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The definitions of the quark and gluon transversity generalized parton distributions (GPDs) in spin-3=2
particles are obtained in the light-cone gauge. It is found that they contain 16 independent components for
each parton. Their even or odd property is found in terms of a skewness variable, and the odd transversity
GPDs vanish in the forward limit. There are 16 amplitudes with helicity flip of quark or gluon. We conclude
that all the amplitudes, unpolarized, polarized, and transversity amplitudes, have a common factor FðζÞ
carrying all the complex parts. Here, the variable ζ is the helicity difference ζ ¼ ðλ0 − λÞ − ðμ0 − μÞ for the
amplitudeAλ0μ0;λμ. This kinematical factor is associated with the transfer of the orbital angular momentum in
the quark- and gluon-spin-3=2 particle scattering amplitudes.We also derive another main physical quantity,
transversity distribution, from the transversity GPDs in the forward limit for the spin-3=2 particles.
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I. INTRODUCTION

To investigate the construction of hadrons from quarks
and gluons degrees of freedom, which are the elementary
particles described by quantum chromodynamics (QCD),
the notion of generalized parton distributions (GPDs) was
introduced [1–7]. The GPDs can provide a more detailed
account of the internal structure of hadrons in terms of their
elementary constituents than the parton distributions and
form factors (FFs). Similar to the theoretical constructs, one
of the related experiments utilized to investigate hadron
structures is the deep inelastic scattering process, which
indicates the parton distributions, including the unpolar-
ized, polarized, and transversity distribution functions at
the leading twist. We know that the GPDs depend on three
variables: the longitudinal momentum fraction x, the square
of the transferred momentum t, and the skewness variable ξ
which is defined by the transferred longitudinal momen-
tum, rather than just one variable x in the parton distribution
functions (PDFs). The reaction that involves GPDs is the

off-forward Compton scattering, which consists of at least
one off-shell photon [7,8], including the deeply virtual
Compton scattering (DVCS) process [3,5]. Furthermore,
the GPDs reduce to the PDFs in the forward limit. The
spacelike GPDs are measured by the DVCS and meson-
production processes at the Thomas Jefferson National
Accelerator Facility (JLab) and in the CERN-AMBER
project. The timelike GPDs are investigated by the two-
photon process or the timelike Compton scattering at
KEKB [9,10] and will be studied possibly at BESIII. In
addition, there are future GPD projects at EICs [11,12], by
hadron reactions at the Japan Proton Accelerator Research
Complex (J-PARC) [13–16], and by neutrino reactions at
Fermilab [17–19].
Corresponding to transverse momentum independent

parton distributions [20], there are three types of GPDs,
(i) unpolarized GPD corresponding to the unpolarized
parton distribution function, the probability of finding a
parton with the longitudinal momentum fraction x in the
unpolarized hadron; (ii) polarized GPD corresponding to
the polarized distribution function, the number density of a
parton with the longitudinal momentum fraction x and spin
parallel minus spin antiparallel to that of the polarized
hadron; (iii) transversity GPD corresponding to the trans-
versity distribution function h1ðxÞ [21,22] (called ΔTðxÞ in
Ref. [20], ΔðxÞ in Ref. [23] and δqðxÞ in Ref. [24]), which
denotes the number density of a parton with the longi-
tudinal momentum fraction x and polarization parallel to
that of the hadron with transverse polarization minus the
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number density with antiparallel polarization. The trans-
versity distribution function h1ðxÞ, which can be obtained
from transversity GPDs in the forward limit as described
above, has been studied fundamentally by Ralston et al.
[25], Artru et al. [26], Jaffe et al. [27,28], Cortes et al. [29],
Ji [30], and Barone et al. [31]. Additionally, there is no
logical reason to assume that the transversity parton
distribution is significantly smaller than the other two
distributions [31–37]. For nearly two decades, the spin-
1=2 and -1 quark transversity distributions have been
measured by some experiments [38–41] and the gluon
transversity is possibly measured by JLab [42], EIC
(Electron-Ion Collider) [11,43,44], and EicC (Electron-
Ion Collider in China) [12], and Fermilab [37,45,46].
Based on the parity and time reversal invariances, there

are 2ð2J þ 1Þ2 independent GPDs for each parton (either
quark flavor or gluon) in a spin-J hadron at leading twist
[8]. These independent GPDs are discussed in Sec. 3.5.4 of
Ref. [8] and Ref. [47] for spin-3=2 hadrons, and it is also
found by using the parity invariance in Eq. (7) of this paper.
Half of the total GPDs consist of the unpolarized and

polarized GPDs that do not involve the helicity flip, while
the remaining half is distributed to the transversity GPDs
involving the helicity flip, i.e., there are 16 independent
transversity GPDs for the spin-3=2 hadrons. The quark
transversity GPDs are chiral-odd since the corresponding
operator flips the quark chirality, in contrast to the chiral-
even unpolarized and polarized GPDs. Moreover, the
helicity flip distributions of the quark and gluon will
mix in the evolution of the transversity GPDs. Many
studies on the definition of GPDs [7,8,22,24,48] and the
model calculations [49–51] have been conducted for the
low spin (J ≤ 1) hadrons.
It should be stressed that the unpolarized and polarized

GPDs of spin-3=2 particles have been decomposed,
defined, and calculated in our recent papers [47,52]. The
priority of this work is to decompose and derive the
definitions of the transversity GPDs for the spin-3=2
system. We expect that this series studies of GPDs for
spin-3=2 particles give valuable references for possible
future experiments at EIC, EicC, BESIII, KEK-B factory,
and J-PARC. Moreover, the study of the gluon transversity
distribution on Δ isobar is also necessary to understand the
non-nucleonic degrees of the hadrons in nuclei [23,53–55].
Experimentally, the timelike GPDs could be measured in
principle at BESIII and KEK-B [10] even for spin-3=2
particles like eþe− → ΔΔ̄ or ΩΩ̄. Furthermore, there are
recent interests on the transition GPDs for N → Δ at JLab
and J-PARC [13,56], so that spin-3=2 GPD experimental
project could become a realistic one in future.
The main content is concentrated in Sec. II. First, the

definitions of transversity GPDs and their corresponding
amplitudes, along with their symmetry properties, are
explained and discussed. In the next two subsections,
the specific components of the parton transversity GPDs

respectively for the quark and gluon, and the interpretations
of their symmetry properties are shown. The corresponding
tensor form factors and tensor charges are obtained by the
derived sum rules. Moreover, the amplitudes and the
relations connecting transversity GPDs with transversity
parton distributions are derived and elucidated. To sum-
marize our work, we provide a short discussion in Sec. III.

II. TRANSVERSITY GPDS
OF SPIN-3=2 PARTICLES

A. Conventions, correlators
and symmetry properties

The GPDs are defined through matrix elements of the
nonlocal parton operators. Following the conventions of Ji
[7,8], the leading twist GPDs can be defined by the matrix
element Z

dz−

2π
eixðP·zÞhp0; λ0jOjp; λi

���
zþ¼0;z⊥¼0

; ð1Þ

whereO is the nonlocal operator at a lightlike separation of
the corresponding GPDs. The p (p0) and λ (λ0) respectively
denote the momentum and helicity of the initial (final)
state. In this work, the light-cone coordinate is employed
and any four-vector v can be rewritten as v ¼ ðvþ; v−;v⊥Þ,
where v� ¼ v0 � v3 and v⊥ ¼ ðv1; v2Þ. The scalar product
of any two four-vectors is u ·v¼ 1

2
uþv−þ1

2
u−vþ−u⊥ ·v⊥.

Moreover, the light-cone vector n ¼ ð0; 2; 0⊥Þ is needed
and n2 ¼ 0. In addition, we use the same kinematical
variables with our previous work [47],

P ¼ p0 þ p
2

; Δ ¼ p0 − p; t ¼ Δ2;

ξ ¼ −
Δþ

2Pþ ðjξj ≤ 1Þ; x ¼ kþ

Pþ ð−1 ≤ x ≤ 1Þ; ð2Þ

where k − Δ=2 (or kþ Δ=2) is the initial (or final) parton
momentum as represented in Fig. 1. Note that here we use
Δ instead of q in Ref. [47] to stand for the relative
momentum. There are some other conventions in the
following, like a½μbν� ¼aμbν−aνbμ, afμbνg¼aμbνþaνbμ,
σni ¼ σρinρ, σμν ¼ ði=2Þ½γμ; γν�, ϵniρδ ¼ ϵμiρδnμ, and
ϵ0123 ¼ 1.
In Ref. [47], the unpolarized (polarized) quark or gluon

GPDs are defined and decomposed for a spin-3=2 system
when we choose the nonlocal operator being Oq ¼ ψ̄=nψ
(ψ̄=nγ5ψ) orOg ¼ GnμGμ

n (GnμG̃μ
n) whereGnμ ¼ Gρμnρ in

Eq. (1). In the present work, ψðxÞ andGμνðxÞ are employed

FIG. 1. Diagrams describing the quark (left) and gluon (right)
GPDs.
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to respectively denote the quark field and gluon field
strength tensor, and the corresponding dual field strength
tensor is defined as G̃ρσðxÞ ¼ 1

2
ϵρσμνGμνðxÞ. There is a

Wilson line W½− 1
2
z−; 1

2
z−� along a light-like path between

the two fields at positions of − 1
2
z− and 1

2
z− in the nonlocal

operator O. The Wilson line is defined as [8]

W½a; b� ¼ P exp

�
ig
Z

a

b
dx−Aþðx−n−Þ

�
; ð3Þ

where P stands for the path-ordering from b to a and AðxÞ
represents the gluon field. In this work, the light-cone
gauge Aþ ¼ 0 for the gluon field is considered and then
W½− 1

2
z−; 1

2
z−� ¼ 1, so that the Wilson line does not appear

in the operators.
Equation (1) with nonlocal operators of Oq ¼

ψ̄ð− 1
2
zÞiσniψð1

2
zÞ and Og ¼ Gnið− 1

2
zÞGjnð1

2
zÞ defines

the quark and gluon transversity GPDs as

Tqi
λ0λ ¼

1

2

Z
dz−

2π
eixðP·zÞ

�
p0; λ0

����ψ̄
�
−
1

2
z

�
iσniψ

�
1

2
z

�����p; λ
�����

zþ¼0;z⊥¼0

; ð4Þ

and

Tgij
λ0λ ¼

1

2Pþ

Z
dz−

2π
eixðP·zÞ

�
p0; λ0

����TrŜ
�
Gni

�
−
1

2
z

�
Gjn

�
1

2
z

������p; λ
�����

zþ¼0;z⊥¼0

; ð5Þ

where i and j are the transverse indices, and the operator Ŝ
in Eq. (5) stands for the removal of the trace and the
symmetrization between i and j. As the transversity GPDs
have different definitions from the helicity nonflip GPDs,
the quark and gluon transversity GPDs have the different
decompositions since gluon has the more index j.
One can also define the corresponding quark and gluon

amplitudes [8] as

Aq
λ0μ0;λμ ¼

Z
dz−

2π
eixðP·zÞhp0; λ0jOq

μ0μðzÞjp; λi
����
zþ¼0;z⊥¼0

;

Ag
λ0μ0;λμ ¼

1

Pþ

Z
dz−

2π
eixðP·zÞhp0; λ0jOg

μ0μðzÞjp; λi
����
zþ¼0;z⊥¼0

;

ð6Þ

where the label μ (μ0) represents the emitted (re-absorbed)
parton helicity. The amplitudes satisfy the constraints
of [8,22]

Aq=g
−λ0−μ0;−λ−μðP;Δ; nÞ ¼ ð−1Þðλ0−λÞ−ðμ0−μÞAq=g�

λ0μ0;λμðP;Δ; nÞ
Aq=g

−λ0−μ0;−λ;−μðP;Δ; nÞ ¼ ð−1Þðλ0−λÞ−ðμ0−μÞAq=g
λμ;λ0μ0 ðP;−Δ; nÞ

ð7Þ

from Hermiticity, parity and time reversal transformations.
Table I lists all the operators carrying the parton helicity at
leading twist. Notice that the helicity flip operators on the
quark have another forms,

Oq
−þ ¼ −

1

4
ψ̄ðiσþ1 − iiσþ2Þψ ¼ −

1

4
ψ̄iσþ1ð1þ γ5Þψ ;

Oq
þ− ¼ 1

4
ψ̄ðiσþ1 þ iiσþ2Þψ ¼ 1

4
ψ̄iσþ1ð1 − γ5Þψ ; ð8Þ

because of iσþ1γ5 ¼ −iiσþ2. Amplitudes (6) with μ0 ¼ μ
contain 16 nonflip amplitudes in the spin-3=2 system,
which have been explicitly given in Ref. [47]. Analogously,
the parity invariance restricts 16 independent quark or
gluon transversity GPDs for the spin-3=2 particles when
μ0 ≠ μ. Note that the helicity label � on the partons of the
quark stands for � 1

2
and those of the gluon for �1

according to the corresponding spin. More symmetry
properties, such as Hermiticity, light-front parity, and
light-front time reversal, are also satisfied [22], and they
do not provide any further constraints on the number
of GPDs.

TABLE I. Leading twist operators Oq
μ0μ and Og

μ0μ.

Oq
μ0μ Og

μ0μ μ0 μ

1
4
ψ̄γþð1þ γ5Þψ 1

2
½GþρGþ

ρ − iGþρG̃þ
ρ � þ þ

1
4
ψ̄γþð1 − γ5Þψ 1

2
½GþρGþ

ρ þ iGþρG̃þ
ρ � − −

− 1
4
ψ̄ðiσþ1 − iiσþ2Þψ 1

2
½Gþ1G1þ − Gþ2G2þ − iðGþ1G2þ þGþ2G1þÞ� − þ

1
4
ψ̄ðiσþ1 þ iiσþ2Þψ 1

2
½Gþ1G1þ − Gþ2G2þ þ iðGþ1G2þ þGþ2G1þÞ� þ −
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B. Quark transversity GPDs for a spin-3=2 particle

The quark transversity GPDs are defined by the matrix
elements of transverse nonlocal quark-quark correlator in
Eq. (4) as

Tqi
λ0λ ¼ −ūα0 ðp0; λ0ÞHqT;i;α0αðx; ξ; tÞuαðp; λÞ; ð9Þ

whereuαðp; λÞ is the spin-3=2 fieldRarita-Schwinger spinor,
shown in Appendix A, normalized to ūαðp; λ0Þuαðp; λÞ ¼
−2Mδλ0λ. The tensor function HqT;i;α0αðx; ξ; tÞ can be

decomposed to 16 terms corresponding to only 16 indepen-
dent tensor structures. Similar to our previous analysis [47],
there are twoways to obtain the sufficiently tensor structures:
(1) write down all the possible structures; (2) utilize the direct
product between the transvesity spin-1=2 and unpolarized
spin-1 structures or between the transversity spin-1 and
unpolarized spin-1=2. We can then reduce the redundant
tensor structures using some on-shell identities (seen also
Appendix B). Consequently, the tensor function ofHqT;i;α0α

is decomposed at twist 2 by imposing Hermiticity, parity
invariance, and time-reversal invariance as

HqT;i;α0α ¼ HqT
1

iσni

ðP · nÞ g
α0α þHqT

2

n½α0gα�i

ðP · nÞ þHqT
3

ð=nPi − P · nγiÞ
MðP · nÞ gα

0α þHqT
4

ð=nPi − P · nγiÞ
M3ðP · nÞ Pα0Pα

þHqT
5

ð=nΔi − Δ · nγiÞ
MðP · nÞ gα

0α þHqT
6

ð=nΔi − Δ · nγiÞ
M3ðP · nÞ Pα0Pα

þHqT
7

ðΔi þ 2ξPiÞ
M2

gα
0α þHqT

8

ðΔi þ 2ξPiÞ
M4

Pα0Pα

þHqT
9

ðΔ · nnfα0gαgi − 2nα
0
nαΔiÞ

ðP · nÞ2 þHqT
10

ðP · nnfα0gαgi − 2nα
0
nαPiÞ

ðP · nÞ2

þHqT
11

ðΔ · nP½α0gα�i − P½α0nα�ΔiÞ
M2ðP · nÞ þHqT

12

ðP · nP½α0gα�i − P½α0nα�PiÞ
M2ðP · nÞ

þHqT
13

M=nðΔ · nnfα0gαgi − 2nα
0
nαΔiÞ

ðP · nÞ3 þHqT
14

M=nðP · nnfα0gαgi − 2nα
0
nαPiÞ

ðP · nÞ3

þHqT
15

=nðΔ · nP½α0gα�i − P½α0nα�ΔiÞ
MðP · nÞ2 þHqT

16

=nðP · nP½α0gα�i − P½α0nα�PiÞ
MðP · nÞ2 ; ð10Þ

where the variables x, ξ, t in the quark transversity GPDs
HqT

i are omitted, andM is the mass of the spin-3=2 particle.
There is another equivalent definition of quark trans-

versity GPDs using the matrix element of iσniγ5 instead of
iσni in Eq. (4). Due to the relation [24]

iσαβγ5 ¼ −
i
2
ϵαβρδiσρδ; ð11Þ

thus the equivalent definition is

1

2

Z
dz−

2π
eixðP·zÞ

�
p0;λ0

����ψ̄
�
−
1

2
z

�
iσniγ5ψ

�
1

2
z

�����p;λ
�����

zþ¼0;z⊥¼0

¼−ūα0 ðp0;λ0ÞH̃qT;i;α0αðx;ξ;tÞuαðp;λÞ; ð12Þ

where

H̃qT;i;α0α ¼ HqT
1

iσniγ5

ðP · nÞ g
α0α þHqT

2

iϵniαα
0

ðP · nÞ þHqT
3

iϵniPδγδgα
0α

MðP · nÞ þHqT
4

iϵniPδγδPα0Pα

M3ðP · nÞ

þHqT
5

iϵniΔδγδgα
0α

MðP · nÞ þHqT
6

iϵniΔδγδPα0Pα

M3ðP · nÞ þHqT
7

iϵniΔPgα
0α

M2ðP · nÞ þHqT
8

iϵniΔPPα0Pα

M4ðP · nÞ

þHqT
9

iϵnifα0Δnαg

ðP · nÞ2 þHqT
10

iϵnifα0Pnαg

ðP · nÞ2 þHqT
11

iϵniΔ½α0Pα�

M2ðP · nÞ þHqT
12

iϵniP½α0Pα�

M2ðP · nÞ

þHqT
13

M=niϵnifα0Δnαg

ðP · nÞ3 þHqT
14

M=niϵnifα0Pnαg

ðP · nÞ3 þHqT
15

=niϵniΔ½α0Pα�

MðP · nÞ2 þHqT
16

=niϵniP½α0Pα�

MðP · nÞ2 ; ð13Þ
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which is given by H̃qT;i0;α0α ¼ iϵ0i
0i3HqT;i;α0α. The quark

transversity GPDs HqT
i in Eq. (13) is the same as the

corresponding ones in Eq. (10).
The relations of the amplitudes in Eq. (7) determines the

even or odd property with respect to the variable of
skewness ξ as

HqT
i ðx;ξ; tÞ¼HqT

i ðx;−ξ; tÞ with i¼ 1;2;5–9;12;13;16;

HqT
j ðx;ξ; tÞ¼−HqT

j ðx;−ξ; tÞ with j¼ 3;4;10;11;14;15;

ð14Þ

where HqT
3;4;10;11;14;15 are odd and others are even in ξ.

Clearly, all the odd GPDs go to zero when ξ ¼ 0.
It might be possibly insignificant but necessary to show

the corresponding tensor FFs. In comparison with the
unpolarized and polarized GPDs, one can consider the
local quark-quark operator corresponding to quark trans-
versity GPDs (4) as

Tμν ¼ hp0; λ0jψ̄ð0Þiσμνψð0Þjp; λi
¼ −2ūα0 ðp0; λ0ÞF μν;α0α

q uαðp; λÞ; ð15Þ
which give the ξ-independant tensor FFs. Since the first
moments of GPDs in Eq. (10) give the tensor FFs in
Eq. (15) by sum rules, the tensor structures corresponding
to tensor FFs are contained in Eq. (10). In addition, the
multi-n terms, like Δ · nnfα0gα0gi, nα0nα, Δ · n=nnfα0gα0gi and
so on, should not exist in the tensor structures correspond-
ing to tensor FFs because there is only a position, μ or ν,
permitted to place n.
Considering the transversity GPDs (10) and the terms

with nonvanishing integration, we get the decomposition of
Eq. (15) in terms of the tensor FFs as

F μν;α0α
q ¼ gα

0α
�
GqT

1 ðtÞiσμνþGqT
5 ðtÞγ

½μΔν�

M
þGqT

7 ðtÞP
½μΔν�

M2

�

þPα0Pα

M2

�
GqT

6 ðtÞγ
½μΔν�

M
þGqT

8 ðtÞP
½μΔν�

M2

�

þGqT
2 ðtÞgμ½α0gα�νþGqT

12 ðtÞ
P½α0gα�½νPμ�

M2
; ð16Þ

and the tensor FFs GqT
i ðtÞ are related with the transversity

GPDs by the sum rulesZ
1

−1
dxHqT

i ðx; ξ; tÞ ¼ GqT
i ðtÞ with i ¼ 1; 2; 5–8; 12;Z

1

−1
dxHqT

j ðx; ξ; tÞ ¼ 0 with j ¼ 3; 4; 9; 10; 11; 13–16:

ð17Þ
There are three [24], five [22] and seven tensor FFs for the
spin-1=2, −1 and −3=2 system, respectively. Since there is

the relation, ūα0 ðp; λ0Þðgα0αiσμν þ gμ½α0gα�νÞuαðp; λÞ ¼ 0, in
the forward limit, which is proved in B, there is only a
nonzero form factor GqT

1 ð0Þ −GqT
2 ð0Þ describing the quark

tensor charge. Beyond the Standard Model, the tensor
charge is explained as the number of the electric dipole
moment carried by the corresponding quark [57,58].
In addition, the quark amplitudes with helicity flip can be

derived according to their definitions in Eq. (6). We use the
same notations as in our previous work [47]

jp⊥je�iϕ ≡ px � ipy; jp0⊥je�iϕ0 ≡ p0x � ip0y;

C ¼
ffiffiffiffiffiffiffiffiffiffiffi
1 − ξ

1þ ξ

s
jp⊥j
M

e−iϕ −

ffiffiffiffiffiffiffiffiffiffiffi
1þ ξ

1 − ξ

s
jp0⊥j
M

e−iϕ
0

¼ −
ðΔþ 2ξPÞx − iðΔþ 2ξPÞy

M
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p ;

D ¼ −
t

4M2
−

ξ2

1 − ξ2
: ð18Þ

The notation C represents the transfer of the transverse
momentum between the initial and final hadron states,
which induces that the hadron obtains the transfer of the
orbital angular momentum that violates the helicity con-
servation, i.e. λ0 − λ ¼ μ0 − μ for Aλ0μ0;λμ. In Eq. (18), the
transversity indices x and y instead of 1 and 2 are used to
avoid ambiguity. Moreover, C will be real when the
azimuthal angle of the four-vector Δþ 2ξP [8,22] is zero,
i.e. ð1−ξÞpy¼ð1þξÞp0y, and be zero in the forward limit.
Incorporating the amplitudes with helicity nonflip in

Ref. [47], we find that any amplitudeAλ0μ0;λμ has a common
factor

FðζÞ ¼CζθðζÞþC�−ζθð−ζÞ with ζ¼ ðλ0 − λÞ− ðμ0−μÞ;
ð19Þ

whereCζ represents the ζ powers ofC, θðζÞ is the Heaviside
step function with θð0Þ ¼ 1

2
andFð0Þ ¼ 1. We conclude that

FðζÞ has some properties, such as Fðζ ≠ 0Þ ¼ 0 in the
forward limit andF�ðζÞ ¼ Fð−ζÞ. Therefore, the amplitudes
are real if the factor FðζÞ is excluded and we can define the
real amplitude as

A0
λ0μ0;λμ ¼

Aλ0μ0;λμ

Fðλ0 − λ − μ0 þ μÞ ; ð20Þ

and the relations in Eq. (7) becomes the real form,

A0
−λ0−μ0;−λ−μ ¼ ð−1Þðλ0−λÞ−ðμ0−μÞA0

λ0μ0;λμ: ð21Þ
For the quark, the factors μ0 and μ are μ0ðμÞ ¼ � 1

2
due to

the quark spin. We believe that the low spin particles
[22,24] have the analogous character.1 The specific forms
of the 16 quark amplitudes are

1There might be a typo in (C15) of Ref. [22] according to this
property.
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3ð1 − ξ2Þ3
p ��

ξHqT
11 −

1

2
HqT

12

��

−
4½Dð1 − ξ2Þ þ ξ�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3ð1 − ξ2Þ
p ��

ξHqT
15 −

1

2
HqT

16

�
þ jCj2

8

�
1

2
HqT

4 þHqT
6 þ 1

1 − ξ
HqT

8

��
; ð36Þ

A0q
ð−3=2Þ−;ð−3=2Þþ ¼ −ð1 − ξÞ

�
1

2
HqT

3 þHqT
5 þ

�
ξHqT

15 −
1

2
HqT

16

�
þ jCj2

8

�
1

2
HqT

4 þHqT
6

��

−
�
HqT

7 þ jCj2
8

HqT
8

�
−

1

ð1þ ξÞ
�
ξHqT

11 −
1

2
HqT

12

�
: ð37Þ

The other amplitudes with helicity flip A0q
iþ;j− can be

obtained by the parity invariance (21).
In the forward limit, since ūα0Pα0 ¼ Pαuα ¼ 0, the non-

zero contributions of HqT
1;2ðx; 0; 0Þ give the transversity

distribution function h1ðxÞ [21,22]. In addition, as dis-
cussed above, there is no orbital contribution, i.e.,
Fðζ ≠ 0Þ ¼ 0, which constrains that the only helicity
conserved amplitudes, Aq

ð1=2Þ−;ð3=2Þþ, A
q
ð−3=2Þ−;ð−1=2Þþ, and

Aq
ð−1=2Þ−;ð1=2Þþ, remain finite. Thus, the transversity distri-

bution function h1ðxÞ can then be given as

2½HqT
1 ðx; 0; 0Þ −HqT

2 ðx; 0; 0Þ� ¼ h1ðxÞ; ð38Þ

where the number density is from two components, spin-
1=2 and spin-1, due to the fact that the Rarita-Schwinger
spinor is composed by the fields of spin-1=2 and spin-1.
Compared the decompositions of spin-3=2 quark trans-
versity GPDs (10) with those of spin-1=2 [24] and of spin-1
[22], HqT

1 ðx; 0; 0Þ is from spin-1=2 component and
HqT

2 ðx; 0; 0Þ from spin-1. The minus sign comes from
the definition difference between (9) in this work and
Eq. (17) in [22].

Recall that the transversity distribution function h1ðxÞ
can be measured in semi-inclusive deep inelastic scattering
from transverse polarized targets in the scaling limit using
the “Collins asymmetry” [59],

AColl ¼
P

q e
2
qh

q
1Δ0

TD
h
qP

q e
2
qf

q
1D

h
q

; ð39Þ

where eq, f
q
1 , Δ0

TD
h
q, and Dh

q are the quark charge, the
unpolarized parton distribution function, the spin-depen-
dent fragmentation function, and the spin-independent
fragmentation function, respectively.

C. Gluon transversity GPDs

According to the corresponding definition (5), the gluon
transversity GPDs at twist 2 can be obtained from

Tgij
λ0λ ¼ −ūα0 ðp0; λ0ÞHgT;ij;α0αðx; ξ; tÞuαðp; λÞ; ð40Þ

where

TRANSVERSITY GENERALIZED PARTON DISTRIBUTIONS IN … PHYS. REV. D 109, 096006 (2024)

096006-9



HgT;ij;α0α ¼ Ŝij



HgT

1

ðΔi þ 2ξPiÞiσnj
MðP · nÞ gα

0α þHgT
2

n½α0gα�ið=nPj − P · nγjÞ
ðP · nÞ2

þHgT
3

ðΔi þ 2ξPiÞn½α0gα�j
MðP · nÞ þHgT

4

ðΔi þ 2ξPiÞðΔj þ 2ξPjÞPα0Pα

M5

þHgT
5

ðP · ngα
0i − nα

0
PiÞðP · ngαj − nαPjÞ

MðP · nÞ2 þHgT
6

ðΔ · ngα
0i − nα

0ΔiÞðΔ · ngαj − nαΔjÞ
MðP · nÞ2

þHgT
7

ðΔi þ 2ξPiÞ
M

ðΔ · nnfα0gαgj − 2nα
0
nαΔjÞ

ðP · nÞ2 þHgT
8

ðΔi þ 2ξPiÞ
M

ðP · nnfα0gαgj − 2nα
0
nαPjÞ

ðP · nÞ2

þHgT
9

ðΔi þ 2ξPiÞ
M2

ðΔ · nP½α0gα�j − P½α0nα�ΔjÞ
MðP · nÞ þHgT

10

ðΔi þ 2ξPiÞ
M2

ðP · nP½α0gα�j − P½α0nα�PjÞ
MðP · nÞ

þHgT
11

ðP · ngα
0i − nα

0
PiÞ=nðP · ngαj − nαPjÞ
ðP · nÞ3 þHgT

12

ðΔ · ngα
0i − nα

0ΔiÞ=nðΔ · ngαj − nαΔjÞ
ðP · nÞ3

þHgT
13 ðΔi þ 2ξPiÞ=n ðΔ · nnfα0gαgj − 2nα

0
nαΔjÞ

ðP · nÞ3 þHgT
14 ðΔi þ 2ξPiÞ=n ðP · nnfα0gαgj − 2nα

0
nαPjÞ

ðP · nÞ3

þHgT
15 ðΔi þ 2ξPiÞ=n ðΔ · nP½α0gα�j − P½α0nα�ΔjÞ

M2ðP · nÞ2 þHgT
16ðΔi þ 2ξPiÞ=n ðP · nP½α0gα�j − P½α0nα�PjÞ

M2ðP · nÞ2
�
; ð41Þ

where the operator Ŝij implies the symmetrization and
removal of trace between indices i and j, and the variables
x, ξ, t in the gluon transversity GPDs HgT

i are omitted too.
Similarly, the relations in Eq. (7) constrains the even or odd
behavior in terms of skewness ξ as

HgT
i ðx;ξ;tÞ¼HgT

i ðx;−ξ;tÞ with i¼1;3–7;10–13;16;

HgT
j ðx;ξ;tÞ¼−HgT

j ðx;−ξ;tÞ with j¼2;8;9;14;15; ð42Þ

where HgT
2;8;9;14;15 are odd and others are even in ξ. Odd

GPDs vanish at ξ ¼ 0.
We also attempt to give the tensor FFs of the local current

Gμνð0ÞGρσð0Þ corresponding to the gluon transversity
GPDs and

Tμν;ρσ ¼ 1

M
hp0; λ0jTrŜνρ½Gμνð0ÞGρσð0Þ�jp; λi

¼ −2ūα0 ðp0; λ0ÞŜνρF μν;ρσ;α0α
g uαðp; λÞ: ð43Þ

The gluon transversity GPDs in Eq. (41) can determine the

tensor FFs F μν;ρσ;α0α
g by sum rules. Eliminating the nρnσnδ

and nρnσnδnν terms since there are only two n’s in the
operator Gnið0ÞGjnð0Þ and considering the ξ symmetry
(42), there remains 6 tensor FFs defined as

F μν;ρσ;α0α;
g ¼ P½μΔν�

M2

�
GgT

1 ðtÞiσσρgα0α þGgT
3 ðtÞgσ½α0gα�ρ

þ GgT
4 ðtÞP

½σΔρ�

M2
þGgT

10ðtÞ
P½α0gα�½ρPσ�

M2

�

þ GgT
5 ðtÞP

½μgν�α0

M
P½σgρ�α

M

þ GgT
6 ðtÞΔ

½μgν�α0

M
Δ½σgρ�α

M
; ð44Þ

and the sum rules collecting the tensor FFs and transversity
GPDs are

Z
1

−1
dxHgT

i ðx;ξ; tÞ¼GgT
i ðtÞ with i¼ 1;3–6;10;Z

1

−1
dxHgT

j ðx;ξ; tÞ¼ 0 with j¼ 2;7;8;9;11–16: ð45Þ

The forward limit tells that the local current Gμνð0ÞGρσð0Þ
contains a global symmetry and contributes to the unknown
gluon tensor charge GgT

5 ð0Þ.
Analogous to the quark amplitudes with helicity flip, the

ones of gluon can be derived according to the definition in
Eq. (6). There is also a common factor FðζÞ defined in
Eq. (19) in the expressions of the gluon amplitudes.
Different from the quark case, the spin-1 gluon takes
μ0ðμÞ ¼ �1 instead of � 1

2
. Using the same conventions

in Eq. (18) and the definition of the real amplitude (20), we
have the 16 gluon amplitudes with helicity flip as
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A0g
ð3=2Þ−;ð3=2Þþ ¼ −

ffiffiffiffiffiffiffiffiffiffiffi
1þ ξ

1 − ξ

s �
ξHgT

9 −
1

2
HgT

10

�
−

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
ð1þ ξÞ

�
ξHgT

15 −
1

2
HgT

16

�
−
jCj2

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
8

HgT
4 ; ð46Þ

A0g
ð3=2Þ−;ð1=2Þþ ¼ −

ð1 − ξ2Þ
2

ffiffiffi
3

p
��

HgT
9 þ 1

1 − ξ
HgT

10

�
þ ð1þ ξÞ

�
HgT

15 þ
1

2
HgT

16

�
−
jCj2
8

HgT
4

�

þ ½Dð1 − ξ2Þ þ ξ�
2

ffiffiffi
3

p ð1 − ξÞ HgT
4 ; ð47Þ

A0g
ð3=2Þ−;ð−1=2Þþ ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
8

ffiffiffi
3

p HgT
4 þ

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
ð1þ ξÞ

4
ffiffiffi
3

p
�
HgT

9 þ 1

2
HgT

10

�
−
½Dð1 − ξ2Þ þ ξ�

4
ffiffiffi
3

p
ffiffiffiffiffiffiffiffiffiffiffi
1þ ξ

1 − ξ

s
HgT

4 ; ð48Þ

A0g
ð3=2Þ−;ð−3=2Þþ ¼ −

1 − ξ2

16
HgT

4 ; ð49Þ

A0g
ð1=2Þ−;ð3=2Þþ ¼ −

2ð1 − ξ2Þffiffiffi
3

p
�
HgT

1 þ 1

2
HgT

2 −
�
1

2
HgT

11 þ 2ξHgT
12

�
þ jCj4

32
HgT

4

�

−
4ð1 − ξ2Þð1 − ξÞffiffiffi

3
p

��
ξHgT

13 −
1

2
HgT

14

�
þ jCj2

8

�
HgT

15 −
1

2
HgT

16

��

þ 4ð1 − ξÞffiffiffi
3

p
�
1

2
HgT

3 − ξHgT
7 þ 1

2
HgT

8

�
þ 4ffiffiffi

3
p

�
1

4
HgT

5 þ ξHgT
6

�
−
jCj2
2

ffiffiffi
3

p ½ð1þ ξ2ÞHgT
9 −HgT

10 �

−
4½Dð1 − ξ2Þ − ξ�ffiffiffi

3
p

��
ξHgT

15 −
1

2
HgT

16

�
þ 1

ð1 − ξ2Þ
�
ξHgT

9 −
1

2
HgT

10

�
þ jCj2
8ð1þ ξÞH

gT
4

�
; ð50Þ

A0g
ð1=2Þ−;ð1=2Þþ ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
ð1þ ξÞ

3

�
HgT

1 þ 1

2
HgT

2

�
−

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
ð1 − ξÞ

3

�
HgT

3 − 2HgT
6 þ 2HgT

7 þHgT
8 − ξHgT

15 −
1

2
HgT

16

�

−
2

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
3

�
HgT

3 þ 1

2
HgT

5 þ 2HgT
7 − ξHgT

8 − ξ

�
HgT

15 −
1

2
HgT

16

�
þ 5jCj2

16

�
HgT

4 þ 4

5
ξHgT

9 þ 2

5
HgT

10

��

þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − ξ2Þ3

p
3

�
HgT

7 −
1

4
HgT

11 þHgT
12 − 2HgT

13 þ ξHgT
14

�

þ ð1 − ξÞ
3

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p ��
ξHgT

9 þ 1

2
HgT

10

�
þ 2ξ

ð1 − ξÞ
�
HgT

9 −
1

2
HgT

10

�
þ 1þ ξ

2ð1 − ξÞ jCj
2HgT

4

�

þ 2½Dð1 − ξ2Þ − ξ�
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − ξ2Þ

p �
ξHgT

9 −
3

2
HgT

10 þ
jCj2
4

HgT
4

�
−
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − ξ2Þ

p
½Dð1 − ξ2Þ − ξ�
3

HgT
16

þ 2½Dð1 − ξ2Þ þ ξ�½Dð1 − ξ2Þ − ξ�
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − ξ2Þ3

p HgT
4 ; ð51Þ

A0g
ð1=2Þ−;ð−1=2Þþ ¼ 1 − ξ2

3

�
HgT

3 þ 1

4
HgT

5 −HgT
6 þ 2HgT

7 − ξHgT
8 −

�
ξHgT

15 þ
1

2
HgT

16

�
þ jCj2

16
HgT

4

�

−
�
1

3
HgT

4 þ
�
ξHgT

9 þ 1

2
HgT

10

��
þ 1

3ð1 − ξÞ ðH
gT
4 þ ð1 − ξ2ÞHgT

10Þ

þ ½Dð1 − ξ2Þ − ξ�
3ð1 − ξ2Þ ðHgT

4 þ ð1 − ξ2ÞHgT
10Þ −

½Dð1 − ξ2Þ þ ξ�½Dð1 − ξ2Þ − ξ�
3ð1 − ξ2Þ HgT

4 ; ð52Þ

A0g
ð1=2Þ−;ð−3=2Þþ ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
8

ffiffiffi
3

p ½HgT
4 − ð1 − ξÞð2HgT

9 −HgT
10Þ� −

½Dð1 − ξ2Þ − ξ�
4

ffiffiffi
3

p
ffiffiffiffiffiffiffiffiffiffiffi
1 − ξ

1þ ξ

s
HgT

4 ; ð53Þ
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A0g
ð−1=2Þ−;ð3=2Þþ ¼ −

2jCj2ð1 − ξÞ
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
ffiffiffi
3

p
��

HgT
1 −

1

2
HgT

3 þ ξHgT
7 −

1

2
HgT

8

�
þ jCj2

8

�
HgT

9 −
1

2
HgT

10

��

þ 2
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
ffiffiffi
3

p
��

2ξ

1þ ξ
HgT

2 −HgT
11 − 4ξ2HgT

12

�
þ jCj2

4
ðHgT

5 þ 4ξHgT
6 þ 4ξHgT

15 − 2HgT
16Þ þ

jCj4
16

ðHgT
4 Þ

�

−
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3ð1 − ξ2Þ
p �

HgT
5 þ 4ξ2HgT

6 − jCj2
�
ξHgT

9 −
1

2
HgT

10

��

−
2jCj2½Dð1 − ξ2Þ − ξ�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3ð1 − ξ2Þ
p �

ξHgT
9 −

1

2
HgT

10

�
−
jCj4½Dð1 − ξ2Þ − ξ�

4
ffiffiffi
3

p
ffiffiffiffiffiffiffiffiffiffiffi
1 − ξ

1þ ξ

s
HgT

4 ; ð54Þ

A0g
ð−1=2Þ−;ð1=2Þþ ¼ 4ð1 − ξ2Þ

3

�
HgT

1 −HgT
6 − 2HgT

7 þ 1

2
HgT

11 þ 2ξ2HgT
13 − ξHgT

14

�

−
jCj2ð1 − ξ2Þ

3

��
HgT

3 þ 1

4
HgT

5 −HgT
6 þ 2HgT

7 − ξHgT
8 − ξHgT

15 −
1

2
HgT

16

�
þ jCj2

16
HgT

4

�

−
8

3
ξHgT

2 þ 4

3
HgT

3 þHgT
5 þ 4

3
HgT

6 þ 8

3
HgT

7 −
4

3
ξHgT

8 −
8

3

�
ξHgT

15 −
1

2
HgT

16

�
þ jCj2

3

�
ξ

1þ ξ
HgT

4 þ 2ξHgT
9

�

−
8ð1þ ξÞ

3

�
HgT

1 −
jCj2
8

HgT
10 − ξHgT

15 þ
1

2
HgT

16

�
þ 4ξ

3ð1 − ξ2Þ ½2ξH
gT
9 −HgT

10 �

−
4½Dð1 − ξ2Þ þ ξ�

3ð1 − ξ2Þ
�
2ξHgT

9 −HgT
10 þ

jCj2
4

HgT
4

�
þ 8½Dð1 − ξ2Þ þ ξ�

3

�
HgT

1 −
jCj2
8

HgT
10 − ξHgT

15 þ
1

2
HgT

16

�

þ jCj2½Dðξ2 − 1Þ þ ξ�½Dðξ2 − 1Þ − ξ�
3ð1 − ξ2Þ HgT

4 ; ð55Þ

A0g
ð−1=2Þ−;ð−1=2Þþ ¼ 2ð1−ξ2Þ

3

� ffiffiffiffiffiffiffiffiffiffi
1−ξ

1þξ

s �
HgT

1 −
1

2
HgT

2

�
þ

ffiffiffiffiffiffiffiffiffiffi
1þξ

1−ξ

s
HgT

6

�
þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1−ξ2Þ3

p
3

�
HgT

7 −
1

4
HgT

11 þHgT
12 −2HgT

13 þξHgT
14

�

−
ffiffiffiffiffiffiffiffiffiffiffi
1−ξ2

p
ð1þξÞ

3

�
HgT

3 þ2HgT
7 −HgT

8 −ξHgT
15 −

1

2
HgT

16

�

−
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1−ξ2Þ

p
3

�
HgT

3 þ1

2
HgT

5 −ξ

�
HgT

15 þ
1

2
HgT

16

�
þð2HgT

7 −ξHgT
8 Þ

�

−
jCj2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1−ξ2Þ

p
6

��
ξHgT

9 þ1

2
HgT

10 þ
5

4
HgT

4

��

þ ð1þ ξÞ
3

ffiffiffiffiffiffiffiffiffiffiffi
1−ξ2

p �
ξHgT

9 þ1

2
HgT

10 þ
jCj2
2

Hg
4þ

2ξ

1þξ

�
HgT

9 −
5

2
HgT

10

��

−
½Dð1−ξ2Þ−ξ�ffiffiffiffiffiffiffiffiffiffiffi

1−ξ2
p �

HgT
10 −

jCj2
6

Hg
4

�
þ2½Dð1−ξ2Þþξ�

3
ffiffiffiffiffiffiffiffiffiffiffi
1−ξ2

p ðξHgT
9 − ð1−ξ2ÞHgT

16Þ

þ2½Dð1−ξ2Þþξ�½Dð1−ξ2Þ−ξ�
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1−ξ2Þ3

p HgT
4 ; ð56Þ

A0g
ð−1=2Þ−;ð−3=2Þþ ¼ ð1−ξ2Þð1−ξÞ

2
ffiffiffi
3

p
��

HgT
15 −

1

2
HgT

16

�
þ 1

1−ξ

�
HgT

9 þjCj2
8

HgT
4

�
−

1

1−ξ2
HgT

10

�
þ½Dð1−ξ2Þ−ξ�

2
ffiffiffi
3

p ð1þξÞ HgT
4 ; ð57Þ

A0g
ð−3=2Þ−;ð3=2Þþ ¼ −ðHgT

5 þ 4ξ2HgT
6 Þ þ jCj2

�
ξHgT

9 −
1

2
HgT

10

�
þ jCj4ð1 − ξ2Þ

16
HgT

4 ; ð58Þ
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A0g
ð−3=2Þ−;ð1=2Þþ ¼ −

2jCj2
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
ð1þ ξÞffiffiffi

3
p

�
HgT

1 −
1

2
HgT

3 − ξHgT
7 þ 1

2
HgT

8 −
jCj2
8

�
HgT

9 þ 1

2
HgT

10

��

−
2

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
ffiffiffi
3

p
�
−

2ξ

1 − ξ
HgT

2 þHgT
11 þ 4ξ2HgT

12 − jCj2
�
1

4
HgT

5 − ξHgT
6 þ ξHgT

15 −
1

2
HgT

16

�
−
jCj4
16

HgT
4

�

−
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3ð1 − ξ2Þ
p �

HgT
5 þ 4ξ2HgT

6 − jCj2
�
ξHgT

9 −
1

2
HgT

10

��

−
2jCj2½Dð1 − ξ2Þ þ ξ�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3ð1 − ξ2Þ
p ��

ξHgT
9 −

1

2
HgT

10

�
þ ð1þ ξÞ jCj

2

8
HgT

4

�
; ð59Þ

A0g
ð−3=2Þ−;ð−1=2Þþ ¼ 4ð1 − ξ2Þð1þ ξÞffiffiffi

3
p

�
ξHgT

13 −
1

2
HgT

14 þ
jCj2
8

�
HgT

15 þ
1

2
HgT

16

��

−
2ð1 − ξ2Þffiffiffi

3
p

��
HgT

1 −
1

2
HgT

2

�
−
1

2
HgT

11 þ 2ξHgT
12 þ

jCj2
4

HgT
9 þ jCj4

32
HgT

4

�

þ 2ð1þ ξÞffiffiffi
3

p ðHgT
3 þ 2ξHgT

7 −HgT
8 Þ þ 1ffiffiffi

3
p

�
ðHgT

5 − 4ξHgT
6 Þ þ jCj2

�
HgT

9 þ 1

2
HgT

10

��

−
4½Dð1 − ξ2Þ þ ξ�ffiffiffi

3
p

�
1

1 − ξ2

�
ξHgT

9 −
1

2
HgT

10

�
þ
�
ξHgT

15 −
1

2
HgT

16

�
þ jCj2
8ð1 − ξÞH

gT
4

�
; ð60Þ

A0g
ð−3=2Þ−;ð−3=2Þþ ¼ −

1 − ξffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p �
ξHgT

9 −
1

2
HgT

10

�
−

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
ð1 − ξÞ

�
ξHgT

15 −
1

2
HgT

16

�
−
jCj2

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
8

HgT
4 : ð61Þ

The other amplitudes A0g
iþ;j− can be obtained from the

relation (21).
In the forward limit, similar to the discussions on

quark in Sec. II B, there is no orbital contribution, i.e.,
Fðζ ≠ 0Þ ¼ 0, and the only helicity conserved amplitudes
Ag

ð−1=2Þ−;ð3=2Þþ and Ag
ð−3=2Þ−;ð1=2Þþ survive. The transversity

distribution function of the gluon is then obtained as

−2½HgT
5 ðx; 0; 0Þ þHgT

11 ðx; 0; 0Þ� ¼ xΔðxÞ; ð62Þ

defined in Refs. [21,23] and ΔðxÞ has the similar interpre-
tation with h1ðxÞ in Eq. (38). Since ðP · nÞūðp; λ0Þuðp; λÞ ¼
Mūðp; λ0Þ=nuðp; λÞ in Eq. (41) is satisfied in the forward
limit, HgT

5 ðx; 0; 0Þ and HgT
11 ðx; 0; 0Þ correspond to the same

tensor structure and all the gluon transversity distributions
are given by the spin-1 component. There is an obvious
reason: the helicity flip of gluon leads to a change of twounits
of angular momentum, which is impossible for the spin-1=2
component. The minus sign in Eq. (62) is explained by the
same reason as in Eq. (38).

III. SUMMARY AND DISCUSSION

In this work, the quark and gluon transversity GPDs of
spin-3=2 particles are respectively derived and given for the
first time. We find that there are 16 independent transversity

GPDs for each parton, constrained by the parity invariance.
The even or odd property with respect to ξ of the obtained
transversity GPDs can help us to determine the correspond-
ing tensor FFs that contain two tensor charges, where the
quark tensor charge may describe the electric dipole
moment from the quark beyond the Standard Model and
the gluon tensor charge is unknown. We need more study
for their physical meanings. There are seven tensor FFs for
the local quark current and six for gluon from the sum rules
connecting the transversity GPDs and the tensor FFs.
The amplitudes with helicity flip in terms of transversity

GPDs are obtained. We conclude that all the amplitudes,
including helicity nonflip and flip, have the common factor
FðζÞ, which carries the whole complex part and represents
the transfer of the orbital angular momentum. In the
forward limit, no orbital contribution, i.e., Fðζ ≠ 0Þ ¼ 0,
constrains the only helicity conserved amplitudes, which
give the corresponding parton distributions, to exist and the
amplitudes with helicity flip give the transversity distribu-
tions of each parton. Following the Rarita-Schwinger
spinor and our explanations, the transversity distribution
of the parton in the spin-3=2 system is comprised of the
spin-1=2 and spin-1 system, nevertheless the gluon trans-
versity distribution only includes the spin-1 since the gluon
helicity flip changes two units of angular momentum and it
leads to the violation of the angular momentum conversa-
tion in the spin-1=2 system.
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Finally, the present study of the transversity GPDs will
be applied to a specific spin-3=2 particle, such as Δ
resonance and Ω hyperon. Such GPDs and also N → Δ
transition GPDs could be investigated experimentally. The
timelike GPDs of Δ and Ω could be measured by the two-
photon processes at BESIII and KEK-B, and the N → Δ
transition GPDs could be measured at JLab and J-PARC. In
addition, the Δ could exist in nuclei as a small component,
so that its GPDs could become important for studying
specific polarization observables.
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APPENDIX A: THE RARITA-SCHWINGER
SPINOR

The explicit form of the Rarita-Schwinger spinor of a
spin-3=2 particle employed in our work is [47,60–62]

uαðp; λÞ ¼
X
ρ;σ

C
3
2
λ

1ρ;1
2
σ
ϵαðp; ρÞuðp; σÞ; ðA1Þ

where the coefficient in Eq. (A1) is the Clebsch-Gordan
coefficient. The explicit light-front form expressions of the
spin-1 [63] and −1=2 [64] respectively are

ϵαðp; 0Þ ¼ 1

M

�
pþ; p− −

2M2

pþ ; ϵ⊥ðp; 0Þ
�

T

with ϵ⊥ðp; 0Þ ¼ ðp1; p2Þ; ðA2aÞ

ϵαðp;þ1Þ ¼ −
�
0;

ffiffiffi
2

p ðp1 þ ip2Þ
pþ ; ϵ⊥ðp;þ1Þ

�T

with ϵ⊥ðp;þ1Þ ¼
�

1ffiffiffi
2

p ;
iffiffiffi
2

p
�
; ðA2bÞ

ϵαðp;−1Þ ¼
�
0;

ffiffiffi
2

p ðp1 − ip2Þ
pþ ; ϵ⊥ðp;−1Þ

�T

with ϵ⊥ðp;−1Þ ¼
�

1ffiffiffi
2

p ;
−iffiffiffi
2

p
�
; ðA2cÞ

and

uðp; σÞ ¼ ð=pþMÞffiffiffiffiffiffiffiffiffiffiffiffi
2p · n

p =nχσ; ðA3Þ

where χσ is the rest frame spinor. The Rarita-Schwinger
spinor in Eq. (A1) satisfies the Rarita-Schwinger equation,
as well as the subsidiary constraint equations,

ð=p−MÞuαðp;λÞ ¼ 0; γαuαðp;λÞ ¼ 0; pαuαðp;λÞ ¼ 0:

ðA4Þ

APPENDIX B: ON-SHELL IDENTITIES

Many identities and on-shell identities are proved and
listed in Refs. [47,65,66] and they will not be shown in
the following. Some particular and necessary identities
are proved here. Here we use the abbreviation, Pμ ¼
2Pμ − 2Mγμ, to obtain the more concise form.
From Eqs. (B13) and (B23C) in Ref. [65],

gα
0αiσμν þ gμα

0
gαν − gμαgα

0ν ≐ iϵα
0μναγ5; ðB1Þ

and γ5 ≐ =Δγ5
2M where ≐ indicates on-shell equality, one can

derive

gα
0αiσμν þ gμ½α0gα�ν ¼ gα

0αiσμν þ gμα
0
gαν − gμαgα

0ν

≐
iϵα

0μνα=Δγ5

2M
: ðB2Þ

In the forward limit, Δ ¼ 0, and then

gα
0αiσμν þ gμ½α0gα�ν ≐ 0: ðB3Þ

There is an equality, instead of on-shell identity, from
Schouten identity [67],

det

2
6666664

gαα
0

gβα
0

gγα
0

gδα
0

gεα
0

gαν gβν gγν gδν gεν

gαρ gβρ gγρ gδρ gερ

gασ gβσ gγσ gδσ gεσ

gατ gβτ gγτ gδτ gετ

3
7777775
¼ 0; ðB4Þ
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where if the indices α0 and α are coincide with ones of the
initial and final states depend on if the equality is contracted
with states. Contracting this determinant with

Pβ;Δγ; nδ; giε; Pν;Δρ; nσ and gjτ; ðB5Þ

one can obtain

det

2
6666664

gαα
0

Pα0 Δα0 nα
0

giα
0

Pα P2 P · Δ P · n Pi

Δα P · Δ Δ2 Δ · n Δi

nα P · n Δ · n n · n ni

gαj Pj Δj nj gij

3
7777775
¼ 0: ðB6Þ

Using the on-shell identities which have been shown in
Refs. [47,65,66] and removing the trace term like gij, we
replace the ðΔi þ 2ξPiÞðΔj þ 2ξPjÞgα0α term by other
terms surviving in Eq. (41). Similarly, the product between
=n and Eq. (B6) explains that ðΔi þ 2ξPiÞðΔj þ 2ξPjÞ=ngα0α
can also be eliminated.
In addition to the vector, the matrix like γμ and σμν is

permitted to contract with Eq. (B4). However, it is
convenient and safe to contract only one matrix with
one of the lows or ranks because of the noncommutation
property. One can respectively replace giε, giε, Δγ , and Pβ in
Eq. (B5) by −iσiε, −iσiε, −iσnγ , and −iσnβ or contract
−iσnα with Eq. (B6), therefore there are 5 equalities

det

2
6666664

gαα
0
Pα0 Δα0 nα

0
giα

0

Pα P2 0 P ·n 1
2
Δi

Δα 0 Δ2 Δ ·n Pi

nα P ·n Δ ·n 0 −iσin

gαj Pj Δj 0 0

3
7777775
≐0; det

2
6666664

gαα
0
Pα0 Δα0 nα

0
nα

0

Pα P2 0 P ·n 1
2
Δ ·n

Δα 0 Δ2 Δ ·n P ·n

nα P ·n Δ ·n 0 0

gαj Pj Δj 0 iσjn

3
7777775
≐ 0; det

2
6666664

gαα
0
Pα0 nα

0
nα

0
giα

0

Pα P2 1
2
Δ ·n P ·n Pi

Δα 0 P ·n Δ ·n Δi

nα P ·n 0 0 0

gαj Pj iσjn 0 0

3
7777775
≐0;

det

2
6666664

gαα
0

nα
0 Δα0 nα

0
giα

0

Pα 1
2
Δ ·n 0 P ·n Pi

Δα P ·n Δ2 Δ ·n Δi

nα 0 Δ ·n 0 0

gαj iσjn Δj 0 0

3
7777775
≐0; det

2
6666664

nα
0

Pα0 Δα0 nα
0

giα
0

1
2
Δ ·n P2 0 P ·n Pi

P ·n 0 Δ2 Δ ·n Δi

0 P ·n Δ ·n 0 0

iσjn Pj Δj 0 0

3
7777775
≐0; ðB7Þ

where we have used some known on-shell identities [47,65,66] and σij is removed due to the symmetry from the definition
(5). Analogously, respectively replacing gjτ, g

j
τ, Δρ, and Pν in Eq. (B5) by −iσjτ, −iσnτ, −iσnρ, and −iσnν or contracting

−iσnα0 with Eq. (B6) gives

det

2
6666664

gαα
0

Pα0 Δα0 nα
0

giα
0

Pα P2 0 P ·n Pi

Δα 0 Δ2 Δ ·n Δi

nα P ·n Δ ·n 0 0

−gjα 1
2
Δj Pj −iσjn 0

3
7777775
≐0; det

2
6666664

gαα
0

Pα0 Δα0 nα
0

giα
0

Pα P2 0 P ·n Pi

Δα 0 Δ2 Δ ·n Δi

nα P ·n Δ ·n 0 0

−nα 1
2
Δ ·n P ·n 0 iσin

3
7777775
≐0; det

2
6666664

gαα
0

Pα0 Δα0 nα
0

giα
0

Pα P2 0 P ·n Pi

−nα 1
2
Δ ·n P ·n 0 iσin

nα P ·n Δ ·n 0 0

gαj Pj Δj 0 0

3
7777775
≐0;

det

2
6666664

gαα
0

Pα0 Δα0 nα
0

giα
0

−nα 1
2
Δ ·n P ·n 0 iσin

Δα 0 Δ2 Δ ·n Δi

nα P ·n Δ ·n 0 0

gαj Pj Δj 0 0

3
7777775
≐0; det

2
6666664

−nα 1
2
Δ ·n P ·n 0 iσin

Pα P2 0 P ·n Pi

Δα 0 Δ2 Δ ·n Δi

nα P ·n Δ ·n 0 0

gαj Pj Δj 0 0

3
7777775
≐0: ðB8Þ

Solving Eqs. (B7) and (B8) can get the corresponding on-shell identities to eliminate iσni ⊗ ðn½α0gα�j;Δ · nnfα0gαgj −
2nα

0
nαΔj; P · nP½α0gα�j − P½α0nα�Pj; andΔ · nPfα0gαgj − Pfα0nαgΔjÞ terms.
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Taking the changes, giε → γε, nδ → γδ, or g
j
τ → γτ, nσ → γσ, from Eq. (B5) gives

det

2
6666664

gαα
0

Pα0 Δα0 nα
0

0

Pα P2 0 P · n M

Δα 0 Δ2 Δ · n 0

nα P · n Δ · n 0 =n

gαj Pj Δj 0 γj

3
7777775
≐ 0; det

2
6666664

gαα
0

Pα0 Δα0 0 giα
0

Pα P2 0 M Pi

Δα 0 Δ2 0 Δi

nα P · n Δ · n =n 0

gαj Pj Δj γj 0

3
7777775
≐ 0; ðB9Þ

and

det

2
6666664

gαα
0

Pα0 Δα0 nα
0

giα
0

Pα P2 0 P · n Pi

Δα 0 Δ2 Δ · n Δi

nα P · n Δ · n 0 0

0 M 0 =n γi

3
7777775
≐ 0; det

2
6666664

gαα
0

Pα0 Δα0 nα
0

giα
0

Pα P2 0 P · n Pi

Δα 0 Δ2 Δ · n Δi

0 M 0 =n γi

gαj Pj Δj 0 0

3
7777775
≐ 0: ðB10Þ

Combining Eqs. (B9) and (B10), one can obtain that the tensor structures ðΔi þ 2ξPiÞðΔ · nγj − =nΔjÞPα0Pα and
ðΔi þ 2ξPiÞðP · nγj − =nPjÞgα0α can be represented by others.
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[64] Cédric Lorcé, New explicit expressions for Dirac bilinears,
Phys. Rev. D 97, 016005 (2018).

[65] Sabrina Cotogno, Cédric Lorcé, Peter Lowdon, and Manuel
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