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lation and deep inelastic lepton-nucleon scattering. The quark transverse momentum dependent
(TMD) fragmentation functions (FFs) to spin-3/2 hadrons are defined for the first time from the
decomposition of the quark-quark correlator at leading twist, 14 of which are newly defined for
rank-3 tensor polarized hadron states. We perform a leading order calculation of the differential
cross sections. For two-hadron production in e*e~ annihilation, half of the 48 structure functions
are found nonzero even if the spin of the second hadron is not analyzed, and ten of the rank-3
tensor polarized TMD FFs contribute. We also apply these newly defined FFs in semi-inclusive
deep inelastic scattering (SIDIS) for the study of nucleon structures. For a polarized lepton beam,
one third of 96 structure functions have nonzero leading order contributions and 42 of rank-3
tensor polarized TMD FFs contribute. For the polarized lepton, half of 192 structure functions
are nonzero and 14 of them are from rank-3 tensor polarized hadron states.
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Production of spin-3/2 hadrons in e*e™ annihilation and SIDIS Jing Zhao

1. Introduction

The quantum chromodynamics (QCD) is the fundamental theory of the strong interaction. Due
to the color confinement, quarks and gluons, the fundamental degrees of freedom in QCD, cannot
be isolated as free particles at long distance, and are always confined within the hadron by the
strong interaction. The fragmentation functions (FFs) are introduced to describe the momentum
distribution of final-state hadrons produced by high energy partons. They are defined as functions
of the longitudinal momentum fraction z carried by the fragmented hadron. Extending to a three-
dimensional description, one can define the transverse momentum dependent (TMD) FFs, which
are functions of z and the transverse momentum of the produced hadron.

Taking into account the spin degrees of freedom of quark and produced hadron, one can study
the spin effect in hadronization. The spin-dependent TMD FFs encode the correlation of the struck
parton momentum distribution and the spin of the parton or the produced hadron. They lead to
rich phenomena in high energy reactions, such as the azimuthal asymmetries in semi-inclusive
electron-positron annihilations measured by Belle [1-3], BABAR [4], and BESIII [5]. In this talk,
we present the study of the TMD FFs for spin-3/2 hadrons, which are still very limited investigated
on either theoretical or experimental aspects. While the unpolarized, the vector polarized, and the
rank-2 tensor polarized TMD FFs remain the same up to some normalization factors as introducd in
previous studies [6-9], the rank-3 tensor polarized ones are newly defined and only exist for hadrons
with s > 3/2.

On the other hand, the TMD FFs are also essential input for the study of three-dimensional
structures of the nucleon via the semi-inclusive deep inelastic scattering (SIDIS) process. Applying
the TMD factorization [10-12], one can express the cross section for SIDIS process as the con-
volution of short-distance hard part, quark TMD PDFs, and FFs. Measuring the produced hadron
with the strange quantum number can improve the sensitivity to s quark distribution in the nucleon.
The € baryon, composed of three s quarks, is extremely sensitive to strange sea distribution. Fur-
thermore, the spin state of the produced € can be analyzed through its weak decays. Therefore,
the production of the Q in SIDIS has the unique advantage to study the s quark sea distributions in
nucleon. This requires us to have a comprehensive theoretical understanding for spin-3/2 hadrons
TMD FFs. Among all different high energy reactions, e*e™ annihilation is the most suitable for
studying FFs. The inclusive process e*e~ — QX can be used to study the collinear FFs. In order
to access transverse momentum dependence, we consider the semi-inclusive hadron production in
e*e” annihilation, i.e., ete”™ — QhX. Thus, we focus on the production of spin-3/2 hadrons in
e*e” annihilation and SIDIS process.

The proceeding is organized as follows. In Sec. 2, we describe the spin information of spin-3/2
hadrons using the spin density matrix. In Sec. 3, we derive a complete set of TMD FFs for spin-3/2
hadrons. We present the calculation of the cross section for the production of spin-3/2 hadrons in
e*e” annihilation and SIDIS in Sec. 4 and Sec. 5, respectively. We make a summary and outlook
in Sec. 6.
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2. The description of spin-3/2 particles

The spin information of particles can be described by the spin density matrix. For a particle
with spin-s, the corresponding spin density matrix p is a (2s + 1) X (25 + 1) matrix. According
to the Hermiticity condition p = p', we can decompose p of spin-3/2 particles on a basis of 16
independent Hermitian matrices,

1 4 . . 02 .. .. 8 .. ..
= — |1+ 827+ ZTVEY 4 —RUKEIK) 1
P 1 + 3 + 3 + 9 (1)
Here X are 4 X 4 spin matrices for spin-3/2 hadron, X'/ are the five rank-2 tensor polarization basis
defined by £ = 1/2 (£'%/ + /%) - 5/46"1, and TV k are the seven rank-3 tensor polarization
basis Tk = 1/6ZUT/ Tk — 41760 (67 E* + /K2 + 6% /). Following the common convention,
we define the spin vector S’ in the hadron rest frame as

S' = (S5.57.5L), (2)
the rank-2 spin tensor T/ as
o [Sersn o SH sy
1] —
= P Str _SLLy_ St Sir | )
STr Sir 251L

and the rank-3 spin tensor R*/* is defined as
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Xy _ QXX y
SLTT 28prL =S LTT 4SLLT
_ XX Xy X
2SiL + Syyr Strr 45711
Xy XX y
SLTT —28rLL - SLTT 4SLLT
X y
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The spin vector and tensors for a moving hadron can be obtained by a Lorentz boost from those
defined in the rest frame, and their explicit expressions are given in Eq.(18)—(20) of Ref. [13].

3. TMD fragmentation functions for spin-3/2 hadrons

The unintegrated quark-quark correlation function is defined by

-y [ A% e
Bop (P S.TR) = ) | g S OLL (. )0a(€)IPS.T. R X)
X

X (P,S,T,R, X5 (0) L (c0,0)]0), Q)
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where k is the momentum of the quark, @ and 8 are Dirac indices, ¢ is the quark field operator,
and Z also implies the integration over the momenta of the undetected hadrons labeled by X. The
X

gauge link £(y,, y;) is defined as L(y2,y1) = P exp [—ig /yfz dy - A(y)].

The correlation function is a 4 X 4 matrix in the Dirac space, and thus it can be expanded on
a basis of 16 Dirac y matrices. Imposing the constraints of the Hermiticity and parity invariance,
one can decompose the quark-quark correlation function (5) for a spin-3/2 hadron as

B
A(k,P,S,T,R) = BiM1+BoP +--- + %eﬂypay”%kakaTm'

B B
+ i%k#kvkpR’“’p)g +ot %eﬂwayﬂk@mkm”“. (6)

Its complete expression is given in Ref. [13]. Here the B;’s are Lorentz scalar functions of k - P
and k2, and the mass factor M is introduced to balance the dimension. The rank-3 tensor polarized
terms, By| — Byg, are newly defined for spin-3/2 hadrons, while the unpolarized, the vector polarized,
and the rank-2 tensor polarized ones also exist in the decomposition of the correlation function of
spin-1 hadrons [8].

By integrating Eq. (5) over k*, or, equivalently k%, we obtain the quark-quark correlation
function,

1
A(z, kr) = E/dk*A(k,P,S,T,R) , )

—-_P~
k===

which leads to the definition of quark TMD FFs after the Dirac decomposition as shown in Eq. (6).

Quark Polarization

Unpolarized Longitudinally Transversely Polarized
Polarized
U D (2, k%) Hi (2,k2)
G (2, k%) Hij, (2, k%)

s T Dir (2, k7) Gir (2, k) Hyr (2,k%) , Hir (2, k%)
"E LL Dipr (2 k%) Hi;; (2,k%)
.‘_E LT Diyr (% k%) Gipr (2 k%) Hipr (2,k3)  Hipr (2 k)
T Dirr (2,k7) Girr (2, k%) Hipr (2,k%)  Hir (2, k%)
-‘% LLL Girrr (2, k%) Hiypp (2,k7)
Tour Diypr (2,k7) @ (k) I RE Ll (z,82) , Hizrp (2,k2)

LTT | Diyrr (2.57) Givrr (2.k7) Hiyrr (2. k7)  Higrr (2,k7)

TIT | Diror (2. k7) Girrr (k7)) Hiprr (2,k%)  Hivrr (2, k)

Table 1: The leading-twist TMD FFs for spin-3/2 hadrons.

Here, we consider P~ as a large momentum component and collect the leading-twist TMD
FFs, which can be projected out from the correlator A(z, kr) by the Dirac matrices y~, y~ys, and
io'~vys. For instance, the Sy1. r-dependent TMD FFs can be parametrized as

kV

1 :
Appo(z, kr) = 1 {GILLL (Z, k:‘}) Seerysit+Hip, (Z, k%) SLLLIO'pv)’sn”MT} . 3
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Then a complete set of quark TMD FFs for spin-3/2 hadrons at leading twist are shown in Table 1.
Among the 32 TMD FFs at leading twist, two are for the unpolarized hadron state, six are for the
vector polarized hadron state, ten are for the rank-2 tensor polarized hadron state, and 14 are for the
rank-3 tensor polarized hadron state. While the unpolarized, the vector polarized, and the rank-2
tensor polarized ones have been defined in the study of spin-1 hadrons, the rank-3 tensor polarized
TMD FFs are newly defined and only exist for hadrons with s > 3/2.

The terms corresponding to different spin components of the hadron have been separated
and labeled by U for unpolarized hadron, by L and T for vector polarized hadron, by LL, LT,
and 7T for rank-2 tensor polarized hadron, and by LLL, LLT, LTT, and TTT for rank-3 tensor
polarized hadron. The D, G, and H are used to represent unpolarized, longitudinally polarized, and
transversely polarized quarks. A superscript “L” is assigned if there is inhomogeneous dependence

on the quark transverse momentum. The superscript “ L 1" in Hi7., Hj577, and H{7. is introduced
Hf, .., and H:

. . N
to differentiate them from H 1LTT? T

11T

4. Production of spin-3/2 hadrons in ¢*¢~ annihilation

To access TMD FFs, we consider the process
e”(l) +e* (1) = Q(P1) + h(P2) + X(Px), ©

where the variables in parentheses are the four momenta of the corresponding particles and for
simplicity the spin of the second hadron 4 is not taken into account. With one-photon-exchange
approximation, the differential cross section can be expressed as

PPYdo @2
= L v
d3Pd3P, 406"

WHY, (10)
where the leptonic tensor L, is

Ly :2(1,,1;+1vz;1 —gw(l-l’)), 11)
and the hadronic tensor W#” is given by

1
2n

X (0[J#(0)| Px; P1,S,T, R; P2) (Px; P, S, T, R; P, |J7(0)[ 0), (12)

WH (q: P ST Ry P) = (g D @)t (g - Px - P1 - P)
X

where S, T, and R represent the spin states of the first hadron, while the second hadron is unpolarized.
The hadronic tensor satisfies the Hermiticity, the parity invariance, and the gauge invariance
relations. We first construct the basic Lorentz tensors,

= (g PPy PLPY PR a3

t?ﬂv _ {P}uev}qﬂPz’ ﬁ;#ev}qPIPZ} , (14)

which correspond to parity conserving and parity nonconserving ones, respectively. Here g*”
and P* are so-called conserved vectors, which are defined as g*¥ = g*¥ — g#q”/¢* and P* =
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hadron plane

=

lepton plane

Figure 1: The Collins-Soper frame for e*e™ —  Figure 2: The two-hadron center-of-mass frame for
QhX. ete” — QhX.

PH — P . q/q*q*, respectively. The four vectors 13’1’ and ﬂ; have the similar definitions to P. The
unpolarized basis tensors are directly given by those in tZV. The polarized basis tensors can be
obtained by multiplying the basic Lorentz tensors by a spin-dependent scalar or pseudoscalar. Then
the eight vector polarized basis tensors, 16 rank-2 tensor polarized basis tensors, and 20 rank-3
tensor polarized basis tensors are constructed from those in 7;;” and tz;’” ¥ as

uv _ [ _SqPi P>\ MV P.uv

ty” = {1 Y {S g, 8 Pay o (15)
P

[#V — {TPZPZ,TP”,T(M} ZZV, {GT 2P\ Py ETquPzCI} ZZJ)’I‘V’ (16)

uv _ | _RP2P2p P RP2ap P R99P\ P Hy P,P,P PP P P.uv
= {6 1729 ¢ 1729 ¢ 1P2q 1y, ,{R 2PPy paga pP2P2a R qu}tU . an

With the 48 basis tensors above, we can expand the hadronic tensor W#” as

4 8 16 20
_ E uv E uv E uv E : v
WHY = VU’itU,i + VVJ'tV,i + VT’itT,i + VRsitR,i’ (18)
i=1 i=1 i=1 i=1

where the coefficients V’s are scalar functions of qz, Py-qg,P;-q,and Py - P,.

Contracting the hadronic tensor with the leptonic tensor, one can derive the general form of the
differential cross section. It is convenient to specify a reference frame to obtain a general angular
distribution of this cross section. There are two commonly used frames, one is the Collins-Soper
(CS) frame as illustrated in Fig. 1, the other is the hadronic center-of-mass (c.m.) frame as illustrated
in Fig. 2. In this calculation, the CS frame is more convenient to describe the angular distributions
of the produced hadrons, but the spin components are easier to be defined in the c.m. frame.
Therefore, we introduce 8 and ¢ in the CS frame and define the spin components in the c.m. frame,
St, IStls é7, Ser, IScerls dor, IST7ls 77, Seees |Scerl, doer. |Scrrls ¢t |STrrl, and 777

After contracting the hadronic tensor and the leptonic tensor, we can express the differential
cross section in terms of 48 structure functions. The explicit expression of the cross section has
been presented in Ref. [13] and here we only show the rank-3 tensor polarized part below

POPOdO' (1'2 ) . in2 . . i
d3;’12d3P2 =a0r| o [(Sln298m 2"’) Fipily + (sin20sin )} 7,

+|Srerl [sin brir ((1 + cos? 9) FLTLT’U + (1 - cos® 9) FLLLT’U + (sin 26 cos ¢)F2°LS]?U
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+ (sin2 0 cos 2¢) FZOZ%(’;]) +coSorrT ((sin2 0 sin 2¢) inzid)u + (sin 26 sin ¢)in2$ U)]

+|Serr [sin 201717 ((1 + cos’ 0) Flrru+ (1 - cos’ 9) Flypy + (sin26 cos OVF; L,

+ (sin2 6 cos 2¢) Fz(;sz"z]) +c0S2¢1 7T ((sin2 0 sin 2(/)) in;?ﬁu + (sin 26 sin ¢)in;$’[})]

+ |S777] [sin 3érrT ((l + cos® 9) F;TT’U + (1 - cos’ 9) FTLTT’U + (sin 26 cos ¢)F;0TST¢U
+ (sin2 6 cos 2¢) F;O;Tz%) +cos3¢rrT ((sin2 6 sin 2¢) F;i;%‘pU + (sin 26 sin q))F;i;}’b’U)] }, (19)

where the two subscripts for each structure function represent the polarization states of the two
hadrons, Q and &, respectively. The superscripts either label the azimuthal modulation or represent
the virtual photon polarization. The F’s, the scalar functions, are linear combinations of the V’s in
Eq. (18). Among them, the 20 rank-3 tensor polarized ones are newly defined and only exist when
the spin of the detected hadron is no less than s > 3/2.

Then we calculate the structure functions in the parton model and consider the kinematic region
q% < Q?, where one can apply the TMD factorization. At the leading order, the hadronic tensor
can be expressed as a convolution of two correlation functions,

WH = Neziza Z e, / d*krrd’kord® (kir + kor — qr) Tr[AY/9y#AMayY], (20)
q

where k7 and k)7 are defined in the c.m. frame and directly correspond to the quark transverse
momentum in the definition of the correlation function.

After contracting the hadronic tensor and the leptonic tensor, one can obtain the structure
functions in terms of the convolutions of two TMD FFs. For conciseness, we introduce the
transverse momentum convolution notation

C [wa(kir, kor) D (21, ki) D (22, k3yp) |

1
= ZNcZMz Z ef, / d*ki7d?kors (k17 + kot — qr)wa(kir, ko) Dy (21, K3) D (22, k3p),
q

(21)
where D (z1, ki;) is a TMD FF for the first hadron Q, D 4(z2, k3;) is a TMD FF for the second

hadron 4, and w,(k7, kor), with @ = 1,--- , 10, is one of the dimensionless scalar functions as
provided below,

_ ér'klr _ (?T‘kzr _ z(ér‘le)(‘?T'kzr)‘i'klr‘kzr
W=——+", W2o=—""7—, W3= >
M, M, MM,
_ kyrqrikar; + 2k\7Gr:qr; (G - kar) _ 2ky4ridr;
W4 - b W5 - —’
MM, M?
ijl A A ijl A A A IS ..
2 [kijr drigrikar + Zki;" 4riqri4ri(kyr - QT)] kir - kor 4ki¥¢?n¢in@n
we = 3 . Wy E e, Wy =
M1 M, MM, M1
ijlm ~ A~ A ijlm A A A A N ..
4 [kijr quiququk2Tm + Zki]T quiquququ(kZT : QT)] 2%Y Grikor;
wg = , W= ——5—, (22)
MM, MM,
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where q’T‘ = q# /A /qZT is the direction of the virtual photon transverse momentum in the c.m. frame.
At leading twist, 24 structure functions have nontrivial expressions. Here we only list the
nonzero structure functions for rank-3 tensor polarized hadron states,

in2
FEEL‘,Z’U =-C [W3Hf_LLL(Z1’ k%T)Hf_(ZL k%T)] ) (23)
FLTLT v=C [WlDllLLT(Zl’ k%T)Dl(ZZ’ k%T)] ’ (24)
Q¢+orrr) _ 1 26 2¢ 2 2
Pty ) = S (Fit + Friaty) = € sty B HE k] 25)
in(2¢— I [ _sin2 2
lez(T‘f/ oLLr) > (FZIET‘?U - onLST"Z,) —C [waHiLLr(z1, ki) HY (22, k37)], (26)
FLTTT,U =-C [W5D1LLTT(ZI’ le)Dl(Z% k%T)] ’ 27
in2p+2¢r77) _ 1 2¢ 2¢ 2 2
FZI;I"T,U M= 2 (Fi(;fr,u + FiI?r U) -C [W6H1LLLTT(ZI’ klr)HL(Zz, sz)] (28)
sin(2¢p—2¢ ) _ 1 sin 2 ¢ cos2¢ \ _ 2 2
FZITT,U = 2 (FZITT,U - FL;T,U) = C [wrHirr (21, kip) Hi (22, kap) | (29)
FTTTT,U =-C [WSDTTTT(ZB k%T)Dl(ZZ’ k%T)] ’ (30)
sin(2 ¢+3 ¢ ) _ 1 cos2¢ sin2¢ | _ 2 2
F;ITT,U = D) (FTTT,U + FTITT,U) =-C [W9H1LTLTT(21, ki) Hy (22, kzr)] ’ G

in(2¢-3 I ( _sin2 2
gt = 5 (B33t = Fivi) = =C [l (K HE k)] . 32)

which can be utilized to study the TMD FFs for a spin-3/2 hadron, although the other 24 structure
functions in the unpolarized differential cross section only arise at high twist or high order.

5. Production of spin-3/2 hadrons in SIDIS

We denote the production of Q in SIDIS,
e ()+N(P) - e (I')+Q(Pp) + X(Px), (33)

where the variables in parentheses indicate the four momenta of the corresponding particles. For
this process, we follow the similar procedure in the calculation of e*e™ annihilation. Here we
take into account all possible combinations of the polarization states of the nucleon, the lepton,
and the produced spin-3/2 hadron. The cross section for the SIDIS process can also be written as
the contraction of leptonic tensor and hadronic tensor. The symmetric part of the hadronic tensor
contributes to the cross section for the unpolarized lepton beam, whereas the antisymmetric part of
the hadronic tensor is also necessary to be taken into account for the polarized lepton beam. With
the constraints of the properties of the hadronic tensor, we can construct six symmetric and three
antisymmetric basic Lorentz tensors,

S'uv { ~uv P'uPV P{’uPV} P/JPV} (34)
PSPmY {E{quPh P}, elnaPPy PZ}}’ (35)
AMV:{P#P } (36)
~A7’ N2 {E’uqu [IVth} 37
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where the superscripts S and A represent the symmetric terms and antisymmetric terms, respectively.
To construct the polarized basis tensors, we still use these basic Lorentz tensors multiplied by spin-
dependent scalars or pseudoscalars. Summing over all symmetric and antisymmetric terms, one
can obtain the complete expression of hadronic tensor

192 96
WY = 3 VIR 4 VALY (38)
i=1 i=1
After contracting the hadronic tensor and leptonic tensor, we can express the differential cross
section in terms of 288 structure functions in accordance to the azimuthal distributions and all
polarization configurations. We then perform a leading order calculation in the parton model.
For an unpolarized lepton beam, half of the 192 structure functions have nonzero leading order
contributions in the parton model, among which 42 are from rank-3 tensor polarized fragmentation
functions of the hadron. For a polarized lepton beam, one third of the 96 structure functions
contribute at the leading order and 14 of them are from rank-3 tensor polarized fragmentation
functions. The complete results have been given in Ref. [14].
The measurement of these nonzero structure functions, particularly those for rank-3 tensor
polarized states, can be utilized to study the TMD FFs for a spin-3/2 hadron, although the other
structure functions in the differential cross section only arise at high twist or high order.

6. Summary and outlook

We use the spin density matrix to describe the spin states of spin-3/2 hadrons. At leading
twist, there are 32 TMD FFs to spin-3/2 hadrons defined by the parametrization of the quark-quark
correlation function. Through the kinematic analysis, one can obtain the general expression of
differential cross section in terms of structure functions. Applying the TMD factorization, we
perform the leading order calculations to express the structure functions in terms of the TMD PDFs
and TMD FFs in the parton model. For two-hadron production in e*e™ annihilation, half of 48
structure functions contribute at leading twist and ten of them are from rank-3 tensor polarized
FFs. For semi-inclusive production of spin-3/2 hadrons in DIS, the complete differential cross
section is expressed in terms of 288 structure functions. For an unpolarized lepton beam, half of
the 192 structure functions have nontrivial expressions in the parton model, among which 42 are for
rank-3 tensor polarized states. For a polarized lepton beam, one third of the 96 structure functions
contribute at the leading order and 14 of them are for rank-3 tensor polarized states. In the future,
the Belle II experiment with 40 times higher luminosity than the Belle experiment is expected
to produce enough Q events for polarization analysis and makes it possible to extract the rank-3
tensor polarized FFs. In addition, the production of spin-3/2 hadrons can be measured in future
experiments, such as EIC and EicC, and will provide valuable insights into the study of nucleon
structures.
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