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ABSTRACT: Sum rules for structure functions and their twist-2 relations have important
roles in constraining their magnitudes and z dependencies and in studying higher-twist
effects. The Wandzura-Wilczek (WW) relation and the Burkhardt-Cottingham (BC) sum
rule are such examples for the polarized structure functions g; and go. Recently, new twist-
3 and twist-4 parton distribution functions were proposed for spin-1 hadrons, so that it
became possible to investigate spin-1 structure functions including higher-twist ones. We
show in this work that an analogous twist-2 relation and a sum rule exist for the tensor-
polarized parton distribution functions fir; and frp, where firr is a twist-2 function
and frr is a twist-3 one. Namely, the twist-2 part of frr is expressed by an integral of
firr (or b1) and the integral of the function forr = (2/3)frr — fiLr over = vanishes. If
the parton-model sum rule for fi77 (b1) is applied by assuming vanishing tensor-polarized
antiquark distributions, another sum rule also exists for f;p itself. These relations should
be valuable for studying tensor-polarized distribution functions of spin-1 hadrons and for
separating twist-2 components from higher-twist terms, as the WW relation and BC sum
rule have been used for investigating x dependence and higher-twist effects in g2. In deriving
these relations, we indicate that four twist-3 multiparton distribution functions Frr, Grr,
H f;L, and Hpr exist for tensor-polarized spin-1 hadrons. These multiparton distribution
functions are also interesting to probe multiparton correlations in spin-1 hadrons. In the
near future, we expect that physics of spin-1 hadrons will become a popular topic, since
there are experimental projects to investigate spin structure of the spin-1 deuteron at the
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Jefferson Laboratory, the Fermilab, the nuclotron-based ion collider facility, the electron-
ion colliders in US and China in 2020’s and 2030’s.
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1 Introduction

High-energy spin physics has been one of exciting fields in hadron physics since the late
1980’s for clarifying the origin of nucleon spin. In addition to longitudinally-polarized
collinear structure functions, we investigate transverse-spin and three-dimensional (3D)
structure functions nowadays. Furthermore, structure functions of spin-1 hadrons will be
investigated extensively in the near future due to the existence of new tensor-polarized
observables.

We have been investigating structure functions of spin-1 hadrons, especially on the
spin-1 deuteron. There are four tensor-polarized structure functions by_4 for a spin-1
hadron in charged-lepton deep inelastic scattering [1, 2]. The leading-twist functions by
and by are related with each other by the Callan-Gross type relation 2xb; = bs, and
other functions b3 and by are higher-twist ones. For finding the overall z-dependent func-
tional form, there is a useful parton-model sum rule for by [3, 4]. The b; measurement by
the HERMES collaboration obtained a finite sum [ dxb; # 0 [5], which indicated a finite
tensor-polarized antiquark distribution. Possible tensor-polarized parton distribution func-
tions (PDFs) were proposed for explaining the HERMES data [6]. In future, an accurate
determination of b; will be made by the experiment at the Thomas Jefferson National Ac-
celerator Facility (JLab) [7]. This by project is interesting in the sense that the HERMES
data are different from a conventional theoretical estimate based on a convolution descrip-
tion [8]. In addition, the gluon transversity Arg exists for the spin-1 deuteron, although
it does not exist for the spin-1/2 nucleons. This is also an interesting observable to find
new hadron physics in the deuteron beyond the simple bound system of nucleons. It is
expected to be measured by an JLab experiment [9-11]. These b; and Arg measurements
could be continued at the electron-ion collider (EIC) [12] and the Electron-ion collider in
China (EicC) [13].



Such tensor-polarized structure functions can be also investigated at hadron accel-
erator facilities. In fact, the proton-deuteron Drell-Yan process could probe the tensor-
polarized PDFs, especially the tensor-polarized antiquark distributions [14-16] and the
gluon transversity [17, 18]. It could be realized as a Fermilab-SpinQuest experiment [19]
when a polarized-deuteron target becomes ready [20]. In addition, since the Nuclotron-
based Ion Collider fAcility (NICA) will have a polarized-deuteron beam, the tensor-
polarized structure functions and the gluon transversity will be investigated, for exam-
ple, by observing J/v production [21, 22]. These structure functions are interesting for
investigating especially exotic aspects of hadron physics, such as hidden color [23] and
non-nucleonic component [24] in the deuteron.

On the other hand, transverse-momentum-dependent parton distribution functions
(TMDs) became one of hot topics in hadron physics. It is intended to understand not only
basics 3D structure of hadrons but also to find explicit color degrees of freedom in terms
of color flow. Because the color is confined in hadrons, it is not easy to find its explicit
signature in observables. The TMDs are such quantities to probe the color directly [25].
For example, a color Aharonov-Bohm effect and color entanglement phenomena could be
investigated by the TMDs. In addition, gluon condensates are now investigated with the
understanding of gluon TMDs in the nucleons and nuclei.

Recently, we investigated the tensor-polarized TMDs for spin-1 hadrons and found
30 new TMDs at the twist 3 and twist 4 [25] in addition to the twist-2 functions [26-29].
Integrating the TMDs over the partonic transverse momentum, we also found that there are
three new collinear PDFs at the twist 3 and twist 4. Therefore, including the twist-2 PDF,
we have the collinear PDFs firr, err, for, and f3pr for spin-1 hadrons. By considering
this situation, the purposes of this work are the following.

(1) We derive a useful twist-2 relation and a sum rule for fir; and frr in analogy to the
Wandzura-Wilczek relation [30] and the Burkhardt-Cottingham sum rule [31] for the
structure functions g1 and gs. Here, fi1r is a twist-2 function and frr is a twist-3 one,
and firr is often used as the tensor-polarized structure function b;.

(2) We show that four twist-3 multiparton distribution functions exist in a tensor-polarized
spin-1 hadron.

(3) We show that the leading deviation of the twist-2 relation, namely the higher-twist
term, is expressed by these twist-3 multiparton distribution functions, so that we try
to obtain the full-decomposition expression of fr7 into twist-2 and twist-3 terms.

For simply deriving the twist-2 relation and sum rule, the studies of the twist-3 multiparton
distributions functions are not necessary. However, we investigate one more step to express
the higher-twist term of f7 by the twist-3 multiparton distributions functions in this work.

In this paper, the Wandzura-Wilczek relation and Burkhardt-Cottingham sum rule are
introduced by the operator-product-expansion formalism in section 2. Then, the details are
explained on our derivations of analogous relations for tensor-polarized PDFs in section 3.
First, correlation functions and collinear PDFs are introduced, and the matrix element of a
nonlocal vector operator is expressed by the tensor-polarized collinear PDFs in section 3.1.



Next, the nonlocal operator is written in term of the gluon field tensor and it is related to
the multiparton distribution functions in section 3.2. A useful twist-2 relation and a sum
rule are derived for fi7; and frp in section 3.3. Our studies are summarized in section 4.

2 Wandzura-Wilczek relation and Burkhardt-Cottingham sum rule

In investigating structure functions, there are useful sum rules and relations among them for
finding their functional behavior. For example, there is a useful relation for the polarized
structure function go, which exists in the spin-1/2 nucleons. Since we intend to derive
a relation which is analogous to the Wandzura-Wilczek (WW) relation and also a sum
rule like the Burkhardt-Cottingham (BC) sum rule, we introduce their outline within the
formalism of operator product expansion.

The polarized distribution functions gi1, g, and g3y, are defined by the matrix element
of a nonlocal operator as
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Here, My is the nucleon mass, v is the quark field, the lightcone vectors n and n are

defined by

n“:\%(l, 0,0, —1), ﬁ“:\}i(l, 0,0, 1), (2.2)
P and S are the nucleon momentum and spin, S%. is the transverse-spin vector [25, 32], £ is
the space-time coordinate, the variable = is the momentum fraction carried by a parton and
it is defined by k™ = zPT, and the lightcone variables a* indicate a* = (a” £ a3)/v/2. In
eq. (2.1), the gauge link is abbreviated. In this paper, the momentum and renormalization
scale dependence (Q?, p?) is not explicitly written in the PDFs and structure functions.
The moments of eq. (2.1) become
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by keeping the terms up to twist 3. Hereafter, the twist-4 distribution function gs; and
twist-4 terms are neglected in this section. The structure functions are classified by the
twist, which is defined by the mass dimension minus spin, in the operator product ex-
pansion [32-38]. The local operators Ro{mbn—1} for describing the polarized structure
functions are defined by

Rolmipn-1} — inflqﬁfya%p{m .. Dun—l}w7 (2.4)

where D" is the QCD covariant derivative given by D¥ = 9" —ig A* with the QCD coupling
constant g and the gluon field A*, and the curly bracket { } indicates the symmetrization



of all the Lorentz indices as defined in eq. (2.5). The higher-twist (> 4) trace terms
Gy, Redmtn—1} and Jou; Re{mtn—1} should be subtracted to make the operator traeless;
however, they are not explicitly written in eq. (2.4). The gluon field A* contains the SU(3)
generator t%, defined by the Gell-Mann matrix \* as t* = A\%/2 with the color index a,
as A¥ = AMt®. Since these operators contain both twist-2 and twist-3 components, they
should be separated so as to have definite twists as [32-35, 39, 40|

Rrolmpna} — ploprpn-1} + R[O—{H‘l}"'lﬁnfl}’
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where the first term R{7#1#n-1} has spin n and the second one RIZ{#)#n-1} hagn —1 so
that they are definite twist-2 and twist-3 operators. The twist-3 operator R{#] s} jg
obtained by expanding the nonlocal operator in the Taylor series as

€4 1(0) (MY — 874") 5 (€) = twist-3: RITTmlm—1}, (2.6)

where 0¥ = 0/0¢,. Then, it is written by the following operators with the gluon field
tensor G*, the quark mass (mg), and equation of motion as [32]

6 0(0) (01701 (&) =~ [ i 0) {ins (1-3) a7(16) - 3677e0) 0@
F2my(0)3507 € (6) (27)
0778 (11D mg)6(€)~ H(O) (D +m )50 E 6 (6),

where the dual field tensor G*” is defined by G* = €"P?G,, /2 [41] with the convention
€123 — 41, The first line of the right-hand side is from the quark-gluon-quark correlation,
the second one is the quark-mass term, and the third one is the equation-of-motion term.
Scale evolution was studied by using these three types of operators; however, we do not step
into such details. Interested readers may read, for example, the summary article of ref. [32].

In this way, the matrix elements of these operators are generally expressed for the
nucleons as
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where a,, and d,, are constants to indicate the magnitudes of the twist-2 and twist-3 matrix
elements. The polarized structure functions g; and g are given by gi1, and gr as ¢g1(z) =

[91L(z) + g1.(—2)]/2 and ¢1(x) + g2(x) = [g7(x) + gr(—x)]/2. From egs. (2.3), (2.4), (2.5),



and (2.8), we obtain the moments as
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In these equations, we use g7 and go for a single flavor. The second equation is written by
using the first one as
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From this equation, the structure function go is written in terms of twist-2 and twist-3
parts separately as

g2(z) = g5V () + ga(2), (2.11)
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Equation (2.12) is the WW relation which is valid in the twist-2 level by neglecting higher-
twist effects. There is also a similar relation for the chiral-odd twist-3 structure function
hz and the twist-2 one h; [42-45]. In addition, higher-twist terms are explicitly written by
multiparton distribution functions [44, 45]. If the WW relation of eq. (2.12) is integrated
over x, it becomes

/01 dz gy W (x) = 0. (2.14)

This relation is the BC sum rule, which was originally derived by using the dispersion
relation for the virtual Compton amplitude. Here, the convergence of this sum could
depend on the z-dependent functional form of g, at small x. Furthermore, no operator
is defined for n = 1 in eq. (2.4), so that the WW relation and BC sum rule could not
be rigorously proven in the operator-product-expansion formalism [33-36, 46-49]. On the
other hand, these relations are satisfied even if perturbative QCD corrections are included
in coefficient functions [35].

3 Parton distribution functions of spin-1 hadrons and their twist-2
relation and sum rule

For studying structure functions, sum rules provide useful information on their z-dependent
functional forms. There are sum rules for the structure functions and TMDs of spin-
1 hadrons [3, 4, 25]. If tensor-polarized antiquark distributions vanish, there is a sum
rule for the twist-2 collinear structure function as [dzb;(xz) = 0. In addition, due to
the time-reversal invariance of collinear parton distributions, there exist the sum rules



dekThlLT({L',k‘%) = fdszgLT(a?,k:,%) = fd2kThLL(ac, ]{772«) = fd2kTh3LL(1‘, k%) = 0 for the
TMDs of tensor-polarized spin-1 hadrons. In this subsection, we show the existence of a
new sum rule and a twist-2 relation, which are analogous to the BC sum rule and the WW
relation, respectively.

3.1 Matrix elements of nonlocal operators and parton distribution functions

The PDFs of hadrons are often discussed by correlation functions. The PDFs of spin-1/2
nucleons are now theoretically investigated including higher-twist ones. On the other hand,
the PDFs of spin-1 hadrons are not well studied especially for the tensor-polarized part.
The TMDs and PDFs of spin-1 hadrons were investigated for the twist-2 in refs. [26-29],
and twist-3 and twist-4 functions were recently proposed in ref. [25]. The PDFs of hadrons
are generally defined from the correlation function

die
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which is related to the amplitude to extract a parton from a hadron and then to insert
it into the hadron at a different spacetime point £. Here, k is the quark momentum, the
hadron momentum and tensor polarization are denoted by P and T, respectively, wld is
the gauge link for satisfying the color gauge invariance, and ¢ indicates the integral path.
We do not write the spin vector polarization S explicitly in eq. (3.1) because only the tensor
polarization T', which is specific to hadrons with spin> 1, is investigated in this paper. The
vector polarization part is essentially the same as the one for the spin-1/2 nucleons. From
the general correlation function in eq. (3.1), we obtain the collinear correlation function
by integrating it over the lightcone momentum k£~ and the transverse momentum kr, and
fixing the k™ component as

O;(z, P,T) = /d2sz ditdk~ @ (k, P, T |n) 6 (k+ — 2P™),

J
= [ | g0 W0, (o) [P 7 (32)
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Here, W (a,b|n) indicates the gauge line connecting a = (a*,a™,dr) to b = (b+,b_,5T)
along the straight lightcone direction of £~. Since the link is along the straight line, there
is no path-c dependence.

The TMDs and collinear PDFs for spin-1 hadrons are defined in various traces of the
TMD and collinear correlation function as Tr(®T"), where I' is expressed by v matrices, in
ref. [25]. In this subsection, the tensor-polarized collinear PDFs are studied and the gauge
link W (0, ¢ |n) is not explicitly written. Later, the Fock-Schwinger gauge £, A*(£) = 0 [50]
is used from section 3.2 and the gauge link is unity W(0,£|n) = 1 in any case for the
collinear PDFs. However, this link appears in section 3.2, for example in eq. (3.20), for
obtaining our WW- and BC-like relations because its total derivative does not vanish.



Here, we are interested in collinear PDFs which are defined in the trace as
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The tensor polarization T is generally expressed by the polarizations Sy,r,, S, and Sk

as [17, 18, 25]
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where at#b¥} is the symmetrized combination al#b”} = atb”+a”b". The tensor-polarization
parameters Srr, Sir, and Sh. are explained in appendix of refs. [26-29]. The S, is
associated with the tensor polarization along the z direction, S%+. is the linear polarization
in the transverse plane, and S/ is the polarization in the plane in-between.

We investigate possible relations of tensor-polarized PDFs firr and fr7, where the
function firr is twist 2 and frp is twist 3, in analogy to the WW and BC relations for
g1 and go. The function fi7; is defined in <I>[7+](33,P, T), and frr is in bl (x, P, T),
and the actual expressions are given in the TMD form in ref. [25]. The twist-4 function
fap, exists in another vector type correlation function ®1"!(z, P,T), so that it is also
included in the following discussion of this subsection. There is another twist-3 function
err, defined in ®M(z, P,T), where 1 is the 4 x 4 identity matrix, and it is also listed in this
subsection. There are related works on the TMDs and PDFs of spin-1 hadrons [2, 11, 26—
29]. Integrating the TMD expressions of eqgs. (33), (43), and (52) in ref. [25] for T’ = 4T,
~, v~, and 1 over the transverse momentum ET, we obtain PDF expressions in terms of
operator matrix elements as

(o, P.7) = [ S P (P | G0) v € [P T s g 2y = St frrs(a),

47
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where « is the transverse index a@ = 1 or 2 and this transverse « notation is used throughout
this paper. The tensor-polarized PDFs firr(z), frr(x), fsrr(z), and err(x) are expressed
by the matrix elements of the nonlocal operators with different v matrices in eq. (3.5). The
collinear PDFs are often written from the TMDs as

fa) = [ @refkp). (3.6)



However, we should note that this integral equation could not be a general relation due
to the ultraviolet divergence in the transverse-momentum integral [51]. Futhermore, the
TMDs f/p(z,k2) and fir(z,k2) are combined to express them as [25] frr(z,k2) =
flr(x, k3) — % fir(w, k2). Therefore, two functions among frr, f/r, and fi are in-
dependent, and fr7 and fir are selected in the table IV of ref. [25]. In eq. (3.5), M is
the spin-1 hadron mass, firr, frr, and fir; are twist-2, twist-3, and twist-4 distribu-
tion functions, respectively. In this way, the collinear correlation function is written up to
twist-4 as

2

O(z, P,T)= % {SLL ﬁf1LL($)+% SrLL 6’LL(=T)+% ST fLT(fU)+(]JDW+)2 Srrt farn(z)|.
(3.7)

Then, the matrix element of eq. (3.3) is expressed by the Fourier transform of ®"1(z, P, T)
expressed by the PDFs as
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2
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Therefore, the matrix element of the vector operator is given by the three collinear PDFs
firr(x), frr(z), and fspr(x) for the tensor-polarized hadron. In particular, we derive a
useful relation and a sum rule for the twist-3 functions fr7(z) in this work.

Since antiquark distribution are discussed later in deriving twist-2 relations, we briefly
explain them. We define the collinear antiquark correlation function in the same way
as [17, 18, 52, 53]

A= e _
By, P.T) = = [ S et (T 05(0) W0,€10) 6| T g g,
= —‘I%'j(—l‘,P, T) (39)

Therefore, the antiquark correlation function is related to the quark correlation function
at negative x, so that the antiquark distributions are described by the quark distributions
at negative x, ¢(x < 0). On the other hand, the charge-conjugate correlation function,

in which the antiquark distributions g(z) are defined, is given by the conjugate spinor
P = CyYT with C = iy?4° and AE =—A, as

df— izPT¢~ 7
of(z, P,T) = / S P T[E O WOO,E ) U (O [P Ty gy (3:10)
These equations indicate the relation between them as
o (x, P, T) = —C [®(z, P,T)]7 CT, (3.11)

where .7 indicates the transposed matrix. The antiquark distributions ¢(«) are then defined
by using this conjugate correlation function. The relations between the various antiquark



distributions g(x) and the corresponding “quark” distributions ¢(x < 0) are explicitly writ-
ten in the end of section 3.1. Next, we show relations between the antiquark distributions
and the quark ones at negative z. The relation between the correlation function ® and the
conjugate one ®C is

+ol(z, P, T) = —0M(—z, P,T) for I' =~*, o™, iysot

¢ , (312
—0M(z, P,T) = 4@l (—2, P, T) for T =1, ivs, 157" (342

oz, P, T) = {
from egs. (3.9), (3.10), (3.11), and (3.3). By taking I' = 4* or 1 in egs. (3.7) and (3.12)
the antiquark distributions are related to the quark distributions as

fiee(@) = =firn(—2), fur(z) = —for(-2), fsoo(z) = —faoo(—2),
err(z) = epn(—x), (3.13)

where the sign is opposite for the chiral-odd distribution function err ().

Let us consider the matrix element of non-local vector operator ¢ (0)y*4(£) in the
region which is not necessarily on the lightcone, where eq. (3.8) was obtained, for calculating
the matrix element with its derivative. The Fourier transform of the vector-operator matrix
element is the correlation function, which is expanded by the linear terms of the tensor
polarization T*” as given in eq. (20) of ref. [25]. Therefore, the matrix element should be
generally expressed in terms of three terms (£ -7 - &)PH, (§-T - &)&H, and THYE,, which are
linear in the tensor polarization with the available Lorentz vectors P*, £, and THYE, as

(P.T | 0(0)y"6(§)| P, 1)
= /_11 dx e*iIP-f [f -T-& {A(x) PH + B(x) gu} + C'(x) T’W&,] : (3.14)

where § - T - § is defined by £ - T - § = £, T"§, and § may not be on the lightcone. The
term T P, does not exist in eq. (3.14) because it vanishes identically 7" P, = 0. Here,
A(z), B(z), and C(x) are coefficients to be determined. In this expansion, twist-4 effects are
neglected, so that the twist-4 function f3r 7 (z) does not appear in the following discussions.
The tensor polarization 7" contains the three types of polarizations S, St, and Si7r,
and the right-hand side of eq. (3.14) should be expressed by them. We find the factors
A(z), B(x), and C(z) so that eq. (3.14) becomes eq. (3.8) in the lightcone limit ¢2 — 0
(Er =&t EF = ET = 0). In this limit, the factors £ - T - £ and TH¥E,, are expressed by
the tensor polarization factors Spr, and S¥;. by using eq. (3.4) as

§T &= o (PHeT)Su,
™e, = ﬁ (P2t — ;M%nﬂ] Spr + ﬁp%*ng. (3.15)
Then, A(z), B(z), and C(x) are obtained as
2 4
A(r) = (1,33]\45)2 {me(f) - gfLT(x)] , B(z) = QSDMS)?’ {flLL(ﬁ) + gfLT(x) :
2
Cla) = Frg furo) (3.16)



in the lightcone limit with P-£ = PT¢™. In order to derive a twist-2 relation and a sum rule,
we need to investigate the twist-3 matrix element &,( P, T|4(0)(0"y® — 9%y*)y(€) |P, T')
as the derivative operator is given in egs. (2.6) and (2.7) for go. Taking the transverse
index @ = 1 or 2 and considering the lightcone limit, we obtain the relation

&l P.T | §(0)(0" = 0°y")(€) | P,T)
1 o
=2M S5 /_1 dx e @P"s {—;’ firo(z) + frr(z) — % {zfrr(x)}, (3.17)

from eq. (3.14). In this way, it becomes possible to identify the twist-3 part of the function
frr(z) in connection with the twist-2 function firr(x).

Since the nonlocal operator of the left-hand side in eq. (3.17) gives rise to the twist-3
operators as explained in section 2, the right-hand side should vanish if higher-twist effects
are neglected. It leads to the WW- and BC-like twist-2 relations for frp and fir7,. However,
we investigate further in this work by defining possible multiparton distribution functions
for the tensor-polarized spin-1 hadron, and then we explicitly show that the left-hand side
is expressed by these multiparton distribution functions. Namely, we try to obtain the full
decomposition of fr7 into the twist-2 and twist-3 terms.

3.2 Twist-3 matrix element and multiparton distribution functions

For specifying twist-3 effects, we derived the expression of twist-3 terms in eq. (3.17) in
terms of the tensor-polarized distribution functions. In general, the twist-3 terms are
described by multiparton (three-parton in this work) distribution functions [32, 50, 54].
In order to derive a twist-2 relation and a sum rule for the tensor-polarized PDFs, we
try to connect the derivative terms in the left-hand side of eq. (3.17) to the multiparton
distribution functions. For this purpose, we try to express the derivative terms by the
nonlocal quark-gluon operators in this subsection.

The Fock-Schwinger gauge x,A*(z) = 0 is used in our formalism, so that the gluon
field is expressed by the field strength tensor by introducing the variable ¢ as

A = | Latee,amre), (3.18)

where GH = M AY — Q¥ AV — ig [A*, A¥]. The gauge link is generally expressed as

W(0,8) = Pexp [—ig /0 Lt §MA“(t§)} : (3.19)

where the integral path is the direct one from 0 to &. If the Fock-Schwinger gauge is taken,

the gauge link becomes unity. However, the total derivative %W does not vanish and

it is used for relating the derivative relation of eq. (3.17) to the field tensor and subse-

quently to the multiparton distribution functions. We consider that the total derivative
9 R

WW(A& €+ Af) ‘A§—>0’ which is given by the field tensor G and the gluon field A” as

_ 1
3, (0,€) = a(fép)wms,g n A@]AM = —ig [ B G(1€) —ig [4,(6) — A,(0)].

(3.20)
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From eq. (3.20), the derivative of the local operator ¥(0)WT% (&) becomes

B W (0.10(6) = 5(0) (D, + B,) L6 —ig [ de€Gpli)bO)re(e), (320

_>
where the covariant derivatives are given by %p = 6 p +igA, and B p= 0,—1igA,.
Next, we express the left-hand side of eq. (3.17) in terms of the covariant derivatives
and the field tensor as

BO)(@y* — 8*#)h(€) = $(0) (DHy™ — Dyt ) e
DO i [ drtg,Gree) (3.22)

The index « is the transverse one (o = 1, 2); however, all the following equations within
this subsection are valid as a general 4-dimensional Lorentz index. By the identity

NPG = (g — gHPy) — PHPT e (3.23)

the covariant derivative term becomes DF~® — Doyk = i(Bao‘“ — o [D)/2. Then, using
eq. (3.21) with the I" factor I' = 4?0 “* we obtain the first derivative terms in the right-hand
side of eq. (3.22) as

0) (D7 = Bt () = ~59(0) (0™ B + Do o)

- g/l dt‘vaW(th(O)W’prWf) + %5,;{&(0)7”0““%5)}, (3.24)
0

The third term of the right-hand side (y,0“") is written by the antisymmetric tensor e*#*7
of eq. (3.23), and then it is given by the dual field tensor G* as

4G pr (16) g/ €7 = 26, 67GHT — 262G + £,67 Gy pe™ 7 + 26,67 GO, (3.25)

where the relation g"7e*r7 = gV*eTHPT  gVHeXTPI 4 gVPeMTT 4 gV e*HPT was used. We may
note that the third term in the right-hand side of eq. (3.25) is identical to the left-hand
side with the minus sign, so that the factor of 2 in front of the dual field tensor is dropped
for calculating the left-hand-side term. Therefore, the third term of eq. (3.24) contracted
with £, becomes

~Le, [t G )01 e = [ ari0)] - .00 + 6,6 1)

{267 09) - 6,67 (1)} s | 006 (320

Substituting eqs. (3.24) and (3.26) into eq. (3.22), we obtain
0) (Fioe—Fon) / at(0) |i (£ 5 ) G(1€) - 5256 (1) | €. £(€)
+7 Lt 0) [@SQGW@&)—&?G“(@} Yor5t(€) (3.27)
= 5600)0 (B —mq ) w(©)= 56.50) ( D+my ) 0™ 0(€)+ 36,85 0170 b(€)),
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where the quark-mass term like the second line of eq. (2.7) does not exist due to the
operator difference. In this equation, the first term in the second line of r.h.s. is a twist-4
contribution and the next term vanishes in the lightcone limit €2 = 0. The first two terms
in the third line are the equation-of-motion terms, and the last term could be neglected
since the total derivative term vanishes in the forward matrix elements [32, 50]. Therefore,
at the twist-3 level, the relation is given by

b 0@~ 0O) =g [ ariO)[i (13 ) G 16)~335G 1) |6 ©), (329)

In this way, the derivative terms in the left-hand side of eq. (3.17) are given by the field
tensor G* and the dual one G**.

The next step is to relate the field-tensor terms of eq. (3.28) to twist-3 multiparton
(three-parton) distribution functions. For this purpose, we define a quark-gluon-quark
correlation function ®%(z1,z2) for a tensor-polarized spin-1 hadron in terms of the field
tensor G*”. For defining the correlation function, only the transverse component of the
gluon field is considered in the lightcone formalism as the leading term [40, 52, 53, 55].
We have been using the Fock-Schwinger gauge (£ - A = 0) in this paper; however, it is
identical to the lightcone gauge (n - A = 0) in the lightcone limit because of the relation
E-A=¢n-A=¢ AT =0. The multiparton (quark-gluon-quark) correlation function is
defined by using the transverse gluon field A%(= A%), where « is taken as the transverse
index o = 1 or 2. In the lightcone gauge A" = 0, the field tensor is expressed by the gluon
field as GT® = 9T A%, so that the correlation function is defined with G as

d€T des o e o _
(B (1m2) = [ BL B2 PG eGP T 5(0) G e ) vl | P.T).
(3.29)

Due to the relation Gt = 9T A%, the same correlation-function expression, which is derived
in the following, should be valid for the correlation function defined with the gluon field
A% instead of G1*, except for minor changes discussed after eq. (3.33). Here, the gauge
link is not written because of the lightcone gauge. The conditions of Hermiticity, parity
invariance, and time-reversal invariance are given in refs. [25, 52, 53].

Next, we try to express the multiparton correlation function in terms of possible
Lorentz vectors with the index «. There was some study on the multiparton correlation
function for the deuteron in ref. [11]. In this work, we try to provide the full expression
for the multiparton correlation function for spin-1 hadrons, and then we relate them to
the twist-2 relation and sum rule for frr. Here, only the tensor-polarization is considered
since the unpolarized and vector-polarization correlation functions have already investi-
gated for the spin-1/2 nucleons. Then, the correlation function of eq. (3.29) should be
proportional to the tensor polarization T as shown in eq. (20) of ref. [25]. The correla-
tion function in eq. (3.29) has Dirac spinor indices i and j, so that it is expressed by the
Dirac v matrices such as v* and y*+v”. Three and more 7 types are not independent from

these one- and two-y types because of the relation YAy y” = SHPYPryg 4 jelPVPry gy with
SppvB — gupgl/ﬂ 4 guﬁ g — g.U»Vgpﬁ‘
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In terms with T#%, the Lorentz index u should be contracted with other vectors. We
note that the hadron momentum P* is expressed by the two lightcone vectors n* and n*
(P* = PTa#+M?n#/(2PT)), where the n# term is suppressed by the factor O(M?/(P*)?).
First, let us take the contraction of T/ in eq. (3.4) with the lightcone vector n, to obtain
n,TH = %S 201, where 7 is multiplied for including the v matrix, and the higher-twist
7 terms are not included. Namely, the term n,T#® is given by the tensor polarization
vector Sfp. The term n,TH* is expressed as n,TH" = —%n#T“a, so that it is not
an independent term. In the same way, the term ~,7#% is not independent from n,T"*
as they are related with each other by n,TH*} = ~,T** in the lightcone limit. On the
other hand, 7, 7" is an independent term. Therefore, we have two independent terms
associated with TH:

Pt 1 1
m TV = T Sgd T = (gsm% 4 27“5;;) . (3.30)
As for independent T"" terms where the index « comes from other vectors, we have two
possibilities by noting the transverse components €3 (ei! = —€2? = 1) and 7% as
wy o s P+ (PJr)
n T e, ivsih = 2M€T PSLruivsih, ngT* n,yEh = SLL e Y. (3.31)

From these considerations, the correlation function ®&(z1,z2) of eq. (3.29) is generally
expressed by four terms with the tensor polarizations as

D¢ (x1,22) = iStr Farr(z, v2) — e SpruvsGa, pr (@, x2)

2
+ iSLLvaHé’LL(xl, x9) + iS%l%VuHG,TT(SUL x2) | b (3.32)

All the terms in the right-hand side of eq. (3.32) satisfy the parity and time-reversal in-
variances. The functions Fg rr(z1,22), Ga,rr(z1, 22), Hé_’LL(.Tl,LUQ), Hegrr(x,x2) are
twist-3 multiparton distribution functions. The correlation function ®¢ is defined by using
the gluon field A“ instead of the field thensor GT® in eq. (3.29), and it is expressed by real
multiparton correlation functions. Therefore, the right-hand side of eq. (3.32) contains the
i factor due to the derivative 7 (— iP1) in G,

We try to find properties of the multiparton distribution functions Fg rr(x1,22),
Ga,rr(z1, x2), HéyLL(xl,q:g), Hg rr(z1,22) under the exchange of variables z; and z3
by using the Hermiticity condition. For example, this Hermiticity relation is given for the
first term of eq. (3.32) as —Z.SET'ﬁTFG,LT(aTl,IEQ)* = iSY 71 Fo 1 (w2, 21). For the real
function of Fg rr(z1,x2), it becomes Fg rr(x1,22) = —Fg (2, 21). In this way, the
Hermiticity condition is satisfied if the functions Fg 17, Ga, 1, H, é 11, and Hg 7 are real
and they have the properties

Faorr(zi,x2) = —Farr(ze,z1), Ggrr(e,ze) = Ga,rr(xe, x1),

HE (w1, 20) = Hi pp(x2,21),  Herr(zi,22) = Herr(2e, 1), (3.33)

under the exchange of the variables x; and zs. If the multiparton distribution functions
are defined by taking the gluon field A% instead of G in eq. (3.29) and the functions
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(Farr, Garr, H i o1, and Hapr) are defined without the ¢ factors, these symmetric
properties have opposite signs, namely Fa rr(z1,22) = Farr(ze,z1), Garr(z,z2) =
—Ga,rr(x2, 21), HiLL(xl,sz) = —HiLL(xz,fEl)? and Harr(z1,22) = —Harr(z2,21).

From egs. (3.29) and (3.32), the functions Fg v and Gg 1 are expressed as the
correlation matrix-element forms as

i der dey - -
SZTngLT(xl, 1:2) = —m g %% em1P+£1 ez(asg—ml)P“'gQ
X (P,T | $(0)4in, G (& )w(&r) | P.T),  (3.34)

and

&y d&y el Py pi(za—z1)PTEy
2 2w

X (P.T | $(0) ivspinu G (& 1 (67) | P.T). (3.35)

Equations (3.34) and (3.35) were obtained by the traces of (®%);;j(z1,x2)(7)j and
(@2%)ij(z1, 22) (iv50h) i, respectively. Then, the relations €7 Spry, = g*1S%, — g*2S}r and
nuéﬁveﬁé‘a = g*12G*? — g®22G*! were used to reach to eq. (3.35). Defining the variable
t by & =t& and calculating derivatives of Fg rr(x1,22) and Gg rr(z1,22) with respect
to x1 and xa, we obtain the relation with the field tensors G* and G** in eq. (3.28). In

this calculation, the principal integral expressed by the sign function

) o0 1 _. 1 f
19/ du 2w = () = { T1 forz>0 (3.36)
T oo w —1 forz<0

7
StrGa rr(xi,z2) = mg/

is used. The integral region of z9 is from —1 to 1; however, the integrand with the distri-
bution functions vanish in the region |z2| > 1, so that the integral region is extended to the
one from —oo to co. Here, & indicates the principal integral. Using egs. (3.34) and (3.35),
we obtain the matrix element of the field tensors in the right-hand side of eq. (3.28) as

/M gia1Pg <P,T‘ 9/01 dt(0) [z (t-é) Ga#(tg)_%% Ga“(tﬁ)]fufw(f)‘P,T>

27 e+=€r=0
= —2MSY @/1d ! {O{F ( )+Ga o ( )}
= ir o x2x1—$2 92, G,LT(Z1,%2 G,LT(Z1,%2
0
+8x2{FG,LT(JU%$1)+GG,LT($27$1)}]~ (337)

In this way, it becomes possible to separate the twist-3 effects expressed by the multiparton
distribution functions from the twist-2 ones, which is essential in deriving the WW-like
relation for the distribution function frp.

The multiparton correction functions @% and (I%,C are defined for antiquarks in the
same way with egs. (3.9), (3.10), and (3.11) by considering the definition for quarks in
eq. (3.29). The only extra factor is the gluon tensor GT¢. Noting the charge-conjugation
property for the gluon field AS = —A,,, we find the relation which has the opposite sign of
eq. (3.11) as

% (21,22, P, T) = C [®&(x1, 22, P,T)]7 C1. (3.38)
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Therefore, the relations between the multiparton correlation functions for antiquarks have
different signs from eq. (3.12) as

—@g’[r](xl,xg):—l—‘I)g’[F](—:cz,—xl) for T'=~#", oH”, iys0t

%M (3, 20) = { (3.39)

+‘T>Ccy:’[r] (x1,22) :—@g’[r](—l‘z,—l‘l) for I'=1, dvys5, y57*

Then, the multiparton distribution functions for antiquark are obtained by noting these
correlation-function relations as

Farr(z1,22) = Forr(—29, —71), Garr(r,22) = —Ga pr(—z2, —21),

He pp(m1,22) = Heg pp(—39, —11),  Horr(w,22) = Horr(—22, —11). (3.40)

Therefore, the multiparton distribution functions for antiquarks are described by the func-
tions for quarks at negative x; and xo; however, they are also expressed by the functions
FG7 LT, ng LT, }_Ié 1, and .F_IGTT. Similar relations were given in the multiparton distri-

bution functions for the spin-1/2 nucleons in ref. [56].

3.3 Twist-2 relation and sum rule

After all these preparations on the tensor-polarized PDFs of spin-1 hadrons, we are now
ready to drive a twist-2 relation and a sum rule for the twist-3 distribution function frr.
First, the matrix element of the nonlocal operator 1(0)(O#y® — %y )ah(€) with the trans-
verse index a was expressed in terms of the tensor-polarized PDFs fipr(z) and frr(z) in
eq. (3.17). Second, this nonlocal operator was expressed by the field tensor G and its dual
one G in eq. (3.28). Third, the matrix element of the field tensors was given by the twist-
3 multiparton distribution functions G and F' in eq. (3.37). Combining egs. (3.17), (3.28),
and (3.37), we obtain

df ()
dx

T

3 HT
=~ hiele) = fir (@), (3.41)
where the twist-3 multiparton-distribution part is defined as

1
r—y

1 0
W@ =2 [ dy——| 2 {Faurloy) + Gourle.y)

0
+ ay {Ferr(y,z) + Garr(y, )} |- (3.42)

Here, HT indicates the higher twist. Integrating eq. (3.41) over z, we obtain

e\xr e\xr

fir@ =2 [ B+ [ YA, (3.43
x Yy x Yy

by using the sign function of eq. (3.36). Namely, the integral is from x to 1 if z is positive for

the quark distribution, and it is from x to —1 if x is negative for the antiquark distribution.

In eq. (3.43), we obtained the full decomposition frr into the twist-2 term and the twist-3

multiparton distribution functions, as investigated for go and hy, in refs. [32, 42—45].
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In section 2, the structure function g; is given by the function ¢17, as g1(z) = [g1(x) +
911(—x)]/2 for describing both the quark and antiquark distributions in the x range of

HT)+

0 <z < 1. In the same way, we define the distribution functions ffL I fZFT, and f éT as

f(@) = flo)+ f(z) = fx) — f(—x), f= fiL, for, fﬁ?T), z > 0. (3.44)

Here, these functions are given for a single flavor. From egs. (3.43) and (3.44), we obtain
a relation for fi,(z) and fi7; (z) as

d Ld
) =3 [ Y g+ [0 W) (3.45)

Since the function fg;T)Jr(y) indicates the twist-3 effects as given by the multiparton
correlation functions, this equation indicates that the twist-2 part of the function f;,.(z) is
expressed by the integral of f;7;(x). In this way, the twist-3 function f;(z) is expressed
by the twist-2 function and the remaining twist-3 one. If the twist-3 part is neglected, the
relation becomes

i) =3 [ fiuut) (3.46)

This equation corresponds to the WW relation in eq. (2.12). It should be noted that the
structure function by or the tensor-polarized PDF drq is given by the firr as —(3/2)f;; =
b + b? = dpq + d7q [25]. This new relation suggests that the tensor-polarized distribution
function frr(x) is expressed by the integral of firr(x) or bi(x) if higher-twist effects are
ignored. If the function forp(z) is defined by

Foun(e) = - fur(e) — fron (), (3.47)
eq. (3.45) becomes
14 14
fopr(@) = =fipL(@ +/ yflLL 3/ o W), (3.48)

The distribution function f2+L . (x) is expressed by the twist-2 and twist-3 terms. If the
twist-3 term is neglected, we obtain a relation

Ld
() = e+ [V LW, (3.49)

which is analogous to the WW relation for g; and g5 in eq. (2.12). Furthermore, integrating
this equation, we obtain

1
/0 dz i (z) = 0, (3.50)

which is analogous to the BC sum rule. These relation and sum rule are useful in studying
the tensor-polarized distribution function f.7 () (or original frr(x)) as the WW relation
and the BC sum rule provide strong constraints on determining the structure function
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g2(x) for the nucleons. Furthermore, considering the sum rule based on the parton model
[dxbi(z) = 0 (or [dxf;;(z) = 0 by the notation in this paper) [3-5], which is valid
if tensor-polarized antiquark distributions vanish, we have the sum rule for the twist-3
function frp itself as

/01 dz fip(x) = 0. (3.51)

Equations (3.50) and (3.51) could be affected by the small-x behavior of the distribution
functions in the same way with the BC sum rule for go. We proved these twist-2 relations
in the tree level and have not discussed perturbative QCD corrections. At this stage, it is
not obvious whether these relations are satisfied in the structure-function level by including
coefficient functions as investigated in g2 [35]. We leave this issue for a future project.

The tensor-polarized structure functions of spin-1 hadrons and nuclei have been inves-
tigated since the end of 1980’s. Due to lack of experimental measurements except for the
HERMES experiment for by, theoretical developments of this field were rather slow in com-
parison with the spin physics of spin-1/2 nucleons. However, we believe that bright future
is ahead of us in the sense that the tensor-polarized structure function b; and the gluon
transversity, which are specific observables in the spin-1 hadrons, will be measured at JLab
in the middle of 2020’s [7, 9, 10] and such experiments will be proposed at Fermilab [19] as
the proton-deuteron Drell-Yan process. The NICA facility will have the polarized-deuteron
beam in the near future [21, 22], so that they could focus their studies on the structure func-
tions of the spin-1 deuteron. In addition, there are EIC projects in US and China [12, 13|
to investigate the structure functions of the spin-1 hadrons and nuclei in 2030’s. In the
JLab measurements, the scale Q2 is not large in general, which enables to probe the twist-3
structure functions such as go. In the same way, higher-twist tensor-polarized structure
functions could become accessible at JLab or future high-intensity accelerator facilities. In
this sense, our previous studies on general twist-3 and twist-4 distribution functions [25]
as well as this work should become useful in future. In particular, the new twist-2 relation
of eq. (3.49) [or (3.46)] and the sum rule of eq. (3.50) [also eq. (3.51) in addition] could
become important for constraining the twist-3 function forr(x) or frr(x), although the
integral relations are always difficult to be tested due to the experimental inaccessibility
at small x. The tensor-polarized PDFs and structure functions will be measured at JLab,
Fermilab, and NICA at relatively large x, and the small-x part will be investigated at EIC
and other high-energy lepton facilities, for example, by a possible fixed target project of
a linear or circular lepton collider. According to the theoretical estimate on higher-twist
tensor-polarized structure functions in a few-GeV Q? region [8], which is the typical kine-
matical region of JLab, they are not be much smaller than the leading-twist ones, in the
similar way to the 15-40% breaking of the WW relation for go [47, 48]. Therefore, the
understanding of the higher-twist structure functions are valuable also in determining the
leading-twist functions from actual measurements in future. At this stage, the available
information is very limited for the tensor-polarized PDFs and structure functions. How-
ever, we hope to make progress on numerical studies of them by considering the sum rules
derived in this work.
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4 Summary

There are tensor-polarized PDFs and structure functions for spin-1 hadrons. In this work,
we derived a new useful twist-2 relation

3 re(@) e(x) (HT)
fure) = 5 [ gy [ g fir ),

where €(x) =1 (—1) at > 0 (z < 0), for the twist-3 distribution function frr(x) and
twist-2 one firr(x). This equation indicates the quark and antiquark distributions at
x > 0 and = < 0, respectively. Defining the plus function by the quark and antiquark
distributions as f*(z) = f(z) + f(z) and neglecting the higher-twist term, this equation

is written as

3 [ty
fire) =5 [ L. (1)
Namely, the twist-2 part of frr(x) is expressed by the integral of firr(z). Since the
integrand is given by the structure function b{™9 = —(3/2)f; ., the twist-2 of frp(x) is

expressed by the function b;. Using the function for; defined by forr = % frr — firr, we
obtained

+ + by .
fapr(@) = = fip (@) + ?flLL(y)'

xT

This relation is similar to the Wandzura-Wilczek relation for the polarized structure func-
tions g1 and go for the spin-1/2 nucleons. It is useful in the sense that the twist-2 part is
constrained and the separation of higher-twist effects become clear. In addition, we showed
that the sum rule

1
/0 dx f;‘LT(a:) =0,

exists for forr, and it constrains the overall z-dependent functional form of for;. It is
similar to the Burkhardt-Cottingham sum rule for go. Furthermore, if the parton-model
sum rule [drf];;(z) = 0 ([dzbit(z) = 0) is applied in the case where the tensor-
polarized antiquark distributions vanish, it led to another sum rule

/1 dz f{r(x) = 0.
0

All these relations are valuable in investigating the tensor-polarized PDFs and structure
functions in future. For specifying twist-3 terms in deriving these relations, we explained
that four twist-3 multiparton distribution functions

Frr(zi,22), Grr(zi,x2), Hip(z1,22), Hpr(zi,a),

exist for tensor-polarized spin-1 hadrons. These multiparton distribution functions are also
interesting for probing multiparton correlations in spin-1 hadrons.
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