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Azimuthal asymmetries in semi-inclusive deep inelastic scattering with
polarized beam and/or target and their nuclear dependences
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Using the formalism obtained from collinear expansion, we calculate the differential cross section and
azimuthal asymmetries in the semi-inclusive deeply inelastic lepton-nucleon (nucleus) scattering process
e~ + N(A) - e~ + g + X with both polarized beam and polarized target up to twist-3. We derive the
azimuthal asymmetries in terms of twist-3 parton correlation functions. We simplify the results by using
the QCD equation of motion that leads to a set of relationships between different twist-3 functions.
We further study the nuclear dependence of azimuthal asymmetries and show that they have similar
suppression factors as those in the unpolarized reactions.
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I. INTRODUCTION

Azimuthal asymmetries in semi-inclusive deeply inelas-
tic lepton-nucleon scattering (SIDIS) play an important
role in the study of the partonic structure of the nucleon,
attracting much effort in both theory [1-15] and experiment
[16-28]. In such studies, spin and nuclear dependences are
often important and provide a useful tool to investigate
these effects. Also because of this, higher twist contribu-
tions are often significant and need to be taken into account
precisely. Besides, such higher twist effects usually depend
on new higher twist parton correlation functions; hence the
studies of them provide a new window to learn about the
structure of the nucleon.

One of the most important issues in these studies is to
establish the relationships between the experimentally
measurable quantities and different parton distribution
and/or correlation functions that describe the partonic struc-
ture of the nucleon and the properties of the hadronic inter-
action in a consistent theoretical framework. Collinear
expansion seems to be the most promising technique that
leads to such a framework. It was proposed in the 1980s
and has been successfully applied to the inclusive processes
[29-33]. It has been shown that, after collinear expansion,
the differential cross section can be expressed as a convo-
lution of the collinear expanded hard parts with the parton
distribution and/or correlation functions in the nucleon.
While the hard parts are calculable, the parton distribu-
tion and/or correlation functions can be defined in terms
of gauge invariant matrix elements of the nucleon state.
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These matrix elements contain the information about parton
distributions inside the nucleon. The gauge link inside the
gauge invariant matrix elements is a result of multiple gluon
scattering within the collinear expansion scheme. Within
this scheme, one performs Taylor expansion of the hard
parts around the collinear momenta. The leading twist con-
tributions come from the zeroth order in the collinear
expansion allowing all momenta taking their collinear
values. Higher twist contributions from the higher orders
of the Taylor expansion can be calculated consistently.

Higher twist effects in semi-inclusive deeply inelastic
lepton-nucleon scattering have also been studied in litera-
ture, and calculations of the differential cross section up to
the twist-3 level have been carried out [5,6,8,9]. However,
most of these studies do not consider the application of col-
linear expansion. Instead, they usually start from the
expressions obtained directly from the Feynman diagrams,
extract the leading (twist-2) and the subleading (twist-3)
twist contributions by making appropriate approximations,
and insert the gauge link whenever needed to guarantee the
gauge invariance of the parton distribution and/or correla-
tion functions. It is thus unknown, if yes, how the collinear
expansion is applicable here. It is not obvious where
the gauge link comes from and which form it takes. It is
also not known whether the calculations extend to an even
higher twist. A systematic study leading to a consistent
formalism is necessary but still lacking.

In Ref. [12], we made the first step toward this goal by
applying the collinear expansion technique to the SIDIS
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process e~ + N — e~ + g + X, where g denotes a quark
that is equivalent to a jet in the experiment. We showed that
the collinear expansion technique is applicable for this
process and derived a formalism suitable for studying lead-
ing as well as higher twist contributions to e~ + N — e~ +
g + X in a systematic way. This formalism is similar to
what we have for the inclusive process, and similar expres-
sions can be obtained for the differential cross section or the
hadronic tensor as a convolution of the hard parts and the
unintegrated or transverse momentum dependent (TMD)
parton correlation functions. We carried out the calculations
of the azimuthal asymmetries in the unpolarized cases up
to twist-4 [14] and those in the case with transversely
polarized targets up to twist-3 [12]. Furthermore, we also
showed that the multiple gluon scattering contained in
the gauge link leads to a significant nuclear dependence
of the azimuthal asymmetries that can be studied experi-
mentally [13,34].

In this paper, we present calculations of azimuthal
asymmetries in the semi-inclusive process e~ + N(A) —
e~ + g + X with the beam and target in different polariza-
tions up to twist-3 using the formalism derived in [12]. For
completeness, we summarize the formalism in Sec. II and
present the results of the hadronic tensor. In Sec. III,
we present the results of the differential cross sections
and the azimuthal asymmetries. We study the nuclear
dependence in Sec. IV and conclude in Sec. V.

II. THE HADRONIC TENSOR

The formalism that we use in our calculations are derived
in [12] for the semi-inclusive process e + N — ¢~ + g +
X and are summarized in [14]. It is obtained by applying
collinear expansion and contains the contributions from the
multiple gluon scattering. For completeness and also for
comparison with other approaches such as those in [5,9],
we summarize the most related results of this formalism
in Sec. II.A and present the results for the hadronic tensors
in different polarized cases up to twist-3 in other parts of
this section.

A. The formalism

We consider the SIDIS process e~ +N — e~ +qg+ X
and use [, I, p, k, and k' to denote the four-momenta
of the electron, nucleon, and parton, respectively;
those with primes are for the final state. The polarization
vectors are denoted by s; and s and are taken as
sf =4I /m, + s}, and s* = Ap*/M + s/, where A; and
A are the helicities. We use light-cone coordinate k* =
(kT, k‘,l:l) and take unit vectors as i = (1,0,(1),
n=1(0,1, (1), andn; = (0,0, 7). We choose the coordi-
nate system such that p =p™i, g=—xzp +nQ?/
(2xgp™), 1, = |l |n, where xz = Q*/2p - q, and define
y=p-q/p-l
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The differential cross section is given by

202, ¢2 W, P1dK,

‘IL;w l l/, ,
(2 s1) 2E;

do —
T 50" LK

6]

where L# (1,1, ;) is the leptonic tensor, and the hadronic
tensor is given by

W, dk, i)
F = Wi K 2
K, / @np2gy T (4P k) @)

W (g, p.s,K) = 5

x (27)*8*(p + q — px). A3)

LZ(I% sliu(O)IK. X) (K, X1, (0)[ p. s)

As discussed in [29,30] for inclusive DIS and in [12] for
semi-inclusive DIS, to obtain the gauge invariant form of
the hadronic tensor including leading and higher twist con-
tributions in a systematic way, at the tree level, we need to
consider the Feynman diagram series as illustrated
in Fig. 1. The hadronic tensor is given by a sum of the
contribution from each diagram W,(Z,l) => JW,(f,,gl). For
example, for j =0, 1, and 2,

©0s) 1 d*k
Wi — —
! 27[/ (27)*

x (27383 (K —k — §). 4)

e[S (k. ¢) 3O (k. p. S)2E,

si dk d4k
W,(}D~>_2”/ L 2 ZzEk,
« (2ﬂ)353(k P
(kl»k2 fl)¢p (k. ko, p)], (5)

X Tr[

FIG. 1. Examples of the Feynman diagram series considered for
y"+N—->qg+Xwith(a) j=0,(b) j=1, and (c) j = 2 gluons
exchanged.
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> 2E

c=L,R.M

wes _ 1 / d*k, d*k, d*k
" 2z ) (2=)* (2=)* (2m)*

x (22)’6* (K — k. — )
x Tr[H,, 2P C)pg(kl ko k, q)&ﬁﬁ) (ki, ko, k, p,S), (6)

where ¢ denotes different cuts, k; = ky, kp = ko, ky; = k,
and the hard parts are given by

A (q.k) = ruk+ @)y, 22)5, (k—q)?), (D)

I:Ilg}/’mp(kla ks, q)

ki + 4 2
= y,u(kZ + q)y/} 2 _ 7u(2ﬂ)5+((k2 + q) )’
H ™ (ky, ey, e )
+4 ki +4
_ P o
x (27)6, ((ky + q)?), )

and the matrix elements or the correlators are defined as

Ok, p. 5) = / 2% (p, SF O ()p.S).  (10)

&5/(11)("1, ky, p,S)

- / dydtzesH a0 (b 5|5 (0)gA, (2w (y)|p. S).

(11

éﬁfi')(kl’ kZ’ k’ P, S)
:/d4yd4y/d4zeik|~y+i(kk])-z’+i(k2k)-z

x (p, Slw(0)9A,(2)gA(Z)w(y)|p.S). (12)

It is well known that, since the field operators in the cor-
relators given by Eqgs. (10)—(12) are at different space-time
points, these correlators and the parton distribution and/or
correlation functions defined from them are not gauge
invariant. To reach the gauge invariant form, we need to
do the collinear expansion. The expansion has been carried
out and summarized in [12,14]. We present the main results
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in the following. For brevity, we show only j =0 and 1
terms that are needed in our calculations in this paper
up to twist-3.

It has been shown that [12], after collinear expansion, the
hadronic tensor takes the form

d2W w d2 (y) dZVNV,(l}/)
&K, &K, dk

TR (13)

5,(0)
aw'y .
dzkﬂ’L :/dm2kl T (x) OV (x, k)]

x 6@k, —K,), (14)
aw'y

1
= — [ dxd’k,  dx,d’k

Jzk’l 2”/ X1d7Ky 1 dxaa7ky )

x> TrlAw Y (. x) 0]

c=L.R

x @;})N(Xl’ kisoxa koy )62 (key =K 1), (15)
where the symbols WU) with tildes represent results after
collinear expansion and a)p/’/ = g,/’/ — r‘zpn/’/ is a projection

operator. The matrix elements take the gauge invariant form
and are given by

prdy _Jzyl ixpty =ik 1

BON (x k) = / o
X (N (0)L(0; y)w(y)|N), (16)

& (xy, ky 1, X0, Koy )
_ / prdy d’y, ptdz d’z;
B (27)? (27)?

x ei%ap i —ikyy Ty Aix pt(yT—2T) =ik (V1 —20)

x (N[ (0)L£(0;2)D,(2) L(z; )y (y)IN), (17)

where £(0;y) is the gauge link obtained in the collinear
expansion and is given by

L(03y)=L](00,01:0.0, )L (0050, .57 ) Ly (00.51:y7. 7).
(18)

Ly(00, 715y ¥1) = pe )" EAEI) ()
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- —ig [TLdE A oo.l
£, (c0:0,.5,) = Pe ngL dE A (0. >’ 20)

where P stands for path integral. The hard parts in these
WU)s with tildes are the first terms in the Taylor expansions
at k; = x; p of the corresponding hard parts obtained directly
from the Feynman diagrams. They are given by [12]

2q pyu(q+xp)yb ( B)7 (21)

~(1.L
AWM (21, %))

2 r 4+ xap)r g+ )y,
-~ (2q-p)? X, — x5 — ie

(S()C] — XB). (22)

Equations (13)—(22) form the basis for calculating the had-
ronic tensor in e~ +N — ¢~ + g+ X at the tree level
including leading and higher twist contributions. We empha-
size once more that these equations are derived from the
Feynman diagram series in Fig. 1 using collinear expansion.
They are nothing else but a reorganization of WU given by
Egs. (4)-(6) obtalned directly from this diagram series. We
also note that W) differs distinctly from the corresponding
W) and shows in particular the following features.

(1) None of the WUs with tildes corresponds to one
single Feynman diagram in the diagram series given
in Fig. 1. It contains contributions from all of the
infinite number of diagrams in this diagram series
with the exchange of j =0, 1,2, ... gluon(s).

(2) The correlators acquire automatically the gauge
links and are gauge invariant. The gauge link comes
from the multiple gluon scattering shown in Fig. 1.
Furthermore, in the quark-gluon-quark correlator,
the covariant derivative is obtained to replace the
gluon field operator in the original correlator before
collinear expansion.

(3) All the parton momenta in the hard parts take only
the 7 components, while the corresponding n and n |
components are taken as zero. Also there are projec-

. / . . (7
tion operators ,” ’s in the expressions for WU for

Jj > 0 due to the collinear expansion.

Because of the features mentioned above, in parti-
cular point (3), the expressions for WUY) can be further
simplified. In fact, because of (3), the hard parts reduce
to the following simple form:

A (x) = 2hlDs(x — xp), (23)
A / ﬂ A /
H,g})L)p (X1, %)@, = m h,(,L)pa),,/’ S5(xy —xg), (24
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where 13,3(2) =y,My,/p", and fzﬂ]y = y,My’ny,. We see not

only that their x dependences are contained only in the 6
functions but also that H ,(,,,L) (xl,x2)a),,f’ depends only
on x; but not on x,. This implies that we can s1mp1y carry
out the integration over k, in the correlator &1 in W and
obtain

2V 1 .
dzki :ETr[h,g?(I)(O)N(xB,kL)], (25)

W 1

dzkl T 4q-p
The new correlator qo,(,) is defined as @f,l)N(xl,kl )=
[ dxsd®ky, &N (x1. k1 1. x5, ky ) and is given by

Tl o,/ @) (v k1) (26)

~(1 P+dy—d2)’ ixpty——ik, 5
(ﬂ/(J )N(-xv kJ_) :/ (27[)3 J_e P

X (N[@(0)D,(0)L(0;y)y(y)|N). (27)

It depends only on one parton momentum k; the quark field
operator i and the covariant derivative D, are at the same
space-time point. Here, we may note that, unlike what we
do in the current approach, the calculations presented in,
e.g., [9] start from the hadronic tensors W\/)’s given by
Egs. (4) and (5) obtained directly from the Feynman dia-
grams given by Figs. 1(a) and 1(b). To obtain the corre-
sponding results, they need to make approximations
for the hard parts by keeping only # terms, inserting the
gauge links into the matrix elements to guarantee the gauge
invariance. Such operations are avoided in the formalism
obtained using collinear expansion where the Feynman dia-
gram series is considered systematically and the gauge
links are obtained automatically.

B. Twist-3 contributions to d*W,, /d*k

Up to tw1st 3, we need to consider the contributions
from dZW,w /d2k | and those from JZWM, /d*k, . Since
the hard part h,(,,,) and h,w)’ have an odd number of y matri-
ces, only y* and y“y5 terms of correlation matrices contrib-
ute. We decompose the correlation matrices as CID( ) =

(®F )7 — V)24 98 = (pdr — s/

2 + -+, and obtain the hadronic tensors as
WY 1 0@ L@ wx0
Zr = 3 Tl y 190 = Trlhlrsr 197, 28)
L{ZW,gl’L) 1 ~(1) 1 1 ~(1 1
v Trlh UP a (m)_ T h(v)p o N(a>~
Tk 8pq Ty, 4 rlhyu sy 1@y

(29)
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To proceed, we need to decompose the matrix elements
involved in terms of the Lorentz covariants constructed
from p, n, k|, and S multiplied by the scalar functions
of x and k3 . These scalar functions are just different com-
ponents of the parton distribution and/or correlation func-
tions. Such decompositions are the same as those discussed
in different publications [9,35]. By inserting them into the
above mentioned Eqs. (28) and (29), we can obtain the
hadronic tensors in terms of these parton distribution
and correlation functions. In the following, we calculate
d1fferent contributions term by term. We first con51der
JZWW /d?k,. Up to the twist-3 level, ®) and ) ar
decomposed as [35]

= (f1 =X fir)Pa+ [rhkio— frMe, s,

fT <kJ_akJ_ﬂ 2k daﬂ>€ﬂ1slt AfTE ik’ +-
(30)

=0 NN .
(I)((x ) =~ (/191L - 91LT> P+ greLaik — grMs |,

1
M
A1
+g—T<klkL kd)s gk

M allp — D) aff 1 LJ_a ’

€1V
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where &\ = e n,, d, =g, —i,n, —i,n, and
8]j_‘ = (I/M)é'lf_klislj = (1/M>(kl X El) . 2
Te[hl) p| = —4d,,, (32)
Te[h %y p) = 4i 33
I'[ 122 ySP] L€ s ( )
. 4
Tr[hY)y,] = Fn{ﬂdy}a, (34)
. 4i
Telh) 7s7a) = M (35)

where Ay B, =A,B,+AB, and AyB,=A,B,—
A,B,. Hence, we obtain, up to twist-3,

W) s £ 1 1 L M i}
Pr, —d,(f1— €Y' fir) +—qkl{u(‘1 +xpp), (fF = fF) — p —(q +xpp) 1S fr
A il ky-sy | ! Lo ks L
o (g +xP) €Lk T + i€ | 491 — — 9ir)— —qkl[,,(q +x5p), (0" + € gr)
iM i .
+ bq (g + xpP) €S o7 + »q (q +x5P) €Lk 91 - (36)

2

~ K2 L N k s
where fr = fr — 555 f7 and §r = gr — 552 97-

(1)

Then, we calculate the contributions from d? W,(,lp) /d?k, . Up to twist-3, in the correlation matrices ¢, and Fp,()lo?, we need

to consider the p, terms as given in the following:

L
1 i 9 1 i
(/’/(:a) = Pa [(/)Lku» —prMe ;5" — ﬁT (kmkuf 5 Sk daﬁ>€ﬁ S1i— /pri_gipikj_:| +-- (37)
(1) - - Pr 1 b .~
Ppa = ipa |:_¢J_8L/)iklj_ + $TMSL/) - ﬁ (kLakL/)’ - E kid(lﬁ) SJ_ + Aq)iklp] + e (38)
The corresponding hard factors are given by
Te[hs”p] = —8p,d,’. (39)
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Te[hls ysp) = —8ip,e.,’. (40)

We insert them into Eq. (29) and obtain

Wy
d’K'|
= _% [((pl - glija%)kll/ - (,/\)TMEJJASQ_ - /‘L(ﬂielyiki]
p ~ ~ 2 , - .
_ p .ﬂq (o + eV or)kL, + prMe s + e ik ],

(41)

2

A I3 L 2 ~ kT o~
where o7 = @7 — 5297 and @1 = @1 — 332 ¢

C. Simplifying d*W,, /d*k, with QCD EOM relations

The quark field operator w(y) satisfies the QCD
equation of motion (EOM) for massless quark
v - D(y)w(y) = 0. Hence, the correlation functions defined
in Egs. (30), (31), (37), and (38) are not independent from
each other. We have in particular, for p =1, 2,

n“ ~
) = el e i) @
~ n“ ~
e = = (Rl + e, mgll). @)

We make Lorentz contractions of both sides of Eq. (42)
with &7 and &'k, ;, and obtain

xf+ = —Re(p™ —§r), (44)
xfr = —Re(er + ¢r1). (45)
xft = —Re(pf + ¢1). (46)
xfT = —Re(p7 + ¢7). A7)

>w

v

&k,

A , .
o (g + 2xpp) (ue10yik' T + g1 (/191L -

iM i .
+ »q (q + 2xpp) €18 Ir + b q (q + 2xpp) €10k’ 91 -

1
= _dﬂl/(fl - elj_sff_T) + ﬂkl_{ﬂ(q + 2pr)y} (fl
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Similarly, after Lorentz contractions of both sides of
Eq. (43) with ¥] and ¢k, ;, we obtain

xg- = Im(pt — @), (48)
xgr = —Im(pr + ¢1), (49)
xgr = —Im(py + 1), (50)
xgr = —Im(p7 + §7). (51)

We note that similar relations have also been obtained ear-
lier in, e.g., [9]. However, the twist-3 parton correlation
functions in the corresponding equations in [9] are defined
using the quark-gluon-quark correlater where gluon field
A, is used instead of D, used here. We see clearly the simi-
larities and differences between those relations obtained
there and those that are listed above.

Using these relations, we rewrite the contributions from
VNV,(,IU as

PW)

&Pk,

~ek

—Mpenyst fr—Apgenyik frh (52)

XpB N
p.q{P{y 1wy (f

W

A uv

&k,

x
2Im =2 {ppkoy (gt + e gf)
P-4
+ MP[Mf‘ly]iSiQT + }“ngly]ikigi—)}‘
(53)

It is very interesting to see that, up to twist-3, all the con-
tributions can be expressed by the coefficient functions
of &)

We add the contributions from W,(,}) to those from W,(,?,)
and obtain the final result for the hadronic tensor up to
twist-3 as

ks L

M R
— el f7) — I (q +2xpp) € LnyisLfr

kJ_'SJ_ n i
— k 2 L ks L
v 9T Ty 1u(q +2xpp), (9™ + €1'97)

(54)
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We see that the result satisfies the electromagnetic
gauge invariance ¢*d*W,/d*k, = q*d*W,,/d*k, =0
explicitly. The result is expressed in terms of 12 TMD par-
ton distribution and/or correlation functions. They contain
the information from the hadron structure and that from the
multiple gluon scattering. We discuss them briefly in the
following section.

D. TMD quark distribution/correlation functions

As can be seen from Eq. (54), up to twist-3, 12
TMD parton distribution and/or correlation functions are
involved for the semi-inclusive DIS scattering process
e+ N — e~ + g+ X. Six of them are from the expansion
of ) = Tr[yaég,o)] /2 and six from ¥ = Tr[y5ya<i>é0)] /
2. They are defined in Eqgs. (30) and (31). By reversing
these two equations, we can obtain the operator expressions
for these quark distribution and correlation functions. Four
of them are leading twist parton distribution functions that
are quite familiar to us and can be found in different liter-
ature, e.g., in [36]. They all have clear physical interpreta-
tions, have attracted much attention, and have been given
much effort both theoretically [9,37-52] and experimen-
tally [23-25,27,53-61]. As can be seen in Sec. IL.B, in
the jet production process e + N — e + g + X where only
one hadron state is involved, the hard parts contain an odd
number of y matrices. Hence, in the decomposition of cor-
relation matrices, chiral-odd distribution and/or correlation
functions, such as transversity and Boer-Mulders functions,
involve an even number of y matrices and will not contrib-
ute. Such functions can be studied in the hadron production
process e + N — e+ h+x or the Drell-Yan process
p + p — Il + X, where two hadron states are involved.

The other eight are twist-3 and have the following
operator expressions [35]:

R 3
prdydy, Py =ik Yy

kzifl(xv ki) _/W
x (plw(0)k L L(0:y)w(y)|p), (55)

tdy~d? .
SR (s
T

X <P|l/7(0)81ky7u75£(0;y)‘l/(y)|P>7 (56)

e (ky s ) fr(xky)

+dv— .
— _l/pdydzyJ-eiXP+y_ikL)1
M? 2(2x)?

i 1,
< (sl p(0) (it~ S )

X 7151 L0y ()| p, s1¢>, (57)
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e (ky - s1)gr(x, k)
+dy— .
_ b / Meixm-—ikl-yl
M? 2(2n)?
) A I
x <p, s141(0) (kgki —5kid’f)

<7 ie s rs L0 )W ()]p. s1¢>, (58)

81?(’& -5 ) (e ky)

- _ / p+d(y_6§§_yL eiXPer*—l'EJ_'ﬁ
227

x (p, st (0)s, L0, )w()|p, 1Y), (59)

Slf(kL : SL)g%(kaL)

+dv—d? -
. / %eupw—m-ﬁ
T

p.sht), (60)

X (p, s (0)el s iy Livs£(0; )y (y)

tdy~d? T,
B ftnky) = = [ LB S i,
5

x (p. +[(0)el kv 1 L(0; y)w ()

p.+),
(61)

tdy~d? e
atinb) = [ 2L i
“

X (p, +Hp(0)k ysL(0;y)w(y)|p.+). (62)

Among them, £ and g' are related to the unpolarized case;
fr.9r, f % and g% are related to the transverse polarization,
and f and g7 are related to the longitudinal polarization.

These twist-3 quark correlation functions have no simple
probabilistic interpretation. In fact, as we can see from the
derivations that lead to these results, these twist-3 correla-
tion functions come from the interference terms between
amplitudes for scattering without multiple gluon scattering
and that with one gluon scattering.

If we integrate over [ d’k, we obtain the hadronic ten-
sor W, from d*W,,/d*k, . Since all parton distribution
and/or correlation functions f’s and ¢’s are scalar functions
of k|, all the terms that are linearly dependent on k| vanish
after the integration and we obtain from Eq. (54) that
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M i
W, =—d,f1(x) —n(ﬂl + 2xpD) (uE 103811 (x)

. iM )
+ i€ A1 (x) + 2 g (q +2xpp) €S’ gr(%),
(63)

where f(x) = [d?k, f1(x.ky), g0 (x)= [d*k g1 (x.ky),
and,

frlx) = / Pk, fr(x.ky). (64)

wmz/mewmy (65)

The gr(x) term is the only twist-3 contribution to the
structure function in inclusive DIS with a longitudi-
nally polarized lepton beam and a transversely polarized
nucleon target, as discussed in [62]. The f;(x) term is a
time-reversal-odd term corresponding to the T-odd term
Piu€viporP’q°s” in W, It can be shown that, under time
reversal invariance, f7(x) = 0.

The situation as considered in [2] and [4] can be recov-
ered by putting g = 0. In this case, there is no multiple
gluon scattering and £ = 1. Consequently the T-odd

W,
&k,

:—d —_—
g=0 {W XgpP - q

PHYSICAL REVIEW D 89, 014005 (2014)

TMD distribution and/or correlation functions must be
zero. The twist-3 quark correlation functions reduce to

XfH(x kL) gmo = F1(x kL) gm0 (66)

frxki)|g—0 = fi(x, ki)lg=0 = fr(x, k1)lg=o = 0. (67)

xgr (X k)| m0 = 912 (x. k1) 4= (68)

k2
ng(.X, kJ_)|g=O = _2—;4_2)69%()(7 kJ_)|g=0
Sl
= _ngr(x’ kJ_>|g=0’ (69)
g (x.kp)g—0 = 0. (70)

The hadronic tensor reduces to

kL{ﬂ(q + 2pr)y}:| S ()C, kJ_) ‘9:0

. 1 ;
+ il |:8L;w + Xpp-q (g + 2pr)[/4£Lu]ili_:| g1 (x, k1)l y—o

kyvsy
— 1
M

This just corresponds to the results obtained using the
simple parton model with intrinsic transverse momentum
as discussed in [2] and [4] for the unpolarized and the
longitudinally polarized cases, respectively. The devia-
tions from this result come from the multiple gluon
scattering.

III. CROSS SECTIONS AND AZIMUTHAL
ASYMMETRIES

Making the Lorentz contraction of the hadronic tensor
d*W,,/d*k, as given by Eq. (54) with the leptonic tensor
L*(1,1'), we obtain the differential cross section of the
process e (1, s;) + N(p,s) = e (I') + q(k') + X as

1
et
XgP 4

<mu@mmw@ﬁmnmmo. )

do
dxpdyd®k |
Zﬂagmeﬁ
= 0y Wyy + AWy + s . Wyr + AWy,
+ AW+ s i Wir), (72)

where W, represents the contribution in the different
polarization case, and we use the superscript s; = U or
L to denote whether the lepton is unpolarized or longitu-
dinally polarized, while s = U, L, or T denotes whether
the nucleon is unpolarized, longitudinally polarized, or
transversely polarized [63]. These different contributions
are given by
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2x3|kl|

Wyu =AW)f1 — B(y)f* cos ¢, (73)

M

Wyr = A(y )flT sin (¢p — ¢)

2.XBM

0 B(y) | fr sin ¢, —

Ko
WfT sin(2¢ — &) |,
(74)

B(y)ft sin ¢, (75)

L sin ¢, (76)

2xB|kJ_|
0

Wi =C)giL — D(y)gr cos ¢, (77)

k
Wir :‘—J'C()’)Q%T cos (¢ —g;)

2xpM k3
_ xg D(y) | gr cos s — Mng 7 cos(2p—gy) |

(78)

where  A(y) =1+ (1-y)%, B(y ):2(2—y)\/q1—qy,
CO)=y2=y), D) =2yV1—y, cosd=1,-k/
sin ¢ = (llka_) cos g, =1,-

51 /|1L]|5], and sin ¢y = (1} x SL) z/|lL||§L|'

(cos §)yy = _MB(Y) xpft(xp. k)

Q A(y) filxp. ki)
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We note that, except for the slightly different notations
[63], these results are almost the same as those obtained in
[9] for jet production. They have the same structures, and
the forms of the coefficients in each term are the same [64].
This is expected since the kinematics is the same and the
approximations made in the hard parts in [9] should be
equivalent to keep the leading and subleading terms in
the collinear expansion. Also, because of the relationship
given by Egs. (48)—(51) obtained from the equation of
motion, all the results are expressed by the different com-
ponents of <I> ) defined by Eq. (15), which is identical to
the original gb given by Eq. (10) except for the gauge link.
Hence, the difference in defining higher twist correlators
such as that between (") given by Eq. (27) and »v given
by Eq. (11) does not show up in the final results. However,
it seems not to be the case for an even higher twist [14].
Other features of the results are summarized in the
following.

We see that there are leading twist contributions in the
UU, UT, LL, and LT cases, while there are twist-3
contributions in all cases. The different azimuthal asymme-
tries are defined by the average values of the corresponding
sine or cosine of the angles. There are two leading twist
azimuthal asymmetries as given by

|kJ_|f1T(x ki)

79
oM fywky 7Y

(sin(¢p — ) yr

|kJ_| C(y )ng(x ki)

. (80
“H M A fitekn

(cos(¢p — ds))rr

The azimuthal asymmetry (cos ¢) exists at twist-3 for the
unpolarized case. It receives also a twist-3 contribution in
the LL case but also a leading twist contribution in the LT
case, 1.e.,

81)

KL | B()xpf*(xp. ki) + 4AD(y)xpgf (xp. k1)

(cos @), = —

Q  AW)fi(xg.ky) +4AC(Y) g (xp. k1)

|]?J_| X151 C(y)gir(xp. k1) cos ¢y —

(82)

( )xBf (xp. k1)

(cos @) 7 =

C2M AR fi(xg kL) = Aisy ijgT(xB, ki) cos ¢,

(83)
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We note in particular that there exists a twist-3 asymmetry
(sin ¢) for the LU or UL case, i.e., when the lepton
or nucleon is longitudinally polarized while the other is
unpolarized. It is given by

|kJ_|D(y)ngl(xB7kJ_)
0 Aly) filxg.ky) '

(sin @)y = —A—~ (84)

|kL|B(y)xBfi(xB,kL)
Q A(y) fi(xg. ky)

(sin @), (85)

They are determined by the TMD parton correlation g* and
f7, respectively.

It is also interesting to see that, if we integrate over ¢, we
obtain

do
|I€l|dx3dyd|la\
_ Arage; 2xgM .
oy q{A()’)ﬂ—Sl g B(y)fr sin ¢;  (86)

2XBM

+4AC(Y) g1 — st D(y)gr cos 4’%}- (87)

We see that the transverse spin asymmetry exists for the
semi-inclusive process e~ +N — e~ + g+ X at the
twist-3 level both in the target singly polarized case UT
and in the case LT where the lepton is also longitudinally
polarized. But the asymmetries in these two cases are
different and are given by

M B(y) xgfr(xp. k)

(sin @) yp _SLEA(y) filxp. k1)

(83)

M D(y) xggr(xp. k)

QA®Y) fi(xp k) (89

(cos ) pr = =451

We also note that, in experiments, we usually measure
for a given \k || interval. In this case, we need to carry
out the integration over |k |. For example, if we integrate
over the whole |k || region, we obtain

B()’)Z_”f/adV;HxBQL(XB,kL)
Aly) Q J1(xp) .

(90)

((sin @)y = —4

By carrying out the integration over dk |, we obtain the
differential cross section do/dxgdy for the inclusive DIS
process e~ +N — e~ + X as

PHYSICAL REVIEW D 89, 014005 (2014)

d 2nagme;
dx:dy = ﬂgzye" {A(y)f (xg) + A4 C() g1 (x5)
2xzM
— s, xg D(y)gr(xp) cos ¢s}, 91)

where we see clearly that the only twist-3 contribution
exists for the case that the lepton is longitudinally polarized
and the nucleon is transversely polarized.

At g = 0, the cross section reduces to the result obtained
in the simple parton model with intrinsic transverse
momentum [2,4]. By inserting the results given by
Egs. (66)—(70) into Egs. (73)-(78), we obtain

2/k,|

mmngpm— B@wmﬂﬁuwubw@m

Wurlg—o = Furls—o = Fruly—0 =0, 93)
_ 2[k. |
WLL|g=O = |C(y) - 0 D(y)cos ¢|gi(x, kl)|g=0’
94)
_ V:_J_| _ 2|_)J_| 1
Wirly—o = " C(y) 0 D(y)cos ¢ | gir(x, k1 )],—0
x cos(¢p — ¢by). (95)

Correspondingly, for the azimuthal asymmetries discussed
above, we obtain

<Si1’1(¢ - ¢s)>UT|g=O =0, (96)

|kJ_| C()’) ng(x7 ki)

(cos(¢ — ds))rrlg—0 = Ais1 577 M A f1x kL) (97)
k

(005 Dulo =30 ‘g ©8)

(cos ), | :_|I;L|B(y)f1(x»ki)+/11}“D()’)91L(x»ki)

He 0 A f1(x, k) +4ACH) g1 (x,ky )

(99)
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|E_l|/llsLC(Y)91LT(xBa ki )cos ¢ —

PHYSICAL REVIEW D 89, 014005 (2014)

Z?MB(y)xBfl(xB»kL)

(cos ¢>Lr|g:0 =

(sin ¢>LU|g=0 = (sin ¢>UL|g=o = (sin ¢s>UT‘g=O =0,
(101)

y) k L ng(xB,kJ_)
)MQ fl(xB’kJ_)

(cos ¢s>LT|g:0 =As1 (( (102)

Clearly, a systematic study of these asymmetries
should provide very important information on the structure
of the nucleon and the properties of strong interaction. In
particular, the deviations from the results given by
Egs. (96)—(102) tell us the influences from the multiple
gluon scattering.

IV. NUCLEAR DEPENDENCE

The above mentioned calculations apply to e~ + N —
e +qg+Xaswellase™ +A - ¢~ + g + X, i.e., for reac-
tions using a nucleus target. Similar results are obtained
with only a replacement of the state |N) by |A) in the def-
initions of the parton distribution and/or correlation func-
tions. It has also been shown [34] that the multiple gluon
scattering contained in the gauge link leads to a strong
nuclear dependence for these TMD parton distribution
and/or correlation functions. Such nuclear dependences
can manifest themselves in the azimuthal asymmetries in
SIDIS [13,14]. In this section, we present the results for
the parton distributions and azimuthal asymmetries given
in the Sec. IIL

A. A dependence of the parton correlation functions

If we replace the state |N) by |A), the multiple gluon
scattering in the gauge link can be connected to different
nucleons in the nucleus A, thus giving rise to nuclear
dependence. It has been shown that, under the “maximal
two gluon approximation” [34], a TMD quark distribution
®4(x, k) in nucleus defined in the form

Dy (x.ky)
prdy-d’y , _
= [P e A OO () 1A)
(27)*
(103)
is given by a convolution of the corresponding dis-

tribution ®%(x,k;) in the nucleon and a Gaussian
broadening [34], i.e.,

kz
2MA()f 1 (xgo kL) + sy wio D

: (100)
(¥)gi7(x. k) cos ¢,

A

AR

DA (x, k) ~ / Pt e F=f 8 N (x ),

(104)

where ', is any gamma matrix, A, is the broadening
width, Ay = [déygr(éy), and  gp(éy) = 2n%a,/
No)py(En)[xfy (x)],_, is the quark transport parameter,
where p4 (€y) is the spatial nucleon number density inside
the nucleus, f%'(x) is the gluon distribution function in the
nucleon, and the superscript A or N denotes that it is for the
nucleus or the nucleon.

The derivations in [34] apply to any nucleon and nucleus
in the unpolarized case. Since both <I>(,0) and <I>( ) defined in
Egs. (30) and (31) are of the form given by Eq. (104),
Eq. (104) applies and derives the A dependences of differ-
ent parton distribution and/or correlation functions in the
unpolarized case. For those involved in the differential
cross section up to twist-3, we obtain

A

TR

FAxky) / &t e EET IR N (x £1), (105)

[y [P fHA (x, kL)

A c s, 4 o
— / Pt e Bt N (B F ) N (x8),
2F
(106)
|EL|29LA(X ki)
ﬂA2 /szle kl tl /AZF(kL fj_) (x,fl).
F
(107)

To illustrate the dependence more clearly, we take the
Gaussian ansatz for the transverse momentum dependence,
1.€.,

AN t) = RS Y (x)e~fi/e, (108)
Ta

= ifJ-N(x)e_EzL/ﬂ’

S (x, € 1) p

(109)
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FIG. 2 (color online). Ratio of (sin ¢)¢4,/(sin ¢)¢Y, as a
function of A, for different £k, and y.

1
g e) = g N e, (110)
and obtain immediately
A A N 2 Ja
fl (x,kl)zﬂ_?fl (x)e L/%A (111)
A
A p =
fHAx k) m———— N (x)e*L/Pa (112)
(x. k1) B )
1A Ay oy ey
g k) L g N (e (113)

TYAYA

where ay = a+ Asp, o =P+ Ayp, and y, =y + Ayp.
We see that all the TMD distribution/correlation functions
have pr broadening with the magnitude A,, but the twist-
3 parton correlation function f*(x, k) or g*(x, k) has an
extra suppression factor /£, or y/y 4.
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eN
LU
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eN
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(sing)

e ot ~
N:“\‘\““"\h““““““‘

FIG. 3 (color online). Ratio of (sin ¢)¢4,/(sin ¢)¢Y, as a
function of &k, for different y and A,f.

B. A dependence of the azimuthal asymmetry

Having the nuclear dependences of the TMD parton
distribution and correlation functions and the expressions
for the azimuthal asymmetries presented in the previous
sections, we can calculate the nuclear dependence of the
azimuthal asymmetries in a straightforward manner with
the Gaussian ansatz for the TMD distributions and/or
correlations.

For reactions with an unpolarized target, the results are
just the same as those for the unpolarized reaction as dis-
cussed in [13]. This applies to the asymmetry (sin ¢),
given by Eq. (84), for which we obtain

in ) ¢4 2 I 1 1 1
%z“i(l) exp[(——————i——)la}. (114)
(sing)fy @ \ra Ay @ Ya ¥

For a =y, it simply reduces to

(sin)iy, =«
(sin @), ~ a+ Mgy’

(115)

Integrated over |/€ 1|, we have
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(sin )5 7
(sin o~V 7+ dar (116)

We see that, also in this case, the asymmetry is suppressed
in reactions using the nucleus target in a similar manner as
in the unpolarized case discussed in [13,14].

The width y can in general be different from «. Hence,
we present as an example in Figs. 2(a) and 2(b) the ratio as
a function of the kp-broadening parameter A, .. We see that
it is very similar to (cos ¢), discussed in [13]. We also
plot the k; dependence of the ratio in Figs. 3(a) and 3(b). It
is easy to see that for y/a < 1, the ratio of (sin ¢), , is quite
sensitive to the value of y/a in the large k, region.

V. SUMMARY

We present a systematic calculation of the hadronic ten-
sor and azimuthal asymmetries in the semi-inclusive deep-
inelastic scattering e~ + N — e~ + ¢ + X with a polarized
beam and/or a polarized target based on the collinear
expansion formalism in leading order pQCD and up to
twist-3 contributions. The results depend on a number of
new TMD parton correlation functions. We showed that
measurements of the corresponding azimuthal asymmetries
and their k; dependence can provide much information on
these TMD correlation functions that in turn can shed light
on the properties of the multiple gluon interaction in had-
ronic processes. We presented the results also for reactions
with the nucleus target e~ + A — ¢~ 4+ ¢ + X and discuss
the nuclear dependence. We show that the relationship
between these TMD correlation functions inside large
nuclei and that of a nucleon under two-gluon correlation
approximation. One can study the nuclear dependence of
the different azimuthal asymmetries that are determined

PHYSICAL REVIEW D 89, 014005 (2014)

by the corresponding parton distribution and correlation
functions. With the Gaussian ansatz for the TMD parton
correlation functions inside the nucleon, we also illustrate
numerically that the asymmetries are suppressed in the
corresponding SIDIS with a nuclear target.

Experimental studies of the azimuthal asymmetries have
been carried out in both unpolarized and polarized semi-
inclusive deep inelastic scattering with a nucleon target
[16-27]. More results are expected from CLAS at JLab
and COMPASS at CERN. The available data seem to be
consistent with the Gaussian ansatz for the transverse
momentum dependence of the TMD matrix elements in
the unpolarized case [65]. However, these data are still
not adequate enough to provide any precise constraints
on the form of the higher twist matrix elements. Our cal-
culations of the azimuthal asymmetries are most valid in the
small transverse momentum region where next-to-leading
order pQCD corrections are not dominant. The high twist
effects are also most accessible in the intermediate region of
Q?. One expects that future experiments such as those at the
proposed Electron Ion Collider [52] will be better equipped
to study these high twist effects in detail.
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