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The paper calculates the helicity-dependent dihadron fragmentation function by extending the
dihadron spectator model and examine the single longitudinal spin asymmetry Asinð2ϕhÞ

UL from dihadron
in semi-inclusive inelastic scattering. This function elucidates the relationship between the longitudinal
polarization of the fragmented quark and the transverse momentum of the resulting hadron pairs. A study
by the COMPASS collaboration detected a minimal signal in their experimental search for this azimuthal
asymmetry in semi-inclusive inelastic scattering. Here, we use the spectator model to calculate the
unknown T-odd dihadron fragmentation function H⊥

1 . Adopting collinear factorization to describe the
data, avoiding the transverse momentum dependent factorization and the associated resummation
effects, helping us understand the asymmetry and explaining why the signal is so weak. We involve the
approach of transverse momentum dependence in the model calculations, in order to formulate
the differential cross sections and the spin asymmetries in terms of the collinear parton distributions
and the collinear dihadron fragmentation functions. A transverse momentum factor analysis method was
used, in which the transverse momentum of the final hadron pairs was not integrated. The asymmetry
of sinð2ϕhÞ in COMPASS kinematics was calculated and compared with experimental data. In
addition, predictions for the same asymmetry are also presented for HERMES and the Electron Ion
Collider.
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I. INTRODUCTION

The study of the dihadron fragmentation functions
(DiFFs) describing the probability that a quark hadronizes
into two hadrons is of great interest both in theory and in
experiment. The DiFFs were introduced for the first time
in Ref. [1]. Their evolution equations have been studied in
Ref. [2]. In particular, the authors of Ref. [3] presented the
evolution equations for extended dihadron fragmentation
functions explicitly dependent on the invariant mass, Mh,
of the hadron pair. Then Ref. [4] introduced the trans-
versely polarized fragmentation by using the transversely
polarized DiFF, which later lead to the definition of H∢

1 .
Reference [5] also started the whole business on dihadron
fragmentation to access the quark transversity distributions.
The basis of all possible DiFFs have been given in Ref. [6].
The authors in Ref. [7] analyzed the hadron pair system in
relative partial waves. In this way, we can make processes
of the dihadrons produced clearly. Soon after, the analysis

of DiFFs was extended to the subleading twist within a
collinear picture [8]. It is important to propose structure
functions for the dihadron semi-inclusive deep inelastic
scattering (SIDIS) to express the section by using under
the framework of structure functions for the dihadron
SIDIS [9]. The analysis is complete up to the subleading
twist. Researchers began to closely monitor the DiFFs
when attempting to extract the chiral-odd transversity
distribution. This distribution was initially extracted by
considering the Collins effect [10] in single hadron SIDIS
and back-to-back dihadron production in eþe− annihila-
tions Ref. [11]. Recently, some meaningful results on
DiFFs have been given in Refs. [12–14]. To comprehend
the transversity distribution further, an alternative method
involving dihadron SIDIS has been recognized, which
solely relies on collinear factorization. The chiral-odd
DiFF H∢

1 [7], couples with h1 at the leading-twist level.
The function H∢

1 can be extracted from the production
process of two back-to-back hadron pairs in eþe− annihi-
lation [15]. The transversity distribution has been deter-
mined from dihadron SIDIS and proton proton collision
data in previous studies [16–20]. Model predictions for the
DiFFs have been calculated using the spectator model
[21–24] and the Nambu-Jona-Lasinio quark model [25–28]
to estimate the magnitudes of various DiFFs.
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The HERMES collaboration [29] conducted an experi-
ment on azimuthal asymmetry in the dihadron SIDIS
process using a transversely polarized proton target.
Similarly, the COMPASS collaboration [30,31] also pub-
lished experimental data on this topic, but with polarized
protons and deuterious targets. Additionally, the BELLE
collaboration [29] has measured the azimuthal asymmetry
of back-to-back dihadron pair production, leading to the
first parameterization ofH∢

1 . The COMPASS collaboration
[32], recently gathered experimental data on different
azimuthal asymmetries by scattering longitudinally polar-
ized muons off longitudally polarized protons. Theoretical
studies have shown that these asymmetries manifest within
the collinear factorization framework, with a sinð2ϕhÞ
modulation explored in the spectator model [33]. The
azimuthal angle of the hadron pair system is denoted as
ϕh, while ϕR represents the angle between the lepton plane
and dihadron plane. This paper specifically examines the
sinð2ϕhÞ modulation. In this work, we adopt collinear
factorization to describe the data, and involve the approach
of transverse momentum dependence in the model calcu-
lations, in order to formulate the differential cross sections
and the spin asymmetries in terms of the collinear parton
distributions and the collinear DiFFs. Transverse momen-
tum dependent (TMD) expands collinear factorization to
include the parton transverse momentum. The COMPASS
experiment determined that the sinð2ϕhÞ asymmetry is
statistically consistent with 0 within the experimental
uncertainty. This study investigates the sinð2ϕhÞ asymme-
try based on results from the spectator model for relevant
parton distribution functions (PDFs) and DiFFs. Through
partial wave expansion, it is found that the only term
contributing to this asymmetry is h⊥1LH⊥

UL, where H⊥
UL

arises from the interference of two p waves and h1L
represents the helicity distribution. Utilizing the spectator
model outcomes for the distributions and DiFFs, we assess
the sinð2ϕhÞ discrepancy at COMPASS kinematics and
compare with the preliminary data from COMPASS.
The paper is structured as follows: Sec. II introduces the

theoretical framework of the sinð2ϕhÞ azimuthal asymme-
try in dihadron SIDIS with an unpolarized lepton beam
scattering off a longitudinally polarized proton target. The
application of the spectator model to calculate the T-odd
DiFFH⊥

1;UL is discussed in Sec. III. Section IV presents the
numerical results of the sinð2ϕhÞ azimuthal asymmetry at
the COMPASSmeasurements kinematics and also provides
predictions for the Electric Ion Collider (EIC). Finally, a
summary of the work is presented in Sec. V.

II. THE sinð2ϕhÞ ASYMMETRY OF DIHADRON
PRODUCTION IN SIDIS

As shown in Fig. 1, considering the dihadron fragmen-
tation function q → πþπ−X, where the unpolarized μ with

momentum l and a longitudinally polarized beam with
mass M, polarized S, proton scattering of momentum P by
exchanging virtual photons with momentum q ¼ l − l0. In
the target, the dynamic quark with momentum p is struck
by the photon and the final state quark with momentum
k ¼ pþ q then fragments into two leading unpolarized
hadrons πþ and π− with mass M1, M2, and momenta P1,
P2. In order to express the differential cross section as well
as to calculate the DiFFs, we adopt the following kin-
ematical variables:

x ¼ kþ

Pþ ; y ¼ P · q
P · l

; z ¼ P−
h

k−
¼ z1 þ z2;

zi ¼
P−
i

k−
; Q2 ¼ −q2; s ¼ ðPþ lÞ2;

Ph ¼ P1 þ P2; R ¼ R1 − R2

2
; M2

h ¼ P2
h: ð1Þ

Here, we introduce the four-vector on the frame of the
light-cone coordinates as aμ ¼ ðaþ; a−; a⃗TÞ, where a� ¼
a0�a3ffiffi

2
p and a⃗T is the transverse component of the vector. The

light-cone part of the target momentum captured by the
initial quark is represented by x, zi, and the fragmenting
quark is used to represent the light radiation π of the
hadron. The part of the light cone of the e fragmenting
quark momentum carried by the last pair of hadrons is
represented by z. In addition, hadron pairs, the invariant
mass, the total momentum, and the relative momentum
between them are defined as Mh, Ph, and R, respectively.
According to the P⃗hT ¼ 0, we can make sure the selection
of the ẑ axis. Hence the momenta Pμ

h, kμ, and Rμ can be
written as Ref. [22],

Pμ
h ¼

�
P−
h ;

M2
h

2P−
h
; 0⃗T

�
; ð2Þ

FIG. 1. Angle definitions involved in the measurement of the
single longitudinal spin asymmetry in SIDIS production of two
hadrons.
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kμ ¼
�
P−
h

z
;
zðk2 þ k⃗2TÞ

2P−
h

; k⃗T

�
; ð3Þ

Rμ ¼
�
−
jR⃗jP−

h

Mh
cos θ;

jR⃗jMh

2P−
h

cos θ;

jR⃗j sin θ cosϕR; jR⃗j sin θ sinϕR

�
;

¼
�
−
jR⃗jP−

h

Mh
cos θ;

jR⃗jMh

2P−
h

cos θ; R⃗x
T; R⃗

y
T

�
; ð4Þ

where

jR⃗j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

h

4
−m2

π

r
; ð5Þ

here mπ is the mass of meson and ϕR is the angle between
the lepton plane and the dihadron plane. It is desired to
notice that in order to perform partial-wave expansion, we
have reformulated the kinematics in the center of mass
frame of the dihadron system. θ is the center of mass polar
angle of the pair with respect to the direction of Ph in the
target rest frame [34]. There are several useful expression of
the scalar products as follows [34]:

Ph · k ¼ M2
h

2z
þ z

k2 þ k⃗2T
2

; ð6Þ

Ph · R ¼ 0; ð7Þ

R · k ¼
�
Mh

2z
− z

k2 þ k⃗2T
2Mh

�
jR⃗j cos θ − k⃗T · R⃗T: ð8Þ

The differential cross section for the SIDIS process with
unpolarized muons off a longitudinally polarized nucleon
target can be expressed using the TMD factorization
approach, denoting AðyÞ ¼ 1 − yþ y2

2
as shown in Ref. [7],

d9σUU

dxdydzdϕSdϕhdϕRd cos θdP⃗
2
h⊥dM2

h

¼ α2

2πsxy2
AðyÞ

X
q

e2qL½fq1D1;OO�; ð9Þ

and

d9σUL

dxdydzdϕsdϕhdϕRd cos θdP⃗
2
h⊥dM2

h

¼ α2

2πsxy2
AðyÞ

X
q

e2q

�
sin θ sinð2ϕhÞ

× L
�
2ðp⃗TP̂h⊥Þðk⃗TP̂h⊥Þ − p⃗T k⃗T

MMh

�
h⊥1LH⊥

UL

�
: ð10Þ

The azimuthal angles ϕR and ϕS represent the angles of
R⃗T and S⃗T with respect to the lepton scattering plane.
The angle P̂h⊥ is determined by the relationship
P̂h⊥ ¼ P⃗h⊥=jP⃗h⊥j. To simplify the labels U and L are
used to denote the unpolarized or longitudinally polarized
states of the beam or target. The structure functions in
Eq. (9) are expressed as weighted convolutions,

L½f� ¼
Z

d2p⃗Td2k⃗Tδ

�
p⃗T − k⃗T −

P⃗k⊥
z

�
½f�: ð11Þ

In Eq. (9), f1q and D1;OO represent the unpolarized PDF
and unpolarized DiFF with flavor q, respectively.
Equation (12) introduces h⊥1L as a twist-2 distribution
function associated with the T-odd DiFFs h⊥1L. Both
DiFFs play a role in the sinð2ϕhÞ azimuthal asymmetry
in SIDIS. The expression of the sinð2ϕhÞ asymmetry is as
follows:

Asinð2ϕhÞ
UL ¼

�Z
dxdydz2MhdMhdcosθd2P̂h⊥d2k⃗Td2p⃗T

�
kTpTπ

4

�
·δ

�
pT−kT−

Ph⊥
z

��
2ðp⃗TP̂h⊥Þðk⃗TP̂h⊥Þ− p⃗T k⃗T

MMh

�

×ð4h⊥u
1L −h⊥d

1L ÞH⊥
UL

�	�Z
dxdydz2MhdMhdcosθd2P̂h⊥d2p⃗Td2k⃗Tδ

�
pT−kT −

Ph⊥
z

�
ð4fu1ðp2

TÞþfd1ðp2
TÞÞD1;oo

�
:

ð12Þ
III. THE MODEL CALCULATION OF H⊥

1;UL

The TMD DiFFs D1 and H⊥
1 which will appear in the underlying asymmetry are extracted from the quark-quark

correlator Δðk;Ph;RÞ [8],

Δðk; Ph; RÞ ¼
XZ

X

d4ξ
ð2πÞ4 e

ik·ξh0jψðξÞjPh; R;XihX;Ph; Rjψ̄ð0Þj0ijξ−¼ξ⃗T¼0
;

¼ 1

16π

�
D1=nþ þH⊥

1

σμνk
μ
Tn

νþ
Mh

�
: ð13Þ
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Similarly, we need to express the quark quark correlation
function formula for the leading order distortion in the
center-of-mass frame, and the relationship between the two
correlation functions is as follows:

Δðz; k2T; cos θ;M2
h;ϕRÞ ¼

jR⃗j
16zMh

Z
dkþΔðk; Ph; RÞ: ð14Þ

By projecting out the usual Dirac structures, we obtain
the following decomposition results,

4πTr½Δðz; kT; RÞiσα−γ5� ¼
εαβT kβT
Mh

H⊥
1 ; ð15Þ

where γα− is the negative light-cone Dirac matrix.
The TMD DiFFs D1,H⊥

1 can be expanded in the relative
partial waves of the dihadron system up to the p-wave
level [34]:

D1ðz; k2T; cos θ;M2
hÞ ¼ D1;OOðz;M2

hÞ þD1;OLðz;M2
hÞ cos θ þD1;LLðz;M2

hÞ
1

4
ð3cos2θ − 1Þ

þ cosðϕk − ϕRÞ sin θðD1;OT þD1;LT cos θÞ þ cosð2ϕk − 2ϕRÞsin2θD1;TT ð16Þ

H⊥
1 ðz;k2T;cosθ;M2

hÞ¼H⊥
1;OOðz;M2

hÞþH⊥
1;ULðz;M2

hÞcosθ

þH⊥
1;LLðz;M2

hÞ
1

4
ð3cos2θ−1Þ:

ð17Þ

However, we only expand to the p-wave level. here
H⊥

1;OO originates from the interference of two s paves, and
H⊥

1;UL originates from the interference of two p waves with
the different transverse polarizations. ϕk is the azimuthal
angle of quark transverse momentum k⃗T with respect to the
lepton scattering plane.
In this work, the above mentioned part of H1;LL does not

contribute to the calculation of sinð2ϕhÞ, so we only need to
calculate the dihidron fragmentation function H⊥

1;UL under
the spectator model, here for the sake of simplicity, we will
no longer consider the terms related to cos θ in the DiFFs
expansion, so we will concentrate on calculating D1;OO,
H⊥

1;UL. Then we can get something similar function from
the Ref. [22],

Δqðk; Ph; RÞ ¼
1

ð2πÞ4
ðkþmÞ

ðk2 −m2Þ2


Fs�e

−k2

Λ2s þ Fp�e
− k2

Λ2p=R
�

× ð=k − =Ph þMsÞ


Fse

−k2

Λ2s þ Fpe
− k2

Λ2
P=R

�

× ð=kþmÞ · 2πδððk − PhÞ2 −M2
sÞ: ð18Þ

Here m and Ms represent the masses of the fragmented
quark and the spectator quark, as denoted by the open circle
in Fig. 2. F�,Fp are the vertices refer to the s-wave
contribution and p-wave contribution [22], and as the
following forms:

Fs ¼ fs;

Fp ¼ fρ
M2

h −M2
ρ − iΓρMρ

ðM2
h −M2

ρÞ2 þ Γ2
ρM2

ρ
þ fω

M2
h −M2

ω − iΓωMω

ðM2
h −M2

ωÞ2 þ Γ2
ωM2

ω

− if0ω

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðM2

ω;M2
h; m

2
πÞ

p
ΘðMω −mπ −MhÞ

4πΓM2
ω½4M2

ωm2
π þ λðM2

ω;M2
h; m

2
πÞ�14

; ð19Þ

here, λðM2
ω; M2

h; m
2
πÞ ¼ ðM2

ω − ðMh þ mπÞ2Þ
ðM2

ω − ðMh − mπÞ2Þ, and Θ denotes the unit step
function. The first two terms of Fp can be identified with
the contributions of the ρ and the ω resonances decaying
into two pions. Themasses andwidths of the two resonances
are adopted from the Particle Date Group [35]:
Mρ ¼ 0.776 GeV, Γρ ¼ 0.150 GeV, Mω ¼ 0.783 GeV.
Putting Eq. (18) into Eq. (14), in this section, we need to

calculate H⊥
1;UL with one-loop correction. Then according

to Feynman rules, we can write the one-loop contribution of
the correlation function in Fig. 1 as

FIG. 2. One-loop order corrections to the fragmentation func-
tion of a quark into a meson pair in the spectator model. Where
H.c. represents the Hermitian conjugations of these diagrams.
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Δq
aðz; k2T; cos θ;M2

h;ϕRÞ ¼
CFαs

32π2ð1 − zÞP−
h

·
jR⃗j
Mh

·
ð=kþmÞ

ðk2 −m2Þ3


Fs�e

−k2

Λ2
8 þ Fp�e

− k2

Λ2p=R
�
ð=k − =Ph þMsÞ

×


Fse

−k2

Λ2s þ Fpe
− k2

Λ2p=R
�
ð=kþmÞ

Z
d4l
ð2πÞ4

γμð=k − =lþmÞγμð=kþmÞ
ððk − lÞ2 −m2 þ iεÞðε2 þ iεÞ ; ð20Þ

Δq
bðz; k2T; cos θ;M2

h;ϕRÞ ¼
CFαs

32π2ð1 − zÞP−
h

jR⃗j
Mh

ð=kþmÞ
ðk2 −m2Þ2



Fs�e

−k2

Λ2s þ Fp�e
− k2

Λ2p=R
�
ð=k − =Ph þMsÞ

Z
d4l
ð2πÞ4

γμð=k − =Pk − =lþMsÞðFse
−k2

Λ2s þ Fpe
− k2

Λ2p=RÞð=k − =lþmÞγμð=kþmÞ
ðk − Pk − lÞ2 −M2

s þ iεÞððk − lÞ2 −m2 þ iεÞðl2 þ iεÞ ; ð21Þ

Δq
cðz; k2T; cos θ;M2

h;ϕRÞ ¼ i
CFαs

32π2ð1 − zÞP−
h

·
jR⃗j
Mh

·
ð=kþmÞ

ðk2 −m2Þ2


Fs�e

−k2

Λ2s þ Fp�e
− k2

Λ2p=R
�
ð=k − =Ph þMsÞ

×


Fse

−k2

Λ2s þ Fpe
− k2

Λ2p=R
�Z

d4l
ð2πÞ4

ð=kþmÞγ−ð=k − =lþmÞ
ððk − lÞ2 −m2 þ iεÞð−l− � iεÞðl2 þ iεÞ ; ð22Þ

Δq
dðz; k2T; cos θ;M2

h;ϕRÞ ¼ i
CFαs

32π2ð1 − zÞP−
h

·
jR⃗j
Mh

·
ð=kþmÞ
k2 −m2



Fs�e

−k2

Λ2s þ Fp�e
− k2

Λ2p=R
�
ð=k − =Ph þmsÞ

Z
d4l
ð2πÞ4

γ−ð=k − =Ph − =lþmsÞ




Fse
−k2

Λ2s þ Fpe
− k2

Λ2p=R
��

ð=k − =lþmÞ
ðk − Ph − lÞ2 −M2

s þ iεÞððk − lÞ2 −m2 þ iεÞð−l− � iεÞðl2 þ iεÞ ; ð23Þ

in the above four formulas, the Feynman rules for the optical path propagator 1=ð−l− � iξÞ, as well as the optical path lines
and gluon vertices, are used. In the above formula, the Gaussian form factor should depend on the circle momentum l. In
order to simplify the integral, we follow the choices in Ref. [36]: discarding the l dependence and only assuming that these
Gaussian factors have a k2 dependence, which can give a reasonable final result, similar to the method from Refs. [37–39].
In general, there are two sources of H⊥

1;UL for each graph, one is the real part of the circle integral with jFpj2 imaginary
part is combined, and the imaginary part of the loop integral is combined with jFpj2 real parts are combined, the loop
integral real parts are obtained by Feynman parameterization, and the imaginary parts are subject to Cutkosky cutting rule:

1

l2 þ iε
→ −2πiδðl2Þ; 1

ðk − lÞ2 þ iε
→ −2πiδððk − lÞ2Þ: ð24Þ

Using the above convention, the final result of H⊥
1;UL is obtained:

H⊥a
1;UL ¼ −

1jR⃗j
4π3ð1 − zÞP−

h

· jFpj2e−
2k2

Λ2p ðm2 − k2Þð2mR−k · Rþ R2ml− þ R2mP−
h − l−msÞ; ð25Þ

H⊥b
1;UL ¼ jR⃗j

32π3ð1 − zÞP−
h

· jFpj2e−
2k2

Λ2pCb þ
1

16π3
CFαsMhMsjR⃗j

ð1 − zÞ · jFpj2e−
2k2

Λ2p
k2

ðk2 −m2Þ2
· C2ðk2;M2

h; 2k
2 þ 2M2

h −M2
s ; 0; 0;MsÞ; ð26Þ

H⊥c
1;UL ¼ 0; ð27Þ

H⊥d
1;UL ¼ jR⃗j

4π3ð1 − zÞP−
h

· jFpj2e−
2k2

Λ2pCd; ð28Þ

with
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Cb ¼ 32ðm −msÞðAk− − BP−
h Þðk · RÞ2

þ R22ðk · Phðm −msÞðAk− þ BP−
h Þ þ P−

hmsðm2 − k2Þ þ I2P−
h ðms −mÞðk2 −m2Þ

þ 8mmsA2ðk · RðAk− þ BP−
h þ P−

h ÞðAk− þ BP−
h Þ þ I2R−ðm −msÞðk2 −m2Þ −mR−k2 þm3R−Þ

− 2AI2R−k · Rðm −msÞðk2 −m2Þ þ 2mk · Ph −mk2 þm3ÞÞ; ð29Þ

Cd ¼ −mP−
hR

2ðAk− þ BP−
h Þ − 2iAmR−k · RðAk− þ BP−

h Þ
þ 2imR−k · RðAk− þ BP−

h Þ þ 2iAR−msk · RðAk− þ BP−
h Þ þ iP−

hR
2msðAk− þ BP−

h Þ
þ 2iAk−mR−k · R − 2iAk−R−ms − iI2mðR−Þ2ðk2 −m2Þ þ iI2ðk2 −m2Þ; ð30Þ

where C2 is a three-point sing-loop tensor integral, which is defined as

C2ðp2
1; p

2
2; p

2
3;m

2
1; m

2
2; m

2
3Þ ¼ ð−2p2

1B0ðp2
1; m

2
1; m

2
2Þ þ ðp2

1 þ p2
2 − p2

3Þ
× B0ðp2

2; m
2
2; m

2
3Þ þ ðp2

1 − p2
2 þ p2

3ÞB0ðp2
3; m

2
1; m

2
3Þ

þ ½m2
1ðp2

1 þ p2
2 − p2

3Þ þm2
2ðp2

1 − p2
2 þ p2

3Þ
þ p2

1ð−2m2
3 − p2

1 þ p2
2 þ p2

3Þ�C0ðp2
1; p

2
2; p

2
3;m

2
1; m

2
2; m

2
3Þ; ð31Þ

here B0 is a two-point one-loop tensor integral, defined as

B0ðp2
1;m

2
1; m

2
2Þ ¼

1

iπ2

Z
d4l

1

ðl2 −m2
1 þ iεÞððlþ q1Þ2 −m2

2 þ iεÞ ; ð32Þ

in addition, the three-point one-loop tensor point C0 is defined as

C0ðp2
1; p

2
2; p

2
3;m

2
1; m

2
2; m

2
3Þ ¼

1

iπ2

Z
d4l

1

ðl2 −m2
1 þ iεÞ

1

ððlþ q1Þ2 −m2
2 þ iεÞ ·

1

ððlþ q2Þ2 −m2
3 þ iεÞ ; ð33Þ

where qn ≡P
n
i¼1 pi and q0 ¼ 0. The coefficients A and B denote the following functions:

A ¼ I1
λðk;Mh;MsÞ

�
2k2ðk2 −M2

s −M2
hÞ
I2
π
þ ðk2 þM2

h −M2
sÞ
�
; ð34Þ

B ¼ −
2k2

λðk;M2
h;M

2
sÞ
I1

�
1þ k2 þM2

s −M2
h

π
I2

�
; ð35Þ

which originate from the decomposition of the following integral Ref. [40],

Z
d4l

ρμδðl2Þδ½ðk − lÞ2 −m2�
ðk − Ph − lÞ2 −M2

s
¼ Akμ þ BPμ

h: ð36Þ

The functions Ii represent the results of the following integrals:

I1 ¼
Z

d4lδðl2Þδ½ðk − lÞ2 −m2� ¼ π

2k2
ðk2 −m2Þ; ð37Þ

I2 ¼
Z

d4l
δðl2Þδ½ðk − lÞ2 −m2�
ðk − l − PhÞ2 −M2

s

¼ π

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðk;Mh;MsÞ

p ln

�
1 −

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðk;Mh;MsÞ

p
k2 −M2

h þM2
s þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðk;Mh;MsÞ

p
�
: ð38Þ
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IV. NUMERICAL RESULTS

In the frame of spectator model, we choose the values for
the parameters αs;p, βs;p, γs;p, m, ms from Ref. [22], where
the model parameters were tuned to the output of PYTHIA

event generator adopted for HERMES [41]:

αs ¼ 2.60 GeV βs ¼ −0.751 γs ¼ −0.193; ð39Þ

αp ¼ 7.07 GeV βp ¼ −0.038 γp ¼ −0.085; ð40Þ

fs ¼ 1197 GeV−1 fρ ¼ 93.5 fω ¼ 0.63; ð41Þ

f0ω ¼ 75.2 Ms ¼ 2.97 Mh m ¼ 0.0 GeV: ð42Þ

Following the convention in Ref. [22], we set the quark
mass m to 0 GeV. Additionally, we approximate the strong
coupling constant αs ≈ 0.3.
The ratio between H⊥

1;UL and D1;OO is analyzed as a
function of z or Mh, integrated over the region 0.3 GeV <
Mh < 1.6 GeV or 0.2 < z < 0.9 in the left and right panels
of Fig. 3, respectively. When compared to the unpolarized

DiFF D1;OO Ref. [22]. The left image shows a peak around
z ¼ 0.5 GeV, while the right image shows a minimum
around Mh ¼ 0.5 GeV and maximum values around
Mh ¼ 1.3 GeV, with a magnitude of approximately
10−2. The trend displays an initial decrease followed by
an increase.
The numerical results of the azimuth asymmetry of

sinð2ϕhÞ in the SIDIS process generated by dihadron are
given below, with a nonpolarized μ and a longitudinally
polarized nucleon target scattering. According to the
isospin symmetry, the fragmentation correlation function
is found to be important for the processes μ → πþπ−X,
d̄ → πþπ−X, d → π−πþX, and ū → π−πþX are the same.
So by transforming the sign of R⃗, or by doing the θ →
π − θ and φ → φþ π transformations equivalently, the
linearly dependent dihadron fragmentation function from
the d → π−πþX and μ̄ → π−πþX processes H⊥

1;UL has an
additional minus sign relative to the one from the μ̄ →
πþπ−X process, sinð2ϕhÞ asymmetry can be adopted as
follows:

Asinð2ϕhÞ
UL ðxÞ ¼

�Z
dydz2MhdMhd cos θd2P̂h⊥d2k⃗Td2p⃗T

�
kTpTπ

4

�
· δ

�
pT − kT −

Ph⊥
z

��
2ðp⃗TP̂h⊥Þðk⃗TP̂h⊥Þ − p⃗T k⃗T

MMh

�

× ð4h⊥u
1L − h⊥d

1L ÞH⊥
UL

�	�Z
dydz2MhdMhd cos θd2P̂h⊥d2p⃗Td2k⃗T · δ

�
pT − kT −

Ph⊥
z

�

× ð4fu1ðp2
TÞ þ fd1ðp2

TÞÞD1;oo

�
; ð43Þ

Asinð2ϕhÞ
UL ðzÞ ¼

�Z
dxdy2MhdMhd cos θd2P̂h⊥d2k⃗Td2p⃗T

�
kTpTπ

4

�
· δ
�
pT − kT −

Ph⊥
z

��
2ðp⃗TP̂h⊥Þðk⃗TP̂h⊥Þ − p⃗T k⃗T

MMh

�

× ð4h⊥u
1L − h⊥d

1L ÞH⊥
UL

�	�Z
dxdy2MhdMhd cos θd2P̂h⊥d2p⃗Td2k⃗T · δ

�
pT − kT −

Ph⊥
z

�

× ð4fu1ðp2
TÞ þ fd1ðp2

TÞÞD1;oo

�
; ð44Þ

FIG. 3. TheDiFFH⊥
1;UL as functions ofz (left panel) andMh (right panel) in the spectatormodel, normalized by theunpolarizedDiFFD1;OO.
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Asinð2ϕhÞ
UL ðMhÞ ¼

�Z
dxdydz2Mhd cos θd2P̂h⊥d2k⃗Td2p⃗T

�
kTpTπ

4

�
· δ
�
pT − kT −

Ph⊥
z

��
2ðp⃗TP̂h⊥Þðk⃗TP̂h⊥Þ − p⃗T k⃗T

MMh

�

× ð4h⊥u
1L − h⊥d

1L ÞH⊥
UL

�	�Z
dxdydz2Mhd cos θd2P̂h⊥d2p⃗Td2k⃗T · δ

�
pT − kT −

Ph⊥
z

�

× ð4fu1ðp2
TÞ þ fd1ðp2

TÞÞD1;oo

�
; ð45Þ

where the TMD DiFF D1;OO has been worked out and listed as Ref. [33],

D1;OOðz; k⃗2T;MhÞ ¼
4πjR⃗j

256π3Mhzð1 − zÞðk2 −m2Þ2
�
4jFsj2e−

2k2

Λ2s ðzk2 −M2
h −m2zþm2 þ 2mMs þMsÞ

− 4jFpj2e−
2k2

Λ2p jR⃗j2ð−zk2 þM2
h þm2ðz − 1Þ þ 2mMs −M2

sÞ þ
4

3
jFpj2e−

2k2

Λ2
P jR⃗j2

�
4

�
Mh

2z
− z

k2 þ k⃗2T
2Mh

�

þ 2z
k2 −m2

Mh

�
Mh

2z
− z

k2 þ k⃗2T
2Mh

���
: ð46Þ

As for the twist-2 PDFs f1 and h1L, we adopt the same spectator model results [42] for uniformity. To perform numerical
calculation for the sinð2ϕhÞ asymmetry in dihadron SIDIS at the COMPASS kinematics, we adopt the following
kinematical cuts [43]:

FIG. 4. The sinð2ϕhÞ azimuthal asymmetry in the SIDIS process of unpolarized muons off longitudinally polarized nucleon target as a
functions of x (a), z (b), andMh (c) at COMPASS. The full circles with error bars show the preliminary COMPASS data for comparison.
The dashed curves denote the model prediction.
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ffiffiffi
s

p ¼ 17.4 GeV 0.003 < x < 0.4;

0.1 < y < 0.9 0.2 < z < 0.9 Q2 > 1 GeV2;

W > 5 GeV 0.3 GeV < Mh < 1.6 GeV; ð47Þ

where W is the invariant mass of photon-nucleon system
with W2 ¼ ðPþ qÞ2 ≈ 1−x

x Q2, our main results are plot in
Fig. 4, showing the predictions for the sinð2ϕhÞ azimuthal
asymmetry in the SIDIS process with unpolarized muons
off longitudinally polarized nucleon target, as shown in
Fig. 1. The x-, z-, and Mh-dependent asymmetries are
depicted in Figs. 4(a)–4(c). The model predictions are
represented by solid lines, while the preliminary
COMPASS data is shown with full circles and error bars
for comparison. The measured asymmetry values are
comparable in magnitude to the test results, and the
distributions of x and z appear relatively flat, warranting
further consideration. Specifically focusing on the asym-
metry distribution with respect to Mh, Fig. 4(c) illustrates
theoretical calculations aligning closely with experimental
trends, featuring peaks around Mh ¼ 0.38 and Mh ¼ 0.75
before approaching 0.35. It is important to note that the

model results do not take into account QCD evolution
effects, therefore only providing a rough prediction of the
COMPASS preliminary data. Later works that incorporate
QCD evolution are likely to yield more reliable predictions.
In addition, we also predict the sinð2ϕhÞ asymmetry in

the double longitudinally polarized SIDIS at the future EIC.
Such a facility would be ideal for studying this observable,
as shown in Fig. 5. We will use the EIC kinematical cuts
outlined in Ref. [44]:ffiffiffi

s
p ¼45.0GeV 0.003<x<0.4 0.1<y<0.9;

0.2<z<0.9 Q2>1GeV2 W>5GeV;

0.3GeV<Mh<1.6GeV: ð48Þ

V. CONCLUSION

In this study, we examined the single spin asymmetry
involving a sinð2ϕhÞ modulation in dihadron production
within the framework of SIDIS. Utilizing the spectator
model outcome for D1;OO, we calculated the T-odd DiFF
H⊥

1;UL by analyzing both the real and imaginary loop

FIG. 5. The sinð2ϕhÞ azimuthal asymmetry in the SIDIS process of unpolarized muons off longitudinally polarized nucleon target as a
functions of x (a), z (b), and Mh (c) at the EIC ð ffiffiffi

s
p ¼ 45 GeVÞ. The dashed curves denote the model prediction.
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contributions. Utilizing the partial wave expansion, it was
determined that H⊥

1;UL arises from the interference of s and
p waves. Through the analysis of numerical results from
DiFFs and PDFs, we offer a prediction for the sinð2ϕhÞ
asymmetry and compare it with measurements from
COMPASS. Our result yields a good description of the
vanished COMPASS data. At the HERMES and EIC
kinematics we also obtain a very small asymmetry.

ACKNOWLEDGMENTS

This work is partly supported by the National Natural
Science Foundation of China under Grants No. 12205002,
partly supported by the Natural Science Foundation
of Anhui Province (Grants No. 2108085MA20,
No. 2208085MA10), and partly supported by the key
Research Foundation of Education Ministry of Anhui
Province of China (Grant No. KJ2021A0061).

[1] K. Konishi, A. Ukawa, and G. Veneziano, Nucl. Phys.
B157, 45 (1979).

[2] I. Vendramin, Nuovo Cimento A 66, 339 (1981).
[3] F. A. Ceccopieri, M. Radici, and A. Bacchetta, Phys. Lett. B

650, 81 (2007).
[4] J. C. Collins and G. A. Ladinsky, arXiv:hep-ph/9411444.
[5] R. L. Jaffe, X. Jin, and J. Tang, Phys. Rev. Lett. 80, 1166

(1998).
[6] A. Bianconi, S. Boffi, R. Jakob, and M. Radici, Phys. Rev. D

62, 034008 (2000).
[7] M. Radici, R. Jakob, and A. Bianconi, Phys. Rev. D 65,

074031 (2002).
[8] A. Bacchetta and M. Radici, Phys. Rev. D 69, 074026

(2004).
[9] S. Gliske, A. Bacchetta, and M. Radici, Phys. Rev. D 90,

114027 (2014); 91, 019902(E) (2015).
[10] J. C. Collins, Nucl. Phys. B396, 161 (1993).
[11] M. Anselmino, M. Boglione, U. D’Alesio, A. Kotzinian, F.

Murgia, A. Prokudin, and S. Melis, Nucl. Phys. B, Proc.
Suppl. 191, 98 (2009).

[12] D. Pitonyak, C. Cocuzza, A. Metz, A. Prokudin, and N.
Sato, Phys. Rev. Lett. 132, 011902 (2024).

[13] C. Cocuzza, A. Metz, D. Pitonyak, A. Prokudin, N. Sato,
and R. Seidl, Phys. Rev. Lett. 132, 091901 (2024).

[14] C. Cocuzza, A. Metz, D. Pitonyak, A. Prokudin, N. Sato,
and R. Seidl (Jefferson Lab Angular Momentum (JAM)
Collaboration), Phys. Rev. D 109, 034024 (2024).

[15] A. Courtoy, A. Bacchetta, M. Radici, and A. Bianconi,
Phys. Rev. D 85, 114023 (2012).

[16] A. Bacchetta, A. Courtoy, and M. Radici, Phys. Rev. Lett.
107, 012001 (2011).

[17] A. Bacchetta, A. Courtoy, and M. Radici, J. High Energy
Phys. 03 (2013) 119.

[18] M. Radici, A. Courtoy, A. Bacchetta, and M. Guagnelli,
J. High Energy Phys. 05 (2015) 123.

[19] M. Radici, A. M. Ricci, A. Bacchetta, and A. Mukherjee,
Phys. Rev. D 94, 034012 (2016).

[20] M. Radici and A. Bacchetta, Phys. Rev. Lett. 120, 192001
(2018).

[21] A. Bianconi, S. Boffi, R. Jakob, and M. Radici, Phys. Rev. D
62, 034009 (2000).

[22] A. Bacchetta and M. Radici, Phys. Rev. D 74, 114007
(2006).

[23] A. Bacchetta, F. A. Ceccopieri, A. Mukherjee, and M.
Radici, Phys. Rev. D 79, 034029 (2009).

[24] W. Yang, X. Wang, Y. Yang, and Z. Lu, Phys. Rev. D 99,
054003 (2019).

[25] H. H. Matevosyan, A. Kotzinian, and A.W. Thomas, Phys.
Lett. B 731, 208 (2014).

[26] H. H. Matevosyan, A. W. Thomas, and W. Bentz, Phys. Rev.
D 88, 094022 (2013).

[27] H. H. Matevosyan, A. Kotzinian, and A.W. Thomas, Phys.
Rev. D 96, 074010 (2017).

[28] H. H. Matevosyan, A. Kotzinian, and A.W. Thomas, Phys.
Rev. D 97, 014019 (2018).

[29] HERMESCollaboration, J.HighEnergyPhys. 06 (2008) 017.
[30] C. Adolph et al. (COMPASS Collaboration), Phys. Lett. B

713, 10 (2012).
[31] C. Adolph et al. (COMPASS Collaboration), Phys. Lett. B

736, 124 (2014).
[32] S. Sirtl, in 22nd International Symposium on Spin Physics

(2017), arXiv:1702.07317.
[33] X. Luo, H. Sun, J. Li, Y.-L. Xie, and Tichouk, Phys. Rev. D

100, 094036 (2019).
[34] A. Bacchetta and M. Radici, Phys. Rev. D 67, 094002

(2003).
[35] B. Fields and S. Sarkar, Phys. Lett. B 592, 1 (2004).
[36] G. Marcel et al., Astron. Astrophys. 659, A194 (2022).
[37] A. Bacchetta, R. Kundu, A. Metz, and P. J. Mulders, Phys.

Rev. D 65, 094021 (2002).
[38] A. Bacchetta, A. Metz, and J.-J. Yang, Phys. Lett. B 574,

225 (2003).
[39] D. Amrath, A. Bacchetta, and A. Metz, Phys. Rev. D 71,

114018 (2005).
[40] Z. Lu and I. Schmidt, Phys. Lett. B 747, 357 (2015).
[41] T. Sjostrand, P. Eden, C. Friberg, L. Lonnblad, G. Miu, S.

Mrenna, and E. Norrbin, Comput. Phys. Commun. 135, 238
(2001).

[42] A. Bacchetta, F. Conti, and M. Radici, Phys. Rev. D 78,
074010 (2008).

[43] S. Sirtl, arXiv:1702.07317.
[44] A. Accardi et al., Eur. Phys. J. A 52, 268 (2016).

YANG, YU, ZHOU, LI, SONG, and LUO PHYS. REV. D 109, 114038 (2024)

114038-10

https://doi.org/10.1016/0550-3213(79)90053-1
https://doi.org/10.1016/0550-3213(79)90053-1
https://doi.org/10.1007/BF02731692
https://doi.org/10.1016/j.physletb.2007.04.065
https://doi.org/10.1016/j.physletb.2007.04.065
https://arXiv.org/abs/hep-ph/9411444
https://doi.org/10.1103/PhysRevLett.80.1166
https://doi.org/10.1103/PhysRevLett.80.1166
https://doi.org/10.1103/PhysRevD.62.034008
https://doi.org/10.1103/PhysRevD.62.034008
https://doi.org/10.1103/PhysRevD.65.074031
https://doi.org/10.1103/PhysRevD.65.074031
https://doi.org/10.1103/PhysRevD.69.074026
https://doi.org/10.1103/PhysRevD.69.074026
https://doi.org/10.1103/PhysRevD.90.114027
https://doi.org/10.1103/PhysRevD.90.114027
https://doi.org/10.1103/PhysRevD.91.019902
https://doi.org/10.1016/0550-3213(93)90262-N
https://doi.org/10.1016/j.nuclphysbps.2009.03.117
https://doi.org/10.1016/j.nuclphysbps.2009.03.117
https://doi.org/10.1103/PhysRevLett.132.011902
https://doi.org/10.1103/PhysRevLett.132.091901
https://doi.org/10.1103/PhysRevD.109.034024
https://doi.org/10.1103/PhysRevD.85.114023
https://doi.org/10.1103/PhysRevLett.107.012001
https://doi.org/10.1103/PhysRevLett.107.012001
https://doi.org/10.1007/JHEP03(2013)119
https://doi.org/10.1007/JHEP03(2013)119
https://doi.org/10.1007/JHEP05(2015)123
https://doi.org/10.1103/PhysRevD.94.034012
https://doi.org/10.1103/PhysRevLett.120.192001
https://doi.org/10.1103/PhysRevLett.120.192001
https://doi.org/10.1103/PhysRevD.62.034009
https://doi.org/10.1103/PhysRevD.62.034009
https://doi.org/10.1103/PhysRevD.74.114007
https://doi.org/10.1103/PhysRevD.74.114007
https://doi.org/10.1103/PhysRevD.79.034029
https://doi.org/10.1103/PhysRevD.99.054003
https://doi.org/10.1103/PhysRevD.99.054003
https://doi.org/10.1016/j.physletb.2014.02.040
https://doi.org/10.1016/j.physletb.2014.02.040
https://doi.org/10.1103/PhysRevD.88.094022
https://doi.org/10.1103/PhysRevD.88.094022
https://doi.org/10.1103/PhysRevD.96.074010
https://doi.org/10.1103/PhysRevD.96.074010
https://doi.org/10.1103/PhysRevD.97.014019
https://doi.org/10.1103/PhysRevD.97.014019
https://doi.org/10.1088/1126-6708/2008/06/017
https://doi.org/10.1016/j.physletb.2012.05.015
https://doi.org/10.1016/j.physletb.2012.05.015
https://doi.org/10.1016/j.physletb.2014.06.080
https://doi.org/10.1016/j.physletb.2014.06.080
https://arXiv.org/abs/1702.07317
https://doi.org/10.1103/PhysRevD.100.094036
https://doi.org/10.1103/PhysRevD.100.094036
https://doi.org/10.1103/PhysRevD.67.094002
https://doi.org/10.1103/PhysRevD.67.094002
https://doi.org/10.1016/j.physletb.2004.06.001
https://doi.org/10.1051/0004-6361/202141375
https://doi.org/10.1103/PhysRevD.65.094021
https://doi.org/10.1103/PhysRevD.65.094021
https://doi.org/10.1016/j.physletb.2003.09.005
https://doi.org/10.1016/j.physletb.2003.09.005
https://doi.org/10.1103/PhysRevD.71.114018
https://doi.org/10.1103/PhysRevD.71.114018
https://doi.org/10.1016/j.physletb.2015.06.011
https://doi.org/10.1016/S0010-4655(00)00236-8
https://doi.org/10.1016/S0010-4655(00)00236-8
https://doi.org/10.1103/PhysRevD.78.074010
https://doi.org/10.1103/PhysRevD.78.074010
https://arXiv.org/abs/1702.07317
https://doi.org/10.1140/epja/i2016-16268-9

