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We present a systematic calculation of the charged current semi-inclusive deeply inelastic scattering
process at leading order twist-3 level in the parton model. We consider the general form of the
negatively charged beam scattering off the polarized target which has spin-1. The calculations are
carried out by applying the collinear expansion where multiple gluon scattering is taken into account
and gauge links are obtained automatically. We first present the general form of the differential cross
section in terms of the structure functions by kinematic analysis and then present the structure functions
in terms of the gauge-invariant parton distribution functions up to twist-3 level. Considering the angle
modulations and polarizations of the cross section, we calculate the complete azimuthal asymmetries
in the charged current semi-inclusive deeply inelastic scattering process. The charge asymmetries are
also considered in this paper with the introduction of the definitions of the plus and minus cross

sections.
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I. INTRODUCTION

Factorization theorems [1] that enable one to apply
perturbative calculations to many important processes
involving hadrons can separate the calculable hard parts
from the nonperturbative soft parts in calculating the cross
section in quantum chromodynamics (QCD). These soft
parts are often factorized as parton distribution functions
(PDFs) and fragmentation functions which are most easily
seen in deeply inelastic scattering (DIS) and electron positron
annihilation processes. The DIS process has proven to be an
important tool for exploring the structure of nucleons and
even of nuclei. Data from DIS experiments provide important
and invaluable information on both the partonic structures
and spin structures of nucleons [2-5]. In this paper, we
consider the jet production semi-inclusive DIS (SIDIS)
process where both the scattered lepton and the current jet
are detected. The calculations are carried out by applying the
collinear expansion method which has proven to be a
powerful tool in calculating both the DIS process [6,7]
and jet production SIDIS process [8]. When three-
dimensional, i.e., the transverse momentum-dependent
(TMD) PDFs, are considered in the SIDIS process, the
sensitive quantities studied in experiments, are often different
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azimuthal asymmetries. These asymmetries are measurable
quantities which can be used to extract the corresponding
TMD PDFs.

In the DIS process leptons scattering from nuclei is due
to the electromagnetic interaction of the leptons with
quarks. Under the one photon approximation condition,
the electromagnetic interaction can be described accurately
which results in the straightforward interpretation of experi-
ment data. In addition to the electromagnetic interaction,
weak interaction in the scattering process provides more
physical information, e.g., parity violating asymmetry
[9-26]. Comparing to the neutral current (NC) SIDIS process
which propagates with y* and/or Z° bosons, data from the
charged current (CC) experiments provide more comple-
mentary information on the partonic structure of nucleons as
they probe combinations of quark flavors different from
those accessible in NC ones. Although, it is experimentally
difficult to identify the jets from light quarks in jet production
SIDIS, the theoretically clean CC channel presents stringent
tests of SIDIS computations as well as addressing the
universality of the PDFs [27]. However, CC experiments
can only be studied either in high-energy lepton-nucleon
collisions [28-30] or at neutrino scattering experiments [31].
We now consider the CC SIDIS at the Electron-Ion Collider
(EIC) [32] energies in this paper.

The EIC is a high-energy, high-luminosity collider
with the capability to accelerate polarized electron and
nucleon/ions. It will provide access to kinematic regions
where gluons dominate in the nucleon or nuclei and
access to the spatial and spin structure of gluons in the
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proton. Although the EIC is proposed mainly for under-
standing the fundamental strong theory of the quark and
gluon fields, it opens a new window to measure new
physical quantities for weak theory in the scattering experi-
ments. Neutral current inclusive and semi-inclusive DIS
processes have been studied extensively [33-39]; here we
pay attention to the calculation of the CC jet production
SIDIS process for spin-1 polarized target at the EIC energies
in this paper. The calculations are carried out by applying
the collinear expansion formalism which is a powerful tool
to calculate higher twist effects systematically by taking
into account multiple gluon exchange contributions. By
using collinear expansion, on the one hand gauge links will
be generated automatically which make the calculation
explicitly gauge-invariant. On the other hand the formalism
takes a very simple factorization form which consists of
calculable hard parts and TMD PDFs. This will greatly
simplify the systematic calculation of higher twist
contributions.

The rest of this paper is organized as follows. In Sec. II,
we make kinematic analysis for the CC SIDIS process and
present the general form of the differential cross section in
terms of structure functions. In Secs. III and IV, we present
detailed calculations of the hadronic tensor and the cross
section respectively up to twist-3 level in terms of the
gauge-invariant TMD PDFs in the parton model. The
results including structure functions, azimuthal asymme-
tries, and charge asymmetries are given in Sec. V. Finally, a
summary is given in Sec. VL.

II. THE GENERAL FORM OF THE
CROSS SECTION

In this section we present the general formalism of the
CC SIDIS, including the hadronic tensor decomposed by
the basic Lorentz tensors (BLTs) and cross section in terms
of the structure functions.

A. The charged current SIDIS process

To be explicit, we consider the current jet production
SIDIS process at EIC energies,
(1,24)+N(p,S)=>1U(l')+q(K)+ X, (2.1)
where [ denotes a electron/positron and [’ is the corre-
sponding neutrino, 4; is the helicity of the initial lepton. N
can be a nucleon with spin-1/2 or an ion, e.g., a deuteron
with spin-1. g denotes a quark which corresponds to a jet of
hadrons observed in experiments. In this paper, we consider
the case of the electron scattering off a spin-1 target. This
gives us the opportunity to access the tensor polarization
effects in the lepton-hadron/ion scattering process. We
consider the CC interaction at the tree level of electroweak
theory, i.e., the exchange of a W* boson with momentum
g = I — I' between the electron and the target. The standard
variables for SIDIS used in this paper are

0’ y_Pba
2p-q’ p-l

s=(p+1)>
(2.2)

The differential cross section is given by

2 PUPK
do =5 ywL,, (L4, 1YW*(q. p, S, K) -
o dwL (1. 1YW (q. p )(2n)32E,fEkf

sQ*
(2.3)

where a,,, is the fine structure constant and the kinematic
factor yy is defined as

Q4
rw = 2 232 2 2 Tadp "
4[(Q* + M3,)* + Ty, My, |sin* 6y,

(2.4)

Here My, I'y, denote the mass and width of the W* boson,
0w is the Weinberg angle. The leptonic tensor in Eq. (2.3) is
defined as

L"w(l, /1[, l/) = (1 - /1[)2[4,]?;(1, ﬂl’ l/), (25)

where
LI}Z/(L }*la ll) = 2[11411// + lvl//4 - (l : l/)gﬂlz + 21}18141/11’]‘ (26)

We note that in Eq. (2.5) the factor (1 — 4;)? for negatively
charged leptons [~ should be changed to (1 + ;)% for
positively charged leptons /. The corresponding hadronic
tensors in Eq. (2.3) is given by

Wi (q,p, S.K) =Y (27)*6*(p+q - K = py)
X

X (p. S| (0)[K'; X) (K'; X |5, (0)

p:S),
(2.7)

where the current J%, (0) =i (0)[ 5w (0) with Ty =y#(1—ys).
WH(q, p,S, k') is related to the hadronic tensor
wrin) (g, p, S) for the inclusive process IN — I'X by

&K

————WH"(q, p, S, k).
(27T>32Ek/ (q p )

Wilin) (g p. ) = / (2.8)

The superscript (in) denotes the inclusive. It is convenient to
consider the &', -dependent cross section in the jet production
SIDIS process, i.e.,

2 d3l/d2k/
do = x4 W (g, p. $.K ) =5 =k, (29)
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where the k’-integrated TMD semi-inclusive hadronic tensor
is given by

W (q, p,S, k). (2.10)

dK,
Wi (g p. Sk = [ i
@.p.5.k) / (2n)2E,

In terms of the variables shown in Eq. (2.2), we have

sl

5, ~ % dxdydy, where y is the azimuthal angle of 7 around

1, and the cross section can be rewritten as an explicit form

do Yo, ,
= Ll A W (g, p.5.K)).
1

(2.11)

B. The general form of the cross section
in terms of structure functions

Because the hadronic tensor cannot be calculated with
perturbative theory, we present a general decomposition of
it. We first divide the hadronic tensor into a symmetric and
an antisymmetric part, W* = WS 4 iWA# Considering
the weak interaction does not conserve parity; we further-
more have

Suv __ S 1,Suv S 7.Suv
W _Zwajhgj‘ wahgj‘, (2.12)
o.j
AR (2.13)

0] 0]

WA — ZwA hA/w + ZWA hA;u/
o.j o.j

where h/’’s and R "’s represent the space reflection even
and odd ba51c Lorentz tensors (BLTs), respectively. The
subscript ¢ specifies the polarizations.

The detailed discussions about the description of polar-
izations for spin-1 hadron and the construction of BLTs can
be seen in Ref. [40]. We do not present the discussions in
this paper. However, we repeat the results here for com-
pleteness. There are 9 unpolarized BLTs given by

v . 9'q . ” v
hfﬁ = {gﬂ - qz ,p’;pq,kg‘k;,p,{/k;}}, (2.14)

ilf]"i" - {g{ﬂqpk’p‘;h g{ﬂqpk’k;”}}’ (2.15)
g = {pey'}. (2.16)
iyl = {emar, emak'). (2.17)

The subscript U denotes the unpolarized part, and p, =
p—q(p-q)/q* satisfies p,-g=0. We have also used
notations ABY} = A*BY + AYB*, and AWBY = A*BY—
AYB*.

The vector polarization-dependent BLTs can be con-
structed from the unpolarized BLTs and be written as a
unified form given by

W= (s (KL SR 0} (2.18)
i = (KL Sl SRy}, (219)
W = (T (K, SR 5H8") (220)
B = (I (K, S 5. 221)

where €S = ¢k, Sr4, € = &P n,; 4 is the hadron

helicity while S7 is the transverse polarization component.
There are 27 vector polarized BLTSs in total.

The tensor polarized part is composed of S;; -, S;7-, and
Srr-dependent parts. There are 9 §;;-dependent BLTs;
they are given by

Hig = Suhi. R =Suh. (222)
W = Sy g, Y = Sechylt. (2.23)
For the S;; part, we have
= AL Senhg €5 RgTY. (224)
A = AL S £ (2.25)
iy = (K- Sunhy” SRy, (2.26)
il = A Sunk 5y (227)
For the Sy part, we have
nSkY = {SKK pSv SKK T, Sﬂ”} (2.28)
St = [SKK RS Sk’k’hsﬂ”} (2.29)
P — [ SKE i K k’h?]/;’/}’ (2.30)
Rty = {SEFRUY SEF Y (231)

where S§K = k' STIK' 4. Kt = ek’ ;. There are 81 such
BLTs in total.
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In order to calculate the cross section, we choose a
coordinate system so that the momenta related to this SIDIS
process take the following forms:

pﬂ = (p+7076l>’

2
l”—<1_yxp+, ¢ ,Q‘l_y,0>,
y 2xyp* y

0> -
qﬂ — <—xp+,2xp+,01_ N

K" = k" = |k ](0.0, cos @, sin ), (2.32)

where k' is the quark transverse momentum in the
target hadron. The transverse vector polarization is para-
metrized as

§% = |57(0,0. cos g, sin ). (2.33)

For the tensor polarization-dependent parameters, we para-
metrize and define them as in Ref. [41],

Sir= |SLT| CoS @, (2-34)

(2.35)
J

S{T = [Spr|sing.r,

S)Yc_xT — _S%}T = |STT| CcosS 2(PTT, (236)
Sty = Syr = |Syr| sin 2977, (2.37)
Serl =/ (S1r) + (Sy2)2, (238)
ISrrl = /(S350 + (Sp)2. (239)

Substituting the BLTs expressed in Eqgs. (2.14)—(2.31)
into Egs. (2.12) and (2.13) and making Lorentz contrac-
tions with the leptonic tensor, we obtain the general form
for the cross section which is given by

o Wy + Wy + S W
dxdydwdzk’lin2ZW U hVVL LLVVLL

+|SeWVr + SLrWer + |SrrWrr).
(2.40)
The explicit results for the cross section in terms of

structure functions for different polarization configurations
are

Wy = A)WE + E(y)Wh + B(y)(sin @Win? + cos pWer?) + E(y)(sin 2pW3 > + cos 2pWe27)

+ C(y)Wy + D(y)(sin Wi + cos Wi ),

Wy = A(y)W] + E(y)W} + B(y)(sin W} ”
+ C(y)W,, + D(y)(sinpW;5” + cos W35 *).

WLL =

AY)WI, + E(y)W, + B(y)(singW, ¢ + cos Wi3,) + E(y)(sin29W}1 % + cos 29W;5 )
+ C(y)Wyp, + D(y)(sinpW}Tg + cos pWi).

Wi = sin gg[B)WS + D(y) W35 %] + sin(g + p5) E(y) Wy
+ sin(g — @g)[A(y)W T““(‘/’ s) +E(y )WL sin(p—ps) +C(y)W 91“((/} (/15)]

+ cos pg[B(y) Wiy ™ + D(y)W

+COS((P—(P5>[A( )W;C‘”W ¥s) +E( )WLCOS((ﬂ s) +C( )W CTOS((ﬂ q’s)}

(2.41)
+ cos WSS ) + E(y)(sin 29W3" 7 + cos 2pWS™7)
(2.42)
(2.43)
+ sin(20 ~ g5) [B(y)W?‘ﬁ”’"*’“ + DMWY+ sin( = g5 E) Wy
7]+ cos( + s E(y) Wy
D(y) W55 27~")] + cos(3g — g5) E(y) Wi %), (2.44)

cos(2¢p—
+cos(20 — g5) [BO)WST P +
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Wir = sing,r[B(y )WE‘}E”” +D(y )WZ‘%”] + sin(g + (ﬂLT) (v )WsLl;((pw”)
+sinlg = o) [AQ) W™ EQ) W™ ) 4 C) Wiz ™)

+5in(2 — @.1) [BO)WT2 ) + D(y)
] + cos(p + €0LT)E()’)WZOS(¢+¢”)

+cosprr[BOY)Wir"" + D)Wy

Wsm<2(/’_‘ﬂLT)

LT2 |+ Sin(3(ﬂ - (PLT)E(Y)WT;(M_WT)

o+ cos(@ = pur) AW+ BQ)W™ 0 C)win )

+ cos(2¢ — grr) [ BO)WT ) + D(y)Wi";f"”””)] +cos(3g — @) EQ)WT ™, (2.45)
Wi = sin(@ = 2077) [BO)Wiy ™) + D(y) Wi ™)) + sin 27 E(y) Wiy 2™
—|—sin(2g0—2¢TT)[A( ) Tsm (20—=2¢17) +E(y ) Lsm(ztﬂ 2¢17) + C( )W91“(2¢ 2¢TT>}
+ sin(3¢ = 2077) [BO) W77, 7 + D(y)W““(fg” 2] 1 sin(4g — 2070) E(y) Wiy 0720
+ cos(@ — 277) [B(Y)W c09 w—ZwTT +D(y )Wcos ¢— ZlﬂTT)} + cos 2¢7E(y )Wcoszgan
+ cos(2¢ — 2¢77) [A(V)W TCOS (2o=2¢17) +E(y )WL ©os2g=20r7) | C(y)W COS(2¢ 24077)]
+ cos(3g = 20) [BO)WST ") 4+ D(y) W5 )] + cos(4g — 2¢TT>E<y>W;°;<‘“”‘2¢"). (2.46)

Here we have defined the following functions of y:

Aly) =y =2y +2,

B(y) =2(2-y)/1-,

C(y) =y(2-y),

D(y) =2y\/T-,

E(y) =2(1-y). (2.47)

There exist 81 structure functions which correspond to the
BLTs. However, not all of them contribute in the charged
current SIDIS process at twist-3 level. It will be clear in
Sec. V where we present the structure functions in terms of
the gauge-invariant PDFs.

III. THE HADRONIC TENSOR IN THE QCD
PARTON MODEL

A. The collinear expansion

In the parton model, the hadronic tensor can be
expressed in terms of gauge-invariant TMD PDFs. At
the leading order twist-3 level, we need to consider the
contributions from the series of diagrams shown in Fig. 1,
i.e., the multiple gluon scattering contributions.

WKW N Wi N Wi

‘Q ky ks k ky ks ky \ k2

P P P P P P
(a) (b) ()

FIG. 1. The first few diagrams of the Feynman diagram series

with exchange of j gluons, where j =0, 1, and 2 for (a)—(c),
respectively.

|

After collinear expansion, the hadronic tensor is expre-
ssed in terms of the gauge-invariant quark-quark and quark-
gluon-quark correlators and calculable hard parts [8,42,43],

Waula. p.S.K) => Wi (g, p,s. 1),

Ji.c

(3.1)

where j denotes the number of gluons exchanged and ¢
c)s

denotes different cuts. After integration over &, W, S are
simplified as

~ 1
Wi (q.p.8.K,) = 5 Telli @O (x. k)] (3:2)
(1L 1 )
Wi (g, .S K = o Tl ) (k)L (33)
up to the twist-3 level. The hard parts 4’s are
i) = THATE/ p. = Thiy Y. (3.4)

The corresponding gauge-invariant quark-quark and quark-
gluon-quark correlators are defined as

3O (k)= [PIYTEYL i,
k) = [ 20
X (N (0)L(0, )y (y)|N), (35)
A (1) X _ p+dy—dzyl eixp*y‘—ilﬁ-ﬂ_
@p (x, k1) _/ (2ﬂ)3
X (N[@(0)D1,(0)L(0,y)y(y)IN), (3.6)
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where D, (y) = —i0, + gA,(y) is the covariant derivative.
L(0,y) is the gauge link obtained from the collinear
expansion procedure.

B. Decomposition of the quark-quark
and quark-gluon-quark correlators

The quark-quark and quark-gluon-quark correlators are
4 x 4 matrices in Dirac space which can be decomposed in
terms of the gamma matrices, {/,iy>, y*, y*y>, ic*’y’}, and
the corresponding coefficient functions. However, in the jet
production SIDIS process where the final hadron is not
considered, only the chiral even PDFs are involved since
chirality does not flip. Thus we only need to consider the y*
and the y*y° terms in the decomposition of these correla-
tors. We have

A 1 ~
SO =2 [l + yys @) (3.7)
. 1 .
0p) =5 [ ope + rvsopd)- (3.8)

The TMD PDFs can be obtained through the decom-

position of the coefficient functions, d),(lo), (i)((lo), (p/(,:l) , and

fo,(,l,). Following the convention in Ref. [44], we write down
the complete decompositions of the coefficient functions at

twist-3 level for spin-1 particles,

ky-Sp .,

o) = p M T

iy <f1 +Seefiee —

ki Sur . ST i i
M 1LT+W i | k(T Siufir)

= MSrofr+MSirafrr + Skrafrr — Ik oft

kyiakip R4
ek +rh). 69

+
(S/;fr +S Tfi_T

~ (0 _ k, -S
(I)((z) = phit, <—/1hg1L + #9#

kLSLTgl Skkg —kialgt + Spr9ts)

M 1LT Mz ITT la LLYILL

= MSra9r — MSLTagLT - STTagTT - ﬂhklagi'
kiwkip (s o S

+ =0 Sror = Sirotr =0 ). (3.10)

For the quark-gluon-quark correlator, we have

ohi = pTig [m (f4+Seifars) = MSrfar

+MSprpfarr + Sirpfarr — Ak o

kipkip B sk
— = S+ Stafar + = i ) |-

(3.11)

~ (1 . - |3
(/)15702 = lerna |:kL/7(g$ + SLngLL) + MST/)ng

+ MSLTpgdLT + S];"TpngT + ﬂhklpgdlL

k
S 1 ﬂ
M Yarr | |

(3.12)

kykip -
- /T S/;ng - S/ZngLT -

where S0 = S%k,, and §% = ¢ S . We have —Sk/j
1 Sk/}

behaves as a Lorentz vector like S/ZT, > and S/zT

behave as axial vectors like Sg. Not all of these TMD PDFs
shown in Egs. (3.9)—(3.12) are independent. We use the
QCD equation of motion to obtain the following equations
to eliminate PDFs which are not independent, i.e.,
xpt@Or ¢’ Im@, 42,

— —f7Req!)] - (3.13)

xpt®Or = g7 Regong ep”Im(pgl (3.14)
By inserting Egs. (3.9)—(3.12) into Egs. (3.13) and (3.14),
we can get the relationships between the twist-3 TMD
PDFs defined via the quark-quark correlator and those
defined via the quark-gluon-quark correlator. They can be

written in a unified form, i.e.,

(f§ —igs).

where K denotes L while S denotes L, T, LL, LT, and TT
whenever applicable.

ffs_gfi(s:_x (3.15)

C. The hadronic tensor results

Substituting the Lorentz decomposition expressions of
the correlators into the hadronic tensor and carrying out the
traces we can obtain the results for the hadronic tensor up to
twist-3. The relevant traces we need are

Py ] = =800 — Sieayu, (3.16)
P TelYarshin)] = —80ua + Situqu. (3.17)
Te[jthls”] = —164,, 7, — 16i, i, (3.18)
Teljiysha”] = =164, 7, — 16i¢ i,.  (3.19)
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Here the uv-symmetric tensor is defined as 0,4 = 9ua — Gualy — Gualw
The hadronic tensor at the leading twist coming from the quark-quark correlator in Egs. (3.9) and (3.10) is given by

W(U);w_ Zdw .8;,11/ S kL'ST 1 kL'SLT 1 SIYC!CT 1
o =2 e 1+ Senfi — i 1T+T 1LT+W \TT

2 v -8[41./ /1 kl‘ST 1 kl‘S‘LT 1 S‘I’ICWkT 1 320
—2(g +iel) | - hglL—'_Tng—'_TglLT_Wg]TT . (3.20)

The twist-3 hadronic tensor comes also from both the quark-quark correlator and quark-gluon-quark correlators. After using
the equation of motion in Eq. (3.15), we get the complete hadronic tensor at twist-3 level,

P-4 v AU M~y —v
D) gy — ) + R+ Suufty) - B0~ ket~ ) — iska g

[S{ﬂ g + is‘k‘T‘_]D]]MfLT + [ST{TMQU} + ZSTTq Nfrr

2
- ("LMSTk{ﬂ ) - sty v}) i <"i b0 g - slige )}f%

B -< LMLTk{M vy J- S{ U}> (#k[ﬂ ”]—— qu >:|fLT

STr nay _ KL ok ” (SEr g KL ks,
- (Mg f‘l} ZMSM ! Lgkﬂl] M2 TTq] TT

—[k{”’”}—ik“””]](g“rSLLgiL) kg + ikt g\ gt — (S + iSF g Mgy

- [ V} - lSLTq ]]MgLT [ T qy} - lSTTq ]]gTT

k k> ki -Sr-
+ K 1 Srk{u —u} _ 21_ S{T”C_I”}> +i< 1L ST/CKIZI"]— J_S[ﬂ ]>]g%

M M M
K Sir g R ) (R Ser ey K

—K M k{f’q}—z—LSi”Tq} il = kkq]——LS%’rq] Jir
ky-Shy R s ) (RSt ey B

where g# = ¢* + 2xp*. Fromq-§=q -k, =0andq- Sy = q- S;7 = q - Sk;/M = 0, we see clearly that the full twist-3
hadronic tensor satisfies current conservation, g, W' = g, W3 = 0.

IV. THE CROSS SECTION UP TO TWIST-3

Substituting the leading twist hadronic tensor the leptonic tensor into Eq. (2.9) yields the leading twist cross section,

2
dUtZ Aem

m yQ2 SywToW){(f1+Scefioe) —Angin +|Srlk Ly[sin(o—gs) fiz —cos(p—@s) gi7]
- |SLT|kJ_M [Sin<¢_¢LT>g+LT+COS<¢_¢LT>f+LT} - |STT|k2LM [Sin(2§0—2§0TT)91LTT _COS<2(P—2(PTT)f1er]},
(4.1)

where we have defined &, = \l_c' 1|/M and Ty(y) = A(y) + C(y) to simplify the expressions. Since k; = k| in the y*N
frame, in this case only k| is used in Eq. (4.1) and the following context. In order to obtain Eq. (4.1) 4; = —1 has been used
for negatively charged leptons (/™) scattering process. For the positively charged lepton scattering case 4; = +1. Similarly,
substituting the twist-3 hadronic tensor and the leptonic tensor into Eq. (2.9) yields the twist-3 cross section. It is given by
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2

dop ag

dxdydyd®k,  yQ?

. . k
+[S7] [Slnfpsfr—COS¢ng+Sln(2fp—qos)%f% —cos(2¢—s) =2 g

2

— 16y wxky T (y) {kJ_M cos@(f+Sprf1)+kimsing(gh+Spr91, ) +Ank p[sing f —cospgr]

Ky L
2
2

. . k K2
+Sc7 [sm(pLTgLT +cos@rrfir +s1n(2(p—(pLT)Mng +cos(2(p—(pLT)%fiT}

2
2

) . k K
+[Srrk m [Sm((ﬂ =2¢77)grr —c0s(@—2¢77) frr —sin(3¢p—2¢rr) MQ%T —cos(3¢9—2¢rr) %f%r] } .

Here we have defined xy, = M/Q and T,(y) = B(y) +
D(y) to simplify the expression. The condition, 1, = —1, is
also used here.

Here we note again that the cross sections given in
Egs. (4.1) and (4.2) are present for the negatively charged
lepton (electron) case. In this case, 4; = —1. For the
positively charged lepton (positron) case, 4; = +1 and this
results in that those terms related to the longitudinally
polarized PDFs (¢'s) should change to the opposite signs,
e.g., =491, = +A,9:1, for the leading twist contributions
and + sin @ rg;.r — —sing,rg.r for the twist-3 contribu-
tions. From the cross section we see that the CC experi-
ments provide more complementary information on the
partonic structure of nucleons as they probe combinations
of quark flavors different from those accessible in NC ones.

V. STRUCTURE FUNCTIONS AND
ASYMMETRIES RESULTS UP TO TWIST-3

In Sec. II, we have presented the general form of the
cross section in terms of structure functions. In the previous
section we have also presented the cross section in terms of
the gauge-invariant TMD PDFs. They match to each other.
In this section, we present the structure functions and
azimuthal asymmetries results in terms of the gauge-
invariant TMD PDFs. Furthermore we will calculate the
charge asymmetries induced by the exchange of the
incoming lepton in the lepton scattering process.

A. Structure functions results

We first present the structure functions in terms of gauge-
invariant PDFs. For the leading twist part, we have

Wh = 8f). (5.1)
Wy = 8fy, (5.2)
W{ =—8g1L, (53)
W, = —-8gi, (5.4)
WLTJ,LL =8fiLL. (5-5)

2

(4.2)
Worr = 8f 1L (56)
W;’Cos(g)—%‘) = —8kimgir, (5.7)
W;OS(w_wS) = 8k mgir: (5-8)
wlsinlo—es) _ g L 59
T mfirs (5.9)
WsTm(rﬂ—r/ls) = 8k i, (5.10)
WT,COS((/)—(/)LT> — 8k 1 5.11
LT J_MflLT’ ( ’ )
WCL(;g(tﬂ—t/}Lr) = —8k |y f 1 (5.12)
wlsinle-owr) _ _gp oL 5.13
T = AMIILT (5.13)
Wzir;(éﬂ—wn) = —8k | gl 1 (5.14)
W;;OS(Z(/)_ZV’TT) = 8K, i (5.15)

cos(2p—2prr
WTT< p=20r1) 8kiMf1lTT’ (5.16)

5,T.sin(29—"2¢r1
Wor Co2er) _ ~8k% y 9177 (5.17)

7,510 (2¢p—2

W;‘T( »=20pr1) _ —8k2LMgf_TT' (5.18)

In total we have 18 structure functions which contribute to
the leading twist. We also present the twist-3 part; we have

Wi ? = —16xkyk pf* (5.19)
WiR? = —16xicyk g™, (5.20)
WS? — —16xiyk pft (5.21)
Win? = —16xKyk g™, (5.22)
WY = 16xKyk pr (5.23)
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W?Tq) = _]6XKMkLMf]J:’

WZ"ZW = 16x’<MkLMgf

Wzlgtp — _16xKMkLMfi’
WcLoleqz _ _16xKMkJ_Mfi_L’
Wil = —16xuk gty
Wz()lfzw _ _16xKMkLMfiL’
WY = —16xicyk gty .
VNV;OIS% _ 16xKMgT’

sings
Wi ™ = —16xkp f7.

F,C0S s
WT2 S = 16XKMgT7

WS — _16xkpcscd fr.
WcTols(Z(p—(/’s) — 8xKMkng%,
WSTif]l(z‘/"”’S) = —8xky k3 1 fF»
W Rr0s) — Gy, k2 1y,
WsTi;(2¢—¢S> = —8XKMk2le %

WSRPr = —16xKpf L7,
Wzir}flﬂw = —16xK,9. 7,
WcLojgzr/lLT = —16xxy 17,
Wzi;gu = —16xKy917,

Wio;EZtﬂ—(PLT) — _8xKMk2LMfi_T’

WsLi;(IZ(/)—I/?LT) — —8xK'Mk3_Mgi_T’

Wi(;f‘ﬂ—‘ﬂ”) = —8xKMk3_Mfi_T’

WsLi;(ZQI/J—wLT) _ _8xKMkngiT’

WS 0=20r1) — 1 6xky,k | gy 11

W{]:?Tsélﬂ—z‘/”l"l‘) — 16xKMkLMfTT’

W;i;(]qo—lf/’ﬂ) = —16xxyk | 1977,

(5.24)
(5.25)
(5.26)
(5.27)
(5.28)

(5.29)
(5.30)

(5.31)

(5.32)

(5.33)
(5.34)
(5.35)
(5.36)
(5.37)
(5.38)
(5.39)
(5.40)
(5.41)
(5.42)
(5.43)

(5.44)
(5.45)
(5.46)
(5.47)

(5.48)

(5.49)

WinO=20m1) — _16xK0,k | vy (5.50)

Wcos(3q}—2§0n') -8 i3 L 5.51
71 XKpm J_MfTT’ ( : )

WCOS(3¢—2(PTT) -8 KBl 5.52
P = 8Ky k| S 77 (5.52)

5 ,5in(3¢p—2

W;";(l »=20r7) _ 8x’<Mki_MgJT_T’ (5.53)

5 ,5in(3¢p—2.

W;"T(Zw orr) _ 8x’<Mk3lMgJT_T' (5.54)

In total we have 36 structure functions that contribute at
twist-3.

Here we only present the results with the negatively
charged leptons scattering process. The reaction would
choose the e~ + U — v, + D channel for the CC inter-
actions. Here U, D denote the u-type and d-type PDFs,

U=u.,c.d.s5, ..., (5.55)

D=d,s,u,c,---. (5.56)
For the positively charged leptons, the d-type PDFs ¢'s
change signs and the equations shown above remain
the same.

We see that only 54 structure functions in total
actually contribute at twist-3 level in the jet production
SIDIS process. The other structure functions shown in
Egs. (2.41)-(2.46) does not contribute because they are
twist-4 effects.

B. Azimuthal asymmetries from electron beam

In addition to structure functions, we also calculate the
azimuthal asymmetries results. In this part, we only show
the results for the azimuthal asymmetries from the electron
beam where only u-type contribute in this case. The results
of the positron beam can be obtained in a similar way. We
do not show them in this paper for simplicity.

We first present the definitions of the azimuthal asym-
metries, e.g.,

[ dasingdy

(sing)y = W’

(5.57)
for the unpolarized or longitudinally polarized target case,
and

[ d&sin(g — @s)dedgs

(sin(p — @s))r = T dodpdos . (5.58)

for the transversely polarized target case. dé is used to

do ~ . . _
denote drdydy L and dgg =~ dy whose integration corre
sponds to taking the average over the outgoing electron’s
azimuthal angle [45]. The subscript 7 denotes the
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polarization of the target. As before, we only present the
electron beam case. The results of the positron case can be
obtained similarly; we will not repeat it. At the leading
twist, there are six polarization-dependent azimuthal asym-
metries which are given by

1
in(p — =k 17 5.59
(sin( — @s))r M~ 2f1 ( )
1
(cos(gp — ps))7 = -kwgffl, (5.60)
1
<Sin(¢ - §0LT)>LT —kLMg;%7 (5-61)
1
<C05(€0 - (PLT)>LT _kJ_MJ;—;ITv (5'62)
(in20 = gr))rr = Ky 3L, (563
2 ILTT
20 — K2, LT 5.64
(cos(2¢ — @rr))rr = M 21, ( )

All of the leading twist azimuthal asymmetries are gen-
erated by the correlations between the transverse polari-
zation of the target and the transverse momentum of the
parton inside the target. At twist-3, we have 18 azimuthal
asymmetries. They are given by

(cos @)y = —xkprk Ly ;2% ; % (5.65)
(sing)y = —xKyk Ly 28 ; ?1’ (5.66)
(c0s @), = —xkyrky ;(2)8 ;% (5.67)
(sing), = —xxyk y ;28 % %, (5.68)
(cos @)y, = —xkyrkyn ;2)8 gf - +]‘§fo L (569
i) = ko NI (5 70
(c0s @5y = XKy ;zg;% (5.71)
(sin )7 = —xicy ;zg ; % (5.72)

~—
o

Ty(y

(00320 = o5y = wulkly 20N T (573)
(SIn(2p — 5))7 =~k ;zg % % (5.74)
(eos i)y = s 72 3 LT, (5.75)
(ingur)ir = w2 ) 2T (576
(0020 = pur))usr =~k PO (570
(020 - i)y = okl PO L, (s78)
(00slp = 2prr)) = ks 20 T (579)
(i = 2077)) 7 = ks 1 g (580
(s = 3ol = ekl RO (58)
(sin(39 ~ 2077}y = sk 2O (s50)

= xkk
MM T () 2f 1

These azimuthal asymmetries can be measured in the jet
production charged current SIDIS to extract the corre-
sponding twist-3 PDFs.

C. Charge asymmetries

Charge asymmetry is assumed to be valid in the parton
model for a few reasons, see Ref. [46]. It provides a
powerful tool to study and understand strong interaction
systems [47,48]. For example, model calculation can help
one to understand the mass difference between the u and d
quarks [49]. In this subsection we consider the charge
asymmetries induced by the exchange of the incoming
leptons (e~ <> e™) in the lepton scattering process.

It is convenient to consider the inclusive DIS which can
be obtained by integrating over d’k | in Egs. (4.1) and (4.2).
To calculate the charge asymmetries, we first introduce the
plus and minus cross sections which are given by

" dxdydy  dxdydy
- (e~ - (et
d M daln(e )_ daln(e ) (584)

%in = dxdydy  dxdydy’
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where superscripts P, M denote the plus and minus cross sections calculated by Egs. (5.83) and (5.84), respectively. The
explicit expressions of the plus and minus cross sections are

doy, = % 8wl ToW)((fY (x) + fP(x) + Spo (il (x) + 1L (%) = An(g7, (x) = g7 (x))]

= 2xicy T2 (V){IS7[sin 5 (f7 (x) + 7 (x)) = cos g5 (g7 (x) — g7 (x))]

+ [Sp7l[sin g, r(g7'r(x) = 927 (%)) + cos @ r(f 77 (x) + fLr(x))]} (5.85)
dofi = Q2 WY () = P (x0) + Ser(fire (¥) = fIL(x) = (i (x) + g7, (x))]
= 2xky T (y){|S7l[sin @5 (f7 (x) = 7 (x)) — cos @s(g7 (x) + g7 (x))]
+|Serllsingrr (977 (x) + 927 (x)) + cos @rr(fL7(x) = f27(x))]}}- (5.86)
Here we introduce the definitions of the charge asym- 8y T 4D
metries. For the unpolarized target, we have ASHM — rwTo0) (1, (x q) i) . (5.94)
A ()
P/IM,
ACA — oy, (‘;7_ 0) (5.87) For the transverse polarized target, we have
doy; ’ '
. o ACAP _ 16XKMZWT2(y)(ng](x) - glr)(x)) 505
where the subscript ¢ denotes the target polarization, Tx — (y) £1(x) ’ (5.95)
superscript CA denotes charge asymmetry, and do?/ !
denotes the unpolarized electromagnetic cross section. 16xk T Ulx) + 2 (x
For the polarized target, the definition is defined as ASAM mrw 22 )97 (x) + g7 (x)) , (5.96)
qu(y )f 1 (x)
do’™M do’™M
A,C;A — lnn' (+6) O'mrf ( 0) ) (588) ACA,P _ 16XKwaT2(y)(f¥<x> +f![)-(X>) 5 97
a7y = cAnho O
q Y)J1
First of all, we take the target as unpolarized. According 16 T Ui _ 4D
to the definition, we have ASAM — Tz zz(y)(fT (x) = fr (%)) . (5.98)
e A(y)f1(x)
p_ BwTo) (T (x) + P (%))
A(C/A'P = 24 q ’ (5.89) CA.P 16XKM)(WT2(y)(f£]T(x) + fir(x))
egA()fi(x) AT = 3 , (5.99)
e Ay)f1(x)
rwTo(y)(fT (x) — P (x))
A = WS C(590) cam _ _ 16wk T () (i (x) = fPr()) 1
egAy)fi(x) LTx — 2 ) (5.100)
qu (y )f 1 (x)
where the index mark ¢ denotes the flavor of quark. We U
note that a summation over the corresponding flavor in both AE?‘ P ]6XKM)( WT22(y )(gLr(x) = 927 (x)) , (5.101)
the numerator and denominator is understood. ! qu(y)f 1 (x)
For the longitudinal polarized target, we have )b (2) b ()
16x1<;(Tyg X)+9rr(x
Airy = MAW 2o AL L)) (5.102)

- ngL(x))’

A= A G91)

ACAM _ _ 8)(WT0()’§£‘9(1}}L)(;?)<; gL (x)) ’ (5.92)
capr  SrwTo()(fT, (%) + fT(x)

& EA T

eGA(y)f1(x)

From Eqgs. (5.89)—(5.102) we can see that asymmetries
are divided into two parts by the plus and minus cross
sections. According to the definitions, the plus asymmetries
can be used to determine the plus combination of the
unpolarized PDFs (f’s) and/or the minus combination of
the longitudinal polarized PDFs (¢'s). On the contrary, the
minus asymmetries can be used to determine the minus
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combination of the unpolarized PDFs (f’s) and/or the plus
combination of the longitudinal polarized PDFs (¢'s). So
these charge asymmetries defined here are important and
convenient to determine the corresponding PDFs.

Charge asymmetries given in this part combine the
electroweak and QCD theories. Measuring these asymme-
tries are important ways to examine electroweak and QCD
theories simultaneously.

VI. SUMMARY

In this paper, we present a complete and systematic
calculation of the current jet production SIDIS process at
the EIC. Only the charged current interaction is considered
in the calculation. We first presented the general form of the
differential cross section of this process in terms of
structure functions by making full kinematical analysis.
In the parton model the calculations are carried out by
applying the collinear expansion where the multiple gluon
scattering is taken into account and gauge links are

obtained systematically and automatically. The calculations
are limited in the leading order twist-3 level. By matching
the differential cross sections given by structure functions
and gauge-invariant PDFs; we obtained 54 structure func-
tions which contribute in the jet production SIDIS process.
The twist-4 structure functions were not considered. We
also presented the azimuthal asymmetries results. There are
6 leading twist azimuthal asymmetries and 18 twist-3
azimuthal asymmetries in total. All of them are presented
in terms of gauge-invariant PDFs. By introducing the plus
and minus cross sections, we calculated the charge asym-
metries for both the unpolarized and polarized targets,
respectively.
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