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Collaborators’ commitment to the 12 GeV upgrade of Jefferson Lab

• Italian JLAB12 collaboration

The Italian JLAB12 collaboration (INFN Bari, INFN Catania, Laboratori Nazionali di
Frascati, INFN Genova, INFN Roma I and Istituto Superiore di Sanita’, INFN Roma
Tor Vergata) is actively involved in this proposal. Among CLAS12 equipment, the
group plans to contribute to the design, prototyping, construction and testing of the
CLAS12 RICH detector and central calorimeter. Seven staff members and three post-
docs will spend their time as needed on this project. Funding for the group is from
the Italian research agency Istituto Nazionale di Fisica Nucleare (INFN). Additional
funding are planned to be sought in the European Community.

• The College of William and Mary

The College of William and Mary group is actively involved in this proposal, as well as
several other proposals using CLAS12. Other members of our group are also pursuing
proposals and construction projects in Hall A. The group is playing a role in the design
and construction of the pre-shower calorimeter for CLAS12. Together with JMU, NSU,
OU, JMU and JLab, the group has an NSF MRI grant that funds procurement of much
of the detector components and initial labor for component construction. The group is
responsible for scintillator work including R&D for the scintillator/wave-length-shifting
fiber specifications and configuration, procurement of fibers, precision cutting of the
scintillator bars into the triangular shapes for 15 planes in 5 sectors, and quality control
of scintillators and fibers. The group will also provide technical manpower for assembly
of the calorimeters. This effort has involved two faculty members, a research engineer,
a post-doc, a graduate student, and several undergraduates. Funding for the group
is from the DOE and the NSF. One member serves on the CLAS12 Coordinating
Committee. Facilities at William and Mary used for this include a 2000 square foot
high bay and smaller research labs, including a clean room.
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Abstract

We are proposing a comprehensive program to study quark gluon correlations in
semi-inclusive electroproduction of hadron pairs using the upgraded JLab 11 GeV po-
larized electron beam and the CLAS12 detector with unpolarized and longitudinally
polarized proton and deuteron targets. The large acceptance of CLAS12 will allow
simultaneous detection of the scattered electrons and hadrons from the hadronization
of the struck quarks and target fragments, providing information on flavor and trans-
verse momentum of underlying distribution functions. Pairs of hadrons detected in
the current fragmentation region allow us to study higher twist distribution functions
describing quark-gluon correlations and chiral-odd Dihadron Fragmentation Functions
(DiFF) describing correlations between the transverse polarization of the fragmenting
quark and the azimuthal orientation of the plane containing the detected hadron pair.

The study of two-hadron production – both in the current fragmentation region
(CFR) and also in the target fragmentation region (TFR) – in polarized SIDIS provides
information on the nucleon structure and hadronization dynamics that complements
single-hadron SIDIS. The leading-order azimuthal asymmetries in particular provide
access to polarized TMD Fracture Functions, which are the conditional probabilities
of producing a hadron h in the TFR when hard scattering occurs on quark q from the
target nucleon N .

Kinematical dependences of the sinφ moments for the CFR and TFR regions will
be studied to probe the underlying distribution and fragmentation functions. Studies
with kaons, enabled by the CLAS12 RICH detector, together with pions, will provide
crucial flavor-dependence of the corresponding structure functions.

The experiment will use the upgraded CLAS12 detector, an 11 GeV highly polar-
ized electron beam, and unpolarized hydrogen and deuterium as well as longitudinally
polarized solid ammonia targets (NH3 and ND3). We request 56 days of running on un-
polarized hydrogen and deuterium, 30 days of running on NH3 and 50 days of running
on ND3 (or possibly 6Li D or HD), plus about 20% overhead for target anneals, polar-
ization reversal, and auxiliary measurements. This experiment will run simultaneously
with already approved measurements using pion electroproduction.
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1 Introduction

In recent years, measurements of azimuthal moments of polarized hadronic cross sections
in hard processes have emerged as a powerful tool to probe nucleon structure. Many ex-
periments worldwide are currently trying to pin down various effects related to the nucleon
structure through semi-inclusive deep-inelastic scattering (HERMES at DESY [1, 2, 3, 4],
COMPASS at CERN [5], at Jefferson Lab [6, 7, 8, 9]) polarized proton-proton collisions
(PHENIX, STAR and BRAHMS at RHIC) [10, 11, 12], and electron-positron annihilation
(Belle at KEK) [13, 14]. Azimuthal distributions of final state particles in semi-inclusive
deep inelastic scattering, in particular, are sensitive to the orbital motion of quarks and play
an important role in the study of transverse momentum distributions (TMDs) of quarks in
the nucleon.

Significant azimuthal moments in leptoproduction (Acosφ
UU ) which have been measured in

SIDIS already by EMC collaboration [15, 16], were reproduced by latest measurements at
CERN, HERMES and JLab [8, 9, 17, 18, 19, 20]. The first unambiguously measured single
spin phenomena in SIDIS, which triggered important theoretical developments, were the
sizable longitudinal target (Asinφ

UL ) and beam (Asinφ
LU ) spin asymmetries observed at HERMES

and JLab [1, 2, 21, 6, 22, 7, 4], could be interpreted in terms of higher twist distribution
functions. In this proposal, we intend to measure similar asymmetries in semi-inclusive
production of two hadrons, which offer a cleaner access to collinear twist-3 distributions.

At Twist-3, and before integration over transverse momentum, there are 16 distribu-
tion functions (see Tab. 1) for different combinations of target (rows in Tab. 1) and quark
(columns in Tab. 1) polarizations. Only three functions survive integration over transverse
momentum (collinear functions): e, hL and gT . Together with the twist-2 PDFs (f1, g1, h1),
they give a detailed picture of the nucleon in longitudinal momentum space. The main goal
of the present proposal is to access the functions e and hL. Higher twist (HT) functions are
of interest for several reasons. Most importantly they offer insights into the physics of the
largely unexplored quark-gluon correlations which provide direct and unique insights into
the dynamics inside hadrons, see, e.g., [23]. They describe multiparton distributions corre-
sponding to the interference of higher Fock components in the hadron wave functions, and
as such have no probabilistic partonic interpretations. Yet they offer fascinating doorways
to studying the structure of the nucleon. The third Mellin moment of the HT function e,
for instance, describes the average transverse force acting on a transversely polarized quark
in an unpolarized target after interaction with the virtual photon [24].

HT contributions are also indispensable to correctly extract twist-2 parts from data.
Although suppressed with respect to twist-2 observables by 1/Q, twist-3 observables are not
small in the kinematics of fixed target experiments. This is illustrated by the fact that the
twist-3 asymmetry Asinφ

UL is a large and cleanly seen effect, while the twist-2 asymmetry Asin 2φ
UL

is small and compatible with zero in the kinematics of HERMES, JLab, and COMPASS [1,
2, 22, 25, 26].

The theoretical description of twist-3 observables is challenging in single-hadron SIDIS.
Although lots of effort was devoted to their study [27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37,
38, 39, 40, 41], these observables are still not understood. Partially, this has to do with the
problem of formulating a TMD-factorization at twist-3 level [42, 43].

An important process which can provide independent information on twist-3 TMDs is the
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N/q U L T
U f⊥ g⊥ h ,e
L f⊥

L g⊥L hL ,eL
T fT , f⊥

T gT , g⊥T hT ,eT ,h⊥T , e⊥T

Table 1: Twist-3 transverse momentum dependent distribution functions. The U,L,T cor-
respond to unpolarized, longitudinally polarized and transversely polarized nucleons (rows)
and quarks (columns)

di-hadron production in SIDIS described by interference functions [44, 45, 46, 47, 48, 49, 50].
In fact, the measurement of single-spin asymmetries with longitudinally polarized target
or beam 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 [48]. This
effect survives after integration over quark transverse momenta and can be analyzed in
the framework of collinear factorization. The dihadron production becomes 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. The interference fragmentation
function H<)

1 has been used to obtain information on the transversity parton distribution
function [51].

One of the main sources of systematic uncertainties is the contribution from target frag-
mentation, which is of its own interest and will be also studied in proposed measurement.
It was shown that the leading order azimuthal asymmetries in case one of the hadrons is
produced in the target fragmentation region provide access to polarized TMD Fracture Func-
tions, which are conditional probabilities to produce a hadron h in TFR when hard scattering
occurs on quark q from the target nucleon N . For these processes for longitudinally polarized
lepton scattering, the cross-section depends on initial quark longitudinal polarization even
if one does not measure the final quark polarization already in leading order.

The JLab 12-GeV upgrade will provide the unique combination of wide kinematic cover-
age, high beam intensity (luminosity), high energy, high polarization, and advanced detection
capabilities necessary to study the transverse momentum and spin correlations in di-hadron
production in double-polarized semi-inclusive processes both in the target and current frag-
mentation regions.

2 Dihadron production in the current fragmentation

region

We consider the process

ℓ(l) +N(P ) → ℓ(l′) + h1(P1) + h2(P2) +X, (1)

where ℓ denotes the beam lepton, N the nucleon target, and h the produced hadron, and
where four-momenta are given in parentheses.

In the one-photon exchange approximation and neglecting the lepton mass, the cross
section for two-particle inclusive DIS can be written in the following way [52].
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dσ

dx dy dψ dz dφR dM2
h d cos θ

=

α2

xy Q2

y2

2 (1− ε)

(
1 +

γ2

2x

){
FUU,T + ε FUU,L +

√
2 ε(1 + ε) cosφR F

cosφR

UU

+ ε cos(2φR)F
cos 2φR

UU + λe
√

2 ε(1− ε) sinφR F
sinφR

LU

+ SL

[
√
2 ε(1 + ε) sinφR F

sinφR

UL + ε sin(2φR)F
sin 2φR

UL

]

+ SLλe

[
√
1− ε2 FLL +

√
2 ε(1− ε) cosφR F

cosφR

LL

]

+ |ST |
[
sin(φR − φS)

(
F

sin(φR−φS)
UT,T + ε F

sin(φR−φS)
UT,L

)

+ ε sin(φR + φS)F
sin(φR+φS)
UT + ε sin(3φR − φS)F

sin(3φR−φS)
UT

+
√
2 ε(1 + ε) sinφS F

sinφS

UT +
√
2 ε(1 + ε) sin(2φR − φS)F

sin(2φR−φS)
UT

]

+ |ST |λe
[
√
1− ε2 cos(φR − φS)F

cos(φR−φS)
LT +

√
2 ε(1− ε) cosφS F

cosφS

LT

+
√
2 ε(1− ε) cos(2φR − φS)F

cos(2φR−φS)
LT

]}
, (2)

where α is the fine structure constant, λe is the beam polarization, M1, M2 and P1, P2

masses and momenta of final hadrons, respectively. Following the Trento conventions [53] all
relevant angles are defined on Fig. 1 [54].1 The final hadrons invariant mass Mh is assumed
to be much smaller than the hard scale Q2 = −q2 ≥ 0 (q = l−l′) of the SIDIS process defined
by kinematic variables x = Q2/2P · q, y = P · q/P · l, z = P ·Ph/P · q, γ = 2Mx/Q. The
Ph = P1 + P2 and R = (P1 − P2)/2 are the pair total momentum and relative momentum,
respectively.

In the center-of-mass (cm) frame of the two hadrons, the emission occurs back-to-back
and the key variable is the polar angle θ between the directions of the emission and of Ph in
the photon-target rest frame.

The structure functions on the r.h.s. depend on x, Q2, z, cos θ, M2
h . The angle ψ is

the azimuthal angle of ℓ′ around the lepton beam axis with respect to an arbitrary fixed
direction, which in case of a transversely polarized target we choose to be the direction of S.
The corresponding relation between ψ and φS is given in Ref. [55]; in deep inelastic kinematics

1From the theoretical point of view, different definitions for the azimuthal angles may be adopted, as long
as they differ by terms of order γ2.
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one has dψ ≈ dφS. The first and second subscript of the above structure functions indicate
the respective polarization of beam and target, whereas the third subscript in FUU,T , FUU,L

and F
sin(φh−φS)
UT,T , F

sin(φh−φS)
UT,L specifies the polarization of the virtual photon. The longitudinal

or transverse target polarization refer to the photon direction here. The ratio ε of longitudinal
and transverse photon flux in (2) is given by [52]

ε =
1− y − 1

4
γ2y2

1− y + 1
2
y2 + 1

4
γ2y2

, (3)

The conversion to the experimentally relevant longitudinal or transverse polarization
w.r.t. the lepton beam direction is straightforward and given in [55]. It turns out that mea-
surements with longitudinally polarized targets along the beam receive small contributions
from the structure functions with transverse polarization w.r.t. the photon. Single-hadron
measurements indicate that this contribution is usually negligible. This issue will be con-
sidered with care in our analysis. For the moment, we restrict our attention only to the
longitudinal structure functions.

The relevant spin asymmetries can be built as ratios of structure functions. For the
longitudinal polarization of the beam or of the target, alternatively, i.e. on the LU and UL
combinations one can define the following asymmetries:

AsinφR sin θ
LU (x, y, z,Mh, Q) =

1

λe

8
π

∫
dφR d cos θ sinφR (dσ+ − dσ−)∫
dφR d cos θ (dσ+ + dσ−)

=
4
π

√
2 ε(1− ε)

∫
d cos θ F sinφR

LU∫
d cos θ (FUU,T + ǫFUU,L)

,

AsinφR sin θ
UL (x, y, z,Mh, Q) =

1

SL

8
π

∫
dφR d cos θ sinφR (dσ+ − dσ−)∫
dφR d cos θ (dσ+ + dσ−)

=
4
π

√
2 ε(1 + ε)

∫
d cos θ F sinφR

UL∫
d cos θ (FUU,T + ǫFUU,L)

.

(4)

In the limit M2
h ≪ Q2 the structure functions can be written in terms of PDF and

Dihadron Fragmentation Functions (DiFF) in the following way (a summation
∑

q e
2
q is
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P1

P2

Ph

θ

P1

CM
frame

RT

ST

P1 Ph

φR

P

φS
q

k k′

1

2

2

CM frame
h  h1 2

1

Figure 1: Depiction of the azimuthal angles φR of the dihadron and φS of the component ST of the
target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR ≡ (q×k)·RT

|(q×k)·RT | arccos
(q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos
(q×k)·(q×ST )
|q×k||q×ST | . Here, RT =

R − (R · P̂h)P̂h, with R ≡ (P1 − P2)/2, Ph ≡ P1 + P2, and P̂h ≡ Ph/ | Ph |, thus RT is the
component of P1 orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about the virtual-photon
direction. The dotted lines indicate how vectors are projected onto planes. The short dotted line is
parallel to the direction of the virtual photon. Also included is a description of the polar angle θ,
which is defined as the angle between the direction of P1 in the hadron pair center-of-mass frame,
and the direction of Ph in the photon-target rest frame.

understood) [48]2

FUU,T = xf q
1 (x)D

q
1

(
z, cos θ,Mh

)
, (5)

FUU,L = 0, (6)

F cosφR

UU = −x |R| sin θ
Q

1

z
f q
1 (x) D̃

<) q
(
z, cos θ,Mh

)
, (7)

F cos 2φR

UU = 0, (8)

F sinφR

LU = −x |R| sin θ
Q

[
M

Mh

x eq(x)H<) q
1

(
z, cos θ,Mh

)
+

1

z
f q
1 (x) G̃

<) q
(
z, cos θ,Mh

)]
, (9)

F sinφR

UL = −x |R| sin θ
Q

[
M

Mh

xhqL(x)H
<) q
1

(
z, cos θ,Mh

)
+

1

z
gq1(x) G̃

<) q
(
z, cos θ,Mh

)]
, (10)

F sin 2φR

UL = 0, (11)

FLL = xgq1(x)D
q
1

(
z, cos θ,Mh

)
, (12)

F cosφR

LL = −x |R| sin θ
Q

1

z
gq1(x) D̃

<) q
(
z, cos θ,Mh

)
, (13)

2For some discussion of the case M2

h
≈ Q2, see Ref. [56]
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where

|R| = 1

2

√
M2

h − 2(M2
1 +M2

2 ) + (M2
1 −M2

2 )
2/M2

h . (14)

All the structure functions that vanish can be nonzero at order O
(

M2

Q2 ,
M2

h

Q2

)
.

In the above structure functions, there are essentially three kinds of combinations of
PDF and fragmentation functions (FF):3 leading-twist PDF and FF (e.g., f1D1), leading-

twist PDF and subleading-twist FF (e.g., f1D̃
<)), subleading-twist PDF and leading-twist

FF (e.g., eH<)
1 ).

The main interest of the structure functions with leading-twist combinations (FUU,T in
particular) is to allow a flavor-dependent analysis of the DiFF D1, similarly to what happens
for the single-hadron case.

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 [57]. Although this approximation is often used in phenomenological
works (see, e.g., [58, 59, 60, 61] and references therein) there are no compelling theoretical
grounds for supporting its validity [62, 63, 64, 65]. At present it is not confirmed nor disap-
proved by experimental data [65]. The measurement of cosφR modulations in unpolarized or
doubly polarized collisions (F cosφR

UU and F cosφR

LL ) offers a way to address this question directly
and represents an example of how dihadron measurements can be useful for the study of
quark-gluon correlations in general.

The most interesting terms for our purposes are the ones containing the functions e and
hL, multiplied by the interference fragmentation function H<)

1 , occurring in the structure
functions F sinφR

LU and F sinφR

UL . The extraction of the PDF is made possible by the fact that
H<)

1 has been recently extracted [51] from BELLE measurements [14]. Unfortunately, the

structure functions contain also another term involving the fragmentation function G̃<). The
possibilities to isolate the crucial quantities are the following: (i) rely on the measurements

of the function G̃<) from e+e− collisions, (ii) rely on the knowledge of the leading-twist PDF
f1 and g1 and build combinations of the structure functions where only the interesting terms
survive. The latter option will be discussed later in a particular case.

Two other contributions to the structure functions F cosφR

UU and F cosφR

LL , included in Ref. [48],
contain the collinear T -odd distribution functions h and eL. They should vanish if the gauge
link is the only source of a T -odd behavior. Measuring a nonzero h or eL would cast doubts
on collinear factorization at subleading twist. It would be interesting to experimentally check
this feature, even though the problem is complicated by the presence of the standard T-even
terms discussed above. The significance of such an observation can be compared to the
measurements of a nonzero sinφS signal in inclusive DIS [66, 67, 68, 69], which indicates ei-
ther a violation of T -reversal invariance or the presence of a significant two-photon exchange
contribution [70].

3leading-twist functions are always indicated by a subscript 1
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2.1 Partial-wave analysis

Two-hadron fragmentation functions can be decomposed in partial waves in the following
way [47]:

D1 → D1,ss+pp +D1,sp cos θ +D1,pp

1

4
(3 cos2 θ − 1) , (15)

H<)
1 → H<)

1,sp +H<)
1,pp cos θ . (16)

D̃<) → D̃<)
sp + D̃<)

pp cos θ , (17)

G̃<) → G̃<)
sp + G̃<)

pp cos θ , (18)

(19)

where the relative partial waves of each pion pair are put into evidence. For sake of simplicity,
we will make the replacement D1,ss+pp ≡ D1 since no ambiguity arises in the following.

The functions on the r.h.s. depend on z,Mh. It may be useful to note that a symmetriza-
tion f(θ) + f(π − θ) gets rid of all the cos θ terms [54]. In general, those terms will vanish
even if the θ acceptance is not complete but still symmetric about θ = π/2.

A thorough study of the cross section with partial-wave analysis has been recently pre-
sented in Ref. [71], with a different notation compared to the one adopted here.

2.2 Flavor structure

We now discuss the flavor structure of the structure functions. The analysis will be different
depending on the kind of target and final-state hadrons. We will consider here π+π−, K+K−,
or K+π− final-state pairs.

Isospin symmetry and charge conjugation suggest the relations [51]

Du→π+π−

1 = Dd→π+π−

1 = Dū→π+π−

1 = Dd̄→π+π−

1 , (20)

Ds→π+π−

1 = Ds̄→π+π−

1 , (21)

Dc→π+π−

1 = Dc̄→π+π−

1 , (22)

H<)u→π+π−

1 = −H<)d→π+π−

1 = −H<)ū→π+π−

1 = H<)d̄→π+π−

1 , (23)

H<)s→π+π−

1 = −H<)s̄→π+π−

1 = H<)c→π+π−

1 = −H<)c̄→π+π−

1 = 0 . (24)

For G̃<) we expect the same relations as for H<)
1 . In practice, for π+π− and neglecting charm

quarks, there are only two independent D1 functions and one H<)
1 (and G̃<)).

For K+K−, similar considerations lead to
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Du→K+K−

1 = Dū→K+K−

1 , (25)

Ds→K+K−

1 = Ds̄→K+K−

1 , (26)

Dd→K+K−

1 = Dd̄→K+K−

1 , (27)

Dc→K+K−

1 = Dc̄→K+K−

1 , (28)

H<)u→K+K−

1 = −H<)ū→K+K−

1 (29)

H<)s→K+K−

1 = −H<)s̄→K+K−

1 , (30)

H<)d→K+K−

1 = −H<)d̄→K+K−

1 = H<)c→K+K−

1 = −H<)c̄→K+K−

1 = 0 . (31)

For K+K− and neglecting charm quarks, there are three independent D1 functions and two
H<)

1 .
The flavor structure of K+π− suggests

Du→K+π−

1 = Dū→K+π−

1 (32)

Ds→K+π−

1 = Dd̄→K+π−

1 = Dc→K+π−

1 = Dc̄→K+π−

1 , (33)

H<)u→K+π−

1 = −H<)ū→K+π−

1 (34)

H<)s→K+π−

1 = H<)d̄→K+π−

1 = H<)c→K+π−

1 = H<)c̄→K+π−

1 = 0 . (35)

Together with the above functions, we have to consider alsoDd→K+π−

1 andDs̄→K+π−

1 , for a to-

tal of four independent unpolarized fragmentation functions, and H<)d→K+π−

1 and H<)s̄→K+π−

1 ,
for a total of three independent interference fragmentation functions.

2.3 Observables

Using the expressions of the structure functions (9), and (10), which are valid up to cor-
rections of order M2/Q2, and the partial-wave expansion of the fragmentation functions in
Sec. 2.1, we can rewrite the asymmetries of Eqs. (4) as

AsinφR sin θ
LU (x, y, z,Mh, Q) = −W (y)

A(y)

M

Q

|R|
Mh

∑
q e

2
q

[
xeq(x)H<),q

1,sp(z,Mh) +
Mh

zM
f q
1 (x) G̃

<),q
sp (z,Mh)

]

∑
q e

2
q f

q
1 (x)D

q
1,ss+pp(z,Mh)

,

(36)

AsinφR sin θ
UL (x, y, z,Mh, Q) = −V (y)

A(y)

M

Q

|R|
Mh

∑
q e

2
q

[
xhqL(x)H

<),q
1,sp(z,Mh) +

Mh

zM
gq1(x) G̃

<),q
sp (z,Mh)

]

∑
q e

2
q f

q
1 (x)D

q
1,ss+pp(z,Mh)

.

(37)

The kinematical factors W (y), V (y) and A(y) are defined in the Eq.2 (see Appendix-A
9). For the specific case of the π+π− final state, we can introduce in the flavor sum the
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assumptions (20)–(24), and we get

AsinφR sin θ
LU (x, y, z,Mh, Q) ≈ −W (y)

A(y)

M

Q

|R|
Mh

×
H<),u

1,sp

[
4xeu−ū(x)− xed−d̄(x)

]
+ Mh

zM
G̃<),u

sp

[
4xfu−ū

1 (x)− xfd−d̄
1 (x)

]

Du
1

[
4fu+ū

1 (x) + fd+d̄
1 (x)

]
+Ds

1 f
s+s̄
1 (x)

,

(38)

AsinφR sin θ
UL (x, y, z,Mh, Q) ≈ −V (y)

A(y)

M

Q

|R|
Mh

×
H<),u

1,sp

[
4xhu−ū

L (x)− xhd−d̄
L (x)

]
+ Mh

zM
G̃<),u

sp

[
4xgu−ū

1 (x)− xgd−d̄
1 (x)

]

Du
1

[
4fu+ū

1 (x) + fd+d̄
1 (x)

]
+Ds

1 f
s+s̄
1 (x)

,

(39)

where for the PDF we adopt the compact notation f q±q̄
1 (x) = f q

1 (x) ± f q̄
1 (x), and similarly

for the other functions. For neutron targets, assuming isospin symmetry, we can simply
interchange the role of u and d quarks in the PDF.

We can work out this example at a deeper level and build a new observable that is
independent of the unknown function G̃<). In fact, the following combination of asymmetries
reads

AsinφR sin θ
ULU (x, y, z,Mh, Q) = AsinφR sin θ

UL

1

4gu−ū
1 (x)− gd−d̄

1 (x)
− AsinφR sin θ

LU

1

4fu−ū
1 (x)− fd−d̄

1 (x)

=
M

Q

1

2

√
1− 4

m2
π

M2
h

xH<),u
1,sp(z,Mh)

Du
1 (z,Mh)

[
4fu+ū

1 (x) + fd+d̄
1 (x)

]
+Ds

1(z,Mh) f
s+s̄
1 (x)

×
{
W (y)

A(y)

4eu−ū(x)− ed−d̄(x)

4fu−ū
1 (x)− fd−d̄

1 (x)
− V (y)

A(y)

4hu−ū
L (x)− hd−d̄

L (x)

4gu−ū
1 (x)− gd−d̄

1 (x)

}
.

(40)

2.4 Parametrization of DiFF

The chiral-odd Dihadron Fragmentation Function H<) q
1 [46] describes the correlation be-

tween the transverse polarization of the fragmenting quark with flavor q and the azimuthal
orientation of the plane containing the momenta of the detected hadron pair. H<)q

1,sp is the

component of H<)q
1 that is sensitive to the interference between the fragmentation amplitudes

into pion pairs in relative s wave and in relative p wave, from which comes the common name
of Interference Fragmentation Functions [44]. For this reason, we expect the function to be
sizeable in kinematic regions where s and p waves are present. This is typically true where
spin-1 resonances (e.g., ρ or K∗) are present.

Before the Belle measurement of the angular distribution of two pion pairs in e+e−

annihilation [14], the only estimates of DiFF were based on model calculations [72, 46, 49].
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Figure 2: The ratio |R|H<),u
1,sp/MhD

u
1 as a function of z and Mh respectively. The error band

comes from the calculation of error propagation from the fit.

The unpolarized D1 was tuned to Monte Carlo event generators [49] and the polarized H<)
1,sp

compared to HERMES asymmetry data [73].
The recent analyze of the so-called Artru–Collins asymmetry [74] by the Belle collabora-

tion gave rise to new parametrization of both D1 and H<)
1,sp for the production of π+π−.

The former was parametrized to reproduce the two-hadron yields of the PHYTIA event
generator, which is known to give a good description of data. Three main decay channels
were considered for π+π−: (i) ρ resonance decaying into the two pions, (ii) ω resonance
decaying into the two pions, plus the fragmentation into a ω resonance decaying into π+π−π0

with π0 unobserved, (iii) the continuum, i.e. the fragmentation into an “incoherent” π+π−

pair. Combining the fit of the asymmetry data with the parametrization of its denominator
allowed the extraction of the IFF H<)

1,sp.

The ratio |R|H<),u
1,sp(z,Mh)/MhD

u
1 (z,Mh) at the Belle’s scale is depicted in Fig. 2. It is

integrated over Mh or z, respectively. The error band is estimated through the propagation
of errors based on the fit’s results. The evolution effects, downward to HERMES’ scale, have
been studied in Ref. [51]. The integrals of DiFF over the kinematical ranges for (z,Mh) at
both scales lead to the ratios

nu

H
<)
1

nu
D1

(∼ 2 GeV2)
/nu

H
<)
1

nu
D1

(100 GeV2) = 92%± 8%, . (41)

indicating that evolution effects are almost negligible at the level of integrated DiFF. We
will not take such a correction into account in this proposal.

There is at the moment no data on interference fragmentation functions for Kπ pairs.
In order to have an estimate of the magnitude of the effect, we assume it to have this form

|R|H<)
1,sp(z,Mh)

MhD1(z,Mh)
≈ 3Mh

|R|
√
D1con(z,Mh)D1K∗(z,Mh)

MhD1(z,Mh)
(42)

where with D1con and D1K∗ we mean the components of the fragmentation function that
describe the Kπ continuum and the K∗ resonance, respectively. We estimate these frag-
mentation function components using the LEPTO Monte Carlo event generator. The above
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ansatz is motivated by the fact that the function H<)
1,sp arises from the interference between

pairs produced in s wave and p wave (as explained at the beginning of the section). The
above ansatz applied to the π+π− system reproduces the size and qualitative feature of the
extracted ratio displayed in Fig. 2. Finally, for Kπ pairs we assume that the fragmentation
function is the same for all flavors (the largest component should anyway come from the u
quark).

2.5 The parton distribution functions e and hL

The PDFs e(x) and hL(x) are twist-3 functions which can be written in the following way [75,
52]

xe = xẽ+
m

M
f1, (43)

xhL = xh̃L +
p2T
M2

h⊥1L +
m

M
g1L. (44)

The functions on the l.h.s. can be expressed in terms of quark fields only. This property
allows an explicit calculation in quark models [76]. The functions with the tilde on the r.h.s.
are related to quark-gluon-quark correlators and are specifically referred to as “pure twist-3”
contributions [62]. The rest of each expression on the r.h.s. contains only twist-2 functions
and corresponds to its Wandzura–Wilczek part. Neglecting quark masses, the function xe(x)
is entirely determined by pure twist-3 contributions. (Notice that multiplying e(x) by x is
necessary to cancel a δ-function-type singularity at x = 0, see below.)

The function e(x) has attracted a lot of interest [37] because it is directly related to the
soft physics of chiral symmetry breaking [77].

The first Mellin moment of the isoscalar flavor-combination of ea(x) is related to the
pion-nucleon sigma-term

1∫

0

dx (eu + eū + ed + ed̄)(x) =
σπN
m

(45)

where m = 1
2
(mu + md) is the average current mass of light quarks, and (small) “double-

isospin-breaking” effects proportional to (mu −md)〈N |(ψ̄uψu − ψ̄dψd)|N〉 are neglected. In
the pre-QCD era σπN was introduced as the double commutator of the strong interaction
Hamiltonian with two axial isovector charges [78]. In QCD it is related to matrix elements
of the operators mqψ̄qψq which explicitly break chiral symmetry. In the chiral limit σπN → 0
but σπN/m is finite. The pion-nucleon sigma-term is given by the scalar form factor σ(t)
at zero momentum transfer t = 0. This form factor describes the elastic scattering off a
spin-1

2
target via the exchange of a spin-0 particle (e.g. the Higgs [79]), and has not yet been

measured except for its value in the time-like region at the so-called Chen-Dashen point
t = 2m2

π, with mπ the pion mass, which can be deduced from pion-nucleon scattering data
by means of low-energy theorems [80, 81, 82]. Chiral perturbation theory and dispersion
relation technics allow to relate σ(2m2

π) to σ(0) ≡ σπN [83, 84, 85]. The phenomenological
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value of σπN =(50-70 MeV) [83, 86, 87, 88] is sometimes said to be “unexpectedly large”
because it implies a large “strangeness content of the nucleon” defined as

yN =
〈N |ψ̄sψs|N〉

1
2
〈N |(ψ̄uψu + ψ̄dψd)N〉 = 1− m

ms −m

MΞ +MΣ − 2MN

σπN
(46)

where the second equality is valid in leading order of chiral perturbation theory [89, 90]. Nu-
merically one finds yN =0.2–0.4 but this does not imply that (20–40)% of the nucleon mass is
due to strangeness (taking also the contributions of the “kinetic” and “potential” energies in
QCD into account one deduces a much smaller strangeness contribution to the nucleon mass
[91]). Direct lattice studies of σπN have been performed [92] but are demanding because of
difficulties associated with the renormalization of the operator mqψ̄qψq on the lattice. An-
other method to deduce σπN from lattice calculations makes use of the Feynam-Hallmann
theorem [93, 94] which relates σπN to the slope of the nucleon mass as function of the pion
mass, σπN = m2

π
∂MN

∂m2
π

. Lattice data analysis yield results compatible with the phenomenolog-

ical σπN -determinations [95, 96, 97]. Let us also mention the interesting connection of σπN to
negative Mellin moments of fa

1 (x) discussed in [98]. At first glance, Eq. (45) seems to imply
that one could access information on σπN from deeply inelastic scattering experiments. But
in QCD the contribution of σπN to (45) is due to a δ-function-type singularity at x = 0, a
well-known [99] but rarely emphasized fact [100]. A δ(x)-contribution was found in a (1 +
1)-dimensional version of the Gross-Neveu model [101], in perturbative approaches [102], and
in the chiral quark-soliton model [103, 104, 105, 106] (which consistently allows to calculate
σπN from σ(t), the coefficient of δ(x) in e(x), and the Feynman-Hellmann theorem [107], see
also [108]). In the chiral quark-soliton model the origin of the δ(x)-contribution in e(x) is
of non-perturbative character [103, 104]. In other models of e(x) no δ(x)-contribution was
found [76, 109, 110, 111].

Even though, one cannot access information on σπN from DIS measurements of e(x)
[100]. Nevertheless, the presence of the δ(x)-singularity in e(x) can be concluded indirectly.
Numerically, if the point x = 0 was included, the sum rule (45) would give a large number of
O(10) for the first moment of e(x). Experimentally, since the point x = 0 cannot be reached,
one would observe approximately zero [100]. The possible existence of δ(x)-contributions in
structure functions can be inferred from the analytical properties of the respective forward
Compton scattering scattering amplitudes and was debated before QCD [112, 113, 114]
(e(x) is related to the structure functions F4(x) and F5(x) which in principle could be
measured in (anti)neutrino-nucleon DIS [113]). More prominent examples of sum rules which
could possibly be spoiled in this way are the Burkhardt-Cottingham sum rule [115] and the
Gerasimov-Drell-Hearn sum rule [116].

The second moment of e(x) is equally interesting, as it arises from the mass term in (43)
suggesting that, in principle, an “extraction” of current quark masses from SIDIS is possible,
namely [76]

1∫

0

dx x(eq − eq̄)(x) =
mq

MN

. (47)

But effects associated with e(x) are power suppressed byMN/Q, i.e. the contribution of (47)
to observables is of O(mq/Q) and hence negligible. For the above-discussed reasons, the
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practical DIS sum rules for e(x) are [100]

1∫

ǫ

dx (eq + eq̄)(x) ≈ 0 ,

1∫

ǫ

dx x(eq − eq̄)(x) ≈ 0 , (48)

where ǫ > 0 represents the smallest x-value accessible in experiments. This situation is
analog to the Efremov-Leader-Teryaev sum rule [117]. The pure twist-3 piece in eq(x) drops
out from the first two moments (45, 47) and contributes only to the third Mellin moment.
Noteworthy, the matrix element

∫
dxx2ẽq(x) describes the average transverse force acting on

a transversely polarized quark q in an unpolarized target after interaction with the virtual
photon [24].

The renormalization scale dependence of ẽ(x) and h̃L(x) was studied in Refs. [122, 123,
124], see also Refs. [125, 99] for reviews. The evolution of these pure twist-3 functions is
characterized by a complicated operator mixing pattern typical for twist-3 quantities. In
the multi-color limit the evolution of ẽ(x) simplifies to a DGLAP-type evolution – as it does
for the other two nucleon twist-3 distribution functions h̃L(x) and (the flavour non-singlet)
g̃T (x). Figs. 3a and 3b show respectively the evolution of eu+d(x,Q2) and eū+d̄(x,Q2) from
the chiral quark soliton model [103] from an initial scale µ2

0 = (600MeV)2 of the chiral quark
soliton model to higher scales.

In order to better understand the evolution pattern Fig. 3c shows the evolution of the
“toy model” e(x,Q2

0) = f1(x,Q
2
0) at Q

2 = 1GeV2 to higher scales normalized with respect
to f1(x,Q

2) at the respective scales. The LO unpolarized parton distribution functions at
the respective scales are taken from [126]. We see that the ratio of e(x)/f1(x) drops from
unity at Q2

0 = 1GeV2, by about (20–30)% when going to experimentally relevant scales of
typically (2–3)GeV2 at Jefferson Lab. Finally, Fig. 4 shows the parton distribution functions
e(x) and hL(x) as predicted by the chiral quark soliton model [106, 119] at Q2 = 2.5GeV2.

These features make e(x) and hL(x) extremely interesting functions, and having experi-
mental access to them is of great importance.

There are few model calculations concerning the twist-3 PDF: MIT bag model [76, 109,
127], diquark spectator model [110], instanton QCD vacuum calculus [128, 129], chiral quark
soliton model [130, 103, 104, 105, 106], and the perturbative light-cone Hamiltonian approach
to O(αS) with a quark target [102, 111]. In these calculations there are no contributions
from either strange or sea quarks, except for the chiral quark soliton model.

The bag model has given several powerful results and predictions concerning PDF as well
as transverse-momentum dependent distributions (TMD). It is a relativistic model where
quarks and antiquarks are excitations inside the confined bag. It is generally assumed that
the proton wave function is invariant under the SU(6) spin-flavor symmetry. In the case
of two-body problems, this symmetry leads to proportionality between the different flavor
components. The contribution to e(x) in the bag is entirely due to the bag boundary, and
therefore to the quark-gluon-quark correlation. The result of the model calculation of the
twist-3 eu(x), huL(x), as well as of the unpolarized distribution fu

1 (x), is depicted in Fig. 5. On
the other and, the function hL(x) contains twist-2 and pure twist-3 contributions. Although
it is a popular assumption that pure twist-3 (and mass) terms are small [58, 59, 60, 61], this
has rarely been justified by theoretical calculations.
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Figure 3: Evolution effects for the isoscalar flavor combinations (a) xeu+d(x) and (b)
xeū+d̄(x) from the chiral quark-soliton model in the chiral limit [103]. Solid line: the re-
sults at the initial scale of the chiral quark soliton model µ2

0 = (600MeV)2. The dashed and
dotted curves are the results after evolution (in decreasing order) to the scales Q2 = 0.5,
1, 2, 4, 8, 16, 32 and 64 GeV2. (c) The scale dependence of the ratio e(x,Q2)/f1(x,Q
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2
0) at Q

2
0 = 1GeV2. For definiteness: we use the LO

parametrization for f1(x,Q
2) from [126]. The evolution of e(x) is performed in all figures

according to [123].
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In the bag model and assuming for simplicity G̃<) = 0, the asymmetries (39) become

AsinφR sin θ
LU (x, y, z,Mh, Q) = −W (y)

A(y)

M

Q

|R|
Mh

(
4− 1

2

)
xeu(x)H<),u

1,sp(z,Mh)(
4 + 1

2

)
fu
1 (x)D

u
1 (z,Mh)

, (49)

AsinφR sin θ
UL (x, y, z,Mh, Q) = −V (y)

A(y)

M

Q

|R|
Mh

(
4 + 1

4

)
xhuL(x)H

<),u
1,sp(z,Mh)(

4 + 1
2

)
fu
1 (x)D

u
1 (z,Mh)

. (50)

In the spectator model calculation [110], the nucleon states do not strictly follow the
SU(6) symmetry and there is no flavor symmetry for a given distribution. Adopting the
same approximation as before, in the spectator model the asymmetries (39) become

AsinφR sin θ
LU (x, y, z,Mh, Q) = −W (y)

A(y)

M

Q

|R|
Mh

x
(
4 eu(x)− ed(x)

)
H<),u

1,sp(z,Mh)(
4 fu

1 (x) + fd
1 (x)

)
Du

1 (z,Mh)
, (51)

AsinφR sin θ
UL (x, y, z,Mh, Q) = −V (y)

A(y)

M

Q

|R|
Mh

x
(
4huL(x)− hdL(x)

)
H<),u

1,sp(z,Mh)(
4 fu

1 (x) + fd
1 (x)

)
Du

1 (z,Mh)
. (52)

The results for the twist-3 PDF e(x), hL(x), and the unpolarized f1(x) in the spectator
model of Ref. [110] are depicted in Fig. 6 for both the u and d flavor.

In all model results above, the model’s scale has been used. This scale turns out to
be rather low, Q2

0 ∼ 0.1 GeV2. We neglect the evolution effects on the PDF part of the
asymmetries. However, we expect QCD evolution to affect the distributions in pushing
them towards lower x values. The missing QCD evolution of the twist-3 PDF is believed to
be the largest source of errors in the predictions.

2.6 Predictions for the asymmetries

The dependence of SSA on the variables (z,Mh) are essentially determined by the DiFF,
while the Bjorken x-dependence comes mainly from the PDF, shown on Fig. 2, Fig 7, and
Fig 8. The latter will strongly depend on the model’s features.
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line) in the spectator model of Ref. [110].

Mh bin

0.5000 – 0.5329
0.5329 – 0.5981
0.5981 – 0.6810
0.6810 – 0.7504
0.7504 – 0.8133
0.8133 – 1.0000

z bin

0.2250 – 0.3650
0.3650 – 0.4350
0.4350 – 0.4950
0.4950 – 0.5500
0.5500 – 0.6050
0.6050 – 0.6550
0.6550 – 0.7100
0.7100 – 0.7650
0.7650 – 0.8350

x bin 〈Q2〉 (GeV2)

0.050 – 0.100 ∼ 1.3
0.100 – 0.124 ∼ 1.5
0.124 – 0.148 ∼ 1.7
0.148 – 0.172 ∼ 1.9
0.172 – 0.200 ∼ 2.1
0.200 – 0.232 ∼ 2.3
0.232 – 0.268 ∼ 2.5
0.268 – 0.308 ∼ 3.0
0.308 – 0.376 ∼ 3.7
0.376 – 0.688 ∼ 5.6

Table 2: Binning in (z,Mh, x) used in Figs. 7 and 8 as well as the average value for Q2 for
the corresponding x-bin.

The binning chosen for the predictions is given in Table 2.
When presenting the asymmetry binned in z, the numerator and denominator have been

separately integrated in z within the bin limits, and over Mh and x from their lowest to
highest values in Table 2. The same has been done for the other plots.

A constant value of Q2 = 2.5 GeV2 is chosen for the projections in z and Mh. On the
other hand, since the x variable strongly depends on the scale, we evaluate an average Q2

for each x-bin. This value is given in the last column of Table 2.
In Figs. 7 and 8, we show the predictions for AsinφR sin θ

LU and AsinφR sin θ
UL from Eqs. (50

and (52), respectively.
We propose to run with high luminosity, ∼ 1035 cm−2s−1, yielding an integrated luminos-

ity of ∼ 500 fb−1. Measured single and double sub-leading twist asymmetries for pion and
kaon pairs in a large range of kinematic variables (x, Q2, z,Mh and φR) with unpolarized and
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longitudinally polarized targets, combined with similar measurements with single hadrons
[131] will provide detailed information on the flavor and polarization dependence of the HT
distributions of quarks in the valence region, and in particular, on the x dependence of the
HT functions e and hL.

3 Correlations in hadron production in the current and

target fragmentation region

3.1 SIDIS in TFR

As it becomes clear during last decades, to study the three dimensional spin-dependent
partonic structure of nucleon the excellent understanding of hadronization process after
hard lepton-quark scattering is needed.

The unique feature of CLAS12 detector is the wide coverage of the produced hadrons
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phase space: in contrast to old SIDIS experiments, we will have an access not only to cur-
rent fragmentation region (CFR) but also to target fragmentation region (TFR). These two
regions are defined in the virtual photon - target nucleon center of mass frame with z-axis
aligned to virtual photon momentum. First one – the CFR – comprise hadrons produced in
the forward hemisphere (along the virtual photon) and the TFR – in the backward hemi-
sphere:

ℓ(l) +N(PN) → ℓ(l′) + h(P ) +X (53)

with P 3
h < 0.

The QCD description of this process for collinear kinematics includes new nonpertur-
bative objects – the fracture functions first introduced by Trentadue and Veneziano [132].
Recently, this approach was generalized by Anselmino, Barone and Kotzinian [133] to spin
and transverse momentum dependent case. The polarized and transverse-momentum depen-
dent fracture functions appear in the expansion of the leading twist projections of hadronic
tensor

M[Γ](x,k, ζ,Ph)

≡ 1

4ζ

∫
dk+ dk−

(2π)3
δ(k− − xP−) Tr (MΓ)

=
1

4ζ

∫
dξ+ d2ξ⊥
(2π)6

ei(xP
−ξ+−k·ξ⊥)

∑

X

∫
d3PX

(2π)3 2EX

×

〈P, S|ψ̄(0)Γ|Ph, Sh;X〉〈Ph, Sh;X|ψ(ξ+, 0, ξ⊥)|P, S〉 , (54)

where Γ = γ−, γ−γ5, iσ
i−γ5.

The fracture functions represent the conditional probabilities to find an unpolarized
(Γ = γ−), a longitudinally polarized (Γ = γ−γ5) or a transversely polarized (Γ = iσi−γ5)
quark with longitudinal momentum fraction x and transverse momentum k inside a nu-
cleon fragmenting into a hadron carrying a fraction ζ = P−

h /P
− ≃ Eh/E of the nucleon

longitudinal momentum and a transverse momentum Ph.
The most general parametrization of the traced fracture matrix for the production of a

spinless hadron (54) can be written as:

M[γ−] = f̂1 +
Ph × ST

mh

f̂h
1T +

k× ST

mN

f̂⊥
1T +

SL (k×Ph)

mN mh

f̂⊥h
1L , (55)

M[γ−γ5] = SL ĝ1L +
Ph · ST

mh

ĝh1T +
k · ST

mN

ĝ⊥1T +
k×Ph

mN mh

ĝ⊥h
1 , (56)

M[iσi−γ5] = Si
T ĥ1T +

SL P
i
h

mh

ĥh1L +
SL k

i

mN

ĥ⊥1L

+
(Ph · ST )P

i
h

m2
h

ĥhh1T +
(k · ST ) k

i

m2
N

ĥ⊥⊥
1T

+
(k · ST )P

i
h − (Ph · ST ) k

i

mNmh

ĥ⊥h
1T

+
ǫij⊥Ph⊥j

mh

ĥh1 +
ǫij⊥k⊥j

mN

ĥ⊥1 , (57)
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where by the vector product of the two-dimensional vectors we mean the pseudo-scalar
quantity a⊥ × b⊥ = ǫ⊥ij a

i
⊥b

j
⊥ = |a⊥||b⊥| sin(φb − φa). In total there is 16 fracture func-

tions (f̂ , ĝ, ĥ) depending on the scalar variables x,k2, ζ,P2
h,k · Ph. Note, that, in contrast

with [133], here for fracture functions we use notations corresponding to Amsterdam nota-
tions for DFs.

The general LO cross-section expression for SIDIS in the TFR is presented in [133] and
give an access only to four quark-transverse-momentum integrated fracture functions.

To have an access to all LO fracture functions one have to ”measure” the final quark
transverse polarization. The DSIDIS process allows to do that by means of Collins effect
for hadron produced in the CFR. Exploiting the SIDIS in TFR and DSIDIS will allow us to
check the validity of factorization and deeper understand the hadronization mechanism.

3.2 The Double SIDIS (DSIDIS) process

Let us consider the process in Eq. (1) with first hadron produced in the current fragmentation
region (CFR) and second – in the target fragmentation region (TFR) of polarized SIDIS, see
Fig. 12.

The LO expression for Spin and Transverse Momentum Dependent (STMD) DSIDIS is
given as

dσℓ(l,λ)+N(P,S)→ℓ(l′)+h1(P1)+h2(P2)+X

dx dQ2 dφS dz d2PT1 dζ d2PT2

=
∑

q

Mh2

q,s/N,S ⊗ dσℓ(l,λ)+q(k,s)→ℓ(l′)+q(k′,s′)

dQ2
⊗Dh1

q,s′ , (58)

where Mh2

q,s/N,S STMD fracture functions Eqs. (55–57) , Dh1

q,s′ are the STMD fragmenta-

tion functions to spinless hadron of unpolarized and transversely polarized quarks (see, for
example, [52])

Dh1

q,s′(z,p) = D1(z, p
2) +

p× s′

mh

H1(z, p
2), (59)

where p is a transverse momentum of hadron with respect to fragmenting quark momentum.

h2(P2)

γ∗(q)

ℓ(l), λ

ℓ(l′)

N(PN , S)

q′(k′, s′)
q(k, s)

Mh
q/N

h1(P1)

X
Mh2

q,s/N,S

Dh1

q,s′

Figure 12: SIDIS description with hadronization function.
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3.3 DSIDIS cross section

The cross-section for the DSIDIS of polarized lepton off longitudinally polarized nucleon can
be written in the form

dσℓ(l,λ)+N(P,S)→ℓ(l′)+h1(P1)+h2(P2)+X

dx dy dφS dz d2PT1 dζ d2PT2

=

α2 x

Q4y

(
1 + (1− y)2

)
(σUU + SL σUL + ST σUT + λDllσLU + λSLDll σLL + λSTDll σLT ) , (60)

where

Dll(y) =
y(2− y)

1 + (1− y)2
. (61)

3.3.1 Unintegrated DSIDIS cross section

The terms depending on the longitudinal polarization of initial particles are given by [134]:

σUU = F M̂ ·D1
0 −Dnn

[
P 2
T1

m1mN

F
ĥ⊥
1 ·H1

kp1 cos(2φ1)

+
PT1PT2

m1m2

F
ĥh
1 ·H1

p1 cos(φ1 + φ2)

+

(
P 2
T2

m1mN

F
ĥ⊥
1 ·H1

kp2 +
P 2
T2

m1m2

F
ĥh
1 ·H1

p2

)
cos(2φ2)

]
. (62)

σUL = −PT1PT2

m2mN

F
M̂⊥h

L
·D1

k1 sin(φ1 − φ2)

+ Dnn

[
P 2
T1

m1mN

F
ĥ⊥
1L·H1

kp1 sin(2φ1)

+
PT1PT2

m1m2

F
ĥh
1L·H1

p1 sin(φ1 + φ2)

+

(
P 2
T2

m1mN

F
ĥ⊥
1L·H1

kp2 +
P 2
T2

m1m2

F
ĥh
1L·H1

p2

)
sin(2φ2)

]
. (63)

σLU = −PT1PT2

m2mN

F
∆ĝ⊥h

1 ·D1

k1 sin(φ1 − φ2) . (64)

σLL = F∆ĝ1L·D1

0 , (65)

where

Dnn(y) =
(1− y)

1 + (1− y)2
. (66)
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The structure functions F∆M̂L·D1
0 , F∆M̂⊥h·D1

k1 ,...are convolutions of fracture and fragmen-
tation function(see Appendix-B 10).

To compare with observables in single hadron production in target or current fragmenta-
tion regions, one can integrate the cross section over the transverse momentum of the second
hadron.

3.3.2 DSIDIS cross section integrated over the transverse momentum of the
hadron produced in TFR

Consider the DSIDIS with integrated over produced in TFR hadron transverse momentum.
In this case the Eq. (60) will contain the hadron transverse momentum integrated fracture
functions:

∫
d2PT2 M[γ−] = f̌1(x, ζ,k

2)− k× ST

mN

f̌⊥
1T (x, ζ,k

2) , (67)
∫
d2PT2 M[γ−γ5] = SL ǧ1L(x, ζ,k

2) +
k · ST

mN

ǧ1T (x, ζ,k
2) , (68)

∫
d2PT2 M[iσi−γ5] = Si

T ȟ1(x, ζ,k
2) +

SL k
i

mN

ȟ⊥1L(x, ζ,k
2)

+
(k · ST ) k

i − 1
2
k2 Si

T

m2
N

ȟ⊥1T (x, ζ,k
2) +

ǫij⊥kj
mN

ȟ⊥1 (x, ζ,k
2) , (69)

where

f̌1(x, ζ,k
2) =

∫
d2Ph f̂1 , (70)

f̌⊥
1T (x, ζ,k

2) = −
∫

d2Ph

(
f̂⊥
1T +

mN

mh

k ·Ph

k2
f̂h
1T

)
, (71)

ǧ1L(x, ζ,k
2) =

∫
d2Phĝ1L , (72)

ǧ1T (x, ζ,k
2) =

∫
d2Ph

(
ĝ⊥1T +

mN

mh

k ·Ph

k2
ĝh1T

)
, (73)

ȟ⊥1L(x, ζ,k
2) =

∫
d2Ph

(
ĥ⊥1L +

mN

mh

k ·Ph

k2
ĥh1L

)
, (74)

ȟ⊥1 (x, ζ,k
2) = −

∫
d2Ph

(
ĥ⊥1 +

mN

mh

k ·Ph

k2
ĥh1

)
, (75)

ȟ⊥1T (x, ζ,k
2) =

∫
d2Ph

(
ĥ⊥⊥
1T +

m2
N

m2
h

2(k ·Ph)
2 − k2P2

h

(k2)2
ĥhh1T

)
, (76)

ȟ1(x, ζ,k
2) =

∫
d2Ph

(
ĥ1T +

k2

2m2
N

ĥ⊥⊥
1T +

P2
h⊥

2m2
h

ĥhh1T

)
. (77)

Note, that the combinations of fracture functions in the r.h.s. enter also in the momentum
sum rules derived in [133].

Now, looking at expressions Eqs. (67–69) one immediately can see that they are exactly
reproduce the structures entering in decomposition of quark correlators for ordinary TMD
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DFs. This means that the LO cross-section expression for considered process will exactly
coincide with the LO expression for SIDIS cross section in CFR [52] with the replacement
of DFs by corresponding fracture functions in convolutions entering in structure functions

dσℓ(l,λ)+N(P,S)→ℓ(l′)+h1(P1)+h2(P2)+X

dxdQ2dφSdzd2P1T dζ
=

α2x

yQ2

(
1 + (1− y)2

)
×

×
[
FUU +Dnn(y)F

cos 2φ1

UU cos(2φ1) + SLDnn(y)F
sin 2φ1

UL sin(2φ1) + λSLDll(y)FLL

]
, (78)

with

FUU = C
[
f̌1D1

]
, (79)

F cos 2φ1

UU = C
[
−2
(
ĥ · kT

) (
ĥ · pT

)
− kT · pT

MMh

ȟ⊥1H
⊥
1

]
, (80)

F sin 2φ1

UL = C
[
−2
(
ĥ · kT

) (
ĥ · pT

)
− kT · pT

MMh

ȟ⊥1LH
⊥
1

]
, (81)

FLL = C
[
ǧ1LD1

]
, (82)

where the standard notation

C
[
wfD

]
= x

∑

a

e2a

∫
d2k d2p δ(2)

(
k − p− Ph⊥/z

)
w(k,p) fa(x, ζ,k2)Da(z,p2) (83)

were used and the unit vector ĥ = Ph⊥/|Ph⊥|.

3.3.3 DSIDIS cross section integrated over the transverse momentum of the
hadron produced in CFR

For DSIDIS cross section integrated over produced in the CFR hadron transverse momentum
the LO expression Eq. (60) will contain the following integrations

∫
d2p

∫
d2k

∫
d2P1 δ

2 (P1 − p1− zk1)M(x, ζ,k2,P2)D(z,p1) =
∫
d2p

∫
d2kM̂(x, ζ,k,P2)D(z,p⊥) =M(x, ζ,P2)D1(z) . (84)

One can see that in this case we do not access to transversely polarized quark fracture
functions and the LO cross-section expression can be obtained as in the case of one hadron
production in the TFR [133]:

dσTFR

dx dy dζ d2Ph dφS dz
=

2α2
em

Q2y

{(
1− y +

y2

2

)

×
∑

a

e2a

[
f̆1(x, ζ,P

2
h) +Dll(y)SL ğ1L(x, ζ,P

2
h)
]
D1(z) , (85)
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with

f̆1(x, ζ,P
2
h) =

∫
d2k M̂(x,k2, ζ,P2

h,k ·Ph) (86)

ğ1L(x, ζ,P
2
h) =

∫
d2k ĝ1L(x,k

2, ζ,P2
h,k ·Ph) , (87)

DSIDIS cross-section LO expressions can be, therefore, studied for three different cases:
integrated over TFR hadron transverse momentum, over CFR hadron transverse momentum
and unintegrated over transverse momenta. The expressions are rather simple for first two
cases, but experimental measurement of azimuthal asymmetries in these cases will be more
difficult since azimuthal acceptance corrections will be needed. In the third case the three-
dimensional (in azimuths) analysis will allow avoid this problem and will give access to all
TMD fracture functions. Measured single and double leading twist asymmetries for pion and
kaon pairs in a large range of kinematic variables (x, Q2, z, Ph⊥, and φ) with unpolarized
and longitudinally polarized targets, will thus provide first glimpse to fracture functions.
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Figure 13: The preliminary beam asymmetry AsinφR

LU for hydrogen target at CLAS 5.7 GeV
e1f (left) and e1dvcs (right) experiments.

4 Data on di-hadron production

Measurements of azimuthal moments in dihadron production are available from HERMES
and COMPASS. So far the main focus was the leading twist SSA with transverse target.
The preliminary data from CLAS at 6 GeV indeed indicate large azimuthal sinφR moments
(see Fig. 13) both for unpolarized and polarized targets involving contributions from cor-
responding higher twist distribution functions contributing in single hadron and dihadron
production.

Dihadron fragmentation functions were studied by Belle Collaborations [14], and used
to extract the transversity distribution from SIDIS data. The analysis is in progress for
dihadron fragmentation functions with pairs of pions and kaons [135].

Detailed measurements of Asinφ
LU and Asinφ

UL asymmetries as a function of relevant kine-
matical variables in different bins in x, z,Q2 combined with measurements of single-pion
and single-kaon measurements [136, 137, 138] will allow study of the flavor dependence of
underlying distribution and fragmentation processes. The CLAS12 with kaon identification
provided by the RICH will allow detection of pion-kaon pairs over the full kinematic range,
allowing studies of the effect of strange and non-strange sea on the flavor and spin structure
of the nucleon.

The goal of our proposed experiment is to gather a data set on hadron pairs produced
in SIDIS in the region 0.1 ≤ x ≤ 0.8, 0.5 ≤Mh ≤ 1.2, and 0.2 ≤ z ≤ 0.8. Global analysis of
the data will provide fits to higher twist distribution functions e and hL.
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5 Experimental details

5.1 CLAS12

The proposed experiment will run in two stages. In the first stage running conditions will
be similar to an already approved CLAS12 proposal for semi-inclusive DIS studies with
CLAS12 [136, 137] with unpolarized proton and deuteron targets. In the second stage
running conditions will be similar to an already approved CLAS12 proposal for semi-inclusive
DIS studies with CLAS12 [139, 138] for longitudinally polarized proton and deuteron targets.

We will use the upgraded CLAS12 spectrometer with the low threshold Cherenkov counter
replaced by the RICH detectors. We will run at the standard magnetic field in both stages,
as close to identical acceptances for both experiments will simplify the global data analysis.
The central tracker will also be used for coincident detection of protons, pions and kaons
both in target and current fragmentation regions. The solenoid for the central tracker is also
used simultaneously to provide the magnetic field for the polarized target.

5.2 CLAS12 Particle Identification

In the baseline design of CLAS12, particle identification (PID) in the forward detector is
obtained by using the high threshold Cerenkov counter (HTCC), the low threshold Cerenkov
counter (LTCC) and the Time-of-flight scintillator arrays (TOF) (see Fig. 14). In the ∼
2.5−5 GeV/c momentum region, the π/K separation relies only on the LTCC performance.
Moreover, in the 4.7−8 GeV/c momentum region it is not possible to separate protons from
kaons. In general, this PID system matches the requirements of the physics program at 12
GeV. However there are some physics reactions of high interest, such as the one covered by
this proposal, that cannot be accessed without a better PID, especially for charged kaon
detection. At 12 GeV for semi-inclusive processes, the K/π ratio is of the order of 10− 15%
(see Fig. 15 ) thus the required rejection factor for pions is around 1 : 1000 (corresponding to
4.7σ pion-kaon separation) while with the present configuration, assuming a pion detection
inefficiency for the LTCC of 10%, the π/K contamination is 1 : 1. A RICH detector, to
be installed in place of the low threshold Cerenkov counter, will significantly improve the
CLAS12 particle identification overcoming the above limitations without having any impact
on the baseline design of CLAS12.

5.3 CLAS12 RICH detector

To fit the CLAS12 geometry, the RICH should have a projective geometry with six sectors
matching the torus bores and covering scattering angles from 3 ◦ to 30 ◦ (see Fig. 16). Being
downstream to the torus magnet at more than 5 m from the interaction point, the RICH has
to cover a large surface, each sector having an area of the order of 4 m2 in the front and 8 m2

in the back. The RICH depth cannot exceed 1 m, being the detector constrained between
existing equipments; the proposed solution is based on the concept of the proximity focusing
RICH, with mirrors mainly devoted to reduce the photon detector area. In the momentum
range of interest an aerogel RICH represents the best solution for the identification of π/K/p
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Figure 14: Hadron particle identification in CLAS12.
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Figure 15: Semi-Inclusive kaon versus pion yield ratio.

as shown in Fig. 17. This implies detecting Cherenkov light in the visible wavelength range
and using photomultipliers (PMTs) as photon detectors. On going Monte Carlo studies (see
next section) show that a pion-kaon separation greater then 4 σ at 8 GeV/c momentum can
be achieved if the detector pad size is less than 1x1 cm2, thus the use of Multi-Anode PMTs
is mandatory.

The use of aerogel as radiator and the detection of light in the visible wavelength range is
an expensive solution. Work is in progress to limit the area of the photon detector to about
1m2 per sector. The study of the spatial distributions of the Cherenkov photons impact
point at the detection surface shows that high-momentum particles concentrate in a limited
forward region close to the beam line (see Fig. 18).

The approach is, thus, to instrument a limited area around the beam line to have direct
detection in the forward region at high momenta, while at large angles and lower momenta
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Figure 16: RICH detector space and position in the CLAS12 spectrometer.

Figure 17: Cherenkov angle versus particle momenta for π, k, p and different radiators.

a system of focusing mirrors catches the light and reflect it toward the photon detector. A
drawing of the proposed solution is illustrated in Fig. 19 where the main components of
the systems are shown: the planar mirror (positioned before the aerogel), the aerogel, the
proximity gap, the PMTs plane covering the angular region between 3 ◦ and 14 ◦, and the
elliptical mirror which reflects the light produced by the particles emitted at angles larger
than 14 ◦ towards the planar mirror.

5.3.1 Preliminary Monte Carlo results

Preliminary Monte Carlo studies based on GEANT4 with a realistic geometry of the CLAS12
detector and events generated with Pythia have been performed with the aim to optimize
all the componenent of the detector. The dimensions of the radiator thickness and the gap
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Figure 18: Spatial distributions of the particle impact point at the RICH entrance (stars)
and gamma impact point at the detector surface (dots) for few overlapped events. The
plots distinguish among particle of increasing average momentum, from 2.5 GeV/c up to
7.5 GeV/c, from top to bottom and left to right. High-momentum particles concentrate in a
limited forward region close to the beam line, arbitrarely delimited by the two dashed lines
just for an illustration purpose.

length as well as the pad/pixel size of the photon detector have been varied in order to find
the optimal combination which gives the smallest reconstruction error in the Cerenkov angle
and the highest number of photoelectrons. An average number of 10 and 5 photoelectrons
has been obtained for the direct and reflected light collection, respectively. An example of
simulated events in the proposed RICH geometry is shown in Fig. 20 where Cherenkov light
direct detected and detected after the elliptical mirror reflection is clearly visible.

In order to have a precise information about the RICH performances in terms of pion/kaon
separation a pattern recognition algorithm based on the event-wise Direct Ray Tracing
(DRT) technique has been implemented; DRT combines the track(s) information with all
feasible hypotheses on the tracking particle(s) and realistically estimates, for each hypothe-
sis, the produced photon hits patters, which are combined to the simulated/measured one by
means of a likelihood function. The most probable particle(s) hypothesis is assumed as the
true one. The results obtained using the RICH configuration shown in Fig. 19 with aerogel
of increasing thickness from 2 to 6 cm, a gap length of ∼ 100 cm and a pad size of 0.6 cm and
for particle momenta in the range 7-9 GeV/c is shown in Fig. 21. In the figure the likelihood
for the different particles hypothesis is shown. As it can be seen the contamination is widely
smaller than 1%. For istance, the probability that a pion is misidentified as a kaon is 0.18%
which corresponds to approximatively a 4-5 σ pion/kaon separation.
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Figure 19: Drawing of the proposed proximity focusing RICH with focusing mirrors.

Figure 20: Exemple of events simulated with GEANT4

The preliminary results of the ongoing Monte Carlo analysis are ecouraging about the perfor-
mances of the proposed RICH; several potential improvements have been already identified
and are under detailed investigation. Also test in realistic conditions of the proposed solution
with a small prototype is underway.

5.4 The unpolarized target

We propose to use a collinear, dual-cell target containing deuterium (for the primary mea-
surements of multiplicities and the extraction of the shape of strange PDF) and hydrogen
(for fragmentation function measurements on proton). Measurements of cross section differ-
ences for unpolarized proton and deuteron targets will benefit from similar systematics due
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Figure 21: Likelihood distribution for the different particles hypothesis.

to simultaneous measurements, allowing to do a flavor dependence analysis for the higher
twist function e. The dual-cell target will be similar in design to the one used for the CLAS
measurements of Gn

M [140] during the E5 running period. A conceptual drawing of the target
is shown in Figure 22. Each of the cells containing liquid will be 2 cm in length with a 1.0
cm gap in between. The length of the cells is designed to fit within the current design of the
CLAS12 silicon vertex tracker. To measure effects due to different target positions, we will
collect data with the targets in opposite cells from the default configuration.

5.5 The polarized target

The target configuration will be the same as for already approved proposals using the po-
larized target [139, 131, 137]. It will be polarized via the method of Dynamic Nuclear
Polarization (DNP) which is a well established technique that has been used extensively in
nuclear and particle physics experiments, including the ones performed in Hall B of Jefferson
Lab. Dynamically polarized target systems consist of a hydrogenated (polarized protons)
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Figure 22: The conceptual design of the dual-target cell [141].

or deuterated (polarized neutrons) compound containing paramagnetic centers, such as un-
paired electrons, placed in a high magnetic field and cooled to low temperatures, with a B/T
ratio of the order of 5 Tesla/Kelvin. In these conditions, the free electron spins can approach
polarization of 100%. The high polarization of unpaired electrons is then transferred dynam-
ically to the nucleons by irradiating the target material at frequency near that of electron
spin resonance. This technique typically achieves a proton polarization of 80-90%, and a
deuteron polarization of 30-40%. The nucleons in the target will be polarized either parallel
or anti-parallel to the electron beam direction.

The main systems required to realize DNP are the superconducting magnet to provide a
strong (5 T) field, a 4He evaporation refrigerator to maintain the target material at 1 K, a
target insert, which will house the target material and some additional instrumentation, a
microwave system to transfer the polarization to the nucleon spins, and a Nuclear Magnetic
Resonance (NMR) system to determine the state of polarization.

In CLAS12 the polarizing magnetic field will be provided by the superconducting solenoid
of the central detector. Ammonia and deuterated ammonia will be used as target material
with the electron beam and CLAS12. In order to determine the dilution factor (fraction
of events originating from unpolarized target materials) for each process with sufficiently
high accuracy, about 20% of the running time will be devoted to measurements with carbon,
nitrogen, and helium. To determine the proton to deuteron and deuteron to carbon cross
section ratios, we will need a few days of running with the same magnetic fields and target
position as the present experiment, but with gas or liquid hydrogen and deuterium targets.
We anticipate that this can be scheduled in conjunction with other planned experiments
with CLAS12.

For measurements on polarized deuterium, we may choose to use 6LiD or HD as the
target material, rather than ND3. Both targets provide a very substantially better dilution
factor, and therefore substantially smaller statistical and systematic errors, for a given target
polarization and luminosity. In the case of 6LiD, the good dilution factor arises through the
assumption that 6LiD can be regarded to first approximation as an unpolarized alpha particle
bound with a polarized deuteron. Planned test with frozen spin HD target will show if this
target can withstand the heat load of a sufficiently high beam current to make this target
material competitive with ND3 or 6LiD. If so, the very good dilution factor (over 50%) and
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lack of nuclear corrections from polarized nitrogen or lithium will make this the target of
choice. The target polarization will be monitored during the run via the NMR system, in the
field of solenoid magnet. The calibration of the proton NMR can be done by measurements
of polarization in thermal equilibrium, taken with the polarizing magnet.

The experiment will run with a beam of about 10 nA on a 3 cm long ammonia target,
resulting in a luminosity of 1035/cm2s. The beam will be rastered over the diameter of the
polarized target (about 3 cm) to minimize the dose density (we will need at most one anneal
every other day under these conditions).

6 The data set and analysis

The expected kinematical coverage in the DIS region from the proposed experiment with 11
GeV beam and CLAS12 is shown in Fig.23. This will constitute a substantial increase over
the existing Jefferson Lab data in both x and Q2 (maximum Q2 of 5 GeV2 and x between 0.2
and 0.6), while the precision of the expected data in the valence region will be far superior
to existing DIS experiments from other labs.
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Figure 23: Kinematical coverage in the SIDIS region of the proposed experiment for ehhX
events.

Realistic MC simulations are crucial for separation of different contributions to cosφ and
cos 2φ azimuthal moments arising from higher twists, both kinematical [142] and dynamical
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Figure 24: Distribution over xF for pion-pion and pion-kaon pairs from FASTMC

[143, 144, 145, 146], radiative corrections [147, 148] and in particular from the detector
acceptance. The CLAS12 FAST-MC program was used to simulate the physics events and
study the extraction of azimuthal moments and acceptance corrections. Large acceptance
of CLAS12 allows detection of final state hadrons produced both in target and current
fragmentation regions. The 2D xF -distributions are shown on Fig. 24. Selecting different
kinematical regions one can measure azimuthal asymmetries in those regions and extract
underlying non-perturbative functions.

6.1 The unpolarized data set and analysis

One of the main goals of the experiment will be to extract the sinφ (Asinφ
LU ) moments as

functions of Q2, x, PT ,z, and Mhh. To estimate the accuracy we will be able to achieve in
the measurement of response functions, we used studies with hadron pairs processed through
CLAS12 FastMC to obtain the simulated detector ”data”. The ”data” were then acceptance
corrected to obtain the differential cross sections. Beam spin asymmetries are simulated by
extracting (N+ −N−)/(N+ +N−) for each bin where N± are the number of events from ±
electron helicity. These asymmetries were then fit by a function Asinφ/(1+Bcos2φ+Ccosφ),
where A is related to the AsinφR

LU moment. It was demonstrated that the AsinφR moments can
be extracted over a very large kinematic range.

6.1.1 The data set and analysis

In projected results we assume a beam polarization of 0.85, which has been routinely achieved
in recent experiments running at Jefferson Lab. The beam helicity will be flipped in a pseudo-
random pattern every 33 ms. We will use the standard Hall B beam devices to monitor and
stabilize the beam intensity and position. In particular, we will reduce any helicity-correlated
beam asymmetries to less than 10−3.

The first-level trigger will consist of a coincidence between the high-threshold Cerenkov
counter and a signal above threshold (corresponding to at least 1 GeV deposited) in the
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Figure 25: Distribution over φR for pion-pion and pion-kaon pairs from FASTMC

electromagnetic calorimeter in the same sector. This trigger will be highly specific for high-
energy electrons, with little contamination from pions and other particles. In the case of too
high background, we can also implement a level 2 trigger, which requires a electron candidate
track in the drift chambers of the same sector as the level 1 trigger. This has already been
developed for the present CLAS. The total event rate in the DIS region for this experiment is
expected to be around 2000 Hz above Q2 = 1 GeV2. Estimated total maximal trigger rates
that DAQ can handle are around 20 kHz. A data acquisition rate of 10 kHz has already
been achieved with today’s technology for the present CLAS DAQ. So that the required data
acquisition rate for this experiment is a rather modest.

The data will consist of the number of counts for beam electron or target proton helicity
parallel (N+) and anti-parallel (N−) states, each normalized to the dead-time corrected in-
tegrated beam charge. We will subtract from these rates the backgrounds from misidentified
kaons/pions (which can be obtained from fits to the distribution of photo-electrons in the
high-threshold Cerenkov counter and the measured ratio of visible energy deposited in the
electromagnetic calorimeter to the measured momentum) and from electrons coming from
pair-symmetric decays (e.g., π0 → e+e− or π0 → γe+e− as well as γ → e+e− conversions).
From the corrected counts, we will form the ratio Araw = (N+ − N−)/(N+ + N−). This
ratio has to be divided by the beam or target polarization and the additional dilution factor
for the polarized target case (the fraction of counts coming from the polarized nuclei in the
target to the total).

For polarized target configuration, following the procedure developed for the single-
hadron case [138], the dilution factor can be calculated from a detailed model of the target
content. The only ingredient needed is the packing fraction (the fraction of the cell vol-
ume occupied by the ammonia beads), which can be extracted by comparing the rate from
ammonia to that from an auxiliary carbon target. Additional measurements on empty and
liquid-helium only targets will also be needed. Past experience with the EG1 experiment in
Hall B has shown that a typical error of 3% on the dilution factor can be achieved [149]. An
additional correction for the small polarization in 15N and contamination by 14N and, in the
case of the deuterated ammonia, H, will be applied as well.

39



6.1.2 Single-spin azimuthal asymmetries

The beam (PB) and target (PT ) polarization will be independently measured using Möller
scattering and NMR, respectively. The target polarization, however, can be extracted from
the product of PB ∗PT with higher precision directly from our data, by measuring the asym-
metry of elastic (quasi-elastic) scattering ~p(~e, e′p) (~d(~e, e′p)) from our NH3 (ND3) targets,
respectively. We did a full simulation of this method, including radiative effects, CLAS12
acceptance, and expected beam parameters. We find that the uncertainty on PT for the
proton will be about 3% and on the deuteron about 5%.

Measurements of average moments 〈W (Φ)〉LU/UL =
∫
σLU/UL(Φ)W (Φ)dΦ/

∫
σ(Φ) sin2 φdΦ

(W (φ) = sinΦ, sin 2Φ) of the cross section σ
W (Φ)
LU/UL will single out corresponding terms in the

cross section. Thus the sinΦ SSA of the cross section for longitudinally polarized target and
unpolarized beam is defined as:

AsinΦ
LU/UL =

〈sinΦ〉UL/LU

〈sin2 Φ〉UU

=
1

P±N±

∑N±

i=1 sinΦi∑N±

i=1 sin
2 Φi

,

where P± and N± are the polarization and number of events for ± helicity state, respec-
tively, and Φ will be ΦR, φ1 − φ2, φ1 + φ2,2φ1,. . . , depending on the observable. For spin-
dependent moments this is equivalent to the corresponding spin asymmetries AW

UL/LU . The
final asymmetry is defined by the weighted average over two independent measurements for
both helicity states or by fitting with corresponding azimuthal dependences (sinΦ, cosΦ) the
spin asymmetries binned in the azimuthal angle and sin θ.

The single-spin asymmetries in di-hadron SIDIS for charged and neutral hadron pairs
are sensitive to HT parton distributions through the different flavor sensitivities tagged by
the hadron charge. The systematic errors largely cancel in the ratios of PDFs allowing for
measurements with statistical and systematic precision of ∼3% in bins in x, z and Mhh.
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7 Expected results

7.1 Simulation

The CLAS12 FAST-MC program was used to simulate the physics events and study the ex-
traction of azimuthal moments and acceptance corrections. The expected number of counts
and corresponding statistical errors in the following sections are based on a full simulation
of inclusive and semi-inclusive inelastic scattering with the CLAS12 acceptance folded in.
Events were generated with the clas12DIS generator [150]. This generator is basically an
implementation of the LUND Monte Carlo package called PEPSI (Polarized Electron-Proton
Scattering Interactions) [151]. It is based on polarized and unpolarized parton distribution
functions and the LUND string model for hadronization (both in target and current frag-
mentation region), and has been tested successfully against several low-Q2 experiments with
5.7 GeV beam at Jefferson Lab.

A fast Monte Carlo simulation program has been used to define the acceptance and
resolution of the CLAS12 detector with all of the standard (base) equipment in place. The
kaons were assumed identified 100% in sectors covered by CLAS12-RICH, and also at energies
above 5 GeV, where the pions start to fire the High Threshold Cherekov Counter (HTCC).
The events generated by clas12DIS are used as input and all particles are followed through
all detector elements.

The resolution of the detector is simulated by a simple smearing function which modifies
a particle’s track by a random amount in momentum and angles according to a Gaussian
distribution of the appropriate width. The amount of smearing follows the design specifica-
tions of the CLAS12 detector. The resolution in x varies between 0.01 < σx < 0.035 and is
therefore finer than our planned x bin size of 0.05 in all cases.

A full Monte Carlo simulation (GEANT-based) of CLAS12 with all resolution effects will
be used to determine the effective mean x (and Q2) for each x-bin we will use to bin our
data so we can accurately extract the x-dependence of the measured asymmetries.

7.2 Statistical and systematic errors

The proposed single-spin asymmetry measurement is rather insensitive to uncertainties in
acceptances and charge normalization. A cut on the missing mass of the dihadron pairs will
be used to suppress contamination from exclusive production. The missing mass distributions
for different hadron pair combinations are shown in Fig. 26. Various kinematic distributions
for two hadron production are shown on Figs.25-32. A cut on the xF < 0 and xF > 0, (xF is
the fraction of the longitudinal momentum in the center of mass frame) was used to separate
particles in target fragmentation region (TFR) and the current fragmentation region (CFR),
respectively. The overall statistics of pion-kaons pairs is an order of magnitude less than for
pion-pion pairs, with most of the relevant sources of systematic errors being the same.

Other sources of systematic errors include the beam and target polarizations, dilution
factor the longitudinal to transverse photo absorption cross section ratio, R(x,Q2). The
main sources of systematic errors in measurements of single and double spin asymmetries
are listed in the Table 3. These errors are all scale errors, so they are proportional to the
size of the measured asymmetry. The total uncertainty is expected to be less than 10% of
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Figure 26: Missing mass distributions for kaons and pion pairs from PEPSI MC for ehhX
events.
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Figure 27: x and W -distribution of pion pairs.
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Figure 28: z and y-distributions of pion pairs.
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Figure 29: xF -distributions of π
+ (left) and π− (right) of pion pairs.
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Figure 30: The Q2-distribution of pion pairs (left) and the φR-distribution of the pair (right).
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Figure 31: The φhdistribution (left) and invariant mass distributions of the pair (right).
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Figure 32: Invariant masses for Kaon-pion pairs for tfr-cfr and cfr-cfr combinations

Table 3: Uncertainties for asymmetry measurements.

Item Asinφ
LU Asinφ

UL

beam polarization 3% -
target polarization - 3%
dilution factor - 4%

radiative corrections 2% 2%
fitting procedure 5% 5%

transverse (to γ∗) spin effects - 3%

the measured SSA. For the Asinφ
UL SSA, statistical uncertainties are expected to dominate the

total uncertainty.
Studies of other sources of systematics, related to physics background, including target

fragmentation, semi-exclusive processes, exclusive vector meson contributions, and higher
twist require the data of this measurement.

We based our predicted statistical errors for unpolarized target asymmetries in the fol-
lowing sections on the assumption of running 54 days on a hydrogen and deuterium [141].
Predicted statistical errors for polarized target SSA assume running 30 days on NH3 and
50 days on ND3. The number of days was chosen to achieve a statistical error that is not
significantly larger than the systematical error at the highest x and Mh points. More days
on deuterium than the proton ensures that both have the same statistical error at large PT

and optimizes the error on extracted hu,dL .
For our estimate of the total systematic error, we have added the systematic errors from

the various contributions in quadrature. They are listed in Table 3. Note that some sys-
tematic errors (like the overall scale error coming from the beam and target polarization)
affect the extraction of higher twist contributions less than point-to-point errors, which typi-
cally are smaller. Additional contributions to systematic error of measured asymmetries will
come from uncertainties of unpolarized structure functions and also attenuation of hadrons
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in nuclear environment, which are a subject of a separate study (PAC-30 proposal on nuclei).

7.3 Results

The proposed experiment will collect data on semi-inclusive electroproduction of hadron
pairs including all combinations of kaons and pions with unpolarized and longitudinally
polarized hydrogen and deuterium targets. The charged kaons will be detected in the forward
spectrometer and the central tracker of CLAS12 in coincidence with the scattered electrons
and identified by the CLAS12-RICH detector. The following predicted results were obtained
with a full simulation of the hadronization process [151] and the acceptance of CLAS12 for
all particles.

The expected counts of pion-pion and pion-kaons pairs in different kinematic bins for
unpolarized and longitudinally polarized hydrogen and deuteron targets were calculated
using the PEPSI-MC.

Projections for the resulting kinematic dependence of the beam SSA for proton target
are shown in Fig. 33 for π+π− pairs, in Fig. 34 for K+π− pairs and in Fig. 35 for K+π0

pairs,respectively. The Fig. 37 shows the same SSA π+π− for the deuteron target. Error
bands represent upper and lower limits of different model calculations shown in Fig. 7,
Fig. 11, and Fig. 9.

Projections for the resulting kinematic dependence of the twist-3 target SSA for proton
and deuteron are shown in Fig. 36 and Fig. 38, respectively. Error bands represent upper
and lower limits of different model calculations shown in Fig. 8 and Fig. 10.

The new data will also allow a more precise test of the factorization ansatz and the
investigation of the Q2 dependence of sinφ, and cosφ asymmetries. This will enable us to
study the higher-twist nature of the corresponding observables [152, 76, 153, 40, 39, 154, 155].

The combined analysis of the future CLAS12 data on 〈sinφ〉 and of the previous HERMES
measurements in the high-Q2 domain (where higher-twist effects should be less significant)
will provide information on the underlying quark-gluon correlations.

Measurements of spin and azimuthal asymmetries across a wide range of x, z,Q2, and
Mh would allow to perform detailed tests of QCD dynamics in valence region.
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Figure 33: The projected statistical error for hydrogen target for the beam asymmetry
AsinφR sin θ

LU in (z, Mh, x) for π+π− pairs. The band represent the spread in predictions for
two different models for e(x) from Fig. 7.
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Figure 34: The projected statistical error for hydrogen target for the beam asymmetry
AsinφR sin θ

LU in (z, Mh, x) for K
+π− pairs. The band represent the spread in predictions for

two different models for e(x) from Fig. 11.
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Figure 35: The projected statistical error for hydrogen target for the beam asymmetry
AsinφR sin θ

LU in (z, Mh, x) for K+π0 pairs. The band represent the spread in predictions for
two different models for e(x) from Fig. 11.
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Figure 36: The projected statistical error for hydrogen target (30 days of NH3) for the target
asymmetry AsinφR sin θ

UL in (z, Mh, x). The band represent the spread in predictions for two
different models for hL(x) from Fig. 8.
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Figure 37: The projected statistical error for deuteron target (54 days) for the beam asym-
metry AsinφR sin θ

LU in (z,Mh, x). The band represent the spread in predictions for two different
models for e(x) from Fig. 9.
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Figure 38: The projected statistical error for deuteron target (50 days of ND3) for the target
asymmetry AsinφR sin θ

UL in (z, Mh, x). The band represent the spread in predictions for two
different models for hL(x) from Fig. 10.
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8 Summary and Request

In recent years significant experimental, phenomenological and theoretical efforts have been
made to understand the QCD beyond twist-2. Twist-3 functions describing multiparton
distributions corresponding to the interference of higher Fock components in the hadron
wave functions, offer fascinating insights into the nucleon structure [24].

The main goal of the proposal is to extract information on the twist-3 collinear pdfs e(x)
and hL(x), using the recent progress in understanding of DiFF and their extraction from
e+e- data. The formalism of DiFFs is based on collinear factorization with well defined evo-
lution equations. The proposed experiment will provide data on sub-leading asymmetries
which would provide valuable insights, and especially provide an answer to the interesting
question why subleading twist effects appear to be larger then leading twist effects (Acosφ

UU

was larger than Acos 2φ
UU [16], Asinφ

UL was larger than Asin 2φ
UL [1]). Precise data on the production

of pion and kaon pairs would have an important impact, and motivate further theoretical
studies. Ultimately, through a global study of all of these observables, one could simulta-
neously obtain better knowledge of twist-3 collinear functions and twist-2 TMDs, and at
the same time test the validity of the formalism. The proposed set of measurements with
unpolarized and longitudinally polarized proton and deuteron targets will yield a compre-
hensive set of azimuthal moments in spin-dependent and independent SIDIS providing access
to corresponding distribution and fragmentation functions in a wide range of x, Q2, z, and
Mh. Our data, combined with the data from HERMES, COMPASS, and BELLE, will pro-
vide independent (complementary to e + /e−) measurement of polarized and unpolarized
pion and kaon DiFFs and will allow a complementary to pion SIDIS study of leading twist
distributions.

To achieve this goal, we request a total of 164 days of beam time with an 11 GeV, highly
polarized electron beam in Hall B with luminosity of 1035cm−2sec−1, including 108 days of
polarized target running and 56 days of unpolarized target running. The breakdown of this
beam time is shown in Table 4.

We want to conclude by noting that while this proposed experiments requires a substantial
commitment of beam time (164 days total), we will simultaneously take data with already
approved experiments to study the inclusive and semi-inclusive DIS [139, 131].

52



Time Activity
Unpolarized target
2 days Commissioning: Empty target, interchange of

targets
54 days Production data taking on proton and deu-

terium (50% with reversed field)

Polarized target
3 days Commissioning: Beam raster set up, trigger

optimization, low energy calibration runs
30 days Production data taking on NH3

50 days Production data taking on ND3

3 days (1 1/2 hours every other day) Target anneals and/or target changes
15 days (intermittent with production data) Calibration runs on 12C and empty target
5 days Production runs on 15N
2 day (1 hour every other day – concurrent
with anneals)

Möller polarimeter runs

Table 4: Requested beam time broken down by activity.
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9 Appendix-A

The depolarization factors from Eq.2 can be written as

y2

2 (1− ε)
=

1

1 + γ2
(
1− y + 1

2
y2 + 1

4
γ2y2

)
≈
(
1− y + 1

2
y2
)
≡ A(y), (88)

y2

2 (1− ε)
ε =

1

1 + γ2
(
1− y − 1

4
γ2y2

)
≈ (1− y) ≡ B(y), (89)

y2

2 (1− ε)

√
2 ε(1 + ε) =

1

1 + γ2
(2− y)

√
1− y − 1

4
γ2y2 ≈ (2− y)

√
1− y ≡ V (y), (90)

y2

2 (1− ε)

√
2 ε(1− ε) =

1√
1 + γ2

y
√
1− y − 1

4
γ2y2 ≈ y

√
1− y ≡ W (y), (91)

y2

2 (1− ε)

√
1− ε2 =

1√
1 + γ2

y
(
1− 1

2
y
)

≈ y
(
1− 1

2
y
)
≡ C(y). (92)

10 Appendix-B

For an arbitrary function w(k,p) we introduce the notation

C[M̂ ·Dw] =
∑

a

e2a

∫
d2k d2p δ(2)(zk+p−PT1) M̂a(x, ζ,k

2,P2
T2,k ·PT2)Da(z,p

2)w, (93)

where k,PT1 and PT2 are the two-dimensional transverse momenta of quark, hadrons 1 and
2 with respect to virtual photon momentum and p is a hadron 1 transverse momentum with
respect to fragmenting quark momentum. Then, using the identity for Kronecker delta-
function in two-dimensional vectors space

(
P2

T1P
2
T2 − (PT1 ·PT2)

2
)
δij = P2

T2P
i
T1P

j
T1 +P2

T1P
i
T2P

j
T2 − (PT1 ·PT2)

(
P i
T1P

j
T2 + P j

T1P
i
T2

)
,

(94)
we have the following general tensorial decomposition over independent structures:

C[M̂ ·D] = F M̂ ·D
0 ,

C[M̂ ·Dki] = P i
T1 F

M̂ ·D
k1 + P i

T2 F
M̂ ·D
k2 ,

C[M̂ ·Dpi] = P i
T1 F

M̂ ·D
p1 + P i

T2 F
M̂ ·D
p2 ,

C[M̂ ·Dkikj] = P i
T1P

j
T1 F

M̂ ·D
kk1 + P i

T2P
j
T2 F

M̂ ·D
kk2 + δij F M̂ ·D

kk3 ,

C[M̂ ·Dkipj] = P i
T1P

j
T1 F

M̂ ·D
kp1 + P i

T2P
j
T2 F

M̂ ·D
kp2 +

(
P i
T1P

j
T2 − P j

T1P
i
T2

)
F M̂ ·D
kp3 + δij F M̂ ·D

kp4 ,

C[M̂ ·Dkikjpk] = P i
T1P

j
T1P

k
T1 F

M̂ ·D
kkp1 + P i

T1P
j
T1P

k
T2 F

M̂ ·D
kkp2 + P i

T2P
j
T2P

k
T2 F

M̂ ·D
kkp3 + P i

T2P
j
T2P

k
T1 F

M̂ ·D
kkp4

+ P k
T1δ

ij F M̂ ·D
kkp5 + P k

T2δ
ij F M̂ ·D

kkp6 . (95)

Note, that the functions in the r.h.s. of above equations depend on x, z, ζ,P2
T1,P

2
T2,PT1·PT2.
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From Eq.(95), after contracting by appropriate tensorial combinations, constructed from
components of PT1 and PT2 and δij, we can easily obtain

F M̂ ·D
k1 = C

[
M̂ ·D (PT1 ·PT2)(PT2 · k)− (PT1 · k)P2

T2

(PT1 ·PT2)
2 −P2

T1P
2
T2

]
,

F M̂ ·D
k2 = C

[
M̂ ·D (PT1 · k)(PT1 ·PT2)− (PT2 · k)P2

T1

(PT1 ·PT2)
2 −P2

T1P
2
T2

]
. (96)

F M̂ ·D
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