum and
nucleon transverse polarization, the Boer-Mulders function describes the correlation between
quark transverse polarization and momentum.

Due to their T-odd nature, the factorization of processes involving Sivers and Boer-
Mulders TMDPDFs requires the inclusion of other T-odd nonperturbative quantities such
as T-odd fragmentation functions [3, 4]. This renders experimental measurements of these
TMDPDFs very challenging. Nevertheless, phenomenological efforts have been made to
extract these functions from azimuthal angle asymmetries in semi-inclusive deep inelastic
scattering (SIDIS) and Drell-Yan processes [5–9]. As a complementary tool, first-principles
nonperturbative approaches like lattice QCD can also offer valuable insights into these
functions. To achieve this, it is essential to calibrate them using quantities for which both
state-of-the-art experiments and lattice simulations can reliably estimate precision, such as
the unpolarized quark TMDPDFs. This will allow us to trust other lattice results to a similar
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Figure 1. Illustration of the physical interpretation of the Boer-Mulders TMDPDF. Sq denotes the
quark spin.

degree, even when they cannot yet be precisely tested by experiments. With this in mind,
our long-term goal is to calculate all leading-twist TMDPDFs of hadrons using lattice QCD.

There have been exploratory lattice studies of the TMDPDFs, including the Sivers
and Boer-Mulders functions, with the goal to access their moments by forming ratios of
appropriate correlators [10–13]. More recently, the development of large-momentum effective
theory (LaMET) [14–16] has made it possible to calculate the full TMDPDFs. Notably,
a lattice calculation of the nucleon unpolarized quark TMDPDF [17] and the pion Boer-
Mulders function [18] has been carried out within the LaMET framework. In contrast to
the unpolarized quark TMDPDF presented in ref. [17], the pion Boer Mulders function [18]
shows clearly the expected decay with increasing transverse separations between the quark
fields. This suggests that different TMDPDFs might receive rather different higher-twist
contaminations, as analyzed in ref. [19].

In this work, we present a calculation of the isovector nucleon Boer-Mulders function
h⊥,u
1 (x, b⊥)− h⊥,d

1 (x, b⊥) using LaMET. An illustration of the function is shown in figure 1.
The calculation is done on a lattice ensemble with lattice spacing a = 0.098 fm and pion
mass 338MeV. The proton momenta are up to 2.11GeV. The lattice matrix elements are
nonperturbatively renormalized in the short-distance ratio scheme [20] and extrapolated to
large quasi-light-front (quasi-LF) distances following the same strategy as in refs. [17, 18].
After performing a Fourier transform to longitudinal momentum space, the quasi-Boer-
Mulders function is matched to the standard Boer-Mulders function using a factorization
formula presented in ref. [21]. The intrinsic soft function and Collins-Soper evolution kernel
are taken from previous calculations on the same ensemble [22, 23], and the perturbative
matching kernel is implemented up to the next-to-next-to-leading order (NNLO) using
refs. [24, 25]. We also use renormalization-group resummation [26]. We then compare the
Boer-Mulders functions in the nucleon and pion.

The rest of the paper is organized as follows: in section 2, we give a brief overview of
the theoretical framework. In section 3, we present the details of our lattice calculation. In
section 4, we discuss the numerical results for the Boer-Mulders TMDPDF in the nucleon
and compare it with the same function in the pion. A summary is given in section 5.

2 Theoretical framework

To access the quark transverse spin-momentum correlation, or Boer-Mulders function, we
start from the following subtracted quasi-TMDPDF matrix element [21, 27–29]

f̃(z, b⊥, P z, a) = lim
L→∞

⟨P |Ô⊏(z, L, b⊥)|P ⟩√
ZE(2L+ z, b⊥, a)

, (2.1)
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where |P ⟩ denotes an unpolarized nucleon state with momentum P = (P 0, 0, 0, P z), the
numerator ⟨P |Ô⊏(z, L, b⊥)|P ⟩ is often referred to as the unsubtracted quasi-TMDPDF matrix
element with the quark correlator

Ô⊏(z, L, b⊥) = ψ̄(b⊥n̂⊥)iσytγ5W⊏(z, L, b⊥)ψ(zn̂z), (2.2)

where W⊏ represents a staple-shaped gauge link

W⊏(b⊥, L, z) = U †
z ((z + L)n̂z + b⊥n̂⊥, b⊥n̂⊥)

× U⊥((z + L)n̂z + b⊥n̂⊥, (z + L)n̂z)Uz((z + L)n̂z, zn̂z),

Ui(η + sn̂i, η) = Pexp
[
−ig

∫ s

0
dt n̂i ·A(ηµ + tn̂µ

i )
]
. (2.3)

n̂z, n̂⊥ are unit vectors along the spatial z and transverse directions, respectively. The staple-
shaped gauge link W⊏ becomes future-pointing under a large boost P z → ∞, indicating that
the computed TMDPDF is relevant for a SIDIS process and differs from that for Drell-Yan
processes by a minus sign. ZE is a flat rectangular Euclidean Wilson-loop along the nz

direction with length 2L + z and width b⊥,

ZE(2L+ z, b⊥, a) =
1
Nc

Tr⟨0|U †
⊥(−L⃗+ b⃗;−b⊥)× U †

z (L⃗+ z⃗ + b⃗⊥;−2L− z)

× U⊥(L⃗+ z⃗; b⊥)Uz(−L⃗; 2L+ z)|0⟩, (2.4)

in which L⃗ = Ln̂z, z⃗ = zn̂z and b⃗ = bn̂⊥. The link length L is introduced to regulate the
pinch-pole singularity associated with the longitudinal gauge links [16], and can be safely
taken to infinity in f̃ , as its dependence cancels in the ratio up to power corrections that
are suppressed by L. In the subtracted quasi-TMDPDF, there are still residual logarithmic
divergences originating from the endpoints of the quark correlator. They can be removed in
the short-distance ratio scheme [20] where the renormalization factor is defined as a subtracted
quasi-TMDPDF matrix element at small z = z0 and b⊥ = b⊥,0 within the perturbative region
and for zero momentum,

ZO(1/a, µ) =
f̃(z0, b⊥,0, 0, a)
h̃MS
Γ (z0, b⊥,0, µ)

. (2.5)

Note that in the equation above we have included the conversion factor to MS scheme
h̃MS
Γ , which is expected to be the same for the quark quasi-Boer-Mulders function and for

the unpolarized quark quasi-TMDPDF [30] and takes the following form up to one-loop
accuracy [20]

h̃MS
Γ (z, b⊥, µ) = 1 + αs(µ)CF

2π

[
1
2 + 3

2 ln
(
µ2(b2⊥ + z2)eγE

4

)
− 2 z

b⊥
arctan z

b⊥

]
, (2.6)

with αs = g2/(4π), CF = 4/3. The fully renormalized quasi-TMDPDF then reads

f̃R(z, b⊥, P z, µ) = Z−1
O (1/a, µ)f̃(z, b⊥, P z, a). (2.7)
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In the renormalization factor ZO, the dependence on z0 and b⊥,0 is expected to cancel. However,
this cancellation is never complete due to missing higher-order perturbative contributions.
To reduce the dependence on z0 or b⊥,0, one can perform a renormalization group (RG)
resummation [26] from some reference scale µ0 to µ, where µ0 is the physical scale that
can be chosen as 2e−γE√

b2
⊥+z2 . The evolved perturbative result, denoted as h̃MS,RGR

Γ (z, b⊥, µ),

is then used in eq. (2.5) instead of h̃MS
Γ (z, b⊥, µ):

h̃MS,RGR
Γ (z, b⊥, µ) = h̃MS

Γ (z, b⊥, µ0) exp
[∫ αs(µ)

αs(µ0)
dα′ γF (α′)

β(α′)

]
. (2.8)

The renormalized quasi-TMDPDF in momentum space is given by the Fourier transform

f̃R(x, b⊥, P z, µ) =
∫
dz

2πe
−iz(xP z)f̃R(z, b⊥, P z, µ). (2.9)

It can be related to the physical Boer-Mulders TMDPDF by the following factorization
formula [21]

f̃R(x, b⊥, ζz, µ)
√
SI(b⊥, µ) = HΓ

(
ζz

µ2

)
e

1
2 ln(ζz/ζ)K(b⊥,µ)f(x, b⊥, ζ, µ)

+O
(
Λ2

QCD
ζz

,
M2

P 2
z

,
1

b2⊥ζz

)
, (2.10)

where ζ is the rapidity scale, and ζz = (2xPz)2. SI(b⊥, µ) denotes the intrinsic soft function
which is associated with the emission of soft gluons [21], K(b⊥, µ) is the Collins-Soper evolution
kernel [31]. Both SI and K can be calculated nonperturbatively in lattice QCD [22, 23, 31–41].
The O

(
Λ2

QCD
ζz

, M2

P 2
z
, 1

b2
⊥ζz

)
term denotes power corrections. HΓ = eh is the hard matching

kernel which has been calculated up to the next-to-next-to-leading order [16, 24, 25, 28, 29].
One can also perform an RG resummation to deal with the potentially large double

logarithms ∼αn
s ln2n(ζz/µ

2) in the hard kernel HΓ and it improves the reliability of the
perturbative matching. The RG resummation starts from a fixed order perturbation series at
the physical scale ζz and evolves it to the renormalization scale µ

H

(
αs(µ),

ζz

µ2

)
= H

(
αs

(√
ζz

))
exp

{∫ µ

√
ζz

dµ′

µ′

[
Γcusp

(
αs
(
µ′
))

ln ζz

µ′2
+ γC

(
αs
(
µ′
))]}

,

(2.11)

where Γcusp and γC denote the cusp anomalous dimension and the single log anomalous
dimension, respectively. Their explicit expressions can be found in refs. [17, 18]. The scale√
ζz is varied between 0.8

√
ζz and 1.2

√
ζz to estimate systematic uncertainties related to

the scale choice.

3 Lattice calculation

3.1 Lattice setup

In this work, we use the lattice ensemble X650 generated by the CLS collaboration [42]
using 2+1 flavor dynamical clover fermions and tree-level Symanzik improved gauge action.

– 4 –
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Figure 2. Illustration of the nucleon three-point function. The time direction is from source to sink.

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

X650 0.098 483 × 48 338 8.1 1250

Table 1. The lattice ensemble used in this calculation [45].

Ensemble tsep/a zmax/a b⊥,max/a L/a

X650 {6, 7, 8, 9, 10} 18 3 {6, 8, 10}

Table 2. Source-sink separations tsep/a, maximum longitudinal and transverse separations zmax/a

and b⊥,max/a of the quark fields in the quasi-TMDPDF defined in eq. (2.1) and staple link length
L/a used in the analysis.

The lattice spacing is a = 0.098 fm and pion mass is mπ = 338MeV. Two different types of
smearing are adopted to improve the signal-to-noise ratio: the momentum smearing source
technique [43] to improve the signal for a fast moving nucleon and HYP smearing to improve
the signal for non-local operators with large separations [44].

We use the sequential source method with fixed sink to facilitate the calculation of the
nucleon three-point correlator, as illustrated in figure 2, where we also show the staple-shaped
gauge link defined in eq. (2.3) with length parameters z, b⊥, L. To increase the number
of measurements, we put two sources in the temporal direction and 2, 2, 1 sources in the
x, y, z directions, respectively. Details of the lattice setup and parameters are collected in
table 1. The bare matrix elements are calculated with the nucleon carrying different spatial
momenta: P z = {1.32, 1.58, 1.84, 2.11}GeV. The bare matrix element of a nucleon at rest is
also needed to extract the renormalization factor, as shown in eq. (2.5). In table 2, we give
details on the temporal source-sink separations, the maximum of the longitudinal separation
zmax, transverse separation bmax, as well as the staple length L.

3.2 Dispersion relation

To estimate the discretization effects of the X650 ensemble using the nucleon dispersion
relation and extract the quasi-TMDPDF matrix element in eq. (2.1), we calculate the

– 5 –
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Figure 3. The dispersion relation of the nucleon on the X650 ensemble.

two-point function C2(P z, tsep) defined as

C2(P z, tsep) =
∑

x⃗

e−iP⃗ ·x⃗Tu

〈
χ(tsep, x⃗)χ̄(0, 0⃗)

〉
, (3.1)

where Tu = (1 + γt)/2 projects out the unpolarized nucleon state. χ = ϵabcua(uT
b Cγ5dc) is

the nucleon interpolation operator. By considering the ground state and first excited state,
the two-point function can be parameterized as

C2(P z, tsep) = c0e
−E0tsep(1 + c1e

−∆Etsep), (3.2)

where E0 denotes the ground state energy of the nucleon, ∆E is the energy shift between
the first excited state and the ground state. The dispersion relation of the ground state
on the lattice reads

E0(P z) =
√
M2 + c1P 2

z + c2P 4
z a

2, (3.3)

where c1 and c2 take into account the discretization effect and reduce to 1 and 0 in the
continuum limit a → 0, respectively.

By fitting two-point functions at various momenta using eq. (3.2), we obtain the nucleon’s
ground state energy E0. E0 for various Pz and the fitted curve are plotted in figure 3 with
c1 = 1.073(40), c2 = −0.094(50), which are consistent with the continuum limit within 2σ.
This indicates that the discretization effect is under control. For the lack of resources we
leave more detailed investigations of discretization effects and pion mass dependence using
multiple lattice ensembles for future work. Such an investigation is essential for a precise
lattice determination of the nucleon Boer-Mulders function. The extracted ground state
nucleon mass M is 1.087(6)GeV.

3.3 Wilson loop from lattice calculations

The Wilson loop ZE(r = 2L+ z, b⊥) is obtained by calculating the expectation value of a
closed rectangular gauge link with side lengths r and b⊥. At large r and b⊥, the signal-to-noise

– 6 –
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Figure 4. The Wilson loop and its extrapolation with respect to r and b⊥. The points and error
bars show the original calculations of the Wilson loop, with worse signals at larger (r, b⊥). The empty
points indicate the fit ranges for extrapolation. The bands show extrapolated results by fitting the
effective energy of ZE . We extrapolate the Wilson loop up to r = 60a.

ratio deteriorates, as shown in figure 4. The lattice values of ZE even turn negative at certain
points of large r and b⊥. However, we know that the Wilson loop has to be positive. To avoid
this, we use the same strategy as in ref. [20] to fit the effective energies of ZE which give
the QCD static potential in the form ZE(2L+ z, b⊥) = c(b⊥)e−V (b⊥)(2L+z) with V (b⊥) being
the static potential. We then extrapolate the result to large values of r. The extrapolated
Wilson loop is shown as bands in figure 4. In our calculation, we use the extrapolated Wilson
loop to obtain the subtracted quasi-TMDPDF matrix element.

3.4 Unsubtracted quasi-TMDPDF matrix elements from lattice calculations

To extract the unsubtracted quasi-TMDPDF matrix elements, we calculate the three-point
function C3(P z, tsep, t)

C3(P z, tsep, t) =
∑

x⃗

e−iP⃗ ·x⃗Tu

〈
χ(tsep, x⃗)

∑
y⃗

Ô(t, y⃗ )χ̄(0, 0⃗)
〉
, (3.4)

where Ô(t, y⃗ ) denotes the bilinear operator Ô⊏(z, L, b⊥) in eq. (2.1) that is inserted at the
discrete time slice t. We parameterize the three-point function using a two-state fit

C3(P z, tsep, t) = c0e
−E0tsep × [h̃0 + c2(e−∆Et + e−∆E(tsep−t)) + c3e

−∆Etsep ], (3.5)

and form the ratio of the three- and two-point function

C3
C2

= h̃0 + c2(e−∆Et + e−∆E(tsep−t)) + c3e
−∆Etsep

1 + c1e−∆Etsep
, (3.6)

where h̃0 = ⟨P |Ô⊏(z, L, b⊥)|P ⟩/2E0(P z) yields the desired matrix element, E0(P z) is the
ground state energy. For simplicity, we denote the r.h.s. of eq. (3.6) as R(t, tsep) hereafter.

– 7 –
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Figure 5. The real and imaginary parts of the ratio R(t, tsep) versus t− tsep/2 for various momenta
and (z, b⊥), with L = 8a. The straight grey band shows the central value and error of h̃0 by fitting to
the lattice data. The curved bands are R(t, tsep) values reconstructed from the fitted parameters. The
values of tsep involved in the fitting are tsep = {6, 7, 8, 9}a = {0.588, 0.686, 0.784, 0.882} fm.

We use bootstrap resampling in our analysis to treat correlations in the dataset. A joint
fit of the two-point function eq. (3.2) and the ratio eq. (3.6) is done after resampling data
for all combinations of (P z, z, L, b⊥). The points at t = 0 and t = tsep are excluded in order
to reduce contamination from excited states. Considering the bad signal-to-noise ratio for
larger tsep, we use tsep/a = {6, 7, 8, 9} for nonzero momenta.

As an illustrative example, we plot in figure 5 the lattice data and fit results of the
real and imaginary part of the ratio R(t, tsep) with L = 8a. The scattered points and error
bars are lattice data corresponding to (tsep, t) that are used in the fitting. The grey bands

– 8 –
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Figure 6. Probability distributions of χ2/d.o.f. . The distributions are normalized to 1.
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Figure 7. The renormalization factor ZO, with the NLO result as well as the NLO+RGR result at
P z = 0 and various b⊥ = b⊥,0 and z = z0.

show the central values and errors of h̃0. The curved bands are the reconstructed R(t, tsep)
from the fitted parameters.

To assess the quality of the combined fits, we plot histograms of χ2/d.o.f. in figure 6.
The distributions have been normalized to 1.

3.5 Renormalization and L dependence of the subtracted quasi-TMDPDF
matrix elements

To obtain the fully renormalized quasi-TMDPDF matrix element, we still need the logarithmic
renormalization factor ZO. It is computed from the zero-momentum matrix element of the
same quark quasi-TMDPDF operator with z = z0, b⊥ = b⊥,0 being chosen within the
perturbative region, and combined with the perturbative conversion factor. In figure 7, we
show ZO obtained from the NLO perturbative result of h̃MS

Γ in the left panel and from the
NLO+RGR result in the right panel. We can see a window with z0 ≤ 3a and b⊥,0/a = {2, 3}
where the dependence of ZO on z0 and b⊥,0 is significantly reduced. Therefore, we use the
evolved perturbative result h̃MS,RGR

Γ in eq. (2.8) to calculate ZO, where we average over
z0 and b⊥,0 in the window region. The result is 0.660(16)(24), where the number in the
first parenthesis is the statistical error, while the number in the second parenthesis is the
systematical error estimated from varying the RG evolution scale from 0.8µ0 to 1.2µ0, with
µ0 = 2e−γE/

√
b2⊥,0 + z20 .
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Figure 8. The renormalized quasi-TMDPDF h̃⊥
1 (z, b⊥, P

z, L), taking b⊥ = 0.196 fm as an example.
The convergence with increasing L indicated the existence of an infinite L limit.

After dividing the unsubtracted quasi-TMDPDF matrix element by
√
ZE(2L+ z, b⊥)

and ZO, we find that the fully renormalized result reaches a reasonable plateau in the interval
6 ≤ L/a ≤ 10. As an example, we show in figure 8 the renormalized quasi-TMDPDF
matrix elements for various (P z, b⊥, L) versus z. Convergence can be observed for various
L. The systematic error from varying µ0 has been considered in the renormalization. In
the following, we take the result at L = 8a = 0.784 fm as an approximation of the result
in the infinite L limit, and take the difference between results at L = 8a = 0.784 fm and
L = 10a = 0.980 fm as an estimate of the systematic uncertainty due to finite L. The
resulting systematic uncertainty is shown in figure 12.

3.6 Large λ extrapolation of quasi-TMDPDF in coordinate space

As we can see from figure 8, the error of the quasi-TMDPDF increases rapidly at large
λ = zP z. In order to facilitate the subsequent Fourier transform, we perform an extrapolation
to large λ using the same ansatz as that used in ref. [17]

h̃extra(λ) =
[

m1
(−iλ)n1

+ eiλ m2
(iλ)n2

]
e−λ/λ0 , (3.7)

where all parameters m1,2, n1,2 and λ0 depend on b⊥. The algebraic terms account for a
power law behavior in the endpoint. Convergence can be observed for various regions of
x, while the exponential decay is based on the expectation that the correlation length of
the function (denoted as λ0) is finite at finite momentum. We perform an independent
extrapolation for each b⊥. In figure 9, we show some examples of extrapolation for various
P z = {1.58, 1.84, 2.11}GeV and b⊥ = 0.196 fm. For P z = 1.58GeV the imaginary part is also
plotted. In these figures, both the original data points of h̃⊥1 and the extrapolation bands
from the fitting eq. (3.7) are shown. We indicate in each plot the region chosen to fit the
extrapolation form. The extrapolation results agree with lattice data in the intermediate
λ region and give smooth curves with much reduced errors for large λ and we replace the
lattice data with h̃extra(λ) starting from the beginning of the fitted region.

3.7 Matching to physical Boer-Mulders TMDPDF

With the extrapolation at large λ, we can Fourier transform the Boer-Mulders quasi-TMDPDF
to momentum space and apply the matching formula in eq. (2.10) to obtain the physical
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Figure 10. Illustration of the Boer-Mulders function by implementing the NLO, NLO+RGR, NNLO
and NNLO+RGR correction, taking b⊥ = 0.196 fm, P z = 1.58GeV as an example.

Boer-Mulders TMDPDF. The intrinsic soft function and Collins-Soper kernel have been
calculated for X650 in [22]. Here we adopt these results in our matching procedure.

In figure 10, we show the effects of perturbative matching in NLO, NLO+RGR, NNLO
and NNLO+RGR, taking the b⊥ = 0.196 fm, P z = 1.58GeV case as an example. For the
results with RGR improvement, we cut the curves at small x where 2xP z ≲ ΛQCD. As
can be seen from the figure, at x ≳ 0.2 the results using the NLO, NLO+RGR, NNLO,
NNLO+RGR matching are consistent with each other.

In figure 11, we show the momentum dependence of physical Boer-Mulders functions
at different b⊥ values, where we also show the negative x region which corresponds to the
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Figure 11. Comparison of physical Boer-Mulders TMDPDFs at different P z and b⊥, where the
NNLO matching has been implemented. Both statistical and systematic errors have been included.
Shaded regions are estimated unreliable regions where power corrections also become important.
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Figure 12. Different sources of uncertainties, taking P z = 1.84GeV and b⊥ = 0.294 fm as an example.

antiquark distribution. Note that a slight asymmetry can be observed under x → −x,
in contrast with the pion Boer-Mulders function which is symmetric under x → −x due
to isospin symmetry [18]. Given that the nucleon momenta in this calculation are not
significantly larger than the nucleon mass, we do not expect a reliable extrapolation to
infinite momentum. Therefore, we choose to present the results at different momenta rather
than performing an infinite momentum extrapolation. From figure 11, we can see that the
bands show a reasonable convergence behavior with increasing momentum. We only show
the results up to b⊥ = 0.294 fm, as it becomes difficult to control the uncertainties beyond
that. The shaded regions are unreliable regions estimated from the breakdown of RGR. In
these regions, power corrections in the factorization formula also become important and
have to be taken into account.

The error bands in figure 11 include both statistical and systematic uncertainties, where
the latter are estimated from uncertainties of the intrinsic soft function, Collins-Soper kernel,
extrapolation by shifting the fitting region by a, and scale variation in RGR. In figure 12,
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we plot the ratio of each uncertainty and the combined uncertainty, taking the data at
P z = 1.84GeV and b⊥ = 0.294 fm as an example.

In figure 13, we show the dependence of the nucleon Boer-Mulders function on b⊥. A
decay trend can be observed with increasing b⊥. This is in contrast with the unpolarized
quark TMDPDF result in ref. [17], where the decay with b⊥ is not obvious. This suggests
that the Boer-Mulders function might receive smaller higher-twist contributions from the
unpolarized quark TMDPDF, and keeping these contributions under control will be crucial
in extracting a reliable result for the TMDPDF.

4 Comparison with pion Boer-Mulders function

In ref. [18], we have calculated the Boer-Mulders TMPDF of the pion on the same ensemble
X650. In figure 14, we show a comparison plot between the results for the nucleon and pion.
Since no infinite momentum extrapolation has been performed in the present work due to
poor signal-to-noise ratios at large nucleon momenta, our comparison is based on lattice data
at the same P z and b⊥. We find that the nucleon and pion Boer-Mulders functions share
the same sign, as discussed in ref. [46]. Moreover, the function decreases more rapidly with
the momentum fraction x for the nucleon than for the pion. In addition, the Boer-Mulders
function exhibits an asymmetry between quark and antiquark combinations for the nucleon,
but it is symmetric for the pion due to isospin symmetry. Drawing further quantitative
conclusions would require a detailed study of the continuum and infinite momentum limits of
the nucleon Boer-Mulders function, which we will address in future publications.

5 Summary and outlook

In summary, we have presented an exploratory study of the nucleon Boer-Mulders TMDPDF
using LaMET. The calculation was done on ensemble X650 with a single lattice spacing
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Figure 14. Comparison of the Boer-Mulders functions for the nucleon and pion, taking P z = 1.84GeV,
b⊥ = 0.196 fm as an example. Shaded regions are estimated unreliable regions where power corrections
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and unphysical pion mass. Our results provide preliminary insights into the Boer-Mulders
function. For example, they show a decay behavior with increasing transverse separation b⊥,
and have the same sign for the nucleon and pion, with the former decaying more rapidly
with the momentum fraction x than the latter. More definitive conclusions require further
investigation. However, following our work, it should be relatively straightforward to identify
the detailed properties of the Boer-Mulders function.

In the future, we plan to improve our calculation in the following aspects. We aim to
explore the continuum, infinite momentum as well as the physical limits by collecting data
on other ensembles with different lattice spacings and pion masses. To achieve this, we also
need to calculate the intrinsic soft function and the Collins-Soper kernel on such ensembles.
Once this is done, we will be ready to compare our lattice results with phenomenological
results obtained from fitting to experimental data.
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