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We make a systematic calculation for polarized vector meson production in semi-inclusive lepton-
nucleon deep inelastic scattering e”N — e~ VX. We consider the general case of neutral current
electroweak interactions at high energies which give rise to parity-violating effects. We present a general
kinematic analysis for the process and show that the cross sections are expressed by 81 structure functions.
We further give a parton model calculation for the process and show the results for the structure functions in
terms of the transverse momentum dependent parton distribution functions and fragmentation functions at
the leading order and leading twist of perturbative quantum chromodynamics. The results show that there
are 27 nonzero structure functions at this order, among which 15 are related to the tensor polarization of the
vector meson. Thirteen structure functions are generated by parity-violating effects. We also present the
result and a rough numerical estimate for the spin alignment of the vector meson.
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I. INTRODUCTION

Parton distribution functions (PDFs) and fragmentation
functions (FFs) are related to the hadron structure and
hadronization mechanism, respectively. They are two
important quantities in describing high energy reactions
(see, e.g., [1-7] for recent reviews). In semi-inclusive
reaction processes, e.g., lepton-nucleon semi-inclusive
deep inelastic scattering (SIDIS) with hadron production
at small transverse momentum, the transverse momentum
dependent (TMD) factorization applies [8—12]. The sensi-
tive observables in experiments are often different azimu-
thal asymmetries that are theoretically expressed by the
convolutions of TMD PDFs and FFs in general. Therefore,
processes such as SIDIS, Drell-Yan, or semi-inclusive
hadron production in electron-positron annihilation give
us opportunities for accessing the three-dimensional hadron
structure and hadronization mechanism [13-39].

One can access the spin dependent TMD FFs in semi-
inclusive processes by measuring the polarizations or spin
dependent azimuthal asymmetries of the produced hadron.
For example, for A hyperon production, the polarizations of
A can be measured by its self-analyzing weak decay. Very
similar to hyperon polarizations, the polarizations of vector
mesons can also be determined by the angular distribution
of their decay products through the strong decay into two
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spin zero hadrons. Since the vector mesons are spin-1, there
will be both vector and tensor polarizations for them.
Measurements have been carried out, e.g., for the eTe™
annihilation process at the Large Electron-Positron Collider
more than two decades ago for the spin alignment of vector
mesons [40-42], which has attracted much attention (see,
e.g., [43] for a recent phenomenological study and refer-
ences therein). One can also study hadron polarizations in
the SIDIS process; e.g., the A hyperon polarizations can be
studied in e”N — ¢~ AX. In the QCD parton model and
TMD factorization, the A polarizations in SIDIS are
expressed by the convolution of the TMD PDFs with
the corresponding spin dependent TMD FFs (see [44] for a
recent phenomenological study). When we consider the
final state hadron to be a vector meson V with spin-1, i.e.,
e”N — e~ VX, we can access not only the vector polari-
zation dependent FFs but also the tensor polarization
dependent FFs [36].

The Electron-Ion Collider (EIC) has been proposed to be
built as the next generation collider on deep inelastic
scattering with high energy and high luminosity [45,46].
It gives us new opportunities for exploring physics on
quantum chromodynamics (QCD) and nucleon structure.
Since the beam energy of the EIC is relatively high, it has a
wider kinematic coverage. The momentum transfer Q>
between the incident lepton and the nucleon has a chance to
be comparable with M2, i.e., the mass square of the Z
boson. Therefore, parity-violating effects can arise through
the interference of the electromagnetic (EM) and weak
interactions [47]. It will also generate new structure
functions that are complementary to those from the pure
EM interaction. Experimentally, parity-violating asymme-
tries in deep inelastic scattering (DIS) experiments were
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first observed at SLAC [48,49] and have been measured
widely [50-60]. Proposals for precise measurements are
also available [61-63]. On the theoretical side, electroweak
inclusive and semi-inclusive DIS processes have been
studied extensively [23,39,47,64-69]. However, systematic
studies are still lacking. These include a full kinematic
analysis and QCD parton model calculations for the cross
section, and the systematic treatment for the hadron
polarization effects.

The rest of the paper is organized as follows. In Sec. II,
we present the general form of the cross section for e™N —
e~ VX in terms of structure functions by carrying out a
kinematic analysis. In Sec. III, we calculate the hadronic
tensor in the QCD parton model and give the results
expressed by the convolution of the TMD PDFs and
FFs. In Sec. IV, we give the results for the structure
functions as well as the spin alignment of the vector
meson in terms of TMD PDFs and FFs. Section V is a
summary.

II. THE GENERAL FORM OF THE CROSS
SECTION AND THE STRUCTURE FUNCTIONS

A. The process and notations

We consider the SIDIS process at high energies with
unpolarized electron and nucleon beams, i.e.,

e () +N(py) = () +V(pp S) + X, (1)

where V is a vector meson with spin-1. The momenta of the
incident and outgoing particles are shown in the brackets. S
denotes the polarizations of the vector meson. The coor-
dinate system for e”N — ¢~ VX in the photon-nucleon
collinear frame is shown in Fig. 1, where the incoming
proton and the virtual photon move along the +z axis and
the x axis is determined by the transverse momenta of the
leptons. The azimuthal angle ¢ is spanned by the transverse
momentum of the vector meson with respect to the trans-
verse momentum of the outgoing electron.

The standard variables for SIDIS are defined as

—_ Q> ,_Pndg L, _PnPi — 2
Q*==¢*, x=q, 5 =40 'pN‘q’ands—.(PN‘f‘l) .
We will use the light-cone coordinate system, in which a

four vector a* is expressed as a* = (a*,a”,d,) with

(l) V(pr)

/ r@
e (1)

FIG. 1. The coordinate system for e N — e~ VX. The symbols
in the brackets denote the four momenta of the particles.

N (pn)

at=(a"+td’)/V2 and 4, = (a',d®

the particles take the following forms:

). The momenta of

Pl = (p%.0.0,), (2)

1- 2 V1=
= < yxpl"\}, Q ,Q y,()), (3)

y 2xypy y
0* -

q' = <‘W’Xnm70¢ ) (4)
"o xprhJ_ ZhQ - 3
Py = ( ZhQ2 oy +,Phl>» ( )
Pri = |Pnil(cos @, sin ). (6)

We also define two unit light-cone vectors n* = (0, 1, 0 1)
and #* = (1,0,0,). With these notations, the transverse
metric is given by ¢|" = ¢** — i#n* — i*n*. We will also
use the transverse antisymmetric tensor defined as ¢” =
e Pnong with l? = 1.

We consider the leading order approximation for QED
with the exchange of a single virtual photon y* or a Z boson
with momentum g = [ — I’ between the electron and the
nucleon. The differential cross section is given by

BUrdp,
2E2E,

ALY (LYW, (g, pys Pis S) (7)

The symbol r can be yy, ZZ, and yZ. They correspond to
the electromagnetic, the weak, and the interference con-
tributions, respectively. A summation over r is implicit in
Eq. (7), i.e.,

do = do,, + do;; + do,;. (8)

The A, factors and the leptonic tensors are determined in
perturbative theory. The A, factors can be calculated as

Ay = €5, ©)
Q4
Ay = =y, 10
O (R TS S T RTET
2¢,0%(Q° + M7)
Az = q £ = Xints (11)

(0% + M2)? + T2 M2] sin? 26y,

where ', is the width of the Z boson and 6y, is the
Weinberg angle. The leptonic tensors are given by
Ly (L1) =

21 4 I — gl 1), (12)

Ly, (L) = L (1,1) = 2icse! (13)
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LY(L1) = ey Ly (1.1) - icset!!, (14)

where ¢f, and ¢§ are from the weak interaction vertex
defined by I'; = y,(c$ — c4rs), ¢f = (c$)? + (c4)?, and
¢§ = 2cycy. We see that Ly, and L}, can be obtained
from L%, by the replacements of (cf,c%) — (1,0) and
(c§.¢5) = (¢, c4), respectively. The corresponding had-
ronic tensors are defined as

Wi (g, pys i S) = Y 8" (pn + 4 — P — Px)
X

x (pn |y (0)|py. S: X)
x (pn, S; X|73,(0)|py)s (15)

W72(q. pns Pis S) = 254(17N +q = pn—Px)
X

X (pn|I%2(0)| pp. S5 X)
X (. S X|J%,(0) | py), (16)

Wi2(q. pns Pi S) = 254(171\7 +4q—pn—px)
X

x (pnlT%2(0)|pu. S5 X)
x (pn, S; X|77,(0)| pn)s (17)

where the current operators are given by J4,(0) =
F0)w(0) and  J4y(0) = F(O)%y(0) with Tf=
}’ﬂ(ct‘]/ - CZJ/S)-

For the phase space factors, in terms of the standard
SIDIS variables, we have

AU ys

ys d3ph o th
2E, 4

2Eh o ZZh

dxdydy,

— >
where y is the azimuthal angle of [’ around /. Therefore
the cross section in Eq. (7) can be written as

do _ V%
dxdydz,dyd®p,,  4z,0*

(19)

B. Cross section in terms of structure functions

In this subsection, we make a kinematic analysis for the
process. There is no restriction from parity since we
consider both the EM and the weak interaction contribu-
tions. The most general form of the cross section is
obtained by adding the contributions from the EM, the
weak, and the interference terms together. Formally, the
pure weak interaction contribution will generate all
the possible structure functions. The EM and the interfer-
ence contributions will not introduce new types of structure

ArLlrw(l’ l/)Wr,m/(Q7 PN>Ph> S)

functions, so we first concentrate on the analysis of the pure
weak interaction contribution.

We give the decomposition of the hadronic tensors in
terms of basic Lorentz tensors (BLTs). The general form of
the hadronic tensor satisfies the constraints of Hermiticity
and current conservation. The hadronic tensor is divided
into a symmetric part and an antisymmetric part, i.e.,

w5, = W;"Z” + Wé’é”. More explicitly, we have

Wiz =Y Waho + > Wohgt.  (20)
o,

o,

Wi = WA WA @)

o,

where /2>s and /s represent the space reflection even
and odd BLTs, respectively. They are constructed from
available kinematical variables in the process, €.2., pys Pns
g, and the polarization vector or tensor. W,;’s are scalar
coefficients. The subscript o specifies the polarizations of
the vector meson.

There are nine BLTs for the unpolarized part [36], i.e.,

5 q"q"
hyi = {g"” — 7 ,p’&qpnq,p’quzq,pl{v"qp?,}}, (22)

fzf]’f = {gluarvrn Pl;v}q’ elwapnpn P';,i,} (23)
hy" = { Py} 24)
o — {emars guan). (25)

The subscript U denotes the unpolarized part. We have
defined the four vectors such as pf .= v —a"(pn -9/ ¢
satisfying ¢ - py, = 0, and similar for 2 s We have also
used the notations ABY} = A*BY + AYB* and AKBY =
AMBY — AYB* for simplicity.

The vector polarization of the vector meson, similar to
spin-1/2 hadrons, is described by the helicity 4 and the
transverse polarization vector S%. It has been shown in [36]
that the polarization dependent BLTs can be constructed
from the unpolarized BLTs by multiplying the correspond-
ing polarization dependent scalars or pseudoscalars.
Therefore, we have

W = {[A, (pay - Syt STy, (26)
R = {2 (puy - So)lRge PSRy, (27)

Wy = [ (pos - SOV €Ty Y, (28)

Ry = {2 (po - SOV STy (29)
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There are in total 27 BLTs for the vector polarization
dependent part.

The tensor polarization of the vector meson is described
by five independent components. They are given by a
Lorentz scalar S;;, a transverse Lorentz vector Sy, with
two independent components S5 and S7 7, and a transverse
Lorentz tensor S% with two independent components
S = —Spr and Sy = S"T [22,36]. Since S;; is a
Lorentz scalar, there are nine §;;-dependent BLTs in
analog with the unpolarized part. They are given by

hp = Seohyy (30)
Ryt = Suchyl (31)
hyy = Suhy”, (32)
Hits = Suhify (33)

The S7; dependent BLTs are given by

hty = {(pas - Seo)hgs R (34)
iﬂTyz = {(pns - SLT)h%U’gihLSLThSW} (35)
' = {(pas - SLT)hAW €ﬁ"LS”‘f~l?}’;v}, (36)
%Dl ={(pnr- SLT)h?/’fDﬂ?TLS”hAW}. (37)

For the $%7 dependent part, we have

do oy
T 00

dxdydz,dyd*p,,

B3k = (SPPS SIS, (38)

Ry = {SPP Rt S0 gty (39)

= B SEPR), 0

B SRR SIPR. @

where SP47" = p1opnipSty and SPP = —pu1apiipSTh

Wlth IN)ZL = giﬂphj_/t‘

Substitute the hadronic tensors in Egs. (20) and (21) into
Eq. (19), and after making Lorentz contractions with the
leptonic tensor, we will obtain the general form for the cross
section. To be explicit, we first parametrize the components
of the transverse polarization vector and tensor as

S4 = |S7/(0,0, cos g, sin ), (42)
Sir = |Scrlcos¢yr, (43)

S};T = [Spr|sing,r, (44)

Str = |Srr|cos 2¢rr, (45)
Str = |Srr|sin 2¢ 7. (46)

Then, the cross section can be divided into six parts
according to the polarization states of the vector meson.
It is given by

Wy + W + [SeWr 4 SuuWer + [SerWer + [SrrWrr), (47)

where the subscripts of ¥V denote the polarization states of the vector meson. The explicit expressions for each part are

calculated to be

Wy = A())WY + E(y)WE + B(y) (sin pWin? + cos W ?) + E(y) (sin 29 W3 > + cos 2gpWe>*?)

+ C(y)Wy + D(y)(sin pWin? + cos pWes?),

(48)

Wi = AW + E(y)WE + B(y)(sin W37 + cos pW?) + E(y) (sin 2 W3">? + cos 2 W5 ?)

+ C(y)W, + D(y)(sin ¢Wsm¢ + cos ¢W°°S¢),

(49)

Wr=sings[B)W7" + D)W +-sin(¢+ s E(y) Wy
sin(@—s) AW EQ) WO cywi )
+5in(2— ) [ BO)W ) 1 D(y) W) sin(3¢— s) E() W3V - coss[B(y) Wit + D (y) Wia ?*)
eos(+hs) EQ)W5™ "+ cos(= s A W™+ Ey) Wi 4 o)W )
+c0s(2—bs) [By)Wis /™) + D(y) W5 2079+ cos(3p — ) E(y) W53~ (50)
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WLL =

A()WE, + E(y)WE, + B(y)(sin ¢W3Li2(1/’ + cos (ﬁWCLOLSf/’) + E(y)(sin 2¢W5m2¢ + cos 2¢WC052¢)
+ C(y)Wyp + D(y)(sin pW;1d + cos pWiTd

) (51)

Wir = sindhur[BOYWIF{'™ + D)W1) + sin(e + ) E) Wi 7
+sin(p — ) AW 4 E(y)y Wi =) 4 c(y) W)
+sin(2 — gur) BOYW "+ DOIWST ) +sin(3¢p — pur) E(y) Wy "

+cos g r[BOY)WSG! + D(y)Wigs™

|+ cos(g + o) EG)WiG

+COS<¢_¢LT)[ ( )WZTCOSM’ ¢rLr) —|—E< )WL cos(¢p—rr) + C( ) C05(¢—¢Lr)]

cos(2p—rr cos(2¢p—¢r cos(3p—aorr
+cos(24 = o) BOIWLy ™" + DOIW TS 7] + cos(3 = o) EG)Wi7 7,

Wrr = sin(¢p — 2¢77)[B(y) bTm
+ sin(2¢ — 2¢77)[A(y)W

os(p—2¢7rr
+cos(p — 2¢71) BOIWsn? ™) 4 D(y)W

(52)
0 4 D)W 7] - sin 2 E () Wi
) Tun Co=2r1) | E(y)WEs sin(24=2¢rr) | C<y>WsTi;(2</)—2(/»TT)]
+sin(3¢) — 277)[B(y >W;“; B8] 4 D(y) WS + sin(dg — 2prr) E(y) Wip 7200
[ ;0;£¢_2(/)”)] + cos 2 E(y) Wiy 27
y)W;;OS (0=24rr) E(y )W;TCO*(M)—M)TT) +C()W cos(zd) 2¢TT)}
VW20 4 D(y) Wi 20 4 cos(4g — 2¢TT>E<y>W°T°;(“¢‘2¢">. (53)

(
+ cos(2¢ — 2¢7) [A(
+ cos(3¢ — 2¢r7)[B(

We have defined the following functions of y for simplicity:
Ay)=y*-2y+2,

B(y) =22-y)v1-v,

Cly) =y(2-v),
D(y) =2y\/1 -y,
E(y) =2(1 -y). (54)

There are 81 structure functions in total, which is exactly
the number of the corresponding 81 independent BLTs for
the hadronic tensor. Among all the structure functions, 39 of
them, i.e., the W’s, correspond to the space reflection odd
part of the cross section and the remaining 42 correspond to
the space reflection even part. We also note that there are 45
structure functions that depend on the tensor polarizations of
the vector meson. It can be checked that the cross section for
e”N — e~ VX given in Eqgs. (47)—(53) has the same form in
terms of the azimuthal angle dependence as that for ete™ —
7% — VaX given in [36]. This is because these two
processes share the same set of BLTs when constructing
the general form of the hadronic tensors.

III. PARTON MODEL CALCULATIONS

A. The hadronic tensor results in terms of
TMD PDFs and FFs

We now calculate the hadronic tensor using the QCD
parton model. At the leading order of perturbative quantum

chromodynamics and the leading twist, the hadronic tensor
is given by

Wo,(q. Pn. i S) = /d4kid4kf54(q + ki — ky)
x Tr [D(k;, py)T*E(ky, pj. ST,
(55)

A
-~
=

where & and = are the parton correlators related to the
parton distribution and the fragmentation process. They are
defined as [25]

by lk.pw) = [ Gz onli O lon). (56
8,j (kg pisS) Z/ e (0] (0)| i S; X)
X (Pn S;Xll/f,;(n)|0>- (57)

We have suppressed the gauge links for short notations.
Taking approximations for the momenta in the  function of
the hadronic tensor, i.e., k7 %0 and kjf ~ (0, and after
integration, we get

054010-5



XUE-SHUAI JIAO and KAI-BAO CHEN

PHYS. REV. D 105, 054010 (2022)

WY, =2z, / dkirdkyr& (ki = kpr = Bii/2)

x Tr[®(x, ki )THE(zp, kpr, STV, (58)

where the TMD parton correlators are defined by

T dé~d’¢ elx tE+i
O;i(x, kip) = /(ZT)T P& Hikirer

x(pn Oy ;(&7.6r)IpN).  (59)

+ 72
Z/dﬂ d°nr e~ Py /m=inrksr
2Zh 277:

x (Olyi(0)[ps, S X)
X (P, Ss X[ (n*, nr)|0). (60)

A
~
=
—

Zh7 kaa

The parton correlators are 4 x 4 matrices in Dirac
space. They can be expanded under the basis of Gamma
matrices, 1.€.,

o

N =

((Daya - q~)a75ya + (I)aﬂigaﬂyS) +o (61)

[1)>

|Jp = - .
= E (:‘a},rx + Eqrsr® + :‘aﬂlaaﬁY5) + (62)

where - - - denotes terms irrelevant for the leading twist. The
@, ’s, etc., are expanding coefficients or are called corre-
lation functions. We have omitted the arguments of the
correlators and correlation functions for short notations.
For an unpolarized nucleon, the Lorentz decomposition of
the correlation functions only generate two TMD PDFs at
the leading twist [70]. We have

©F = ff (. kig) + - (63)

1 -
O = — M—Nﬁ“kahlL(x, kip) 4. (64)

The first term defines the number density distribution, and
hi is the Boer-Mulders function which is chiral-odd.

Similarly, for the fragmentation part, the correlation
functions are decomposed as [36]

ker-S
E“:n“<D1+ fjw TD%T+SLLD1LL

h
k -k
ke - S S )
ST " PLT TT L
p L pL 42 plo ) -, (65)
M, ILT Mh 17T

~a k T ST
= —I’la</1hG]L + th GILT
]NCfT . SLT Sk ki
+ ThG{_LT AZ% G%TT +oey (66)
n
== }:(T(HL"'SLLHILL)_'-H[QS?]HIT

g/ kep-S

n

T T 9T
el (AhHllL—i- - HfT>

kPl
[ ST!T H/l
Mh 1TT

<
- n[aS/L]THILT -

_ ”[ai‘ff]r <ka “Str

ks

M2

We have omitted the arguments of z;, and k;y for the TMD
FFs for short notations. There are 18 TMD FFs at the
leading twist, ten of them are tensor polarization dependent.
Substituting the decomposition of the parton correlators
of Egs. (61)—(67) into the hadronic tensor in Eq. (58), by
carrying out the traces we can obtain the results for the
hadronic tensor. The relevant traces we need are
Tr[AT+ATY|

= TI‘[]/5%F”]/5]’{FD] = —4C({dib —4ng£Jj_D, (68)

Tr[ATHyspl?] = TrlysATHATY] = deld)” + dicle,  (69)
Trlio™ysDic PysT] = 4c(¢1' g — 9“7 = g¢").
(70)

where ¢ = (¢})? — (c)? and the indices a and j3 are both
transverse. To further simplify the expressions, we define a
symmetric tensor oy (ar, by) = a{T”b”T} — (ar - br)d)’, and
we also use the following notations for the combinations of
FFs:

for- Sy
D, =D, + fM, Diy +S1.Diyt
g
sk
ke - S S
rrSLT
+Tth'LT+ Ai[T Diyr. (71)
h
ka . ST n ];fT ' SLT 1 S];JTI‘(/ 1
Gi =G + M, G1T+Thclw M Girrs
(72)
sk
kyr- SLT Sir’
H=H{+S, Hip +-L Hiyr+ Ai[T Hizr.  (73)

h

Using these notations, we obtain the hadronic tensor
given by
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v 2Z v . v v . v
Wit =220 (gt + il G, = !+ D,

o (kir,S
+2Cgh%|: T(AllT T)HIT
N

o (kip, k kep-S
+ T( T fT) </1hH1LL+ fT THllT)
MyM, M,

4 ai;"y(kiT’ SLT)

v kr
ar (kir.Syr)

My, Hipr MM, Hiizr
oy (kig .k yr)
I . 74
M, H] } 7
The convolution C[- - | is defined as
C[WfD] = x/ dzkiTJzkaéz(l_éiT - ]sz - ﬁhJ_/Zh)
X Wf(x, ki) D(zp. kyr). (75)

We see that the hadronic tensor is given by the convolution
of the TMD PDFs and FFs. There are 18 different
convolution modules, in which half of them are related
to the chiral-odd TMD PDFs and FFs.

B. The cross section in the parton model

Substituting the hadronic tensor Eq. (74) into Eq. (19),
and making Lorentz contractions with the leptonic tensor,
we will obtain the cross section expressed by the TMD
PDFs and FFs. However, we notice that the indices in the
hadronic tensor are taken by the convolution variables k;
and kg7. In order to compare with the structure function
results, we need to do a transformation to rewrite these
terms using physical observables, so that the azimuthal
angle modulations will be explicit. To this end, we define a
unit perpendicular vector h* = Ph/|Pny| representing
the direction of the transverse momentum of the vector
meson. Under the convolution, we have, from Lorentz
covariance, e.g.,

C[kl;TF(kiTv ka’ il)] = Aﬁ”7 (76)

where F(k;7. k7, h) is an arbitrary scalar function of k7,
ksr, and h. The coefficient A can be obtained by contraction
on both sides with the unit vector fzﬂ, ie.,

A = =C[(h - kip)F(kir, kyp, ). (77)

This means that, under the convolution, one can equiv-

alently replace k%, with —(h - k7). For terms with two or
more indices, we give the detailed derivations and expres-
sions in the Appendix. These algebras can also be found
with a compact form in Ref. [16].

When contracting the hadronic tensor with the leptonic
tensor, we need the following basic contraction results, i.e.,

. 207
L"EDZ : (ctlng_/,w + lcggl/w) = - y2 Tg(y)v (78)
oo q . q 20° ;4
Ly, (€391, ticlel,,) =— 32 Ti(y). (79)

v 2Q2E y N -
L - anar.br) = et 2252 By cos( + )
(80)
v ~ e ZQZE y - - .
Lléz : aT;u/(aT’ br) = —cf T() |dr||br|sin(¢, + ¢5).
(81)
where we have defined
T(y) = c§clA(y) + c5¢iC(y), (82)
T(y) = c5c§A(y) + s C(y). (83)

We will also define and use the following dimensionless
coefficients to simplify the results:

kj%T
o = — AL (84)
M;,
o= K ka, (85)
T MyM,
hk;
wy = — MNT’ (86)
h-k
wy = — (87)
M,
2h-kip)(h-kep) + kip - k
o Wkrlhkg) kg
NM,
(h-kir)(h-ksr) + kip - kyp
NM ),
2(h - kpp)? + K2
Wy = L T (90)
M;,
_1 ~ ~ A
w3 Zm[“(h‘kfr)z(h'kﬁ) + k(B - kir)
+2(ﬁ'ka)(kiT'ka)]’ (91)
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1 We divide the cross section into two parts, according to the
Wy = MNM3 {ka[ it ker + 4(/1 kfr)(h kir)] chirality of the TMD PDFs or FFs involved, i.e.,
+4(h - kpr)?lkip - kpr +2(h - kep)(h-Kip)]}. (92) dozz = dozz,cven + d072],-0a- (93)
The chiral-even part is calculated as
dos2lyeven = Tent {T{)CL (D + S.Dyr) + |7l sin(p = ds)wi f1 D17 = [Sp7| cos(dp = drr) w1 f1Diry
dxdydz,dyd®p,, — xyQ* " °
+ |Srr] cos(2¢ = 27 )Wof | Diir) = T1(v)CIAf1G1y = |S7] cos(p — ds) w1 f1Giy
+ [Serlsin(¢ — grr)wif1Gipr = |Srr| sin(2¢ = 2¢77)Wof 1 Gigy]}- (94)

The chiral-odd part is calculated as

_ ey
xyQ?

doyzy | v-0dd
dxdydz,dyd® p,,

¢§cAE(y)C{cos2¢p2w,hi (Hy + S Hiy ) — Asin2¢2wyhi Hy; —

|Sz|sin(¢p—+ ¢s) 2w hi Hyp

+ 87| [Wowy sin(¢p + ) +w3sin(3p — )| hi Hiz + [S, 7| cos(p + dpr)2wihi Hy g
—[S,rlwicos(3p—prr) +wowi cos(¢p +ppr) i Hiy 7+ |Srr|[wacos(4gp — 2¢rr)

+Wowgcos2¢rr hi Hipp —

It is straightforward to obtain the EM and the interfer-
ence contributions by doing replacements for the electro-
weak coefficients, e.g., ¢5 — 1 and ¢}, for the EM and the
interference parts, respectively. To further unify the nota-
tions, we define 7§ ,(y)’s and T .(y)’s with r = ZZ, yZ,
and yy. For the weak interaction part, we have T ,,(y) =
T{(y) and T ,,(v) = T{(y). For yZ and yy parts, we have

T4,2(y) = cyeyA(y) + caciC(y). (96)
T ,2() = c{ciA(y) + ¢4l C(y), (97)
T4,,(y) = A(y), (98)

T, (y)=0. (99)

For simplicity, we will not show the total cross section
explicitly. Instead, we give the explicit parton model results
for the structure functions in the next section.

IV. THE STRUCTURE FUNCTIONS RESULTS AND
THE SPIN ALIGNMENT

A. Parton model results of the structure functions

By comparing the cross section given by the structure
functions in Eq. (47) and the parton model results in
Egs. (94) and (95), we get the structure functions results in
terms of the convolution of the TMD PDFs and FFs. We
include all the contributions from yy, ZZ, and yZ channels,

|S7r|cos 2¢TT2W0hJ—H/ TT} (95)

i.e., Eq. (8). To simplify the expressions, we define the
following electroweak coefficients:

Y = ety + chelpim + €2, (100)
Y = csely + eyl yim + €, (101)
Y = ey + ¢y (102)
St = 5l + ChCVine (103)
8y = ety + it (104)

We give the structure functions results in the following:

Wi = ¢SYClf 1Dy, (105)

Wy =55 Clf1D], (106)
W20 — 28 Clw,hi HY), (107)
W{ = —C%VC[fle], (108)

WL = —cg‘f“c[flGlL], (109)
W — _2cNClwyhiHE ], (110)
WSOm0 = ewClivy £, D). (111)
Wi PP = cvelw, 1 DYy, (112)
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Wy ™00 = cnCliv £1Giy . (113)
W50 = c$Clivy f1Giy . (114)
W) — cowClwy it (woHiy — 2Hy7)],  (115)
W) = essClws i Hi). (116)

W{L = C?‘ivc[ﬂDlLL]’ (117)

Wi = C%‘évc[lelLLL (118)

WZOLSM =2c73 [WZh%H%LL]’ (119)
W€;OS(¢_¢LT> = —cSYC[w f1D117]. (120)

Wi =) = —esyClin DY, (121)

Wi =t) — —esClin f1Glg). (122)
WSLi;(¢_¢LT) =—c5y ["_VlflGllLT]’ (123)
W;o;(m(p”) =} [Wlhll(zHlLT - V_VOHILLT)]’ (124)
WEOTS(M_(’J”) = _c?‘zvc[WShf'HlLLT]’ (125)

Wi CO720m) — conClivy fiDizr). (126)
WigPh20m) = eexClina fi DY), (127)

Wi COm20m) = conClinaf1Glyg). (128)
Wigeh20m) = esuClivy 1G] (129)

WS = Sy Clwyhi (oHipy — 2Hi5,)]. (130)
WCTO;<4¢_2¢TT) = Cﬁ‘gC[w4hf‘H {_TT]' (131)

We see that there are 27 nonzero structure functions at
the leading twist. Among these structure functions, 15 are
related to the tensor polarizations of the vector meson. The
structure functions denoted by W’s are related to ¢$} and
5y, which are labels of parity odd structure. If we only
consider the EM interaction, 14 terms that are associated
with ¢} and c{5 will survive. After reducing to EM
interaction, it can be checked that the unpolarized and
vector polarization dependent parts are consistent with the
results given in, e.g., [25,28]. The other 13 structure
functions (those related to c{¥, c§}, and ¢§}) will vanish.
These 13 structure functions are generated by the weak

interaction and the interference between the EM and weak
interactions.

B. The spin alignment of the vector meson

Compared with the hyperon production, the tensor
polarizations are unique for polarized vector meson pro-
duction. The tensor polarizations of the vector meson can
be measured through the angular distribution of their decay
products [41]. Among different components of the tensor
polarizations, the spin alignment is perhaps the most
interesting one that has been studied a lot. The spin
alignment py, is defined by the 00 component of the spin
density matrix in the helicity basis. In terms of the differ-
ential cross section, it is given by [34]

pa do(A=0)
0 Zazil,od"(/l)

For the helicity A = +1 states, S;; = 1/2, while §;; = —1
for the A = O state, and all the other polarization compo-
nents are zero. Therefore, from the general form of the cross
section in Eq. (47), we get

(132)

pv :l_WLL
03 3wy

(133)

Substituting the parton model results of the structure
functions, we obtain

Plo =31~ [(E7AG) + SYCO)CL D) + 265 E)
x Chwaht Hiy ]cos29)/ [AG) + e85 C0))CL D]
+2¢$YE(y)Clwyhi Hi ) cos 24} (134)

We see that the spin alignment depends on both the chiral-
even FF D|;; and the chiral-odd FF H{;,. It also depends
on the azimuthal angle ¢ in general. However, experimen-
tally, it is much easier to measure the ¢ integrated spin
alignment (py;). In this case, we have

vy = 1 (cfVA(Y) + S5C())CLf1Die

=37 STAD) T S CONC Dy T Y

If we only consider the EM interaction, we can easily get
the expression reduced from Eq. (135) given by

<pV >| — 1 _ esc[lelLL]
00/lem 3 3€3C[f1D1]

(136)
that a summation over different quark flavors is implicit
both in Eqs. (135) and (136). We see that (p{;) | is much
simpler than (py),) and independent of y. It is clear that the
spin alignment of the vector meson is independent of the
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FIG. 2. A rough numerical estimate of the spin alignment for
K*0 production.

quark polarization and will deviate from 1/3 if the D, ; FF
iS nonzero.

We take the production of the K** vector meson as an
example to give a rough numerical estimate of the spin
alignment. For the corresponding TMD PDFs and FFs,
we consider only light flavors and take the Gaussian
ansatz, i.e.,

1 2 2
f1(x,kir) = fig(x) —=e kirl%s (137)
ﬂAf
K0 I e /A2
D\ (zp, kpr) = Dy, (2) —5 €77/ %0, (138)
A%
K [
Dy (znksr) :DILLq<Zh)”A2 e T, (139)
LL

They are factorized into a collinear distribution part and a
Gaussian distribution part for the transverse momentum
dependence. It should be noted that the Gaussian widths,
ie., Ag, Ap, and Ay, can depend on different flavors in
principle. However, if we substitute Eqs. (137)—(139) into
Eq. (135), carry out the convolution integrals and further
integrate over the transverse momentum, p, , of the
produced vector meson, the Gaussian widths will cancel.
More explicitly, we get the p,, integrated (or averaged)
spin alignment given by the collinear part of the TMD
PDFs and FFs, i.e.,

ety <L _[TAD) ¢ S CONf1g ()DL, ()
O3 3[EVA®Y) + e CON 1 (DK (21)

(140)

where a summation over quark flavors is also implicit in the
numerator and the denominator of Eq. (140).

We choose x = 0.2 and y = 0.5 as a typical value and
show the rough numerical estimate of the spin alignment as
a function of z;, in Fig. 2 for O = 10 GeV and 100 GeV,
respectively. In the numerical calculation, we have taken

the CT14 next-to-leading order PDFs [71] for f},(x). For
the FFs DX"(z,) and DY} (z;). we use the parametriza-
tion results given in [72]. The factorization scales for the
PDFs and FFs are set to u; = Q. It is clear to see that the
spin alignment is deviated from 1/3 at both low and high O
values. We also note that the spin alignment increases
monotonically with z;,. These properties may be checked in
the SIDIS experiments such as JLab or EIC in the future.

V. SUMMARY

Semi-inclusive deep inelastic scattering is an important
process for accessing the three-dimensional partonic struc-
ture of the nucleon and the hadronization mechanism. We
present a systematic calculation for e”N — ¢~ VX with
unpolarized electron and nucleon beams and polarized
vector meson production at high energies. We give a full
kinematic analysis for this process by considering both the
electromagnetic and the weak interactions that introduce
the parity-violating effects. The results show that the cross
sections are expressed by 81 structure functions. Among all
the structure functions, 39 correspond to the space reflec-
tion odd part of the cross section and 42 correspond to the
space reflection even part. We also carry out a parton model
calculation for the process and show that there are 27
nonzero structure functions at the leading twist, in which 15
are related to the tensor polarizations of the vector meson
and 13 are generated by the parity-violating effects.
The structure functions are given by the convolution of
the corresponding TMD PDFs and FFs. We also present the
result for the spin alignment of the vector meson. A rough
numerical estimate is made, as an example, for the K*° spin
alignment. It gives us ways for accessing the tensor
polarization dependent FFs by measuring the polarization
of the vector meson. Future experimental studies such as
the EIC will provide us with better opportunities to study
the nucleon structure and the hadronization mechanism as
well as the polarization effects in detail.
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APPENDIX: TRANSFORMATIONS FOR THE
CONVOLUTION

For terms with two indices, according to Lorentz
covariance, we have

C[k,ilTk;/‘TF(kiT’ ker, ]Ai)} = B, "I + Byd)". (Al)

The coefficients B; and B, can be obtained by contracting
with fz”fz,, and 91 ON both sides, i.e.,
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Cl(h - kir)(h - kr)B(kig. kpp, B)] = By — By, (A2) - - .
By =C{[(h-kir)(h-kpr) +kig - kpp|F(kig ke, 1)}, (AS)
Cl(kir - kpr)F(kir, ke, h)] = =By +2B,.  (A3)

For terms with three indices, we only need to consider the

One can solve form of Ck7 K7k F (ki kyr h)] in the calculation. Note

. . N that the uv indices are symmetric in this case and can be
By =C{[2(h-kir)(h-kyr) + kir - kpr|E(kir. kg, h) }, - (A4) expressed by three bases. We have

ClKipKpr ki F (ki kpr ) = ClIh R + Gl gt + Cy i) (A6)

By contractions on both side with the three bases, one can also solve

Cy = C{[=4(h - kpr)*(h - kir) = 2(R - kyp) (kir - kpr) = I (b - kg ) [E (kg Ky, B) (A7)
Cy = C{[=(h - kyp)*(h - kir) = K37 (h - Kip) [P (kg kpr, B)}, (A8)
Cs = C{[=(h - kyp)*(h - kir) = (h - kyr) (kig - kyp)JE(kig, kgr, )} (A9)

For terms with four k7’s, we need to consider the convolution with the form of C [k,{’T’ k;}Tk}’Tk;TF(k,»T, ker, h)]. In this case,
the pv and po indices are symmetric, respectively. Thus, we have

v 7 TUTVTPT.O TUTV PO P10 _pU [P Vo ) vip v _po
IR K kS F (kg kyr, ) = DRI RT + DL o7 + D i o + 1)45(11/’/1{”9 DL R gP) + Dsg Y.
(A10)
Also by contractions on both sides with the five bases, one can solve and get

D, = C{[Zk?'r[kir kyr + 4(h- ker)(kir - kyr)] + 8(h - kyr)?kir - kpr + 2(h - ka)(il ~kir)JF(kir, kg7, b}, (Al

Dy = 2C{[kjy + (b kyp ) kir - kyr + 20k keyr) (- kg )JE (ki kyr, )}, (A12)
Dy = 2C{ [k +2(h - kyr))lkir - kg + (b - kyp) (- kg ) B (kg kpr )} (A13)
Dy = 2C{(h - kyr)[(kig - kyr) (b k) + (B kig) (kg + 200 - k) ) [E (ki kpr )} (A14)
Ds = 2C{[kjy + (b kyp)?)[kir - kyr + (A - kyr) (b - kig)[F (ki kyr. )} (A15)
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