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Semi-inclusive deep inelastic scattering (SIDIS) has been used extensively in recent years as an
important testing ground for QCD. Studies so far have concentrated on better determination of
parton distribution functions, distinguishing between the quark and antiquark contributions, and
understanding the fragmentation of quarks into hadrons. Hadron pair (di-hadron) SIDIS pro-
vides information on the nucleon structure and hadronization dynamics that complement single-
hadron SIDIS. Di-hadrons allow the study of low- and high-twist distribution functions and Di-
hadron Fragmentation Functions (DiFF). Together with the twist-2 PDFs ( f1, g1, h1), the Higher
Twist (HT) e and hL functions are very interesting because they offer insights into the physics
of the largely unexplored quark-gluon correlations, which provide access into the dynamics in-
side hadrons. The CLAS spectrometer, installed in Hall-B at Jefferson Lab, has collected data
using the CEBAF 6 GeV longitudinally polarized electron beam on longitudinally polarized solid
NH3 targets. Preliminary results on di-hadron beam-, target- and double-spin asymmetries will
be presented.
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1. Introduction

Describing the complex nucleon structure in terms of the partonic degrees of freedom of QCD
is one of the main goals of subatomic physics research. Our knowledge on the parton distribu-
tion functions (PDFs) and fragmentation functions (FFs), which connect the partonic dynamics to
the observed hadrons, has been improved in recent years. Many experiments worldwide are cur-
rently trying to pin down various effects related to the nucleon structure through semi-inclusive
deep-inelastic scattering (SIDIS), such as HERMES at DESY [1, 2, 3, 4], COMPASS at CERN [5]
and at Jefferson Lab [6, 7, 8, 9], with polarized proton-proton collisions as studied at PHENIX,
STAR and BRAHMS at RHIC [10, 11, 12], and electron-positron annihilation as studied at Belle
at KEK [13, 14]. PDFs provide information about the partonic structure of the hadron giving the
probability density for finding a parton (quark or gluon) with a fraction x of the hadron’s longitu-
dinal momentum.

In the collinear approximation there are three leading twist PDFs ( f1, g1 and h1) and three
twist-3 PDFs (e, hL and gT ) for different combinations of target (rows in Table 1) and quark
(columns in Table 1) polarizations that survive the integration over the transverse momentum. They
give a detailed picture of the nucleon in longitudinal momentum space. The higher twist (HT) func-
tions are of interest for several reasons. Most importantly, they offer insights into the physics of
the largely unexplored quark-gluon correlations providing access into the dynamics inside hadrons,
see, e.g., [15].

N/q U L T
U f1 e
L g1 hL

T gT h1

Table 1: Twist-2 ( f1, g1 and h1) and twist-3 (e, hL and gT ) parton distribution functions that survive the
integration over the transverse momentum. The U,L,T correspond to unpolarized, longitudinally polarized
and transversely polarized nucleons (rows) and quarks (columns).

The same PDFs enter into di-hadron production in SIDIS [16, 17, 18, 19, 20, 21, 22]. In
fact, the measurement of single-spin asymmetries with longitudinally polarized targets or beams
is sensitive, in particular, to the twist-3 chiral-odd distribution functions e and hL, in combination
with the chiral-odd interference fragmentation function H^

1 [20], making di-hadron production a
unique tool to study the higher twist effects appearing as sinφ modulations in target or beam spin
dependent azimuthal moments of the SIDIS cross section.

2. Di-hadron Fragmentation Functions

Consider a reaction

`(l)+N(P)→ `(l′)+h1(P1)+h2(P2)+X , (2.1)

where ` denotes the lepton beam, N the nucleon target, and h the produced hadrons, with the
four-vectors in parentheses. The cross section for two-particle inclusive DIS, with final hadron
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invariant mass Mh being much smaller than the hard scale Q2 =−q2 ≥ 0 (q = l− l′), can be written
in terms of modulations in the azimuthal angle φR (in the one-photon exchange approximation
and neglecting the lepton mass) [23]. The SIDIS process is defined by the kinematic variables
x = Q2/2P·q, y = P·q/P·l, z = P·Ph/P·q. The Ph = P1 +P2 and R = (P1−P2)/2 are the pair-total
and relative momenta, respectively. Following the Trento conventions [24] all relevant angles are
defined in [25].

The structure functions can be written in terms of PDFs and Di-hadron Fragmentation Func-
tions (DiFF) in the following way [20]

FUU,T = x f q
1 (x)Dq

1

(
z,cosθ ,Mh

)
, (2.2)

FcosφR
UU =−x

|RRR|sinθ

Q
1
z

f q
1 (x) D̃<)q(z,cosθ ,Mh

)
, (2.3)

FsinφR
LU =−x

|RRR|sinθ

Q

[
M
Mh

xeq(x)H<)q
1

(
z,cosθ ,Mh

)
+

1
z

f q
1 (x) G̃<)q(z,cosθ ,Mh

)]
, (2.4)

FsinφR
UL =−x

|RRR|sinθ

Q

[
M
Mh

xhq
L(x)H<)q

1

(
z,cosθ ,Mh

)
+

1
z

gq
1(x) G̃<)q(z,cosθ ,Mh

)]
, (2.5)

Fconst
LL = xgq

1(x)Dq
1

(
z,cosθ ,Mh

)
, (2.6)

FcosφR
LL =−x

|RRR|sinθ

Q
1
z

gq
1(x) D̃<)q(z,cosθ ,Mh

)
. (2.7)

where θ is the angle between the direction of P1 in the π+π− center-of-mass frame and the direction
of Ph in the photon-target rest frame. The subleading-twist fragmentation functions D̃<) and G̃<)

originate from quark-gluon correlation functions on the fragmentation side. They vanish in the
so-called Wandzura–Wilczek approximation [27].

3. Results

The data presented were taken with 6 GeV longitudinally-polarized electrons from CEBAF
at Jefferson Lab impinging on a longitudinally-polarized solid ammonia target of 0.025 radiation
lengths (NH3), immersed in liquid helium [31]. The typical beam current was 7 nA, which, when
integrated over the 6 months of data taking, resulted in approximately 50.7 f b−1 luminosity. The
beam polarization averaged 85% and the target proton polarization averaged 80%. Scattered elec-
trons were detected in the CLAS (Cebaf Large Acceptance Spectrometer) detector [28] over the
azimuthal angle range of about 18 to 48 degrees.

The kinematic range of the presented data is 4 < W 2 < 9 GeV and 1 < Q2 < 6 GeV2. In
the analyzed channel, ep→ e′π+π−X , the final state particles e′π+π− were detected. The beam-,
target- and double-spin asymmetries are calculated as following:
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ALU =
(N++−N−+)P−t +(N+−−N−−)P+

t

PB((N−++N++)P−t +(N−−+N+−)P+
t )

, (3.1)

AUL =
1

D f

−N−−+N−+−N+−+N++

(N−++N++)P−t +(N−−+N+−)P+
t
, (3.2)

ALL =
1

D f PB

N−−−N−+−N+−+N++

(N−++N++)P−t +(N−−+N+−)P+
t
, (3.3)

where NBT is the number of events for given beam and target polarization directions indicated
by the superscripts, respectively. PB, Pt and D f are the beam polarization, target polarization and
dilution factor, respectively.

All the asymmetries were extracted in four bins in z (the fraction of the virtual-photon energy
carried by the two hadrons), x and Mh (invariant mass of the two hadrons). The dependencies
on each variable are integrated over all the others. All the results shown in the next figures are
preliminary. In Fig. 1, the beam-spin asymmetries are shown. Also in Fig. 1 the present results
are compared to another CLAS experiment, but with a proton target (H2) instead of a nuclear
target (NH3). The results indicate a non-zero asymmetry in all three dependencies. The overall
agreement between the two data sets is good and the comparison also shows no evidence of nuclear
effects. The extraction of BSA gives access to the e(x) PDF, as can be seen in Eq. 2.4. Target-spin
asymmetries are shown in Fig. 2. The sinφ and sin2φ dependencies are plotted together. The sin2φ

modulation is compatible with zero within the error. The sinφ results show non-zero asymmetries
in all bins. The TSA increases as z and Mh increase but it seems to decrease as function of x.
The extraction of the TSA gives access to the hL(x) PDF, as can be seen in Eq. 2.5. In Fig. 3 the
double-spin asymmetries are shown. The top distributions show the constant term of the DSA and
the bottom ones, the cosφ dependent part. While the cosφ asymmetries (bottom plots) are very
small (in most of the bins compatible with zero) the constant part (top plots) show big asymmetries
up to 45%. From Fig. 3, one can look at the ratio of Aconst

LL and AcosφR
LL ,

Aconst
LL

AcosφR
LL

∝

gq
1(x)Dq

1

(
z,cosθ ,Mh

)
gq

1(x) D̃<)q
(
z,cosθ ,Mh

) , (3.4)

in order to obtain information about the relative weights of Dq
1 and D̃<)q. This shows that D̃<)q is at

least one order of magnitude smaller than Dq
1, indicating that G̃<)q is also very small.

The goal of the present work is to extract the PDFs e and hL, that appear multiplied by the
interference fragmentation function H<)

1 in the Eq. 2.4 and 2.5. The interference fragmentation
function H<)

1 has been recently extracted from Belle e+/e− measurements [32]. Unfortunately, the
FsinφR

LU and FsinφR
UL structure functions contain also another term involving the fragmentation function

G̃<). In the Wandzura-Wilczek approximation [27] the pure twist-3 DiFF, like G̃<), vanish. In this
scenario, the extraction of e(x) and hL(x) is straightforward, or one has to rely on the measurements
of the function G̃<) from e+e− collisions or on the knowledge of the twist-2 PDF f1 and g1.
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Figure 1: Beam-spin asymmetries are shown. The present results (open triangles) are compared with another
CLAS experiment (open circles), but with different target (H2) instead of NH3.
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Figure 2: Target-spin asymmetries are shown. The sinφ (open triangles) and sin2φ (open squares) depen-
dencies are plotted together.

4. Conclusion

Di-hadron SIDIS is a very powerful channel in order to access information about the collinear
structure of the proton and the CLAS detector at Jefferson Lab is an ideal place to provide such
data. These are the first simultaneous measurements of di-hadron ALU , AUL and ALL asymmetries
with a non-zero BSA, TSA and DSA for π+π− pairs. The comparison between unpolarized H2

and longitudinally-polarized NH3 target ALU asymmetries indicates the absence of nuclear effects.
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