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Transversity generalized parton distributions in spin-3/2 particles
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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 F({)
carrying all the complex parts. Here, the variable { is the helicity difference { = (' — 1) — (4 — u) for the

amplitude Ay, ;.

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 ¢, and the skewness variable &
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
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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 BESIIL. 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 £, (x) [21,22] (called A7 (x) in
Ref. [20], A(x) in Ref. [23] and 5¢(x) 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 %, (x), 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 2(2J + 1)? 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 A 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 ete™ — AA or QQ. Furthermore, there are
recent interests on the transition GPDs for N — A 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

dz= .
S i), 1|0
/ 2 ¢ (', 2]

p.A) 7 (1)

Z+:0.ZL:0

where O is the nonlocal operator at a lightlike separation of
the corresponding GPDs. The p (p’) and A (1') 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 = (v, v, v ),

where v* = 1" 4+ v* and v, = (v', v*). The scalar product

of any two four-vectors is u-v=21u"v"+Ju vt —u, -v,.
Moreover, the light-cone vector n = (0,2,0,) is needed
and n? = 0. In addition, we use the same kinematical

variables with our previous work [47],

/
P:p;—p, A=p -p, t= A2,
A+ K+
E=—gprlelst).  x=4p(-1<x<), (2)

where k — A/2 (or k + A/2) is the initial (or final) parton
momentum as represented in Fig. 1. Note that here we use
A instead of g in Ref. [47] to stand for the relative
momentum. There are some other conventions in the
following, like al*b¥ =a*b* —a*b*, al#b¥t = atb* +a* b*,
ani — Gl)il’l/,, oM = (1/2) [yy,yu]’ 6ni/)5 — eyi/)ﬁnﬂ’ and
€123 = 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 O = ity
Wy y) or O9 = G"G," (G"”(N}ﬂ”) where G"* = G”#n,, in
Eq. (1). In the present work, (x) and G**(x) are employed

k=472 / \k+A/2 k-A/2 /ff %/CM/Z
—C D T

)

P-A/2 pP+a2  P-4/2 P+A/2
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 G’°(x) =1e’G,, (x). There is a
Wilson line W[—1z7,1z7] along a light like path between
the two fields at positions of — z and J 52 in the nonlocal
operator O. The Wilson line i 1s deﬁned as [8]

Wla,b] = Pexp [igludx‘AJr(x‘n_)}, (3)

where P stands for the path-ordering from b to a and A(x)
represents the gluon field. In this work, the light-cone
gauge AT = 0 for the gluon field is considered and then
W([-1z".327] = 1, so that the Wilson line does not appear
in the operators.

Equation (1) with nonlocal operators of 07 =
w(—12)ic"y(z) and O = G"(-12)G"(3z) defines
the quark and gluon transversity GPDs as

: 1 [dz= . 1 (1
qu L ix(Pz) /,ﬂ/ - _ 2 - ni - A , 4
2 2/2n€ <” "’( 2Z>”’ ’”<2Z> P >z+o@o @
and
Iy 1 dz™ 1 1
T =757 e P (p! X|TS |G —< 2 |G A : 5
T opt | g ¢ <P L ¢ %) 1P om0 (5)

where i and j are the transverse indices, and the operator §
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 ;.

One can also define the corresponding quark and gluon
amplitudes [8] as

Al W T / dziﬂ
1 [fdm
(6)
where the label u (1) represents the emitted (re-absorbed)

parton helicity. The amplitudes satisfy the constraints
of [8,22]

A)

’

eix(P.z) <p/’ AI|OZ/” (Z)
Z+=O,ZL=O

A

Woap IX(PZ <p )/|Oq ( )|pv/1>

’

ALY (P AR) = (—1)(/1’—/1)—0/—#) Aj/g,*w( P.A.n)
AZQ?—IM/,—L—”<P’ A’ n) = (_1)(/1, B _ﬂ -Aq/g/ /(P, _A, n)

(7)

|
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,

1 1
0L, =~ gilio™ ~iic" 2y =~ 1ot (1 4+ )y,
1 1
0L = gwlic™ +iioc™ )y = 2gpio™ (1 =)y, (8)

because of ic™!y®> = —iic™?. Amplitudes (6) with ' = u

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
u' # u. Note that the helicity label & on the partons of the
quark stands for :I:% 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 1. Leading twist operators OY, and O, .

o), o, 74 U

st (L7 3[G7Gy -GGyl

awrt(1 o w 3[GPG) +iG7G)] - -
il//( _ ii6+2)l// %[G+1Gl+ — GG+ — i(G+IGZ+ + G+2Gl+)] — +

}Tll_l( +1 + llO'+2)lI/ %[G-FIGI-F _ G+2G2+ + i(G+1G2+ + G+2G1+)] + —
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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

T, = ity (p/, A YHIT0(x, &, 1)

ug(p,4),  (9)

where u,(p, 1) is the spin-3 /2 field Rarita-Schwinger spinor,
shown in Appendix A, normalized to i, (p, A )u®(p,A)
—~2Méy;. The tensor function HT-“%(x & ¢) can be
|

o ali

qT n[a’g

2 (P

/ T
9"+ Hg

l a
o

HA" — A - ny'
+HgT( M(P'n)?’)
(AT42EPY)

"2 g
g (A - nnd? g — 2 e AT
(P’

HqT(A nP gl — Pl pal AT

M?(P - n)
M - e i —

. T
HqT,z,aa — Hfli + H3

+ HI" +HI"

+ H,

+

+ HY

2na’n(1Ai)

r (P =P - ny")
(AT — A - ny')
M3(P-n)
(A7 +2£P)
M4
g (P nni? gt
10
g1 (P nPl gli

12

+ HY,

decomposed to 16 terms corresponding to only 16 indepen-
dent tensor structures. Similar to our previous analysis [47],
there are two ways 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 of 747/
is decomposed at twist 2 by imposing Hermiticity, parity
invariance, and time-reversal invariance as

(P!

Y . A
Y M3(P-n)

e 0T

P pe

P(Z/Pa

—2n% n®pP')

(P-n)?

_ p[ofnalpi)
M?(P - n)

r Myp(P - nnt® g#i —

2na’nal)i)

(P-n)*

" M(P - n)*

where the variables x, &, ¢ in the quark transversity GPDs
H ?T are omitted, and M is the mass of the spin-3/2 particle.

There is another equivalent definition of quark trans-
versity GPDs using the matrix element of ic"'y> instead of
ic" in Eq. (4). Due to the relation [24]

waﬁ}/ = —56"’/3/’5

(11)

10'/”5,

:niad

St

m 5
HqT io 4

( )gll(l

niAd
qT i€ }/59

ﬂqT,La’a _

+ H! + H!

ot A P0G = PURIAY) |y (P - nPY g = PUnelp)

: niP§ 'a
qT e 7590(

3

. ni /
o7 l€mA6}/5Pa P~

(P-n)?

M(P - n)? ’ (10)

|
thus the equivalent definition is

1 [dz 1 1
ix(Pz) / ni,,5
TN el

=ity (p' A YR (x &, 1)uy(p.A),

p’ﬂ>

z7=0,z; =0

(12)

where

N HqT ieniPéyEPa’Pa

M(P - n) * M(P-n)

. i . i /
niAP o7 lenlAPPa P®

J
o7 1€ gaa

M(P-n)
L ienitdd ya)

v Mpie" {2

Py 14

Ti€
+ HY a

+ HY;

M3(P-
ni{a’Pna}

n) 7 M*(P-n)
10 W
JT M”ieni{(/Pna}

(P-n)? 5 M(P-n)?

H
My M*(P - n)
JT ieniA[a’Pa] JT ieniP[a’Pa]
" MA(P-n) TP MP(P-n)
JT ”ieniA[a/Pa] JT ”ieniP[a'Pa]
16 M(P-n)?

(13)
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which is given by H97"4e = je0iB3paTida The quark
transversity GPDs H?T 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 & as

H (x,&.1)=HY (x,—&,1) with i=1,2,5-9,12,13,16,

qT _ qT ; .
HY (x,&.1)=—H!" (x,~&.1) with j=3,4,10,11,14,15,
(14)

where Hg£,1o,11,14,15 are odd and others are even in £&.
Clearly, all the odd GPDs go to zero when & = 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

™ = (p'. X|p(0)ic*y(0)|p. A)
= it (P, ) u(p. A), (15)

which give the £-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 A - nnl? ¢@}, n®n®, A - njpni? ¢?’} and
so on, should not exist in the tensor structures correspond-
ing to tensor FFs because there is only a position, y or v,
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

J / U‘AU]
]:-Zy,a a_ gaa (G({T<t)i0ﬂy -+ GgT(t)yT‘f' G;]T(t)

P? p2 yHAY PHAY
e il Uy

PlAY
i)

, Pl galle prl
LGP P+ G (16)

and the tensor FFs G;-’T(t) are related with the transversity
GPDs by the sum rules

1
/dxH;fT(x,g,r)_G;!T(z) with i =1,2,5-8,12,
-1

1
/dxHjT(x,g,t):o with j=3,4,9,10,11,13-16.

-1
(17)

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, iy (p,A)(g?%ic" + ¢"! ¢ )u,(p.2) = 0, in
the forward limit, which is proved in B, there is only a
nonzero form factor G' (0) — G4"(0) 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]

pile=prEip. et = prLip”,

_ 1=l iy JLHEPL] iy
C=\ixem 1—¢M°©

(A +2EP) —i(A + 2EP)
M\/1-8 ’
t &

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. A' =4 =y’ — u for Ay, ,,. 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 A 4 2£P [8,22] is zero,
ie. (1=&)pY=(14&)p”, and be zero in the forward limit.

Incorporating the amplitudes with helicity nonflip in
Ref. [47], we find that any amplitude A, ;, has a common
factor

F(£)=Co0(0) + C40(=¢) with &= (X' =2)— (¢ —p).
(19)

WA

where C¢ represents the ¢ powers of C, () is the Heaviside
step function with #(0) = § and F(0) = 1. We conclude that
F(¢) has some properties, such as F({#0) =0 in the
forward limitand F*({) = F(—{). Therefore, the amplitudes
are real if the factor F({) is excluded and we can define the
real amplitude as

A/l' yTvim

/r ’ = . 20
Ay A F(l/—l—[/‘Fﬂ) ( )

and the relations in Eq. (7) becomes the real form,
'A/—l/—ﬂ/,—l—/l = (=1)# =A== ;’;/,/W' (21)

For the quark, the factors 4/ and y are /() = +1 due to
the quark spin. We believe that the low spin particles
[22,24] have the analogous character.' The specific forms
of the 16 quark amplitudes are

"There might be a typo in (C15) of Ref. [22] according to this
property.
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L ar T ICP (1 o1 T r 1 ar r CP ar
Ay os =148 (5T -0 ) 4 S8 (G007 = g7 ) = (eant] =3 ut] )| - (g7 + 1S

1 1
—1—_£<5H(111T—§H‘112T>7 (22)

(149
2v3(1-8)
\/1—52 ‘C|2 qT 1 qT

MW [8 H{" - (1 +§)<H15+§H16>]

St )]

A/l] _ (1 + 5)
G2~ (-1/2+ = " g /3

Ny
="y A (@)
2 V 1 _52 |:H4T |C|2 (2HqT H;]T) |C| HIIT:|

A/q —
(1/2)-(3/2)+ /3 ) 32

—£2 — ’
A0 L) /P

+(<11§§)2) { H{" -2 (éH"T —;H‘g) I =3 +§)H"T]

2 2 lHqT HCIT |C|2 HCIT H +(1 2 HCIT HCIT

W ¢ =< n 524—5 +(1+&)HY, —HY,
1-&)— 1 1 1 Cl? /1 1

- 4D (3(15_;2)‘:] {1_§2< H?IT—EH‘{2T> + <§H?5T—§H?6T> _%(EHZT_HgT_l——I—ngT>}’ (26)

A/q :2(1 +§) [Hi]T+Hi'5T+ (1 +€) H;/T:|

A/((I3/2)_,(1/2)+ = [(1 + §>(H3T - 2HgT) - (3 - é)H;]T + (1 - ‘f)H(lle + H(lig]

1 D(1-&
<H"T—H"T—|—4H"T—2H‘1’1T H‘1’2T>+ per DU =) & por (24)

8v3 Y a3(1-¢ Y

9
AGy2)- =32+

(1/2)=,(1/2)+ 3 4(1 =¢)

1- 1 CJ?
_1=9 [H3T+2H3T+H7§— (gH;{_H;{) L1eF <2HZT+H )}

3 2 8
_40-8) T v e\ 2| et r 1 o7
3 2Hq +HY —5EHY ) =3 |H — (EHis — 5 Hig

7 1 4¢ 1 CI? 5 1 1
L R i R L L Ciee ]

3 2 3 8

1 1 |C|? 4 T T 2& r 1 .7
—— (emt H =g - H? HI —— __|H" ——H!
+3(]+5)<5 ntyHn T 8) 3(1_5)( s T 7)+3(1_§2) 50

ADU-&) -4 g ] o 3o
= e e U L]
Z[Dézl—_iz;ﬂ [(155) <%HZT_§H¢61T>+2H(71T_(1_§2)Ht116T |i| HqT:|
D02 gp0-8) 18 (g L)

2

31-2)1-9 Tres

(27)
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21 -¢€1 1 1 1 Cl?
Aoy 1/2)+:%[QHE’T+H§’T+H;’T—§§H‘{§+§H§’2T <§H" +2H‘{6T> +|3—2H‘1T]
(1+52) T 1 5 1 T T T 1 T
+ /—1_€2H£77 + T2 2 SHY —EHG | — (EHY) + 5 H,

— _ _£2
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- e EGHY e ) g (s -5 )
1—¢&2 1 1 C
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A?—1/2>—,(1/z)+:—3\/(1—_7§2)H?T— \/—52[7 <3qu Hi; + - H?”)} +3MH3T

8 1 1-¢/1 1
i ) = (o ) + (e 5 )

21C)P¢ [ 11 1
T | |§ HqT - +§< HqT HqT) _’_Hzl]{:|

3Vi-gl? 21-¢
8 /1-£7T 1 CI*1+ &2
+= : _é(éH??—zH@—'Jl_ng;’T}
8 /1 — 2 C2 1 C4
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D(1-¢) - T r\ _|CP(1+& T T
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/ V1I-&[1-¢/1 1 1 IC? (1-9¢) 1
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1 C 1-¢
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A/?—3/2)—.(1/2)+:_ \/?; |:Hq —EHq _éHq +2H +T Hg _EH(III —ZH;]Z
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T =) (L par y gar) 4 2 (egger — L gar 1617
+ 873 5114 + Hg +\/§ ¢Hs > 116 + 16 '8
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, 4(1+¢&)/1-¢& 1 Cl? 1
A?—3/2)—.,(—1/2)+:+( 5\)@ : [(quT—EHqT) |8| <H[115 +2H ﬂ
2/1-¢ T 1 r, IC] T T IC| T
—T<H’f —1—_§H" +T<2H‘f + H! +§H;1>+§Hg>
2
il o)
4(1 + 1 C Cl?
4D(1 - &) + ¢ 1
A ﬂ“HﬂH
_4[D(1_§2)+§]|:< qT_l qT) g( qT qT L qT):|
T Al-8 EHYs —5Hig |+ (5Hi +Hg +1- fH (36)
A -(1-¢) lH"T—i—HqT quT_lHqT +ﬂ HqT+HqT
(=3/2)-.(=3/2)+ 23 2 8 \2
(o ) o3

The other amplitudes with helicity flip A’ ?+, j— can be

obtained by the parity invariance (21).

In the forward limit, since &, P¥ = P%u, = 0, the non-
zero contributions of Hi’é(x, 0,0) give the transversity
distribution function A;(x) [21,22]. In addition, as dis-
cussed above, there is no orbital contribution, i.e.,

F(¢ #0) =0, which constrains that the only helicity
conserved amplitudes, A7 (1/2)=.(3/2)+> AE’_3 J2)=(—1/2)+ and
Af_l J2)=(1/2)+7 remain finite. Thus, the transversity distri-

bution function /,;(x) can then be given as

2HY (x.0,0) — HY (6,0,0)] = by (x).  (38)

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], Hi’T(x, 0,0) is from spin-1/2 component and
HY"(x,0,0) 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 A;(x)
can be measured in semi-inclusive deep inelastic scattering
from transverse polarized targets in the scaling limit using
the “Collins asymmetry” [59],

> g M ATD;

, 39
>, fID% G9)

AColl =

where e,, f1, AYD!, and D! 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

T = =it (p', X YHIT 549 (x, & 1) uy(p, 2),  (40)

where
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y A '+ 2§P’ to"” 7l gl (Pl — P - nyl)
HgT,l],o/a — Si' HY ( a !]
A @k

T (AT + 2§P’)n T (A +2£P)) (A + 2EPT)PY P*
3 M(P - n) N M

+H9T (P . nga’i _ n“/P’)(P . ngaj _ napj) N HgT (A . nga’i _ na’Ai)(A . ngaj _ naAj)
3 M(P - n)? 6 M(P - n)?

T (AT 2£P") (A - nnt? @ — 2n¥ n? AV) o7 (AT +2EPY) (P - nnl? g — 2p@ pe pi)
! M (P-n)? § M (P-n)?

+HJ (AT 4 2EP) (A - nPl gl — Plin@ AT) — p (AT + 26P7) (P - nP g?l — Pl nelpi)
? M? M(P - n) 0 m2 M(P - n)

g (P = n PP ng = nPI) L (A g = n? AY(A g = n*AY)
11 (P-n)3 12 (Pn)3

(A 4 2y B Y 22N i iy (Pt = 2t
13 7" (P'I’l)3 14 7" (P'I’l)3

(A - nP gali — Pl ya AT) (P - nPl gi —

FHIL(AT + 2Pt

M?(P - n)?

where the operator Si ; implies the symmetrization and
removal of trace between indices i and j, and the variables
x, &, t in the gluon transversity GPDs H?T are omitted too.
Similarly, the relations in Eq. (7) constrains the even or odd
behavior in terms of skewness & as

HY" (x.&.0)=H{" (x,—£,1) with i=1,3-7,10-13,16,

HY (x,6.t)=—HY (x,—&.1) with j=2,8,9,14,15, (42)

where H%.g.l 415 are odd and others are even in . Odd
GPDs vanish at £ = 0.

We also attempt to give the tensor FFs of the local current
G"(0)G*?(0) corresponding to the gluon transversity
GPDs and

T8, [G*(0)G(0)]| p. 2)

(P, 4).

THYPO — i 1
i (p

iy (p', X)8,, Fhrmee (43)

The gluon transversity GPDs in Eq. (41) can determine the
tensor FFs 7#“**“® by sum rules. Eliminating the n’n°n?
and n’n°n’n’ terms since there are only two n’s in the
operator G"(0)G/"(0) and considering the ¢ symmetry
(42), there remains 6 tensor FFs defined as

[« ol pi
+ HIT(AT 4+ 26P ) Pen P)}, (41)

M?(P - n)?

v,po.d a P[”Ay] .
j:/é poOAA, e <G‘(1]T(t)l6”/’gda 4 Gng(t)go[r/ga]/)

T PloAr] r Pl gl pol
+ Gy (1) 72 10 t)T
P[/tgua Pagp]a
GI(t
+65 () — ——,
Alr gl Alo gpla
G (1 : 44
+ 6 (=220 (44)

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

1
/ dxHY (x,&,t) =G (1) with i=1,3-6,10,
-1

1
/_ldxH{;T(x,g,z):o with j=2,7.8,9,11-16.  (45)

The forward limit tells that the local current G**(0)G*?(0)
contains a global symmetry and contributes to the unknown
gluon tensor charge G"T(O)

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 F({) defined in
Eq. (19) in the expressions of the gluon amplitudes.
Different from the quark case, the spin-1 gluon takes
' (u) = £1 instead of +J. 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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The other amplitudes A'/, ;  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.,
F(¢ #0) =0, and the only helicity conserved amplitudes
Al -a /24 and .A _3/2)-(12)+ Survive. The transversity
distribution function of the gluon is then obtained as

—2[HY (x,0,0) + HY (x,0,0)] = xA(x),  (62)

defined in Refs. [21,23] and A(x) has the similar interpre-
tation with & (x) in Eq. (38). Since (P - n)u(p, A )u(p,A) =
Miu(p, A )u(p, ) in Eq. (41) is satisfied in the forward
limit, HZ" (x,0,0) and HY] (x,0,0) 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 two units
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 & 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
F({), which carries the whole complex part and represents
the transfer of the orbital angular momentum. In the
forward limit, no orbital contribution, i.e., F({ # 0) =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 A
resonance and Q hyperon. Such GPDs and also N — A
transition GPDs could be investigated experimentally. The
timelike GPDs of A and € could be measured by the two-
photon processes at BESIII and KEK-B, and the N — A
transition GPDs could be measured at JLab and J-PARC. In
addition, the A 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]

3
u(p.2) = Cy e (p.p)ulp.o). (Al
p.c

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

Y 1/ . 2M T

e“(p,0) = VAR —p—+’€¢(17a0) with €, (p,0) = (p1, p2), (A2a)
V2(p) +ip) >T ( 1 )
e(p,+1) = —( 0, ei(p+1) ) with e (p+l)=(—=.—=), AZb
(1) = =(0. 2P e ) o) = (5.7 (A20)
V2(p) —ips) )T (1 —i)
e(p,-1)=0,——= ¢ ,—1 with € 1) =—=,—, A2c
(p.—1) ( o 1(p.—1) 1(p.—1) 57 (A2¢)
[

and and y° = % where = indicates on-shell equality, one can

(p+M) derive

u(p,o) = ——= s A3

(p.0) == tre (A3)
where y, is the rest frame spinor. The Rarita-Schwinger
spinor in Eq. (A1) satisfies the Rarita-Schwinger equation,
as well as the subsidiary constraint equations,

(p=M)u(p.2) =0,  yu*(p.A) =0,  peu(p.4)=0.
(A4)

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, P =
2P* — 2My*, to obtain the more concise form.

From Egs. (B13) and (B23C) in Ref. [65],

ga’aia/w + ym’gau _ guaga’v = iea’yva},S’ (Bl)

gd(lioﬂy + gﬂ[(l/ ga]y — gu/a ioh + gﬂ(l/ g(ll/ _ g;taguﬂy

i €a’ pva AyS
= =7 B2
M (B2)
In the forward limit, A = 0, and then
¢ io" + g gl = 0. (B3)

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

r gm/ g/}a’ gya/ g&(/ gea' b
v v yv v £V
P gt g
det| g% gﬁﬂ g gép g? | =0,
g g
Lg™ ¢ g7 "
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where if the indices @ and « are coincide with ones of the
initial and final states depend on if the equality is contracted

with states. Contracting this determinant with

P/;,Ay,n,;,gi.,Py,Ap,n{, and gé,

one can obtain

/

r gaa’ P Aa’
P* P2 P-A
det| A P-A A2
n P-n A-n
L g% P/ A

/
na

P-n
A-n
n-n

n'

Using the on-shell identities which have been shown in
Refs. [47,65,66] and removing the trace term like g/, we
replace the (A’ +2£P")(AJ +2£P/)g?® term by other
terms surviving in Eq. (41). Similarly, the product between
#t and Eq. (B6) explains that (A’ 4 2EP!) (AT + 2EP ) jig?'®
can also be eliminated.

In addition to the vector, the matrix like y# and o* is
permitted to contract with Eq. (B4). However, it is

(BS)

r g(w/ P(x’ Aa’ na’ gia’ 7
P* P2 0 P-n A

det| A 0 A% A.n P | =0,

n* Pon An 0 —iog"
Lg¥ P A0 0
r gmz’ na’ Aa’ nn/ gia/ 7

P* A-n 0 P-n P

det| A2 P.n A* A-n AP | =0,

n 0O An O
g i A0

0
0

g convenient and safe to contract only one matrix with
Pi one of the lows or ranks because of the noncommutation
Al | =o0. (B6) property. One can respectively replace ¢., gL, A,, and Py in
; Eq. (B5) by —ic’,, —ic',, —ic",, and —ic"; or contract
n“ —io", with Eq. (B6), therefore there are 5 equalities
g’ |
|
r gaa’ Po/ Aa’ no/ na' 7 r gaa’ Pa’ na’ na’ gia"
P* P2 0 P-njA-n P* P* JA-n P-n P
det| A 0 A2 A-n P-n|=0, det|A* 0 P-n A-n Al|=0,
n* P-n A-n 0 0 n* P-n 0 0 0
Lg¥ P A0 o] Lg¥ P/ g 0 0
r nrf P(l’ A(}/ na’ gi(l"
iA-n P20 P-n P
det| P-n 0 A% A-n A"|=0, (B7)
0O PnAn 0 O
Lic/" Pl A0 0

where we have used some known on-shell identities [47,65,66] and ¢/ is removed due to the symmetry from the definition

(5). Analogously, respectively replacing gl gl A,, and P, in Eq. (BS) by —ic/,, —ic"

—io", with Eq. (B6) gives

ga(x’ Pa’ Aa’ na’ gia’ T
P* P2 0 P-n P

det| A* 0 A% A-n Al | =0,

/

n* P-nAn 0O 0
—gie LAl P g 0 |
r gaa’ P Aa’ na’ gia’ b

—n® %A-n P-n 0 io®

det| A 0 A? A-n Al | =0,

n* P-n An 0O 0

lg P A 0O 0

- /

ga(x
Pa

det| A*

na

_na

_na
Pa
AU(

na

L g%

» —io",, and —ic", or contracting

/

PY  AY p? g (g% PY A7 p@ i ]
P2 0 P-on P P P20 P P

0 A* A-n A" | =0, det|-n®lAn Pn 0 io"|=0,
P-n A-n 0 O n® Pon An 0 O
IA-n P-n 0 ic"] g P A 0 0
IA-n Pon 0 ic™"]

P> 0 P-n P
0 A” A-n A |=0. (B8)
P-n A-n 0 O

P A0 0]

Solving Egs. (B7) and (B8) can get the corresponding on-shell identities to eliminate io™ @ (nl* ¢/, A - nni? g?}i —
2n%n®AJ, P - nP gl — P pdPi and A - nP g — P19 p® AJ) terms.
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Taking the changes, g. — y,, ng — s, or gi - ¥ N, = ¥, from Eq. (BS) gives

r gaa’ Pa’ Aa’ n(}/ 0
P P 0 Pn M
det| A“ 0 A2 A-n 0| =0,
n“ P-n A-n 0 "
Lg PN 0 ¥
and
r gaa’ Pa’ Aa’ na’ gia’ b
P« P2 0 P-n P
det| A“ 0 A2 A-n A| =0,

n P-n A-n 0 0
0 M 0 7" Y

r g(la’ Pr)/ A(l’ 0 girf b
pe P2 0 M P
det| A 0 A2 0 A|=0, (B9)
n* P-n A-n p O
L PN 0]
r gaa’ Pa’ Aa’ na’ gia’ b
P P2 0 P.n P
det| A 0 A2 A.n Al| =0 (B10)

0 M 0 7" Y
i gaj P/l A 0

Combining Eqs. (B9) and (B10), one can obtain that the tensor structures (A -+ 2EPY)(A - ny/ — pA/)P¥ P* and

(AT 4+ 2EPT)(P - ny/ — pP7)g?* can be represented by others.
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