A 12 GeV Research Proposal to Jefferson Lab (PAC 38)

Studies of Dihadron Electroproduction in DIS with Unpolarized
and Longitudinally Polarized Hydrogen and Deuterium Targets

H. Avakian®™, V.D. Burkert, L. Elouadrhiri, V. Kubarovsky
Jefferson Lab, Newport News, VA 23606, USA

S. Anefalos Pereira’, M. Aghasyan, E. De Sanctis,D. Hasch, L. Hovsepyan,
V. Lucherini, M. Mirazita, S. Pisano, and P. Rossi
INFN, Laboratori Nazionali di Frascati , Frascati, Italy

A. Courtoy', A. Bacchetta, M. Radici
Universita’ di Pavia and INFN Sezione di Pavia, via Bassi 6, 27100 Pavia, Italy

L. Pappalardo’, L. Barion, G. Ciullo, M. Contalbrigo, P.F. Dalpiaz,P. Lenisa, M. Statera
University of Ferrara and INFN Ferrara, Via Saragat, [-44100, Ferrara, Italy

K. Griffioen’, Bo Zhao
College of William & Mary, VA 23187, USA

K. Joo, P. Schweitzer, M. Ungaro
University of Connecticut, Storrs, CT 06269, USA

G. De cataldo, R. De Leo, L. La Gamba, E. Nappi
University of Bari and INFN Bari, Via Orabona, 1-70125, Bari, Italy

M. Battaglieri, A. Celentano, R. De Vita, M. Osipenko, G. Ricco, M. Ripani, M. Taiuti
Dipartamento di Fisica and INFN, Sezione di Genova, Via Dodecaneso, 33 1-16146 Genova, Italy

V. Bellini, A. Giusa, F. Mammoliti, R. Potenza, G. Russo, L. Sperduto, C. Sutera
University of Catania and INFN Catania, Via S. Sofia, 1-95123 Catania, Italy

R. Perrino
INFEN Lecce, Via Arnesano, I-73100 Lecce, Italy

A. D’Angelo, C. Schaerf, 1. Zonta
Dipartimento di Fisica, Universita’ di Roma Tor Vergata,
INFN Sezione di Roma Tor Vergata, Via della Ricerca Scientifica, I-00133, Rome, Italy

F. Meddi, G.M. Urciuoli
INFN Roma I, P.le aldo Moro, I-00185, Roma, Italy

E. Cisbani, A. Del Dotto, F. Garibaldi, S. Frullani
INFN Roma I and Istituto Superiore di Sanita’, Viale Regina Elena, I-00161, Roma, Italy

M. Capogni
INFN Roma I and ENEA Casaccia, Via Anguillarese, [-00123, Roma, Italy

B. Briscoe, 1. Strakovsky
The George Washington University, Washington, DC 20052, USA

M. Anselmino, A. Kotzinian, B. Parsamyan



Universita di Torino and INFN, Sezione di Torino, Via P. Giuria 1, I-10125 Torino

L. Trentadue
Universita’ di Parma, Dipartimento di Fisica e INFN Gruppo Collegato di Parma,
Sezione di Milano Bicocca, Via G.P. Usberti, 7/a 43100 Parma

A. Mukherjee
Department of Physics, Indian Institute of Technology Bombay Powai,
Mumbai 400076, India

M. Wakamatsu
Department of Physics, Faculty of Science, Osaka University,
Toyonaka, Osaka 560-0043, Japan

A CLAS collaboration proposal
T Co-spokesperson * Contact: Harut Avakian, JLab,Newport News VA 23606. Email: avakian@jlab.org



Collaborators’ commitment to the 12 GeV upgrade of Jefferson Lab

e 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.

e 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.



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 A in the TFR when hard scattering occurs on quark ¢ from the
target nucleon N.

Kinematical dependences of the sin ¢ 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 (NHs 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 NDj3 (or possibly °Li 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 (Ag’,§¢) 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 (A3 %) and beam (A%7?) 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, hy, and gr. 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 hy. 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 Aii,nf is a large and cleanly seen effect, while the twist-2 asymmetry A?}HL%
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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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
hr, in combination with the chiral-odd interference fragmentation function H,' [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 sin ¢ modulations in target or beam spin
dependent azimuthal moments of the SIDIS cross section. The interference fragmentation
function H;" 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 ¢ 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
(1) + N(P) = (') + h(Py) + ho(P) + X, (1)

where ¢ 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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where « is the fine structure constant, ). is the beam polarization, M, M, and Py, P,
masses and momenta of final hadrons, respectively. Following the Trento conventions [53] all
relevant angles are defined on Fig. 1 [54].! The final hadrons invariant mass M, is assumed
to be much smaller than the hard scale Q? = —¢? > 0 (¢ = [ —1') of the SIDIS process defined
by kinematic variables v = Q*/2P-q, y = P-q/P-l, 2z = P-P,/P-q, v = 2Mx/Q. The
P, =P, + P, and R = (P, — P,)/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 6 between the directions of the emission and of P, in
the photon-target rest frame.

The structure functions on the r.h.s. depend on z, Q?* z, cos, M?. The angle ¢ is
the azimuthal angle of ¢/ 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 ) and ¢g is given in Ref. [55]; in deep inelastic kinematics

'From the theoretical point of view, different definitions for the azimuthal angles may be adopted, as long
as they differ by terms of order 2.



one has dy ~ d¢g. The first and second subscript of the above structure functions indicate
the respective polarization of beam and target, whereas the third subscript in Fyyp; 7, Fyrpr g

and F[S]i;f?ih_gss ), F[S}i;’(zsh_d)s ) specifies the polarization of the virtual photon. The longitudinal
or transverse target polarization refer to the photon direction here. The ratio ¢ of longitudinal
and transverse photon flux in (2) is given by [52]

oy
1—y+iy?+ 17%y%

(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:

Amonsnd (0L 0) = i%fd(bg dcosf singg (dot — do™) _ 4/2e(1—¢) [dcost Fyy;°"
L T e [ dor dcosf (dot + do~) [ dcos® (Fyur + eFuu,r)
Amonsnd (0 Vo) = if—rfdgbR dcosf sin¢r (dot — do™) _ %\/26(1+€)IdC089F52¢R.
uL T Sy, [ dor dcosb (dot + do~) JdcosO (Fyur + eFyu,L)

(4)

In the limit M? < @Q?* the structure functions can be written in terms of PDF and
Dihadron Fragmentation Functions (DiFF) in the following way (a summation }_ e? is



hyhy
CM frame

Py

Figure 1: Depiction of the azimuthal angles ¢ of the dihadron and ¢g 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.

;o — (gxk)-Rr (gxk)-(gxRr) — (gxk)-St (gxk)-(gxST) _
Explicitly, op = T(qxk)-Rr] ATCCOS ‘[ Rllax Ra] and ¢g = T(axk)-Sr] ATCCOS o kilgx Sy ° Here, Ry =

R— (R- PPy, with R= (P, — P5)/2, P, = Py + Py, and P, = P,/ | Py |, thus Ry is the
component of P, orthogonal to Py, and ¢p, is the azimuthal angle of Ry 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 6,
which is defined as the angle between the direction of P in the hadron pair center-of-mass frame,
and the direction of P, in the photon-target rest frame.

understood) [48]?

Fyur = xf{(z) D} (z, cos 0, Mh), (5)
Fyu,, =0, (6)
R|sinf 1 ~
Fison — —xH% B fi(z) D39(z, cos0, My,), (7)
Fipor =0, ®)
. ' M 1 _
Fz}l}d’R = —CCM — xel(x) qu(z,cos G,Mh) + — fi(x) qu(z,cos 0, Mh) , (9)
Q Mj, z
; R|sinf | M 1 ~
Flsjzd’R = —xﬂ — xhi(z) qu(z, cosf, Mh) + — gi(x) G’qq(z, cosf, Mh) . (10)
Q M, z
Fyp =0, (11)
Fii = ag!(@) D (=, cos0, M), (12)
inf 1 ~
FZ‘EWR = —xw% - gi(x) qu(z,cos 9, Mh), (13)
z

For some discussion of the case M? =~ Q?, see Ref. [50]
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where

1
[R| = 5/ M} = 2(ME + M3) + (M7 — M3)/ M. (14)

M
o7 )

In the above structure functions, there are essentially three kinds of combinations of
PDF and fragmentation functions (FF):? leading-twist PDF and FF (e.g., f1D;), leading-
twist PDF and subleading-twist FF (e.g., fllN)q), subleading-twist PDF and leading-twist
FF (e.g., eH}).

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

The subleading-twist fragmentation functions D9 and G originate from quark-gluon
correlation functions on the fragmentation side. They vanish in the so-called Wandzura-
Wilezek 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 cos ¢z modulations in unpolarized or
doubly polarized collisions (Fyos®" and Fi%?7) 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
hp, multiplied by the interference fragmentation function H;', occurring in the structure
functions Fip®® and Fip®". The extraction of the PDF is made possible by the fact that
H;® has been recently extracted [51] from BELLE measurements [14]. Unfortunately, the
structure functions contain also another term involving the fragmentation function G9. The
possibilities to isolate the crucial quantities are the following: (i) rely on the measurements
of the function G¥ from e*e~ collisions, (ii) rely on the knowledge of the leading-twist PDF
f1 and g; 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 Fyo:*® and Fi%°?" included in Ref. [48],
contain the collinear T-odd distribution functions A and e;. They should vanish if the gauge
link is the only source of a T-odd behavior. Measuring a nonzero h or ey, 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 sin ¢g 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].

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

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]:

Dy = Dy goipp + Dy gpcost + Dl’ppi (3cos?f —1), (15)
HY — HY, + HY cosO . (16)
D® — D3, + Dy cost (17)
G¥ = G, + G cos 0 (18)

(19)

where the relative partial waves of each pion pair are put into evidence. For sake of simplicity,
we will make the replacement D, 444, = D; since no ambiguity arises in the following.

The functions on the r.h.s. depend on z, Mj,. It may be useful to note that a symmetriza-
tion f(0) + f(m — 6) gets rid of all the cosf terms [54]. In general, those terms will vanish
even if the 6 acceptance is not complete but still symmetric about 6 = /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 777, KT K,
or KTx~ final-state pairs.

Isospin symmetry and charge conjugation suggest the relations [51]

D11¢—>7r+7r7 _ Df_ﬂﬁrw* _ D111—>7r+7r* _ Dil—>7r+7r* : (20)
Di—m*w* _ Df—ﬂfﬂf , (21)

D§—>7r+7r* _ D§—>7T+7T7 , (22)

H1<Iu—>7r+7r7 _ _qud—>7r+ﬂ'7 _ _H1<I’I]—>7r+7r7 — Hfd—)ﬂ+7F7 7 (23)
Hl<js~>ﬂ'+ﬂ'_ _ _Hfgﬁﬂ--ﬁ-ﬂ—— _ Hl<jc~>7r+7'r_ — _H1<IE~>7T+7F_ — O . (24)

For G¥ we expect the same relations as for H . In practice, for 7+~ and neglecting charm
quarks, there are only two independent D; functions and one H; (and G¥).
For K+t K, similar considerations lead to

11



qu—>K+K* _ Dqlz_>K+K*’ (25)
DiKYKT _ psoKtET (26)

D‘IHKUF _ D¢1{—>K+K* 7 (27)

D§—>K+K_ _ Df—>K+K_ ’ (28)

HfﬂHKJrK— _ _HfﬁﬁlﬁK‘ (29)

H?S_)Kﬂf _ _H1<I§—)K+K7 ’ (30)

HERTE _Hf;J—>K+K* = HFRTRT e kTR g (31)

For K™K~ and neglecting charm quarks, there are three independent D; functions and two
"
The flavor structure of K7~ suggests

D%_)Kﬂf _ D111—>K+7r* (32)

DTHKJrﬂ.f _ DilHKJrﬂ-* _ DEHKJFW* _ D?—)K+7’I’7’ (33)
Hflu_ﬂ(ﬁrf _ _qua—ﬂ{ﬂr* (34)

Hf}S—ﬂ(*W’ = qucz_)KﬂF = Hfic_ﬂ(ﬂri = qua_ﬂ(ﬂri =0. (35)

Together with the above functions, we have to consider also D5 and DK™ for a to-
tal of four independent unpolarized fragmentation functions, and H fid_ﬂﬁf and H fg_)Kﬂrf,
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 M?/Q?, and the partial-wave expansion of the fragmentation functions in
Sec. 2.1, we can rewrite the asymmetries of Egs. (4) as

W(y) M |R| >4 [ﬁve"(w) H (2, My) + 2 fil(2) G (=, Mh)}

Asind)RsinG x’y,Z’M 7@ _ _ I
w mQ="Ty) 0 M, S () DY ory (2, 30)

(36)

V(y) M |R| 224 % [mh%(x) H{5 (2, Ma) + 335 g1 (2) G0z, Mhﬂ

ASiH¢RSin9 (Ia Y, z, Mh7 Q) = T AN A s
vr Aly) @ My g € f1(2) DY goip (2, Mp)

(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 777~ final state, we can introduce in the flavor sum the

12



assumptions (20)—(24), and we get

=

sin sin (y) M |R‘
ALUd)R O(xa%ZaMh’Q) ~ - A(y 5E

~—

Hffg; [4:166“*{‘(@ — xed*”z(x)} + y—]\} éfz;“ [4xf{‘_ﬂ(a:) —x d_J(x)]
’ Dt [417%(a) + £79(0)] + D1 £ |
(38)
AL (0,2, M,Q) = 0 T L
i (Aot w) — b @) + By G 40017 @) — agl (@)

Dy (415 (@) + fi(@)| + Ds i+ (@)
(39)

where for the PDF we adopt the compact notation fi=%(x) = fi(x) + fi(z), and similarly
for the other functions. For neutron targets, assuming isospin symmetry, we can simply
interchange the role of v 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 G¥. In fact, the following combination of asymmetries
reads

. . . . 1 . . 1
A;}rg}mme (27, Y, 2, Mh, Q) _ A;}IquRsmG _ _ o Asltrllj(bRsmG _ _
497" () — g1 “(2) 47 (x) = ()
M1 ) 477172r cH (2, My)
== -/1-4-72 - - -
Q2 MiE Dy(z, My) [4f44(@) + F49(@)] + Diz, M) ()

W) At @) — el Vi) by () — b
Aly) afi @) — [ AW gt (@) — gt ()
(40)

2.4 Parametrization of DiFF

The chiral-odd Dihadron Fragmentation Function H;¢ [46] describes the correlation be-
tween the transverse polarization of the fragmenting quark with flavor ¢ and the azimuthal
orientation of the plane containing the momenta of the detected hadron pair. Hfgp is the
component of H;? 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., p or K*) are present.

Before the Belle measurement of the angular distribution of two pion pairs in ete™

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{ /M, D} as a function of z and M), respectively. The error band

comes from the calculation of error propagation from the fit.

b

The unpolarized D; was tuned to Monte Carlo event generators [49] and the polarized Hy,

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 D; and H fsp for the production of 77,

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 7t7~: (i) p resonance decaying into the two pions, (ii) w resonance
decaying into the two pions, plus the fragmentation into a w resonance decaying into 777
with 7% unobserved, (iii) the continuum, i.e. the fragmentation into an “incoherent” w7~
pair. Combining the fit of the asymmetry data with the parametrization of its denominator
allowed the extraction of the IFF H fsp.

The ratio |R|H{ (2, My) /My, Dy (z, My) at the Belle’s scale is depicted in Fig. 2. It is
integrated over M), 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, M}) at

both scales lead to the ratios

anl 2 oy 2\ _
(2 GeV )/T(mo GeV?) = 92% + 8%, . (41)
nDl nDl

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 Km pairs.

In order to have an estimate of the magnitude of the effect, we assume it to have this form

|R|Hfsp(2? Mh) ~ 3M |R’\/chon(z> Mh) DIK* (Z, Mh)

~ olMp

Mth(Z, Mh) Mth(Z,Mh)

where with Dy, and Dyg+ we mean the components of the fragmentation function that

describe the K7 continuum and the K™ resonance, respectively. We estimate these frag-

mentation function components using the LEPTO Monte Carlo event generator. The above

(42)
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ansatz is motivated by the fact that the function A fsp 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 777~ system reproduces the size and qualitative feature of the
extracted ratio displayed in Fig. 2. Finally, for K7 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 ¢ and Ay,

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

m

_ .z 43
xe xe+Mf1, (43)
2
~ p m
l’hL = l‘hL + VTQ h‘f_L + Mgm. (44)

The functions on the Lh.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 ze(z)
is entirely determined by pure twist-3 contributions. (Notice that multiplying e(z) by z is
necessary to cancel a d-function-type singularity at x = 0, see below.)

The function e(z) 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 e*(z) is related to the
pion-nucleon sigma-term

1

/dx (" + " + e + ) (z) = IrN (45)

m
0

where m = 3(m, + mg) is the average current mass of light quarks, and (small) “double-
isospin-breaking” effects proportional to (m, — mg){(N|(t,1, — ¥abg)|N) are neglected. In
the pre-QCD era o,y 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 mg1,1, which explicitly break chiral symmetry. In the chiral limit o, x — 0
but o,x/m is finite. The pion-nucleon sigma-term is given by the scalar form factor o(t)
at zero momentum transfer ¢ = 0. This form factor describes the elastic scattering off a
spin—% 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 = 2m?2, with m, 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 o(2m2) to o(0) = o,n [83, 84, 85]. The phenomenological
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value of o,n =(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

Yy = <{V’¢8¢8’{V> 1 m M=+ My, — 2My
N7 TN (Guthe + datea) N) —— oo

where the second equality is valid in leading order of chiral perturbation theory [89, 90]. Nu-
merically one finds yy =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 o,x have been performed [92] but are demanding because of
difficulties associated with the renormalization of the operator m,i,1, on the lattice. An-
other method to deduce o,y from lattice calculations makes use of the Feynam-Hallmann
theorem [93, 94] which relates o,y to the slope of the nucleon mass as function of the pion
mass, o,y = m> %%JQV . Lattice data analysis yield results compatible with the phenomenolog-
ical o, N—determinatﬁions [95, 96, 97]. Let us also mention the interesting connection of o,y to
negative Mellin moments of f{"(z) discussed in [98]. At first glance, Eq. (45) seems to imply
that one could access information on o,y from deeply inelastic scattering experiments. But
in QCD the contribution of o,x to (45) is due to a d-function-type singularity at z = 0, a
well-known [99] but rarely emphasized fact [100]. A §(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
oy from o(t), the coefficient of §(x) in e(z), and the Feynman-Hellmann theorem [107], see
also [108]). In the chiral quark-soliton model the origin of the ¢(x)-contribution in e(x) is
of non-perturbative character [103, 104]. In other models of e(x) no §(z)-contribution was
found [76, 109, 110, 111].

Even though, one cannot access information on o,y from DIS measurements of e(x)
[100]. Nevertheless, the presence of the d(x)-singularity in e(x) can be concluded indirectly.
Numerically, if the point z = 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 §(z)-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(z) is related to the structure functions Fy(x) and Fj;(z) 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]

(46)

1
/ dz z(e? — e7)(z) = E—; . (47)
0

But effects associated with e(z) are power suppressed by My /@, i.e. the contribution of (47)

to observables is of O(m,/Q) and hence negligible. For the above-discussed reasons, the
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practical DIS sum rules for e(x) are [100]

1 1

/da: (¢7 + eT)(2) ~ 0. /da: (et — eT)(z) ~ 0, (48)

€ €

where € > 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 e4(x) drops
out from the first two moments (45, 47) and contributes only to the third Mellin moment.
Noteworthy, the matrix element [ dz 22¢%(x) describes the average transverse force acting on
a transversely polarized quark ¢ in an unpolarized target after interaction with the virtual
photon [24].

The renormalization scale dependence of é(x) and hy(z) 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 é(x) simplifies to a DGLAP-type evolution — as it does
for the other two nucleon twist-3 distribution functions hyz(z) and (the flavour non-singlet)
gr(z). Figs. 3a and 3b show respectively the evolution of ¢“*(z, Q%) and e¢*"¢(z,Q?) from
the chiral quark soliton model [103] from an initial scale 2 = (600 MeV)? 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,Q?) = fi(r,Q32) at Q%> = 1GeV? to higher scales normalized with respect
to fi(x, Q%) 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(z)/f1(z) drops from
unity at Q2 = 1 GeV?, by about (20-30) % when going to experimentally relevant scales of
typically (2-3) GeV? at Jefferson Lab. Finally, Fig. 4 shows the parton distribution functions
e(z) and hy(z) as predicted by the chiral quark soliton model [106, 119] at Q? = 2.5 GeV?.

These features make e(x) and hy(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(ag) 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 e*(z), hY (z), as well as of the unpolarized distribution f{*(z), is depicted in Fig. 5. On
the other and, the function hy(z) 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) xe“*¢(x) and (b)

ze" () 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 3 = (600 MeV)?. The dashed and
= 0.5,

dotted curves are the results after evolution (in decreasing order) to the scales @Q?
1, 2, 4, 8, 16, 32 and 64 GeV?. (c) The scale dependence of the ratio e(x, Q?)/fi(x, Q?)

from the “toy model” e(x, Q%) = fi(x, Q?) at Q2 = 1 GeV?. For definiteness: we use the LO
parametrization for fi(x, Q?) from [126]. The evolution of e(z) is performed in all figures

according to [123].

xh_ (x) at Q?=25GeV? (b)

xe(x) at Q%=25Gev? @
015 |  XQSM !
d ______
g I
o1t /. d o
005 |/
’/Fa}‘\\ \\\\
/ \\\ N
0 S =
X

Figure 4: The parton distribution functions xe(z) and xhy(x) from the chiral quark soliton
model (YQSM) [106, 119]. All results are LO-evolved to Q% = 2.5 GeV?.
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Figure 5: The functions e"(x), h%(z), and fj*(z) in the bag model [76].

In the bag model and assuming for simplicity G = 0, the asymmetries (39) become

W(y) M |R| (4—3) ze"(z) Hij (2, M)
AS ¢Rrsinb M. - e | 2 »SP
LU ({E,y,Z, h)Q) A(y) Q Mh (4+ %) fft(x) D%(Z, Mh) )

(49)

o Vy) M |R| (44 1) zh¥(x) HZ (2, M,
AsUlrquRsmO ($7y72’ Mh;Q) — _ <y> o u ( 4)1 L( ) l,sp( h) . (50)
Aly) @ My (4+3) fi(x) Di(z, M)
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

sin ¢ sin 6 T P o _M % @ xr (4 eu(x> - ed(x)) Hfg;(zv Mh)
A 2 Mo Q) = S G N (@) F @) Die )

A?}11L¢Rsin6 (ZL’,y, 2, My, Q) _ _M M |£| z (4 h%(:ﬂ) - hcll,(x)) Hf;;(z> Mh) . (52)
Aly) Q@ My, (4 fi(=) + fi(x)) Di(z, M)

The results for the twist-3 PDF e(z), hz(z), and the unpolarized f;(z) 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 ~ 0.1 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 = 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, M},) are essentially determined by the DiFF,
while the Bjorken z-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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Figure 6: The function ef(x), hi(z), f{(x), for ¢ = u (solid red line) and ¢ = d (dotted blue
line) in the spectator model of Ref. [110].

2 bin 0 053 big 100 e (fgw)

M}, bin 8'5228 B 8'2228 0.100 — 0.124 ~ 1.5

0.5000 — 0.5329 04350 04950 0.124 - 0.148 ~ 1.7

0.5329 — 0.5981 01950 0.5500 0.148 — 0.172 ~ 1.9

0.5981 — 0.6810 05500 0.6050 0.172 — 0.200 ~ 2.1

0.6810 — 0.7504 06050 0.6550 0.200 — 0.232 ~ 2.3

0.7504 — 0.8133 06550 0.7100 0.232 — 0.268 ~ 2.5

0.8133 — 1.0000 ' ' 0.268 — 0.308 ~ 3.0
0.7100 — 0.7650

07650 0.8350 0.308 — 0.376 ~ 3.7

0.376 — 0.688 ~ 5.6

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

The binning chosen for the predictions is given in Table 2.

When presenting the asymmetry binned in 2, the numerator and denominator have been
separately integrated in z within the bin limits, and over M) and x from their lowest to
highest values in Table 2. The same has been done for the other plots.

A constant value of Q? = 2.5 GeV? is chosen for the projections in z and Mj,. On the
other hand, since the z variable strongly depends on the scale, we evaluate an average (Q°
for each z-bin. This value is given in the last column of Table 2.

In Figs. 7 and 8, we show the predictions for A3P?%*"% and A3 7% from Egs. (50
and (52), respectively.

We propose to run with high luminosity, ~ 10*® cm~2s7!, yielding an integrated luminos-
ity of ~ 500 fb~!. Measured single and double sub-leading twist asymmetries for pion and
kaon pairs in a large range of kinematic variables (x, Q?, z, M}, and ¢ ) with unpolarized and

2
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Figure 7: Projections for the asymmetry A??ﬁm """ in (z, My, ) for m + 7~ pairs. The
(z, Mp)-dependence is deduced from the extracted DiFF. The red points are deduced from
the = -dependence of PDF in the bag model of Ref. [76], the blue points from the spectator
model of Ref. [110].
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Figure 8: Projections for the asymmetry A% %% with the same notations as in the previous
figure.
A" (deuteron) A" (deuteron) A" (deuteron)
0020 | .
0.015 |- ’
0.010 | g . ’ S i i . H H ; .3 : :
0.005 - ' : ) ; ; P ¥
bag v :
spectator -
0.000 . . . . . . . . . . .
02 03 04 05 06 07 08 0905 06 07 08 09 1000 01 02 03 04 05 06
z Mh
Figure 9: Projections for the asymmetry A57?"""% in (2, My, x) for m 4+ 7~ pairs for the

deuteron target. The (z, M)-dependence is deduced from the extracted DiFF. The red
points are deduced from the x -dependence of PDF in the bag model of Ref. [76], the blue
points from the spectator model of Ref. [110].
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Figure 10: Projections for the asymmetry AS"?7*"% with the same notations as in the

previous figure.
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Figure 11: Projections for the asymmetry ASLig‘bR 00 (2, My, x) for K + 7 pairs. The
(z, My,)-dependence is deduced from the simple ansatz of Eq. 42. The red points are deduced
from the x -dependence of PDF in the bag model of Ref. [76], the blue points from the
spectator model of Ref. [110].

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 hy,.

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:

1)+ N(Py) = €(I") + h(P) + X (53)

with PP < 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 de