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ABSTRACT: In the target fragmentation region of Semi-Inclusive Deep Inelastic Scattering,
the diffractively produced hadron has small transverse momentum. If it is at order of Aqcp,
it prevents to make predictions with the standard collinear factorization. However, in this
case, differential cross-sections can be predicted by the factorization with fracture functions,
diffractive parton distributions. If the transverse momentum is much larger than Aqcp
but much smaller than ) which is the virtuality of the virtual photon, both factorizations
apply. In this case, fracture functions can be factorized with collinear parton distributions
and fragmentation functions. We study the factorization up to twist-3 level and obtain
gauge invariant results. They will be helpful for modeling fracture functions and useful
for resummation of large logarithm of the transverse momentum appearing in collinear
factorization.

KEYWORDS: Deep Inelastic Scattering (Phenomenology), QCD Phenomenology

ARX1v EPRINT: 2108.13582

OPEN AccCESS, © The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP11(2021)038


mailto:chenkaibao19@sdjzu.edu.cn
mailto:majp@itp.ac.cn
mailto:tongxuanbo@cuhk.edu.cn
https://arxiv.org/abs/2108.13582
https://doi.org/10.1007/JHEP11(2021)038

Contents

1 Introduction 1
2 Notations and matching of twist-2 fracture functions 2
2.1 Definitions of fracture functions and SIDIS in target fragmentation region 2
2.2 Matching of F;, and AFj )
2.3 Definitions of twist-3 parton distributions 7
3 Matching of Fyr 9
4 Matching of AF,r 14
5 Summary 20

1 Introduction

Semi-Inclusive DIS(SIDIS) have three different kinematical regions in which different QCD
factorizations are used. These regions are classified according to the momentum of the
observed hadron in the final state. In the region where the transverse momentum is
large, the production rate can be predicted with standard QCD collinear factorization. In
the region where the observed hadron moves in the forward region of the virtual photon
with a small transverse momentum, one can use Transverse-Momentum-Dependent QCD
factorization [1-4], which involves TMD parton distributions and TMD parton fragmentation
functions. The third region is called as target fragmentation region, where the observed
hadron moves in the forward region of the initial hadron with a small transverse momentum
k1 . In this region, the standard collinear factorization fails because of that the perturbative
part in the factorization becomes divergent as powers of Ink .

Experimentally, the production in the target fragmentation region has been observed
in HERA experiment [5]. It has been suggested in [6] that the production rate can be
factorized with fracture functions. An one-loop study of SIDIS in [7] shows that the
factorization holds at the order. One can prove the factorization with fracture functions
at all orders, as discussed in [8, 9]. For the production of one hadron combined with a
lepton-pair in hadron collisions, factorizations with fracture functions have been shown to
hold at one-loop level in [10, 11], where the produced hadron is in the forward- or backward
regions. However, the factorization for hadron collisions can be failed as discussed in [12].
Fracture functions, also called as diffractive parton distributions, are parton distributions
of an initial hadron with one diffractively produced particle observed in the final state.
Currently, most information about fracture functions comes from analysis of HERA data,
e.g., in [13, 14]. The production in target fragmentation region can be studied with current
experiments at JLab and planned experiments at Eic [15] and EicC [16, 17]. Hence, more
information of fracture functions will be available.



It is noted that the factorization in the target fragmentation region holds for Q > k|
where @ is the square root of the momentum transfer of the virtual photon of SIDIS. In
the case of Q > k| > Aqcp, one can also use the collinear factorization to factorize the
differential cross-sections with collinear parton distributions and fragmentation functions.
Therefore, for k| > Aqcp, fracture functions in SIDIS can be factorized with collinear
parton distributions and fragmentation functions. In this paper, we study the factorization
up to twist-3. The matching of twist-2 fracture functions is straightforward, while the
matching of twist-3 fracture functions is nontrivial in the sense that one has to keep the gauge
invariance. Here we will mainly study the factorization or matching at the level of twist-3.

Fracture functions at twist-2 relevant to SIDIS have been defined in [8], where their
asymptotic behavior has been derived for the region where the momentum fraction of the
struck parton approaches its maximal value. In [18] TMD quark fracture functions have
been classified for a polarized spin 1/2 hadron in the initial state. An one-loop matching of
various twist-2 fracture functions for the process where the production of a lepton pair with
large invariant mass in hadron collisions associated with a diffractively produced photon
instead of a hadron in different kinematical regions, has been studied in [19].

In the target fragmentation region with @ > k; SIDIS can be conveniently described
with fracture functions. If one uses collinear factorization in the region of @ >k, > Aqcp,
then there will be terms with large log’s like In Q/k, in perturbative coefficient functions.
Using the factorization with fracture functions and the matching studied here, these
terms with large log’s can be re-summed with helps of evolution equations. In collinear
factorization, twist-3 effects involve in general twist-3 parton distributions and twist-3 parton
fragmentation functions. It is interesting to notice that the latter is absent in the matching
of twist-3 studied here. The reason for this is helicity conservation in QCD as we will show.

The content of our paper is: in section 2. we introduce our notations and definitions of
relevant parton distributions, fragmentation functions and fracture functions. The results of
matching of twist-2 fracture functions are also given in this section. In section 3. we derive
the matching of the twist-3 fracture function which is relevant to single transverse-spin
asymmetry. In section 4. the matching of the twist-3 fracture function responsible to a
double-spin asymmetry is given. Section 5 is our summary.

2 Notations and matching of twist-2 fracture functions

We will use the light-cone coordinate system, in which a vector a* is expressed as a* =
(at,a=,d1) = ((a® +a3)/v2,(a® — a®)/V/2,a',a?) and a® = (a')? + (a®)?. We introduce
two light cone vectors n* = (0,1,0,0) and [# = (1,0,0,0). The transverse metric is given
by giy = g" — nHtl” — n¥I*. We will also need the transverse antisymmetric tensor which is
given by e‘fl = Prv lang with elf = 1. Throughout of the work, we will use Feynman gauge.

2.1 Definitions of fracture functions and SIDIS in target fragmentation region

We consider an initial hadron ha with the momentum P* = (P*,P~,0,0) and another
hadron in the final state with the momentum k* = (k™, k=, k1, k%) with kT = ¢P*. The



transverse momentum k is small in comparison with k7. The quark fracture functions or
quark diffractive parton distributions can be defined with the density matrix:

dx _; _

Mg (&)= [ G2 Y hal [0 e 0| X)X £0)a0)] (b, (21)
X J i

with ij stand for Dirac- and color indices. Here the transverse momentum of the struck

quark is integrated over. To make the density matrix gauge-invariant, the gauge links along

the n-direction are implemented:

Ln(x) = Pexp{ —1gs /OOO dAGT (An + $)} (2.2)

The decomposition of the density matrix has been done in [18]. We consider the case that
the initial hadron is a spin-1/2 particle and the polarization of the final hadron is summed
if it has nonzero spin. The spin vector of the initial hadron can be decomposed as:

PP -n—ntP-]

st = s, - + s, P?=m? (2.3)
A

with sy as the helicity. Neglecting terms beyond twist-3, the density matrix can be
decomposed as:

» 1
Meig) =51 (v7) [Falogoh) +ebassy - Farog )|

ij
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where - - - denote those distributions defined with chirality-odd operators. These distributions

will not contribute to SIDIS in target fragmentation region. The function F, and AF are of

twist-2, while F,7 and AF,r are of twist-3. We neglect here the contributions beyond twist-3.
We consider the SIDIS process:

e(ke, Xe) + ha(P, s) — e(kl) + h(k) + X (2.5)

where the initial hadron is of spin-1/2 with the spin vector s. The initial electron can be
polarized with the helicity A.. We assume that the polarization of the hadron in the final
state is not observed. At leading order of QED, there is an exchange of one virtual photon
with the momentum ¢ = k. — k. between the electron and the initial hadron. The relevant
hadronic tensor is:

o =3 [ e @A) (X)), (2:6)

The standard variables for SIDIS are:
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Figure 1. Diagram for SIDIS in target fragmentation region.

The masses of hadrons and leptons are neglected. We take a frame in which the momenta
of the initial hadron and the virtual photon are:

Pt~ (P1,0,0,0), ¢"=(q",q,0,0), (2.8)

i.e., the hadron moves in the z-direction, and the virtual photon moves in the —z-direction.
We consider the case in which the transverse momentum k is small with k2 < Q2. In the
region zp ~ O(1), the produced hadron moves almost in the forward region of the virtual
photon. This region is called as current fragmentation region. Transverse-Momentum-
Dependent(TMD) factorization applies in this region. In the region of z; < 1, the produced
hadron moves almost in the forward region of the initial hadron. This region is called as
target fragmentation region. In this region the hadronic tensor can be factorized with the
above introduced fracture functions.

In the target fragmentation region, we write the momentum of the produced hadron as:

e R IV S v )i
- L TPt T

We consider the experimental situation in which the initial hadron is polarized and the

(2.9)

transverse part s/ of the spin vector s* is nonzero. The incoming- and outgoing lepton
span the so-called lepton plane. In our frame specified in the above the azimuthal angle
between the spin vector s; and the lepton plane is denoted ¢;. Similarly, one defines the
azimuthal angle ¢;, for the produced hadron. The azimuthal angle of the outgoing lepton
around the lepton beam with respect to the spin vector is denoted . In the kinematical
region of SIDIS with large 2, one has 1 ~ ¢, [20]. With this specification the differential
cross-section is given by [20, 21]:

do B a’y
drpdydédipd?k, — 46Q4

where « is the fine structure constant. At the leading order, the hadronic tensor receives

L, WH, (2.10)

the contribution from figure 1 where the gray box represents the density matrix in eq. (2.1).
From figure 1 the tensor is given by:

%
(27

WH(Pgk) = i [ dePHEns(@P+0) (- @P+a) Mgk +.

Ji
(2.11)



where - -+ are power-suppressed terms. With the fracture functions in eq. (2.4) we can
derive the hadronic tensor at the order. With the leptonic tensor at the leading order of
QED, we have the differential cross-section in the target fragmentation region expressed
with fracture functions as [18]:

do

dx gdydédipd?k |
:L (2—2y+ 2)<F(az &k )—l—|kl|‘sj'|sin(d> — ép)Fyr(zp, &k ))

2(27[')353/622 Yy ) g\t B, Qy v ma s h)LqT\4+B,S, VL

k
+ )\ey(z - y) (SLAFq(l'B,f, kl) - |j7’|L’jL| COS(¢S - ¢h)AFqT(wB,§7 kJ_)) ’ (212)
with
s‘i = |s 1 |(cos ¢s, sin ¢ps), kﬁ = |k1|(cos ¢p, sin ¢p,). (2.13)

We notice that the factorization in eq. (2.12) holds in fact for the case with k; < Q. In the
case of Q > k| > Aqcp, collinear factorization also holds. Therefore, fracture functions
in this case can be matched to collinear parton distributions. The function F, and AFj are
matched to twist-2 parton distributions and fragmentation functions. The function Fyr and
AF,r are matched to twist-3 parton distributions and twist-2 parton fragmentation functions.
It is interesting to note that there is no contribution involving twist-3 parton fragmentation
functions because of helicity conservation. This will be explained later in detail.

2.2 Matching of F;, and AF,

The fracture function F; and AFj can be matched to twist-2 parton distributions and
twist-2 parton fragmentation functions, in the case of k| > Aqcp. These twist-2 quark-
and gluon distributions can be defined as:

W e=iwP* (h ] ((ym) £ (ym) )

> (La(0)(0)), 1)

B

1 - _ _
= {q(x)v + spAq(x)y5y” + hi(x)ysy - 1y +---
2N, s
— e3P ] (G On) . Om)) (£0)G(0))" ha)
P+ ) 2n " "
1, ("
= —ig’i g(z) — ie‘i spAg(x) + -+ . (2.14)

In the above, g(x) is the spin-averaged quark distribution function, Aq is the longitudinally
polarized quark distribution, hq is the quark transversity distribution. - -- stand for twist-3
or higher twists. At twist-2 there are two gluon distributions. g(z) is the spin-averaged
gluon distribution function, Ag is the longitudinally polarized gluon distribution. At twist-2
the relevant parton fragmentation functions of an unpolarized hadron are defined as:

d\N .yt —
Ai(2) = 53 | e OO LLO) 0 X)X, BlLa ()i (An)[0),
d\ oyt
dy(z) = ﬁ Ee—mc /2(0[G*H#(0).L],(0) [, X)(X, h| L (An)G™ T, (An)|0),

(2.15)
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Figure 2. Diagrams for the matching of quark fracture functions to parton distribution functions.
(a): contributions from quark parton distributions. (b): contributions from gluon distributions.

where dj is the anti-quark fragmentation function, d, is the gluon fragmentation function.
The observed hadron in the final state is with the momentum k* = (k*,0,0,0), where its
mass is neglected.

With the twist-2 parton distributions and fragmentation functions, one can easily
calculate the fracture functions F;, and AF} at tree-level, where nonperturbative effects
are represented by these distributions and functions. The contributions to F; and AFy are
given by figure 2. Calculations of these diagrams are rather standard. Therefore, we give
our twist-2 results directly. More technical details will be explained in subsequent sections.
From figure 2 we obtain the fracture functions F, and AFy:

d 2
Ry &k =0t [ 5 [20ng<z>q<y>;<x2+y2>+dq<z>g<y>;< 2 4g2).
d 2
AFq(x,&kL):giiz/ - 2Cng(z)Aq(y)%(w2+y2)+dq(zmg(y)%(wz—é) , (2.16)
k1) z Y Y
with
y=x+ g (2.17)

We notice that for k| > Aqcp, the twist-2 fracture functions behave like 1/ ki

The other two fracture functions Fy7 and AF,r are for the initial hadron which is
transversely polarized. At first look, the twist-2 transversity distribution hq, which is
chirality-odd, can give contributions to these functions from figure 2, where twist-3 parton
fragmentation functions are involved. At the order we consider, helicity or chirality is
conserved in the amplitude of the upper part in figure 1. Therefore, contributions involve
chirality-odd parton distributions are absent. Hence, the two fracture functions only receive
contributions where twist-3 parton distributions and twist-2 parton fragmentation functions
are involved. Before we turn to the matching of these two functions, we give definitions of
twist-3 parton distributions in the next subsection.



2.3 Definitions of twist-3 parton distributions

From the quark density matrix one can define a set of three twist-3 parton distributions
with one transverse derivative [22]:

ar(@)sly = P+ [ e hald ) (n)r s L0 O)lha),

—iga)sth = [ e alGn) £ )y 50 (L) (O)ha)
—idy(@) = [ D Al On) L] )y O (L) (0) ) (2.18)

47

with §# = ¢”s|,. The three distributions are real.
Another set of twist-3 distributions can be defined with a pair of quark fields with one
gluon field strength operator. They are given by the matrix:

dy1d . . _ _
Ml]fﬂag(xl,l?) — gs/%e iy121 Pt —iya(zo—x1) PT (hA|1/}5(y1n)G+#(Z/2n)wa(O)|hA>,
(2.19)
where we have suppressed the gauge links for short notations. The matrix can be decomposed
into

1 u . _
Mhba(z1,22) = 2[TF($1,$2)8’1’7 + Ta(z1, z2)is" 57 ]

(2.20)

1 ~ . _ 5 o
+t3 [SLTA,F(QUI; x9)ivsY v 4 Tr(w1, 22)iv v~ |-
Properties of these twist-3 parton distributions have been studied in [23-30]. The first
two have been introduced in the study of single transverse-spin asymmetries. The last
two are chirality-odd. They will not give contributions in the matching because of helicity
conservation. The chirality-even parton distributions satisfy:

TF(xl,xg) = TF((IZQ,JZl), TA(xl,a:g) = —TA(xQ,ajl). (2.21)

Corresponding to the two distributions in eq. (2.20) one can define additionally two twist-3
distributions by replacing the field strength tensor gsG*#(x) with P* D/ (z), where D¥(z) is
given by DH(z) = 0, +1i9sG*(x). These two functions will not appear in our calculation. In
fact they can be expressed with the distributions given in egs. (2.18), (2.20) as shown in [31].

The three twist-3 distributions in eq. (2.18) and the two twist-3 chirality-even distribu-
tions in eq. (2.20) are not independent. One can show:

1 1
?/de [TF(ﬂﬂl,ﬂEz) —Ta(w1,22)| = —22qr(22) +qo(22), Tr(z,7) = —2qH(2),
™ 1 — T2
(2.22)
where P stands for the principle-value prescription. The first relation has been derived
in [32]. The second relation is derived in [22]. It should be emphasized that the second
relation is for SIDIS, for ¢, defined with future pointing gauge links. The distribution
¢5(z) in Drell-Yan processes is defined with gauge links pointing to the past. With the



symmetries of time-reversal and parity one can show that there is a sign-difference between
the two distributions.

There are twist-3 gluon distributions defined only with gluon fields. One can first define
three density matrices:

1 [dh _p ) a
uvp _ WA —izAP 1 + ) »
My (w1,22) = &@e—ikwlP+—i>\2(@_mp+

2m 27
<hA\(G+ﬂ(A1n)c(A1n)) (z(xgn)pi(xgn)ﬂ(xgn))

a ab

(coa*©) k),

dM1 d)\ . .
MPEP (21,29) = —]‘Zi Q—;Tﬁe’Mlxlw’l’\?(‘”?’“l)PJr

(hA|<G+“()\1n)E(>\1n)) (L(Azn)G+P(A2n)N(A2n)>

a ab

(e @)
(2.23)

where the field strength tensor G™”(Aan) in the last line and the covariant derivative
DP(Agn) are in the adjoint representation. The three matrices are not independent. They
are related through the relation:

1

M,uup ’ — 5 _ M/WP - -
D (x1,22) = x16(21 — 22) My " (21) Tg — T + i€

M%Vp(ﬂfl,xg). (224)

Besides the three matrices at twist-3 one can also find an additional twist-3 matrices
conveniently in the light-cone gauge G = 0. In this gauge, one can introduce

3gs [ dA\d)a ; ,
g 717261)\1xlp++1)\2($2_$1)p+ <hA|Ga,+a(Aln)Gc,+7(>\2n)Gb,+ﬂ(0)|hA>

Pt 2r 27
N, 7
— e e gt O e - g N @), (229)
c c c c

where all indices «, 8 and v are transverse. One can identify that:
M (x1,20) = iNHP(—x1, —22). (2.26)

Therefore, there are two twist-3 matrices built with three gluon field strength tensor
operators. From Bose-symmetry and covariance the two tensors take the form [33-35]:

0PV (21, 20) = —2i {0(531@2)9?_551 + O(x2, w2 — 21)g] 53 + O(x1, 21 — 22)975 |,
Naﬁ7($17$2) = -2 {N(m, xg)gj‘_ﬁéj_ — N(zg,29 — xl)gT?j‘_ — N(zy,21 — :cg)g}_QEf_ ,
(2.27)

with the properties of the functions O and N

O(z1,m2) = O(22,21), O(z1,22) = O(—21, —22),
N(ﬂ:‘l, ZL‘Q) = N(I‘Q, 1‘1), N(:L‘l, :Ez) = —N(—:L’l, —:L‘Q). (2.28)



The matrix M}"”(x) can be parametrized with constraints of symmetries as:

MY (@) = igh S gole) + (975 + g5 ) gh(a) (229)
with
50() = gol—2),  gh(x) = gh{—). (2:30

The two functions gy and g} are real. From the relation in eq. (2.24) one has:
rgs(z) = 2nN(z,x), xg5(z) = —27N(x,0). (2.31)

Therefore, all twist-3 gluon distributions are determined by N(z1,x2) and O(x1,z2).
In our notations, all twist-3 parton distributions have the dimension 1 in mass and are
proportional to Aqcp.

3 Matching of Fyr

Fyr describes the single transverse-spin asymmetry of SIDIS in target fragmentation region.
It is well-known that such an asymmetry is a T-odd effect which requires nonzero absorptive
parts in the scattering amplitude. In the case of k| > Aqcp the asymmetry is a twist-3
effect in the collinear factorization [23-27]. In this case, Fyr can be matched with twist-
3 parton distributions and twist-2 parton fragmentation functions. Because of helicity
conservation, the contribution involving the twist-2 quark distribution h; with twist-3
parton fragmentation functions is absent as discussed before.

At the order considered, there is no contributions from figure 2 because of the absence
of the required absorptive part. The contributions are given by figure 3, figure 4 and figure 5,
where the diagrams are given in terms of amplitude. The contributions are obtained from
the interference of the amplitudes of figure 3a, figure 4 and figure 5 with those of figure 3b.
There is one propagator in figure 3a, figure 4 and figure 5 with a short bar. This implies
that only the absorptive part of the propagator is taken into account. This gives the
required absorptive parts in the amplitudes. The contributions are classified according to
the parton momenta. The hard-pole contribution is from figure 3 where the gluon parton
carries nonzero momentum. The soft-gluon contribution is from figure 4 where the gluon
parton carries zero momentum. The soft-quark contribution is from figure 5 where the
quark parton is with zero momentum.

All contributions from these diagrams involve only the twist-2 gluon fragmentation
function. The general structure of each type of the contributions from these diagrams can
be written in the form

1

— I'gqT
mAq

dz “ .
) :/Zﬁdg(z)d4kAd4k:1HL’£l(kA,k1)_/\/lp7lk(kl4’k;1)7 (3.1)
with the quark-gluon correlator:

Mo (k) = g0 [ SHES S O G Eale)l). (32
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Figure 3. Diagrams for hard-pole contribution. (a) The left part of diagrams, where there is one
gluon attached to the lower bubble. (b) The right-part of diagrams. The contribution is given by
the interference between the left- and right diagrams.
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Figure 4. The left parts of diagrams for soft-gluon-pole contribution.

dg is the gluon fragmentation function. H7” is the sum of upper parts of all diagrams in
which the gluon line from the correlator in the left side of the cut, or in the left part of
diagrams. The quark in the right part of the diagrams is with the momentum k4, the gluon
is with k1 and the quark in the left part is with the momentum k4 — k1.

The quark-gluon density matrix can be written in the form:

1
MG,P(]{A’ kl) = mTa |:<Mp(kA7 kl)’Y_ + MZ(kAa kl)l’}%fy_)
C
+<Mﬁ“(k;A, ke )y + MY (ka, kl)i%’mu) +---, (3.3)
where - -- denote the terms beyond twist-3. The quark-gluon matrix elements are

d*&d? ; ;
MOk k) = g [ L SR (€))7 G (€)a(O0) ).

. d*&de e ke _
M k) = =i | GRS (61 ) 206 (€)alO)] ).

d4 d4 it i B
M k) = gy [ GHER R (6 G @)a(0 )

o [ AGdY e avierky g e\t
MAL(kAjk’l) = —1Gs We A <hA|<J(§1)’M’Y5G (€2)q(0)|ha). (3.4)

~10 -



The power counting for the parton momenta and the quark-gluon matrix elements are:
K~ (1,020 0), B~ (1,020 00),
MM~ MAH ~ N1, A% 0 N), MP ~ M4 ~ (1,22 \). (3.5)

In the case of Fyr, the matrix elements M7" and M’ contribute at twist-3 only with
p = +, where one can neglect all transverse- and —-components of parton momenta. For
p # +, the contributions from these two matrix elements are beyond twist-3.

We take the contributions from MP*(ka, k1) in eq. (3.4) to discuss the collinear expansion
and the gauge invariance of the results. The discussion in the case of M/ (ka, k1) is similar.
To obtain twist-3 contributions we need to expand the upper parts around the parton

momenta:
k= (k%,0,0,0), E} = (k,0,0,0). (3.6)
The upper part of the contributions involving M?(k4, k) is given by:
Hﬁ(kA, kl) = WTI' [Ta'Y_H%M(kA, kl)} . (37)
The collinear expansion is:
oHY oHY . .
HY (ks ko) = HE (ba k) + K o (o, ) + kG ol (Ba B+, (38)
Ok$| okG |
where terms represented by --- give the contributions beyond twist-3. With the expansion,

the contribution at the leading order of A can be written in the form:

1 dZ d)\ld)\z i) k‘+ il k‘+
mal | ng/dkfgdkfrgdg(z) 22 Atz 1{
GH_ o+ + o
8kaL(kA’k1)<hA|q(/\1) 01G™ — 097G | (Aan)q(0)|ha)
1
JOHL ot
8k L (ka, k1) (hal (0%7) M)y TGF(Aan)q(0)|ha)
+8H = + o
+ |k 550 (ka, k1) + Hrio(ka, k1) [ (halgOa)y TG (an)q(0)|ha) ¢, (3.9)
1L

where contributions beyond the leading power of A are neglected.

It is clear that the first term in eq. (3.9) is gauge-invariant at the considered order of
gs. The second- and third terms in eq. (3.9) are not gauge-invariant. However, because of
the additional cut, i.e., that the propagator with a short bar represents an on-shell particle,
one can find the following Ward identity and the identity with the momenta 12:17 A

kipHY (ka ky) =0, ki Hy (ka, ki) =0. (3.10)

With the first identity, one can show that in the hard-pole- and soft-quark contributions
the second- and third gauge-variant terms are zero. In the case of the soft-gluon pole
contribution, because of that kf’ = (0 one can not use the argument of the identity. But, we
find by adding the contribution from complex conjugated diagrams that the final result
is gauge invariant. The situation here is similar to the analysis of twist-3 contribution of
SIDIS in [36]. For the contributions from M’ (ka, k1) the results are similar except the
soft-gluon-pole contribution which is nonzero and gauge-variant.
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(a) (b)

Figure 5. The left parts of diagrams for soft-fermion-pole contribution.

For the contributions from the matrix elements M} and M7 with p = + there are
similar identities to those in eq. (3.10). In the hard-pole- and soft-quark contributions only
the momentum component kf and kj are not zero. Therefore, there are no hard-pole- and
soft-quark contributions from these two matrix elements because of an identity similar to the
second one in eq. (3.10). For soft-gluon-contributions, the argument can not be used because
of that kf = 0. With explicit calculations we find that the soft-gluon-pole contribution
from MI“ is zero if we add the contribution from complex conjugated diagrams. The
soft-gluon-pole contribution from M ;* and that from M/ are not zero. Both contributions
can not be written in a gauge-invariant form. We notice that in the matrix element M:{f
one of the quark fields must be the —component with the decomposition discussed in
the next section. With equation of motion one can show that the sum of soft-gluon-pole
contributions from MX’I and M/ can be written in a gauge invariant form, i.e., in terms of
Tr. Therefore, the soft-gluon-pole contributions come from all matrix elements in eq. (3.4)
except M{" with p = +. The calculation is tedious but straightforward. Hence, we will
give our results of this section directly without giving the details of our calculations.

The hard-pole contribution is from figure 3. The result is:

1
— k
ma qT(x7§7 J_)

N, dz 22
= S5 (e - € 2T B1D

The soft-gluon-pole contribution is from figure 4. The result is

1
— k
ma qT(:’UuEa L)

2
gsNe [ dz 1
; / —ds(2)— {23(y3 + 32%y — 22°)Tr(y,y)

SGP (k1)2 Yy
oT,
y§2,2(y2 2) F(yy’y)] ]

(3.12)

There is no soft-gluon contribution from TA because of that Ta(y,y) = 0. The soft-quark
contribution is from figure 5. The result is

B 1 1 dz x€z
=gy [ S (0T 0,0~ €+ e Ta0)).

(3.13)

1
— k
ma qT(x’fv L)

In these results y is given by y =z + £/z.
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Figure 6. Diagrams for twist-3 gluonic contribution.

Besides the twist-3 contributions from quark-gluon correlators, there are contributions
from purely gluonic distributions at twist-3. Since an additional cut or an absorptive part is
required, there is no contribution from figure 2b. The contributions are only from figure 6,
where one quark propagator or eikonal propagator is with a short bar.

After completing the collinear expansion related to the produced hadron, the contribu-
tion from figure 6 can be written in the form:

L qT(xagakl)

ma Lpipaps

dz
= / Z—qu(z)dA‘kld‘*kgH“bc (k1,k2)
L

d'z1dz, iz1-ki+izo ko o143 b, 12 a, 1 h 14
| e (h Al GEH (0)GPH2 (29) GO (1) ). (3.14)
This contribution is associated with the fragmentation function of an antiquark into the
observed hadron. Hj-jifl ot (k1, k2) is the perturbative part which is the sum of the upper
parts of figure 6. In figure 6a the left gluon line carries the momentum k; and the right
one carries ko. In figure 6b, the gluon line carries the momentum k3. Because of the cut
and that the propagator with a short bar represents an on-shell particle, one can find the
following identities:

ki‘lH,‘fZ‘imM(kl, ko) =0, kgSHgl;;mB(kl, ko) =0, ky=—(ki+ ko). (3.15)

The contributions from the last two diagrams in figure 6a are proportional to &(k; ) because
of the cut on the eikonal propagator. With this fact we can find the identity:

kSQHzi)ﬁm%(klakz) =0. (316)

However, this identity is useless in the case of soft-gluon-pole contributions here. This is
similar to the case discussed after eq. (3.10). We find the leading contribution from figure 6
and their complex conjugated diagrams can be written in a gauge-invariant form. Other
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contributions are beyond twist-3. We have the result with the twist-3 gluon distributions:

1
miA qT(xvé-v kl_) 30
4 2¢2 d 1
= e [ G 26 2002 0 (M) Ot

—2(&% + 42%2? — 3¢xz) (N(y, 0) + O(y, 0)) +y(€ — acz)Qddy (N(y, 0) + O(y, 0))

~y(€ + ) L (Nww) - 0 )| (3.17)

with y =2 + &/=.
The final result for Fyp is the sum:

+FqT
HP

+ FqT
SGP

+FqT

1 1
—Fyr(x,&, k) = — | Fyr
mAq( Sk) mA<q SFP

>(m,£, kp), (3.18)

3G
where terms in the sum can be found in egs. (3.11), (3.12), (3.13), (3.17).

4 Matching of AFyr

AF,r represents the double spin asymmetry. Unlike Fy7, the asymmetry is not zero in the
absence of absorptive parts in the scattering amplitude. In the matching of AF,7, there
are contributions from figure 2. We first discuss the contribution from figure 2a. It involves
only gluon fragmentation function and can be written in the form:

d*¢
(2m)*

where £, is the momentum of the gluon which is fixed as zk; = k. p is the momentum of

e %P (ha|ge(€)q(0)|ha), (4.1)

) dz
Fig. 2a = /d4p?5($P+ —pt+ k;)dg(z)Hkl(p)/

the right quark line. Hy;(p) is the sum of the perturbative parts represented by the upper
parts of the diagrams in figure 2a. With the power counting in eq. (3.5) for parton momenta
we can expand Hy,(p) around the momentum p* = (p*,0,0,0):

. OHy ,
Hy(p) = Hu(®) +pI o () +- -, (4.2)
opg
where - - - stand for contributions at higher orders. Taking the leading term and the twist-2

part of the quark density matrix in eq. (2.14), one obtains the twist-2 contribution to F,
and AFy given as the first terms in eq. (2.16).

The twist-3 contribution is obtained by taking the second term in the expansion in
eq. (4.2) or the first term combined with the twist-3 part of the quark density matrix. The
result is:

2k -
L AF (2, € kL)

2a

ki, [dz AN . b
= (kg;g/zgdg(z) {H2p7T(3?7€)/4WP+€ Y (B ala(An)y v59(0) b a)
1
d\

+ Hypofw.) [ ie™™ (halan)y o a(0) )| (43)
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Figure 7. Diagrams for the matching of AFyp.

with

22(42 4202 42,2
Hzp,a(%f):—ggché(yyg), HZp,T(x7§):8g§CF£y27 y=r+&/z.  (4.4)

These contributions seems to be with the twist-3 distributions g7 and gqg, respectively. But,
they are not exactly those distributions. The contributions of gauge links are not included.
When we consider the contributions in figure 7 where an additional gluon exchanges, parts
of them will be the contributions of gauge links at the considered order.

In calculating the contributions with one-gluon exchange given by figure 7, we have
the same quark-gluon correlator given in eq. (3.2) and its decomposition in eq. (3.4). By
calculating the contribution with M/, we find that a part of the contribution can be added
to the second term in eq. (4.3) so that the sum is obtained by inserting gauge links in the
matrix element at the considered order of g;. With the gauge links the matrix element is
that used to defined gy. Excluding this part, the contribution from figure 7 with M fl is:

2k, - s
- J_AF‘qT(xagv kJ_)
mA M,
. dz dM\idXo _ .\ oo [ 1 ~ A
— (— + + Ak +idok H
( ng) /dkAdkl 22 dg(’z) 2(27.‘_)2 € A ! {k‘f LALa(kAv kl)

(halaum)y 35976 = G| Qam)a(0) ) + hc

1
kl

S(k4 — kg ) (halg(Mn)y™5G™ (A2n)9149(0)]ha)

+0(kh — ki — kg )(haldLad(Mn)y 156G (A2n)q(0)[ha)

}, (4.5)
with

£ (¢+212)

ﬁg(l‘,g) = ]%iFO(fag% Hgé(l‘,f) =k{Fo(z,8), Fo(z,§) :ggcAW~
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In eq. (4.5), the first two terms are gauge invariant, while the third- and fourth terms are
not. The contribution from M?” in the quark-gluon density matrix can be written:

2k -
LU AF (2, €, kL)

ma Mo

dz dM\id)o _ .\ oo [ 1 P
o + 1.4 iAk +ilak
= gs/alkAdk:1 gdg(z) 222 ¢ LraTA2i {kf_HJ_La(kA;kl)

(haldun)y* |07 G — o5G

(Aan)q(0)|ha) + h.c.

1 -
+ Fo(l'vf)kjkﬂa_ 5(k} — kg ) (halgAn)y TG (Aan)01aq(0)|ha)
1

+ (k) — ki — kg )(haldLa@(Mn)y" G (A2n)q(0)[ha)

}, (4.7)

where the first two terms are gauge invariant. The third- and fourth terms are not gauge
invariant. It is interesting to note that they have the same perturbative coefficient function
Fy as that in the gauge variant contribution in eq. (4.5).

Now we consider the contributions with M?* and M#%" in the quark-gluon density
matrix. The twist-3 contributions are given by taking the index p = +, i.e, only the field
component GV is involved. We find that the contribution from M'" is proportional to
C'4. In the contribution from M fﬁ, there is a part proportional to C'r. This part can be
summed with the first term in eq. (4.3). The sum is obtained by inserting gauge links in
the matrix element in the first term so that the matrix element is that used to defined gr.
The sum is then gauge invariant at the considered order of g;. The sum of the remaining
contribution from M#%" and that from Mf" can be written in the form:

2k) - s dz ki
S AR (w6 k)| =g / —dg(2) Fo(x, €) / dk/tdkf( —1+ 3)6(@ —kq)
ma Ca z kl
e AR U Y] CRES
+ iy - %L>G+(A2n)q(0)|hA)> + h.c.. (4.8)

This sum is not gauge invariant and it involves the same perturbative function Fy. We
notice that the quark field can be written as the sum of a 4+- and —-component:

¢ (z) = %qu(x), ¢ (z) = %7*7’(1(96), g(z) = ¢ (@) +¢ (). (4.9

The —-component is not independent. With the equation of motion one has:
1 o0
(@) = 5@ [T (L D ) Ot ), (4.10)

In eq. (4.8) one quark field has to be the —-component. Using the solution in eq. (4.10) one
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has the sum:

2k s

AFgr(z,6,kL) ng/i;dg(z)Fo(g;?g)/dkjdk+ ! /al)‘ld)‘2 e—iMkE Nk

VEF ) 2(2m)2

Ca

5(kX — ki) (halz(Mn) (kw%w%w)G+<A2n>amq<o>rm>
+0(k — ki KT ) (halOLad(Mn) (kﬁv*%

~ik7 )G an)a(0) )| (4.11)

Comparing the sum with the gauge variant contribution in eq. (4.5), (4.7), we find that all
gauge variant contributions are cancelled each other so that the remaining contribution is
gauge invariant. We have then the result which is gauge invariant:

1
miAAFqT(I‘? 67 kl_)

+4Gq B 2“%? / gdg(z) [(HQP’T(:E’OQT@) + HZP@(%@%(?/))
+ % /dmz <TF(y, xo)H (x, &, x9) + Ta(y, x2)Ha(2, €, 932))} ’

(4.12)

with Hy, 5 and Hop 7 are given in eq. (4.3). H(x,&, x2) and Hy(x,§, x2) are given as:

B 2g§£zz 2 —z9y 1
H($,£7$2) - y$2(y_l'2) [C To—7 +20Fy(xy_x2($+y))] )
_ 2g3¢7° (2% +x9y) (2 +y—22) 1

(4.13)

AFyr receives contributions from twist-3 gluon distributions, where the antiquark
fragmentation function is involved. These contributions are given by diagrams of two-gluon
exchanges as given in figure 2b and by three-gluon exchanges in figure 6 without the cut
on the quark propagator and the gauge link. It is noted that the contribution of three-
gluon exchanges from the second- and third diagram in figure 6a is the same. Because of
Bose-symmetry, one should either take any one of the two diagrams, or the half of the sum
into account.

The contribution of two-gluon exchanges from figure 2b can be written in the form:

d*z

(2m)*

where H"” (k1) is the sum of the perturbative parts represented by the upper parts of the

Fig. 2h — / %dq—(z)d“le”"(lﬁ) / e (A |G (0) G () ), (4.14)

diagrams in figure 2b. k; is the momentum carried by the gluons. It is easy to check the
following Ward identities:

ke H™ (ky) = 0, ki, HP (ky) = 0. (4.15)
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Before doing the collinear expansion in ki around l%’f = (k:fL,O,O,O), we can use these
identities to manipulate the expression:

d*z

H/W(k‘l)/ (271’)4

1 d'z iz-k @ Aa,+ ANa,+
= ] e (e Gl )G, @)l

+ HY (k1) (ha| G2 (0G4 () ha) + HPEH (R)(R|GEE, (0)G5F ()| ha)

¢ (ha|GLL(0)GY ()] ha)

+ HH (k) (ha| G (0) G (2)|h A>>, (4.16)

where GH = 9G¥ — 9¥GH. In the first term, the leading contribution in the collinear
expansion of H#+%L (k) gives the twist-2 contribution, i.e., to AFj,. The twist-3 contribution
is obtained by expanding the next-to-leading contribution. The leading contribution of
the second- and third term is at twist-3. The last term is a twist-4 contribution which
can be neglected. In the collinear expansion of H*”, we find that the next-to-leading
contribution H#+%L (k) is antisymmetric in the indices ) and o). Because of symmetries,
the related matrix element is symmetric in the indices ;) and o, as shown in eq. (2.29).
Hence, the first term gives no contribution. Therefore, only the second- and third gives
nonzero contribution at twist-3. The contribution can be expressed by the twist-3 gluon
distribution:

i @efix/\P'*'

g3r(2)3" = (halGT= (M) LL (AR) L (0)GH(0)]a). (4.17)

z ) 2n

We obtain the contribution from figure 2b:

2 (K1)

It is noted that from figure 2b we only obtain the contribution with g37 defined only with

16mas [ dz 22 ¢
/Zqu(Z)ng?)T(y)7 y=x+ > (4.18)

1
miAAFqT(xv 57 kL)

A

G* and without gauge links. The contribution alone is not gauge invariant. There is a
difference of a two-gluon term between G and G*. In the calculation of three-gluon
exchanges given by diagrams in figure 6, we find that a part of the contribution from figure 6
gives the needed two-gluon term in G* and another part forms the gauge links in gsr at
the considered order of g;.

The contribution from three-gluon exchanges is given by diagrams in figure 6. It can
be written

. dz abc
Fig. 6 — / Sdal2) / Al d ko d KD (k1 ko, k)

/ d4x1d4x2d4x3

Gy (g[GO (1) GM () G () ), (4:19)
T

where Hﬁi’zz 1 (k1, k2, k3) is the sum of the perturbative parts represented by the upper

parts of the diagrams in figure 6. The two gluons in figure 6a carry the momentum k; and
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ko, respectively. ks is the momentum carried by the gluon in figure 6b. To obtain the gauge
invariant result, we first note that there is a Ward identity related to the gluon in figure 6b:

kLA HA (k1 ko, ks) = 0. (4.20)

This identity can be easily checked as those in eq. (4.15). With this identity we can write
the contribution as:

Fig. 6:/dz /d4k1d4k2 H® (o, k3)

k:+ H1p2p3
d4fE1d T2 ik1-x1+iko -2 Ave,+ s b, 12 a,p1
/ “anF © (hal GO (a3)GO¥2 (22) GF1 (a1 b, (4:21)
with k3 = —k1 — ka. To proceed further, we notice that the perturbative coefficient function

Hg’ffw s can be decomposed into a totally symmetric and a totally asymmetric part in the

three color indices:

H  (ky, ko, k3) = HY™C (k1 ko, k3)

H1p243 H1p2 43 ) (4-22)

Bl 23

+Habc (klakQ,kS)
d

f

where the first term is the symmetric part proportional to d®*¢, and the second term is
antisymmetric part proportional to f2¢. For the symmetric part, we have still the following
Ward identities

ERVEHY (K, ko, k3)

1 s =0, kh2HUY, (ki ko, ks3)

d H1H243 =0, (4.23)

d

because of that the color symmetric part is essentially an amplitude of QED. With these
identities one can write the contribution from the symmetric part in a gauge invariant form.

For the antisymmetric part there are no Ward identities like those in eq. (4.23). We
need to do the collinear expansion first and then try to find a gauge invariant result. The
calculation of this part is very tedious. One has to expand the antisymmetric part in
eq. (4.22) to order of A2 in order to obtain the complete twist-3 contribution. At the end,
we find that a part of the antisymmetric part gives the contributions which can be combined
with the contribution of two-gluon exchange into a gauge invariant form as discussed after
eq. (4.18). The remaining contribution of the antisymmetric part can be written in the
form with the three-gluon correlation function ME" defined in eq. (2.23). We have the
following result from figure 6:

2
gs dz / { [
= d dx x —T9,
s (K1) %2 (y—a2)y 2£|O(y—m2,y)

—N(y—UCQ,y)} +(28y+yxoz—y?z—Exo) {N(y2,$2)+0(?/7962)}

1
miAAFqT(xakaJ_)

+y(z(y+a2)—2€) {N(y—mz, —x2)+O0(y—12, —:):2)] } (4.24)

The total matching result is the sum of the results in eq. (4.18), (4.24). It is noted that the
twist-3 distribution gsp in eq. (4.18) is not independent. Using equation of motion and the
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relation in egs. (2.24), (2.26), gsr can be expressed with the twist-3 distribution T and N.
We have:

1 1 1
gsr(z) = Q/dxg{TF(x2+x,x)+P( > [N(x,x:cz)N(a:,:vg)JrQN(xQ,xgy)] }
x T T—T
(4.25)
The result of AF,r from figure 2b and figure 6 is:
1
7AFqT(x) 67 kJ_)
ma 2G+3G
—167?04352 dzdzo Tz 2xz {
- ()T ~ N
(ki)2 22y3 q(z){ﬂy F(z2, 72 +y) y(y — 2) (y, z2)
1
= N{y~ 2,) + 2N{y — 2, ~22)| + (a6 | Oy — 2,0)
z3(y — x2)
— N(y — z2, y)} + (28y + yaoz — Y’z — o) [N(% z2) + O(y, 952)]
+y(2(y + x2) — 26) {N(y — x2,—x2) + O(y — 22, —1»‘2)]> } (4.26)
The complete matching result is the sum of that in eq. (4.12) and that in eq. (4.26):
1 1 1
—AFyr(2,§ k1) = —AFr(z,§, k1) + —AFr(z, & k1) (4.27)
ma ma 2G+3G

94+49Gq
5 Summary

SIDIS in target fragmentation region can be conveniently described with fracture functions,
i.e., one can use QCD factorization with fracture functions to make predictions in this region.
If the transverse momentum of the produced hadron is in the region @ > k| > Aqcp,
the standard collinear factorization can also be used. Therefore, fracture functions can
be factorized or matched with parton distributions and fragmentation functions. We have
studied the matching up to twist-3 level. At the order of o considered in this work, fracture
functions are only matched to twist-2 parton fragmentation functions with twist-2- or twist-3
parton distributions. There is no contribution from chirality-odd parton distributions. We
have derived perturbative coefficient functions in the factorization or matching of twist-2-
and twist-3 fracture functions. Especially in the derivation of twist-3 fracture functions, we
find that the results can be written in a gauge invariant form. These results will be useful
for modeling of fracture functions and resummation of large logarithms of k£, in collinear
factorization.

—90 —



Acknowledgments

The work is supported by National Natural Science Foundation of China (No. 12075299,
11821505, 11935017 and 12047503) and by the Strategic Priority Research Program of
Chinese Academy of Sciences, Grant No. XDB34000000. K.B. Chen is supported by
National Natural Science Foundation of China (Nos. 11947055, 12005122) and Shandong
Province Natural Science Foundation No. ZR2020QA082. X.B. Tong is supported by the
CUHK-Shenzhen university development fund under Grant No. UDF(01001859.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

1]

2]

J.C. Collins, D.E. Soper and G.F. Sterman, Transverse Momentum Distribution in Drell-Yan
Pair and W and Z Boson Production, Nucl. Phys. B 250 (1985) 199 [NnSPIRE].

J.C. Collins, D.E. Soper and G.F. Sterman, Factorization for Short Distance Hadron-Hadron
Scattering, Nucl. Phys. B 261 (1985) 104 [INSPIRE].

X.-d. Ji, J.-p. Ma and F. Yuan, QCD factorization for semi-inclusive deep-inelastic scattering
at low transverse momentum, Phys. Rev. D 71 (2005) 034005 [hep-ph/0404183] [INSPIRE].

X.-d. Ji, J.-P. Ma and F. Yuan, QCD factorization for spin-dependent cross sections in DIS
and Drell-Yan processes at low transverse momentum, Phys. Lett. B 597 (2004) 299
[hep-ph/0405085] [INSPIRE].

ZEUS collaboration, Observation of events with a large rapidity gap in deep inelastic
scattering at HERA, Phys. Lett. B 315 (1993) 481 [InSPIRE].

L. Trentadue and G. Veneziano, Fracture functions: An Improved description of inclusive hard
processes in QCD, Phys. Lett. B 323 (1994) 201 [inSPIRE].

D. Graudenz, One particle inclusive processes in deeply inelastic lepton-nucleon scattering,
Nucl. Phys. B 432 (1994) 351 [hep-ph/9406274] [INSPIRE].

A. Berera and D.E. Soper, Behavior of diffractive parton distribution functions, Phys. Rev. D
53 (1996) 6162 [hep-ph/9509239] [INSPIRE].

J.C. Collins, Proof of factorization for diffractive hard scattering, Phys. Rev. D 57 (1998) 3051
[Erratum 4bid. 61 (2000) 019902] [hep-ph/9709499] [INSPIRE].

F.A. Ceccopieri and L. Trentadue, Semi-inclusive Drell-Yan Process as a Factorization
Analyzer, Phys. Lett. B 668 (2008) 319 [arXiv:0805.3467] INSPIRE].

F.A. Ceccopieri, Associated production of one particle and a Drell-Yan pair in hadronic
collisions, Phys. Lett. B 703 (2011) 491 [arXiv:1012.0507] [InSPIRE].

J.C. Collins, L. Frankfurt and M. Strikman, Diffractive hard scattering with a coherent
Pomeron, Phys. Lett. B 307 (1993) 161 [hep-ph/9212212] [InSPIRE].

H1 collaboration, Measurement and QCD analysis of the diffractive deep-inelastic scattering
cross-section at HERA, Eur. Phys. J. C 48 (2006) 715 [hep-ex/0606004] [INSPIRE].

- 21 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0550-3213(85)90479-1
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB250%2C199%22
https://doi.org/10.1016/0550-3213(85)90565-6
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB261%2C104%22
https://doi.org/10.1103/PhysRevD.71.034005
https://arxiv.org/abs/hep-ph/0404183
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD71%2C034005%22
https://doi.org/10.1016/j.physletb.2004.07.026
https://arxiv.org/abs/hep-ph/0405085
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB597%2C299%22
https://doi.org/10.1016/0370-2693(93)91645-4
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB315%2C481%22
https://doi.org/10.1016/0370-2693(94)90292-5
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB323%2C201%22
https://doi.org/10.1016/0550-3213(94)90606-8
https://arxiv.org/abs/hep-ph/9406274
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB432%2C351%22
https://doi.org/10.1103/PhysRevD.53.6162
https://doi.org/10.1103/PhysRevD.53.6162
https://arxiv.org/abs/hep-ph/9509239
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9509239
https://doi.org/10.1103/PhysRevD.61.019902
https://arxiv.org/abs/hep-ph/9709499
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9709499
https://doi.org/10.1016/j.physletb.2008.09.001
https://arxiv.org/abs/0805.3467
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB668%2C319%22
https://doi.org/10.1016/j.physletb.2011.08.038
https://arxiv.org/abs/1012.0507
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB703%2C491%22
https://doi.org/10.1016/0370-2693(93)90206-W
https://arxiv.org/abs/hep-ph/9212212
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9212212
https://doi.org/10.1140/epjc/s10052-006-0035-3
https://arxiv.org/abs/hep-ex/0606004
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ex%2F0606004

[14]

M. Goharipour, H. Khanpour and V. Guzey, First global next-to-leading order determination
of diffractive parton distribution functions and their uncertainties within the xFitter framework,
Eur. Phys. J. C 78 (2018) 309 [arXiv:1802.01363] [INSPIRE].

A. Accardi et al., Electron Ion Collider: The Next QCD Frontier: Understanding the glue that
binds us all, Eur. Phys. J. A 52 (2016) 268 [arXiv:1212.1701] [INSPIRE].

X. Cao et al., Electron ion collider in China, Nucl. Technol. 43 (2020) 20001.

D.P. Anderle et al., Electron-ion collider in China, Front. Phys. (Beijing) 16 (2021) 64701
[arXiv:2102.09222] [INSPIRE].

M. Anselmino, V. Barone and A. Kotzinian, SIDIS in the target fragmentation region:
Polarized and transverse momentum dependent fracture functions, Phys. Lett. B 699 (2011)
108 [arXiv:1102.4214] [INSPIRE].

X.P. Chai, K.B. Chen, J.P. Ma and X.B. Tong, Fracture functions in different kinematic
regions and their factorizations, JHEP 10 (2019) 285 [arXiv:1903.00809] [INSPIRE].

M. Diehl and S. Sapeta, On the analysis of lepton scattering on longitudinally or transversely
polarized protons, Eur. Phys. J. C 41 (2005) 515 [hep-ph/0503023] [INSPIRE].

A. Bacchetta, M. Diehl, K. Goeke, A. Metz, P.J. Mulders and M. Schlegel, Semi-inclusive deep
inelastic scattering at small transverse momentum, JHEP 02 (2007) 093 [hep-ph/0611265]
[INSPIRE].

A.P. Chen, J.P. Ma and G.P. Zhang, Twist-8 Contributions in Semi-Inclusive DIS with
Transversely Polarized Target, Phys. Lett. B 754 (2016) 33 [arXiv:1505.03217] [InSPIRE].

A.V. Efremov and O.V. Teryaev, On Spin Effects in Quantum Chromodynamics, Sov. J. Nucl.
Phys. 36 (1982) 140 [nSPIRE].

A.V. Efremov and O.V. Teryaev, QCD Asymmetry and Polarized Hadron Structure Functions,
Phys. Lett. B 150 (1985) 383 [NSPIRE].

J.-w. Qiu and G.F. Sterman, Single transverse spin asymmetries, Phys. Rev. Lett. 67 (1991)
2264 [INSPIRE].

J.-w. Qiu and G.F. Sterman, Single transverse spin asymmetries in direct photon production,
Nucl. Phys. B 378 (1992) 52 [INSPIRE].

J.-w. Qiu and G.F. Sterman, Single transverse spin asymmetries in hadronic pion production,
Phys. Rev. D 59 (1999) 014004 [hep-ph/9806356] [INSPIRE].

J. Kodaira and K. Tanaka, Polarized structure functions in QCD, Prog. Theor. Phys. 101
(1999) 191 [hep-ph/9812449] [INSPIRE].

J. Zhou, F. Yuan and Z.-T. Liang, Transverse momentum dependent quark distributions and
polarized Drell-Yan processes, Phys. Rev. D 81 (2010) 054008 [arXiv:0909.2238| [INSPIRE].

A.V. Belitsky and D. Mueller, Scale dependence of the chiral-odd twist-3 distributions hy,(x)
and e(z), Nucl. Phys. B 503 (1997) 279 [hep-ph/9702354] [INSPIRE].

H. Eguchi, Y. Koike and K. Tanaka, Single Transverse Spin Asymmetry for Large-pr Pion
Production in Semi-Inclusive Deep Inelastic Scattering, Nucl. Phys. B 752 (2006) 1
[hep-ph/0604003] [INSPIRE].

X.-D. Ji and J. Osborne, An Analysis of the next-to-leading order corrections to the
gr(= g1 + gs) scaling function, Nucl. Phys. B 608 (2001) 235 [hep-ph/0102026] [INSPIRE].

- 29 —


https://doi.org/10.1140/epjc/s10052-018-5787-z
https://arxiv.org/abs/1802.01363
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1802.01363
https://doi.org/10.1140/epja/i2016-16268-9
https://arxiv.org/abs/1212.1701
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1212.1701
https://doi.org/10.11889/j.0253-3219.2020.hjs.43.020001
https://doi.org/10.1007/s11467-021-1062-0
https://arxiv.org/abs/2102.09222
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2102.09222
https://doi.org/10.1016/j.physletb.2011.03.067
https://doi.org/10.1016/j.physletb.2011.03.067
https://arxiv.org/abs/1102.4214
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1102.4214
https://doi.org/10.1007/JHEP10(2019)285
https://arxiv.org/abs/1903.00809
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.00809
https://doi.org/10.1140/epjc/s2005-02242-9
https://arxiv.org/abs/hep-ph/0503023
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0503023
https://doi.org/10.1088/1126-6708/2007/02/093
https://arxiv.org/abs/hep-ph/0611265
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0611265
https://doi.org/10.1016/j.physletb.2016.01.006
https://arxiv.org/abs/1505.03217
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1505.03217
https://inspirehep.net/search?p=find+J%20%22Sov.J.Nucl.Phys.%2C36%2C140%22
https://doi.org/10.1016/0370-2693(85)90999-2
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB150%2C383%22
https://doi.org/10.1103/PhysRevLett.67.2264
https://doi.org/10.1103/PhysRevLett.67.2264
https://inspirehep.net/search?p=find+%22Phys.Rev.Lett%2C67%2C2264%22
https://doi.org/10.1016/0550-3213(92)90003-T
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB378%2C52%22
https://doi.org/10.1103/PhysRevD.59.014004
https://arxiv.org/abs/hep-ph/9806356
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD59%2C014004%22
https://doi.org/10.1143/PTP.101.191
https://doi.org/10.1143/PTP.101.191
https://arxiv.org/abs/hep-ph/9812449
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9812449
https://doi.org/10.1103/PhysRevD.81.054008
https://arxiv.org/abs/0909.2238
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0909.2238
https://doi.org/10.1016/S0550-3213(97)00432-X
https://arxiv.org/abs/hep-ph/9702354
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9702354
https://doi.org/10.1016/j.nuclphysb.2006.05.036
https://arxiv.org/abs/hep-ph/0604003
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0604003
https://doi.org/10.1016/S0550-3213(01)00249-8
https://arxiv.org/abs/hep-ph/0102026
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0102026

[33]

[34]

X.-D. Ji, Gluon correlations in the transversely polarized nucleon, Phys. Lett. B 289 (1992)
137 [INSPIRE].

Y. Koike, K. Tanaka and S. Yoshida, Master Formula for the Three-Gluon Contribution to
Single Spin Asymmetry in Semi-Inclusive Deep Inelastic Scattering, Phys. Rev. D 83 (2011)
114014 [arXiv:1104.0798] [INSPIRE].

H. Beppu, Y. Koike, K. Tanaka and S. Yoshida, Contribution of Twist-3 Multi-Gluon
Correlation Functions to Single Spin Asymmetry in Semi-Inclusive Deep Inelastic Scattering,
Phys. Rev. D 82 (2010) 054005 [arXiv:1007.2034] [NSPIRE].

H. Eguchi, Y. Koike and K. Tanaka, Twist-3 Formalism for Single Transverse Spin
Asymmetry Reexamined: Semi-Inclusive Deep Inelastic Scattering, Nucl. Phys. B 763 (2007)
198 [hep-ph/0610314] [INSPIRE].

~ 93 -


https://doi.org/10.1016/0370-2693(92)91375-J
https://doi.org/10.1016/0370-2693(92)91375-J
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB289%2C137%22
https://doi.org/10.1103/PhysRevD.83.114014
https://doi.org/10.1103/PhysRevD.83.114014
https://arxiv.org/abs/1104.0798
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1104.0798
https://doi.org/10.1103/PhysRevD.82.054005
https://arxiv.org/abs/1007.2034
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1007.2034
https://doi.org/10.1016/j.nuclphysb.2006.11.016
https://doi.org/10.1016/j.nuclphysb.2006.11.016
https://arxiv.org/abs/hep-ph/0610314
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0610314

	Introduction
	Notations and matching of twist-2 fracture functions
	Definitions of fracture functions and SIDIS in target fragmentation region
	Matching of F(q) and Delta F(q)
	Definitions of twist-3 parton distributions

	Matching of F(qT)
	Matching of Delta F(qT)
	Summary

