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Abstract

Since the discovery of strangeness almost five decades ago, interest in this degree of freedom
has grown up and now its investigation spans the scales from quarks to nuclei. Measurements with
identified strange hadrons can provide important information on several hot topics in hadronic
physics: the strange distribution and fragmentation functions, the nucleon tomography and quark
orbital momentum, accessible through the study of the generalized parton distribution and the
transverse momentum dependent parton distribution functions, the quark hadronization in the
nuclear medium, the hadron spectroscopy and the search for exotic mesons.
The CLAS12 large acceptance spectrometer in Hall B at the Jefferson Laboratory upgraded with
a RICH detector together with the 12 GeV CEBAF high intensity, high polarized electron beam
can open new possibilities to study strangeness in hard processes allowing breakthroughs in all
those areas.

This paper summarizes the physics case for a RICH detector for CLAS12. Many topics have
been intensively discussed at the International Workshop ”Probing Strangeness in Hard Processes”
(PSHP2010) [1] held in Frascati, Italy in October 2010. The authors of this papers like to thank
all speakers and participants of the workshop for their contribution and very fruitful discussion.
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1 Executive Summary

1.1 Nucleon structure and the role of strangeness

Lepton scattering is the basic tool for determining the fundamental structure of matter, in particu-
lar of the nucleon, from which the observable physical world around us is formed. Such experiments,
using high energy electron beams, tested successfully the theory of Quantum Chromodynamics
(QCD), which describes all strongly interacting matter in terms of quark and gluon degrees of
freedom. The successful prediction of the energy dependence of parton distributions, which were
introduced to describe the structure of the nucleon, has been one of the great triumphs of pertu-
bative QCD.

After four decades of lepton-nucleon scattering experiments, the gain in precision has often re-
vealed intriguing aspects of the nucleon structure. Among these surprises are the sizeable breaking
of isospin symmetry in the light sea quark sector, suggesting differences between the sea quark and
antiquark distributions, the steep rise of the distributions at small momentum fractions, and an
interesting pattern of modifications of the distributions in nuclei. Certainly one of the most sur-
prising results is the unexpectedly small fraction, about a quarter, of the proton’s spin that is due
to the contribution from quarks and antiquarks. This finding has triggered a vast experimental and
theoretical activity aiming at clarifying the role gluons and parton orbital angular momenta play
for a complete description of the proton spin structure. New concepts of Transverse Momentum
Dependent (TMD) distribution and fragmentation functions, which go beyond the collinear ap-
proximation, are a key to unravel the intricacies of the intrinsic motion of partons and the possible
connection between their orbital motion, their spin and the spin of the nucleon, which cannot be
described with standard (e.g. collinear) parton distributions. These TMD distributions together
with the so-called Generalized Parton Distributions (GPDs) provide for the first time a framework
to obtain information towards a genuine multi-dimensional momentum and space resolution of the
nucleon structure. This knowledge will have an important impact to other fields. Giving just one
example, the information about the initial spatial distribution of quarks and gluons in the nucleon
is essential for the interpretation of heavy-ion collision data and the quest for the Quark-Gluon-
Plasma. The mapping of GPDs and TMDs and the deduction of a three-dimensional image of
the nucleon is a major focus of the hadron physics community and constitutes a milestone in the
physics program of the Jefferson Laboratory (JLab) 12 GeV upgrade1 [2].

While GPDs can be probed in hard exclusive processes observed in high energy lepton-nucleon
scattering, TMDs are most successfully measured in semi-inclusive deep-inelastic scattering (SIDIS).
In SIDIS experiments, also a hadron is detected in the final state in addition to the scattered lepton.
These experiments are the most powerful tool for directly obtaining flavour dependent informa-
tion about the nucleon’s quark structure. In particular, they provide unique access to the elusive
strange distributions. Pioneering polarized semi-inclusive DIS experiments have revealed surpris-
ing effects in various different kaon production observables, which deviate from the expectations
based on u-quark dominance for the scattering off a proton target. These kaon results point to a
significant role of sea quarks, and in particular strange quarks. For almost all kaon observables,
the deviation from the expected behaviour is most pronounced in the kinematic region around
xB = 0.1 (xB being the Bjorken scaling variable), which is well covered by CLAS12. In order
to fully explore the power of SIDIS experiments, pion, kaon and proton separation over the full
accessible kinematic range is essential.

1With the JLab 12 GeV upgrade, up to 11 GeV electron beams will be delivered to Hall A, B and C and
a 12 GeV electron beam to Hall D.
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With the 12 GeV upgrade, JLab will provide the unique combination of high beam energy, high
intensity (luminosity) and polarization, the usage of polarized targets and advanced detection ca-
pabilities necessary for a mapping of the novel TMDs and GPDs. These functions will be uniquely
explored in the valence kinematic region where many new, intriguing aspects of nucleon structure
are expected to be most relevant. The addition of a RICH detector to the CLAS12 large accep-
tance spectrometer would make the upgraded Hall B an ideal place for carrying out these studies
and shading light on the elusive strange distribution and on the role sea quarks may play in a
complete, three-dimensional description of nucleon structure.

1.2 Effects of the nuclear medium

Besides the exciting new aspects of nucleon structure, a very interesting pattern of modifications
of parton distribution and fragmentation functions in nuclei has been observed, which caused vast
experimental and theoretical activities. The understanding of quark propagation in the nuclear
medium is crucial for the interpretation of high energy proton-nucleus interactions and ultrarel-
ativistic heavy-ion collisions. Leptoproduction of hadrons has the virtue that the energy and
momentum transferred to the hit parton are well determined, as it is “tagged” by the scattered
lepton and the nucleus is basically used as a probe at the fermi scale with increasing size or density,
thus acting as femtometer-scale detectors of the hadronization process. Theoretical models can
therefore be calibrated in nuclear semi-inclusive DIS and then applied, for example, to studies of
the Quark-Gluon-Plasma.

The experimental results achieved over the last decade, demonstrate the enormous potential of
nuclear SIDIS in shading light on the hadronization mechanisms. For all observables investigated
so far, a very distinct pattern of nuclear effects was observed for the various different hadron types.
However, the existence and relative importance of the various stages, like the propagation and the
interaction of the partons, color-neutralization and formation of the final hadron, are far from
being determined unambiguously.

In this panorama, JLab12 with its high beam intensity and the usage of a large variety of
nuclear targets will provide data in a kinematic region that is very suitable for studies of nuclear
effects. The potential of performing a fully differential analysis is a key to disentangle the various
different stages of hadronization. The capability of identifying pions, kaons and protons over the
whole kinematic range of interest is essential for gaining more insights into the space-time evolution
of the hadronization process.

1.3 Search for exotic mesons

The phenomenology of hadrons and in particular the study of their spectrum led more than forty
years ago to the development of the quark model, where baryons and mesons are described as
bound systems of three quarks and of a quark-antiquark pair, respectively. Beyond these ex-
perimentally extensively observed states, phenomenological models and lattice QCD calculations
suggest also the existence of exotic configurations such as hybrids (qqg), tetraquarks (qqq̄q̄) and
glueballs. The experimental verification of such exotic states would significantly deepen our knowl-
edge about the dynamics of QCD. A very attractive method to identify exotic mesons is through
strangeness-rich final states, where the kaons from the decay of the involved φ-meson are usu-
ally high energetic. Kaon identification over the whole accessible momentum range would hence
provide unique capabilities for the study of strangeonia and the search for exotic mesons.
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Figure 1: The ratio of semi-inclusively produced kaons and pions as function of the kaon energy
using a Monte Carlo simulation with 11 GeV electron beam. The requirement on fractional hadron
momentum zh > 0.2 is applied.

1.4 Impact of CLAS12 with a RICH

The exciting physics program for CLAS12 is based on the unique features of the upgraded CEBAF
and CLAS12 spectrometer:

• high beam energy and intensity,

• high beam polarization,

• longitudinally and transversely polarized proton and effective neutron targets,

• variety of nuclear targets,

• large acceptance, multipurpose spectrometer.

The addition of a RICH detector would significantly enhance the particle identification capabilities
of CLAS12 and make Hall B a unique place for studying the physics topics summarized above.
Figure 1 presents the ratio of semi-inclusively produced kaons and pions as function of the kaon
energy using a Monte Carlo simulation with 11 GeV electron beam. The obtained distribution
shows that kaon identification up to 8 GeV is higly desirable in order to fully explore the power
of SIDIS experiments. Furthermore, as pions greatly outnumber the other hadrons at nearly all
kinematics, the RICH detector can tremendously reduce the backgrounds for the detection of
unstable particles that decay to at least one charged non-pion.
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2 The Longitudinal Structure of the Nucleon

2.1 Semi-inclusive DIS - a brief Introduction

The exploration of the internal structure of hadrons in terms of quarks and gluons, the fundamental
degrees of freedom of QCD, has been and still is at the frontier of hadronic high energy physics.
Experiments with inclusive Deep-Inelastic Scattering (DIS) processes, ℓN → ℓ′X, have been
performed for decades and have been interpreted as the most common way to investigate the
internal structure of nucleons (protons and neutrons). Within the standard framework of leading-
twist perturbative QCD (pQCD) and its collinear factorization theorems, the cross section for this
inclusive process, at large momentum transfer Q2, can be expressed as a convolution of parton
distribution functions (PDF), fa/p(x), giving the number density of partons, a, with a certain
fraction x of the momentum of the parent hadron, p, with calculable elementary hard interactions.
The successful prediction of the scale (Q2) dependence of PDFs has been one of the great triumphs
of pQCD.

A further and crucial insight in the internal structure of the nucleon can be obtained by
exploring its spin content. The helicity distributions

∆fa/N = f+/+ − f−/+ , (1)

where f±/+ is the probability of finding a parton with helicity ± in a nucleon with positive
helicity, can be studied in polarized DIS processes where both beam lepton and target nucleon are
longitudinally polarized.

Although very successful, inclusive DIS offers only limited information about the internal
nucleon structure and does not allow for a direct flavour decomposition or an access to transverse
degrees of freedom. A major and leading role in such efforts is played by Semi-Inclusive Deep-
Inelastic Scattering (SIDIS) processes, ℓN → ℓ′ hX, where in addition to the scattered lepton,
also a hadron is detected in the final state. This hadron is generated in the fragmentation of
the scattered quark – the so-called current fragmentation region. For such processes the pQCD
factorization theorem implies the following expression:

dσℓp→ℓ′hX

dxBdzhdQ2
=

∑

q

fa/p(x,Q
2)⊗ dσ̂ℓa→ℓc ⊗Dh/c(zh, Q

2) , (2)

where

xB =
Q2

2p · q zh =
p · Ph

p · q Q2 = −(l − l′)2 · (3)

Here, l, l′, p and q are, respectively, the four-momenta of the incoming and scattered lepton, the
target nucleon and the exchanged virtual boson. In Eq. (2) besides the PDF fa/p, discussed above,
a new quantity, related to the hadronization of the scattered quark appears: the fragmentation
function (FF) Dh/c(zh), giving the probability for a parton c to produce a hadron h with a fraction
zh of the momentum of the struck quark.

By studying a specific final hadron one can properly “weight” the flavour of the incoming
quark in the parent hadron and achieve a more clear picture of the internal proton structure.
Analogously, polarized semi-inclusive DIS processes help for a much deeper exploration towards a
flavour decomposition of the longitudinal spin content of the nucleon.

Both parton distribution and fragmentation functions cannot be calculated in pQCD which,
however, predicts their scale dependence. This remarkable feature of pQCD together with the
universality property of these functions, allows for their extraction from a suitable hard scattering
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process and their usage in phenomenological studies of any hard scattering process. Famous ex-
amples are the calculation of inclusive hadron production in hadron-hadron collisions, pp → hX,
or in e+e− annihilation processes where only fragmentation functions enter the latter; or dilep-
ton production in hadron-hadron collision (Drell-Yan processes), which involves only distribution
functions. A more efficient strategy, still based on the universality of distribution and fragmenta-
tion functions, is the approach of performing global fits by combining simultaneously data from
different processes and at different scales.

While leading order (LO) calculations simply extend the parton model expressions by including
proper pQCD scale dependence, higher order computations in the strong coupling constant, and
in particular next-to-leading order (NLO) calculations, explored and validated for most processes,
provide access to parton distributions for the various quark flavours and the gluon even from
fully inclusive processes due to the different scaling behaviour of individual quarks and the gluon.
NLO global analyses have become a very powerful tool for determining PDFs and FFs provided
the availabilty of data sets over a wide kinematic range and, preferably, from various different
processes. In fact, the complementary information on the various partons obtained by combining
measurements from different processes allows to relax and test rather stringent assumptions on
the parameterizations adopted in the QCD fits and to probe the extracted functions in various
different energy regimes and kinematic configurations.

2.2 Open issues for quark distributions at medium and high x

Modern global analyses of parton distribution and fragmentation functions use data from a large
variety of different processes in order to determine as much as possible different aspects of these
functions (for a recent review see for example [3]). With the availability of HERA – a QCD machine
– impressive progress was made over the last two decades in extracting parton distributions.

However, certain components even of the collinear structure of the nucleon are still poorly
determined. Foremost among these is the elusive strangeness distribution. But also the behaviour
of parton distributions for x → 1 is still under debate due to the lack of precise data in the very
high x region.

2.2.1 Strangeness momentum distribution

The determination of strangeness is challenging as it has the same electroweak couplings as the
down distribution while it is typically much smaller than it. In absence of significant experimental
constraints, the lack of knowledge is reflected in the common practice of adopting the simplified
ansatz s̄ = s = Cs/2(ū + d̄), where even the proportionality constant Cs is only very loosely
constrained by data. The only way of determining the strange distribution accurately from data
is to include semi-inclusive information. Useful but limited information is provided by neutrino
and antineutrino charm production (known as dimuon production) which is sensitive to strange
distributions through the LO partonic process W+ + s → c. The limitations in constraining the
two strange combinations s+ = s + s̄ and s− = s − s̄ are illustrated in Fig. 2 and Fig. 3 showing
extractions of the strange distributions by the CTEQ-group and the NNPDF-group, respectively.
All shown extractions also include the information from the neutrino dimuon data. In Fig. 2, the
solid (red) curve shows the reference PDF set CTEQ6.5S0. The other curves illustrate the range
of variation of the magnitude and shape of s±(x) that are consistent with the data used in the
fits [4].

Figure 3 (left) also shows the result for s− obtained when assuming the strange distribution
being proportional to the light quark sea, i.e. s̄ = s = Cs/2(ū+ d̄). This result is then misleadingly
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Figure 2: Variations of the strange distributions s+ = s + s̄ (left) and s− = s − s̄ (right) for the
five PDF sets CTEQ6.5Si, i = 0, . . . , 4 [4] that are consistent with the data used in the fits.

accurate as demonstrated by the full (red) line (NNPDF1.0). Very recently, the NNPDF-group
derived a new, by a factor of two in the uncertainty improved, strange distribution by comparing
Drell-Yan cross section data above and below the charm threshold [5] (labelled as NNPDF2.0 or
NNPDF2.1 in Fig. 3). The most recent NNPDF extraction of s− = s − s̄ (NNPDF2.1 [6]) is
compared in Fig. 3 (right) with those from the CTEQ (CT10 [7]) and MSTW (MSTW08 [8])
groups. Here, the NNPDF strangeness distribution is parameterized with as many parameters as
any other PDF resulting an uncertainty that is mostly larger than the one of MSTW08 and CT10
strangeness sets, which use very few parameters. Clearly, much more data is needed for pinning
down the strangeness distribution.

Complementary and new information about the strange content of the nucleon is provided by
kaon electroproduction data from semi-inclusive DIS. The high potential of information contained
in such data has been illustrated by the HERMES collaboration which performed a LO extraction
of the strange distribution S = s+ = s+s̄ from charged-kaon production in DIS on the deuteron [9],
shown in Fig. 4. This result confirms that the strange distribution is substantially different from
the average of the light sea quarks.

Such data from charged kaon production in DIS were already successfully included in NLO
global QCD analyses of helicity distributions where they provide stringent constraints for a flavour
separation, as discussed in the next section. Their inclusion in global QCD analyses of momentum
distributions is still an open but promising task, in particular in view of new SIDIS data which
will be available in near future from COMPASS and CLAS12 experiments. As seen in Fig. 4, the
deviation of the strangness distribution from the expected behaviour is most pronounced in the
kinematic range around x = 0.1 which is well covered by CLAS12. Kaon identification over the
whole momentum range will be an essential ingredient for shading light on the elusive strange
distribution.
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2.2.2 Strangeness helicity distribution

Modern global QCD analyses of helicity parton distributions make use of data from both inclu-
sive and semi-inclusive polarized DIS, as well as from polarized proton-proton (pp) scattering at
RHIC. In absence of inclusive polarized DIS data from a collider, sea quark and gluon helicity
distributions can only be poorly constrained from scaling violation. Therefore, from the early days
of analyses of polarized data, there was an attempt to use data that provide more direct flavour
information and/or access to the gluon polarization. But only recently, a comprehensive, fully
NLO QCD analysis of available polarized data, including pp scattering data, has been developed
by the DSSV-group [13, 14]. This analysis benefited significantly from the improved knowledge
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(x)+d
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(x))
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Figure 4: The strange distributions S = s+ = s+ s̄ extracted in a LO analysis by the HERMES
experiment [9] using data from SIDIS kaon production. The solid curve is a 3-parameter fit for
S(x) = xae−x/b(1 − x) and the dot-dashed curve is the sum of light antiquarks from CTEQ6L.
The shape of S is found to be very different from the average of the light sea.
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of parton-to-hadron fragmentation functions derived by the DSS-group [15]. For the first time,
these fragmentation functions provide a good description of identified hadron yields in the entire
kinematic range relevant for the analysis of polarized semi-inclusive DIS and pp scattering data.

While the up and down quark helicity distributions could be determined with rather good
precision in the range 0.001 < x < 0.8 already by earlier global analyses, the sea quark and gluon
polarization could only, still poorly, be constrained with the inclusion of information from SIDIS
and pp scattering data, as shown in Fig. 5 (left panels).

The impact of SIDIS data is greatly illustrated with the extraction of the strange quark polar-
ization. Figure 5 (right) shows the χ2 profiles for the partial contributions (∆χ2) of the various
types of data sets, which clearly demonstrates that the information from SIDIS kaon production
provides the most stringent constraints on the shape of the strange helicity distribution. The
newly derived strange polarization is consistent with recent results from HERMES [9] and COM-
PASS [16] experiments, but exhibits a shape that is very different from those distributions obtained
in earlier global NLO extractions, which employed constraints based on the assumption of SU(3)
symmetry. The polarization of strange quarks has been a focus since the very beginning of the
’proton spin crises’ and our poor knowledge so far emphazises the need for much more precise data
of semi-inclusive kaon production over a wide kinematic range.

2.3 Fragmentation functions

Very precise and clean information on parton-to-hadron fragmentation functions is provided by
data from electron-positron annihilation into charged hadrons. Such data, however, do not allow
to disentangle quark from antiquark fragmentation without employing model dependent so-called
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Σ , where Σ represents the sum over all quark flavours. Lower panels: ratios of DSS

fragmentation functions to the ones of AKK [19]; note that DK+

ū is not available in the AKK
analysis.

’tagging’ techniques. Also gluon fragmentation is only poorly determined because of lack of precise
enough data at energy scales away from the Z-resonance. As for PDFs, complementary informa-
tion on the flavour dependence of the fragmentation process can be obtained from single-hadron
production in pp collisions and semi-inclusive DIS. These new data together with very precise
PDF-sets allow for direct flavour tagging of fragmentation functions.

Such a comprehensive global QCD analysis was performed by the DSS-group [15, 17]. For
the first time, these new pion and kaon fragmentation functions reproduce well the wealth of
precise electron-positron annihilation data and electron-proton and proton-proton observables.
Figure 6 shows the DSS individual quark fragmentation functions for K+ and compares the new
set with earlier extractions by KRE [18] and AKK [19] based only on e+e− annihilation data and
assumptions for a flavour separation. The new fragmentation functions are very distinct from the
earlier ones in emphazising the role of strangeness in kaon production (but also in pion production,
see Ref. [17]). This result is driven by the charged kaon data measured in semi-inclusive DIS by
the HERMES experiment and in pp scattering by the BRAHMS experiment. In particular the
SIDIS data rule out the flavour separation assumed for kaons in KRE [18].
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In future, very precise data will become available on the production of identified hadrons
measured in semi-inclusive DIS by COMPASS and CLAS12 experiments and in pp scattering at
RHIC and the LHC.

These new data sets will yield very precise individual parton-to-hadron fragmentation functions
derived without assumptions on flavour separation as pioneered by the DSS group. They are an
indispensable ingredient for future global QCD analyses of standard PDFs and TMD distributions,
the latter are discussed in Section 3.
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3 The Transverse Structure of the Nucleon

Modern polarized DIS experiments, capable to also detect and identify hadrons in the final state,
are now revealing the intrinsic richness of the nucleon. They aim for exploring two complementary
aspects of nucleon structure: the distribution of partons in the transverse plane in momentum
space and coordinate space, encoded in the transverse momentum dependent and generalized
parton distributions, respectively. These new functions, for the first time, provide a framework
for obtaining a three-dimensional picture of the nucleon. The mapping of TMDs and GPDs is a
highly complex task that calls for a comprehensive program, combining new dedicated experiments
with intense theoretical studies and lattice QCD simulations. The study of these novel parton
distributions is a major focus of the CLAS12 physics program. In this chapter we will discuss
TMD distribution and fragmentation functions and highlight the particular role strangeness may
play.

3.1 Introduction

Parton distribution functions, as introduced in the previous chapter, depend also on the intrinsic
parton momentum component k⊥ transverse to that of the nucleon: f(x, k⊥), so-called transverse
momentum dependent distributions (or short TMDs) [20, 21]. The study of TMDs in semi-inclusive
DIS was put on a firm theoretical basis with the factorization proof for the kinematic regime where
the transverse momentum of the produced hadron is much smaller than the hard scale of the process
P 2
hT ≪ Q2 [22, 23].
Historically, transverse momentum dependent distribution or fragmentation functions have first

been suggested to explain the surprisingly large and otherwise puzzling single-spin asymmetries
observed in hadronic reactions with transversely polarized protons.

More recently, TMDs (as well as the GPDs discussed in the next chapter) have received much
attention in the context of the so-called ’spin puzzle’: the spin of quarks and gluons accounts
only for a part of the nucleon spin. A substantial fraction of the nucleon spin must be due
to orbital angular momentum. An intriguing aspect of certain TMDs is that nonzero values of
these distributions require the presence of nucleon wave function components with different orbital
angular momentum. They hence provide information, in a model dependent way, on the elusive
parton orbital motion and on spin-orbit effects.

There are eight leading-twist quark TMDs as summarized in Table 1. The three TMDs high-
lighted in boldface survive integration over k⊥. These are the unpolarized (polarization averaged)
momentum distribution f1(x, k⊥) and the helicity distribution g1(x, k⊥), discussed in the previous
chapter, as well as the transversity distribution h1(x, k⊥), which is related to transverse polariza-

N \ q U L T
U f1 h⊥

1

L g1 h⊥
1L

T f⊥
1T g1T h1 h⊥

1T

Table 1: Leading-twist transverse momentum dependent parton distributions. U , L, and T stand
for unpolarized, longitudinally polarized, and transversely polarized nucleons (rows) and quarks
(columns).
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tion of the struck quark. The other five distributions in Table 1 do not survive integration over
k⊥. They typically describe the correlation between the transverse momentum of quarks, their
spin and/or the spin of the nucleon, i.e. spin-orbit correlations.

Three of these TMDs, denoted by the letter h, describe the distribution of transversely po-
larized partons. In the helicity basis for the spin 1

2 nucleon, where f1 and g1 have their well
known probabilistic interpretation, transverse polarization states are given by linear combinations
of positive and negative helicity states. Since helicity and chirality are the same at leading twist,
the ”h” TMDs are therefore called chiral-odd distributions. This peculiar property excludes them
from influencing any inclusive DIS observable. Chiral-odd TMDs appear in only those observables
involving two chiral-odd partners, such as Drell-Yan processes involving two chiral-odd parton
distributions or semi-inclusive DIS involving also a chiral-odd fragmentation function.

Two TMDs, the Sivers f⊥1T [24] and the Boer-Mulders h⊥1 [25] distributions, are rather exotic
in being naive-time-reversal-odd (short: T-odd)2. For a long time T-odd effects were believed to
vanish due to time reversal invariance [26]. Recently it was shown that initial and finale-state
interactions can produce T-odd effects without violating T-invariance [27, 28, 29]. These T-odd
distributions play a crucial role in our understanding of nucleon structure. Their observation,
already confirmed for the Sivers distribution, is a clear indication of parton orbital motion and the
presence of non-trivial phases from initial or final state interaction, that survive in the Bjorken
limit. The origin and expected process dependence of these functions, challenging the traditional
concept of factorization and universality of PDFs, are related to fundamental QCD effects. In
fact, the symmetry properties of QCD require the Sivers and Boer-Mulders distributions to appear
with opposite sign in the expressions for DIS and Drell-Yan cross sections [28]. The experimental
verification of this peculiar breaking of universality for T-odd TMD distributions, exhibits an
important test for the description of single-spin asymmetries within the framework of QCD. Its
invalidation would have profound consequences for our understanding of high-energy reactions
involving hadrons. The chiral-even Sivers distribution describes the correlation of the parton
intrinsic motion with the nucleon spin, while the chiral-odd Boer-Mulders distribution relates this
intrinsic parton motion with its own spin in an unpolarized nucleon. Hence, the latter distribution
has the striking peculiarity that it might give unexpected spin effects even in unpolarized processes.

Similar correlations arise in the hadronization process. One particular case is the T -odd chiral-
odd Collins fragmentation function H⊥

1 (z, P⊥) [26] representing a correlation between the trans-
verse polarization of the fragmenting quark and the transverse momentum P⊥ the produced hadron
acquires in the fragmentation process. The Collins function is of high importance for spin physics
because it acts as a “quark polarimeter”, but it is also interesting on its own because it allows for
an exploration of spin and orbital degrees of freedom of the QCD vacuum.

Over the last decade, measurements of azimuthal moments of hadronic cross sections in hard
processes have emerged as a powerful tool for probing nucleon structure through transverse single-
spin asymmetries. Many experiments worldwide are currently trying to pin down various TMD
effects through semi-inclusive DIS (HERMES at DESY [30, 31, 32, 33, 34, 35, 36, 37], COMPASS
at CERN [38, 39, 40, 41], CLAS and Hall A at Jefferson Lab [42, 43, 44, 45, 46]) polarized proton-
proton collisions (BRAHMS, PHENIX and STAR at RHIC [47, 48, 49, 50, 51, 52, 53, 54, 55, 56]),
and electron-positron annihilation (Belle at KEK) [57, 58] and Babar at SLAC [59]).

The JLab 12 GeV upgrade will provide the unique combination of high beam energy, intensity
(luminosity) and polarization, the usage of polarized targets and advanced detection capabilities

2Naive time reversal involves the time reversal of three momenta and angular momenta without inter-
change of initial and final states.
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Figure 7: Azimuthal angles in semi-inclusive DIS. For a longitudinally polarized target, φS=0 or
180o for negative and positive helicities of the proton, respectively.

necessary to study the transverse momentum and spin correlations in polarized semi-inclusive DIS
processes for a variety of hadron species. Full hadron identification over the whole kinematic range
will be the key to explore in detail the flavour dependence of TMDs.

3.2 Spin and azimuthal asymmetries in semi-inclusive DIS

When considering the nucleon internal transverse degrees of freedom, new mechanisms emerge that
yield to azimuthal asymmetries in the distribution of observed hadrons. Most generally, polarized
single-hadron production in semi-inclusive DIS depends on six kinematic variables. In addition to
the variables for inclusive DIS, x, y (with y = (P ·q)/(P ·l)), and the azimuthal angle φS describing
the orientation of the target spin vector for transverse polarization, one has three variables for the
final state hadron, the longitudinal hadron momentum zh, the magnitude of transverse hadron
momentum PhT , and the azimuthal angle φh for the orientation of PhT (see also Fig. 3.1).

The semi-inclusive DIS cross section can be written in a model independent way by means of
a set of structure functions [21, 60, 61]. At leading twist, this cross section is described by eight
such structure functions, which relate to different combinations of the polarization states of the
incoming lepton and the target nucleon (for a complete expansion of the structure functions up to
twist-3 see Ref. [21]). Largely following the notation of [21], one has

dσ

dxB dy dφS dzh dφh dP
2
hT

∝
{

FUU,T + ε cos(2φh)F
cos 2φh

UU

+ S‖ ε sin(2φh)F
sin 2φh

UL + S‖ λℓ
√

1− ε2 FLL

+ |S⊥|
[

sin(φh − φS)F
sin(φh−φS)
UT,T + ε sin(φh + φS)F

sin(φh+φS)
UT

+ ε sin(3φh − φS)F
sin(3φh−φS)
UT

]

+ |S⊥|λe
√

1− ε2 cos(φh − φS)F
cos(φh−φS)
LT + . . .

}

. (4)

Here, ε is the degree of longitudinal polarization of the virtual photon which can be expressed
through y [21], λe is the lepton helicity, and S‖ denotes longitudinal and S⊥ transverse target
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polarization. The structure functions FXY merely depend on x, z, and PhT . Here, XY refer
to the lepton and the nucleon, respectively: U = unpolarized, L, T = longitudinally, transversely
polarized. The third subscript FXY,T indicates the contribution from transversely polarized virtual
photons.

By choosing specific polarization states and weighting with the appropriate azimuthal de-
pendence, one can extract each structure function in (4). These structure functions contain the
information about all eight leading twist quark TMD distributions:

FUU,T ∼
∑

q

e2q f
q
1 ⊗Dq

1 F
cos(φh−φS)
LT ∼

∑

q

e2q g
q
1T ⊗Dq

1 (5)

FLL ∼
∑

q

e2q g
q
1 ⊗Dq

1 F
sin(φh−φS)
UT,T ∼

∑

q

e2q f
⊥q
1T ⊗Dq

1 (6)

F
cos(2φh)
UU ∼

∑

q

e2q h
⊥q
1 ⊗H⊥q

1 F
sin(φh+φS)
UT ∼

∑

q

e2q h
q
1T ⊗H⊥q

1 (7)

F
sin(2φh)
UL ∼

∑

q

e2q h
⊥q
1L ⊗H⊥q

1 F
sin(3φh−φS)
UT ∼

∑

q

e2q h
⊥q
1T ⊗H⊥q

1 , (8)

where eq is the charge of the struck quark in units of the elementary charge and the symbol ⊗
denotes a convolution integral over intrinsic and fragmentation transverse momenta. Here, all
distribution and fragmentation functions depend also on the quark transverse momenta before
and after scattering k⊥ and P⊥, respectively, f(x, k⊥) and F (z, P⊥), as well as on the scale Q2. To
date, the transverse momentum dependence of TMDs is still largely unmeasured, and the common
assumption of a Gaussian distribution is used in order to resolve the convolution integral. Very
little is known about the average intrinsic transverse momentum that defines the Gaussian width,
or its flavour and kinematic dependence. In order to pin down such dependences, fully differential
measurements of TMD related observables are highly demanded.

Over the last few years, first results on transverse single-spin asymmetries became available
from semi-inclusive DIS experiments. Pioneering measurements by the HERMES Collaboration
indicated significant azimuthal moments, which, for the first time, relate unambiguously to the

Collins (F
sin(φh+φS)
UT ) and Sivers (F

sin(φh−φS)
UT ) effects [36, 37]. As discussed in the following section,

striking differences were observed between charged pions and kaons for all TMD observables that
are nonzero, indicating a surprisingly significant role sea quarks may play in the transverse struc-
ture of the nucleon. Thus measurements with identified strange hadrons over a wide kinematic
range will provide the necessary information for clarifying the role of sea quarks and strangeness
in particular.

3.2.1 The kaon “puzzle”

Figure 8 presents recent HERMES measurements for the Sivers (left) and Colllins (right) asym-
metries for pions and kaons [36, 37]. A very interesting facet of the data is the magnitude of the
K+ asymmetries, which is nearly twice as large as that of π+. As scattering of u quarks dominates
these data due to the charge factor, one might naively expect that the K+ and π+ asymmetries
should be similar. Their difference in size may thus point to a significant role of other quark flavors,
e.g. sea quarks. This difference in magnitude for K+ and π+ asymmetries is most pronounced
for x values around 0.1 and larger, a kinematic region which will be explored in great detail with
CLAS12.

Similarly, a very distinct pattern for pion and kaon asymmetries was also found when mea-
suring the azimuthal dependence of the unpolarized cross section, as shown in Fig. 9 [62]. For an
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Figure 8: The Sivers (left) and Colllins (right) asymmetries for pions and kaons (as indicated in
the panels) extracted by the HERMES Collaboration [36, 37].

unpolarized target the only azimuthal asymmetry arising at leading twist is the cos 2φh modulation
in Eq. 4, which relates to the Boer-Mulders distribution h⊥1

F cos 2φh

UU ∝
∑

q

e2q(h
⊥q
1 ⊗H⊥q

1 +
C

Q2
f q1 ⊗Dq

1 + ...) (9)

where C is a kinematic factor. The second term in the r.h.s. side of Eq. 9 represents the Cahn
effect [63] which contributes at kinematic twist-4 level. In fact, the cosφh asymmetry shown in the
upper row of the panels in Fig. 9 arises from the Cahn effect and the Boer-Mulders function which
here both appear at sub-leading twist (twist-3). The Cahn effect accounts for the parton intrinsic
transverse momenta in the target nucleon (k⊥) and the fact that produced hadrons may acquire
transverse momenta during the fragmentation process (P⊥), so that the final hadron transverse
momentum PhT is defined as their sum PhT = zk⊥ + P⊥ . Theoretical estimates of this effect are
still plagued by large uncertainties, mainly related to the insufficient knowledge of the transverse
momentum dependence of f1 and D1. Moreover, the average intrinsic transverse momentum k⊥
might depend on the quark flavour; thus a flavour-dependent measure of the Cahn effect in semi-
inclusive DIS of identified hadrons is highly desirable.

Looking in more detail at the HERMES measurements presented in Fig. 9, we note, apart from
the significantly bigger magnitudes of the K+ asymmetries, the opposite sign of the cos 2φ asym-
metry for negative kaons compared to negative pions. This distinct pattern hints at a substantial
contribution from sea quarks, in particular from strange quarks. This picture is in agreement
with the large magnitude of K+ amplitudes (larger than the π+ ones) for the Collins asymmetries
〈sin(φ+φS)〉UT presented in Fig. 8. Both observations suggest consistently a Collins effect that is
larger for kaons than for pions. In particular, the difference with respect to pions can be related
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Figure 9: The cosφ (upper row of each panel) and cos 2φ (lower row of each panel) asymmetries
for positively (left) and negatively (right) charged hadrons of different types as indicated in the
panels, extracted by the HERMES Collaboration [62].

to a significant contribution of strange quark to kaon production.
An extraction of the Boer-Mulders distribution from semi-inclusive DIS is particularly excit-

ing in view of existing measurements of this distribution from Drell-Yan processes [64, 65, 66]:
the observed violation of the Lam-Tung relation [67] is a substantial hint for the Boer-Mulders
effect [68]. Being a T-odd distribution, just like the Sivers function, the Boer-Mulders function
also involves a reversal in sign when going from DIS to Drell-Yan. Experimental verification of
this direct prediction of QCD remains outstanding.

3.2.2 Hunting for the Collins function for kaons

The chiral-odd Collins fragmentation function, discussed in the introduction, is an ideal and neces-
sary partner for measuring chiral-odd distributions like transversity and Boer-Mulders distribution
in semi-inclusive DIS. This function can be extracted from azimuthal asymmetries in the distri-
bution of back-to-back hadrons in two-jet events in electron-positron annihilation [69]. Pioneering
measurements of these asymmetries for pions have been performed by the BELLE Collaboration
(KEK) [57, 58]. First global analyses of semi-inclusive DIS and and e+e− annihilation data yielded
recently the milestone extraction [70, 71] of transversity for up and down quarks and the u and d
to pion Collins fragmentation functions. They revealed a very peculiar feature of the Collins FF:
the unfavoured function being of similar magnitude and opposite sign than the favoured 3 one.

However, no experimental information is available yet about the Collins fragmentation function
for kaons. Model calculations of the Collins function for kaons [72] indicate that it might be com-
parable with pion Collins functions. Assuming isospin and charge-conjugation relations, there are
in principle seven independent Collins fragmentation functions, but based on the observation that
the pion favored Collins function is roughly equal and opposite to the disfavored one, the number
of independent Collins functions could be reduced to three. One could then access independent
information about the Collins function from semi-inclusive DIS by measuring asymmetries built

3Here, favoured (unfavoured) refers to the case where the fragmenting quark appears (does not appear)
as a valence quark in the produced hadron, e.g. the fragmentation of an up quark into a π+ (π−).
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from the differences between π+ and π− and K+ and K− using hydrogen and deuterium targets.
For example, assuming the strangeness distribution being negligible in the valence kinematic region
at sufficiently high values of x, one can built the following ratio:

H
u/K+
1 −H

u/K−
1

H
u/π+
1 −H

u/π−
1

∝
FK+
p − FK−

p

3(F π+
p − F π−

p ) + (F π+
d − F π−

d )
, (10)

where F hadron
target can be any one of four asymmetries related to H⊥

1 , like 〈cos 2φ〉UU , 〈sin 2φ〉UL,
〈sin(φ+φS)〉UT or 〈sin(3φ−φS)〉UT . Such ratios of asymmetries, simultaneously measured for pions
and kaons, will provide independent information about the Collins function for global analyses of
TMDs.

3.2.3 Dihadron production in semi-inclusive DIS and transversity

The quark transversity distribution, h1, as discussed in the introduction, is one of the three ba-
sic quark distributions, together with f1 and g1, that survive k⊥ integration. Experimentally,
transversity is quite an elusive object as its chiral-odd nature excludes it from influencing any
inclusive observable, which is our main source of information about f1 and g1. It needs to be
measured together with another chiral-odd partner. As discussed in previous sections, a very
promising way is semi-inclusive DIS involving the chiral-odd transverse momentum dependent

Collins fragmentation function in F
sin(φ+φS)
UT , as exemplary presented in Fig. 8 (right).

An interesting, alternative approach is semi-inclusive dihadron production from DIS, ep↑ →
e′(h1 h2)X, where the two unpolarized hadrons emerge from the fragmentation of the struck quark.
The chiral-odd partner of h1 is represented by the chiral-odd Dihadron Fragmentation Function

(DiFF) H
<)q
1 [73, 74]. Such measurements provide complementary information about transversity

as here the transverse spin of the fragmenting quark is transferred to the relative orbital angu-
lar momentum of the hadron pair. Consequently, this mechanism does not require transverse
momentum of the hadron pair and standard collinear factorization applies.

There is much progress in the field of dihadron fragmentation from both experiment and theory.
Very recently, results from pioneering measurements of azimuthal correlations of two pion pairs
in back-to-back jets in e+e− annihilation related to the dihadron fragmentation function became
available from the BELLE Collaboration [75]. On theoretical side, the dihadron cross section was
computed up to next-to-leading twist [76] and model calculations for the dihadron fragmentation
functions are progressing.

The kinematics of the process is similar to the one in single-hadron semi-inclusive DIS except
for the final hadronic state, where now z = zh1 + zh2 is the fractional energy carried by the
hadron pair and the vectors Ph = P1 + P2 and R = (P1 − P2)/2 are introduced together with
the pair invariant mass Mh, which must be considered much smaller than the hard scale (i.e.,
P 2
h =M2

h ≪ Q2).
Similarly to Eq. 4, the cross section for two-hadron production in semi-inclusive DIS can be

expressed by structure functions. When integrating over transverse momenta, only three structure
functions appear at leading twist (the full next-to-leading twist expression is given in [76])

dσ

dxB dy dφR dz dφS dM2
h d cos θ

∝
{

FUU,T + S‖ λℓ
√

1− ε2 FLL

+ |S⊥| ε sin(φR + φS)F
sin(φR+φS)
UT

}

, (11)
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containing the three leading-twist distribution functions f1, g1 and h1, which now appear in a
simple product with the involved fragmentation functions:

FUU,T ∼
∑

q

e2q f
q
1 (xB)D

q
1(z, cos θ,Mh) FLL ∼

∑

q

e2q g
q
1(xB)D

q
1(z, cos θ,Mh) (12)

F
sin(φR+φS) sin θ
UT ∼

∑

q

e2q h
q
1(xB)H

<)q
1 (z, cos θ,Mh) . (13)

The angle φR is the azimuthal angle of RT , the component of R transverse to Ph. A partial
wave expansion reveals the structure of the dihadron fragmentation function. For a two-hadron
system with low invariant mass Mh < 1.5 GeV, dominant contributions come only from the lowest
harmonics, i.e., the s and p waves. The expansion in terms of Legendre functions of cos θ, with the
polar angle θ evaluated in the center-of-momentum frame of the hadron pair, yields the factorized
expressions

D1 ≃ D1,UU +Dsp
1,UL cos θ +Dpp

1,LL

1

4
(3 cos2 θ − 1) (14)

H
<)
1 ≃ H

<) sp
1,UT +H

<) pp
1,LT cos θ . (15)

The functions on the r.h.s. depend now only on z and Mh. When applying the symmetrization
f(θ) + f(π − θ), all cos θ terms will vanish even if the θ acceptance is not complete but still sym-

metric about θ = π/2. The dominant term is then H
<) sp
1,UT , the component of H

<)
1 that is sensitive

to the interference between the fragmentation amplitudes into hadron pairs in relative s and p
wave states. It allows to study the transversity distribution without the complications of solving
convolution integrals over transverse momentum or issues of factorization and evolution. Pioneer-
ing measurements of two-pion production from polarized semi-inclusive DIS by HERMES [77, 78]
and COMPASS [79, 80, 81] and from e+e− annihilation by BELLE [75], provided the necessary
information for a first extraction of transversity in the framework of collinear factorization [82].

For a real breakthrough of this promising approach to transversity, much more data over a
wide kinematic range are needed. As for all semi-inclusive DIS observables, a safely bias-free
extraction is only possible with an analysis that is performed fully differential in all relevant
kinematic variables. In the case of polarized dihadron production, the cross section depends on
seven kinematic variables, which calls for even higher statistics than in the single hadron production
case. Hadron identification over the full accessible momentum range is an essential prerequisite
for a full exploration of the flavour dependence of the transversity distribution. Particularly
interesting are the KK and Kπ combinations, which exhibit sharp vector resonances, like the
φ, in the considered low invariant mass range [78]. These channels are ideal tools for studying

the sp-wave interference via H
<) sp
1,UT , which is the leading part of H

<)
1,UT giving rise to nonzero

observables.

3.3 Spin and azimuthal asymmetries in pp collisions

Historically, the surprisingly large left-right asymmetries measured in hadronic reactions with
transversely polarized protons initiated the idea about a transverse momentum dependence of
quark distributions in polarized protons. The observation of such asymmetries was frequently
quoted as a puzzle or challenge for theory. In fact, for a long time, transverse single-spin asymme-
tries were assumed to be negligible in hard scattering processes [83]. The work of [24] introduced
a transverse momentum dependent quark distribution, now termed the Sivers function, which
provides a mechanism for the observed asymmetries that does not vanish at high energies.
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The pioneering measurements at FermiLab [84, 85, 86, 87, 88] of these large (up to 0.3-0.4 in
magnitude) transverse-spin asymmetries in inclusive forward production of pions in pp collisions
p↑p→ π+X, have been greatly confirmed by experiments at RHIC (BNL) at much higher center-
of-mass energies of up to

√
s = 200 GeV [53]. A rich variety of single-spin asymmetries for

identified hadrons (π±, π0,K±, p, p̄) measured over a wide kinematic range is now available from
the Brahms, Phenix and Star experiments at RHIC [47, 48, 49, 50, 51, 52, 54, 55, 56]. The results
exhibit a general pattern: sizable asymmetries are measured at forward-rapidity and for positive
Feynman xF > 0.3 which increase in magnitude with increasing xF and PhT . In contrast, for
negative xF and at mid-rapidity all asymmetries are found to be consistent with zero. Also for the
observables in pp reactions, a distinct behaviour for pions, kaons and protons was observed [47].

Several mechanisms have been suggested to explain these asymmetries. At large values of PhT

collinear factorization involving twist-3 observables can be applied. An alternative approach using
TMDs has been used to describe existing data. Employing recent parameterizations of the Sivers
function based on fits to DIS data, a fairly successful description of the observed asymmetries for
pion production could be obtained [89].

However, any kind of (standard) TMD factorization for the description of pp reactions failed
so far due to the presence of both initial and final state interactions. Only on the basis of pre-
cise DIS data, involving a detailed study of the spin- and transverse momentum dependence of
hadron production in semi-inclusive DIS, the rich field of results from hadronic collisions might be
interpreted within the QCD framework.

21



4 Nucleon Imaging: GPDs and Exclusive Processes

4.1 Introduction

Complementary information towards a genuine multi-dimensional space and momentum resolution
of the nucleon structure is offered by the so-called Generalized Parton Distributions (GPDs) [90,
91, 92]. These new functions, containing the non-pertubative, long distance physics of factorized
hard exclusive scattering processes, encompass the familiar PDFs and nucleon form factors as
kinematic limits and moments, respectively. GPDs offer opportunities to study a uniquely new
aspect of the nucleon substructure: the localization of partons in the plane transverse to the motion
of the nucleon. As such they provide a nucleon tomography. The ability to describe longitudinal
momentum distributions at a fixed transverse localization is a prerequisite for studying the so-called
Ji-relation [93], which links a certain combination of GPDs to the total angular momentum of a
parton in the nucleon. From this quantity, the still hunted orbital angular momentum of partons
in the nucleon could possibly be extracted, a question of crucial importance for an understanding
of the nucleon structure.

Measurements of hard exclusive processes, where the nucleon stays intact and the final state is
fully observed, are much more challenging than traditional inclusive and semi-inclusive scattering
experiments. These exclusive processes require a difficult full reconstruction of final state particles
and their cross-sections are usually small, demanding high luminosity machines. Pioneering mea-
surements have been performed at DESY (HERMES, H1 and ZEUS) and JLab (HallA and CLAS).
A detailed study of GPDs is one of the central topics of ongoing and near-future experiments at
COMPASS and JLab. Most Importantly, the JLab 12 GeV upgrade provides the unique combi-
nation of high energy, high beam intensity (high luminosity) and advanced detection capabilities
necessary for studying low rate exclusive processes.

The exclusive production of real photons, Deeply Virtual Compton Scattering (DVCS), ap-
pears to be the theoretically cleanest process for studying GPDs. Similar to inclusive DIS, this
process however, does not provide direct flavour dependent information. A flavour tagging of
GPDs could be gained from hard exclusive production of mesons where the quark content of the
meson provides flavour dependent information, similar to semi-inclusive DIS. Moreover, vector me-
son production provides information about gluon GPDs even in the kinematic regime of JLab12,
which predominantly probes the valence quark region: while the exclusive electroproduction of ρ0

and ω mesons receives contributions from both quark and gluon exchange, the production of φ
mesons is expected to be dominated by gluon exchange. This unique access to gluon GPDs and
hence to the gluon total angular momentum in exclusive φ-meson production, underlines the need
for kaon identification over the whole kinematic acceptance of CLAS12 also for the measurement
of exclusive processes. Kaon identification would significantly enhance also the capabilities for
measurements of hard exclusive electroproduction of strangeness.

4.2 Hard exclusive meson production

Generalized parton distributions depend upon four kinematic variables: the Mandelstam variable
t = (p − p′)2, which is the squared momentum transfer to the target nucleon in the scattering
process with p (p′) representing the initial (final) four-momentum of the proton; the average
fraction x of the nucleon’s longitudinal momentum carried by the active parton throughout the
scattering process; half the difference in the change of the fraction of the nucleon’s longitudinal
momentum carried by the active parton at the start and the end of the process, written as the
skewness variable ξ; and the square −Q2 = q2 of the four-momentum of the virtual photon that
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Figure 10: Longitudinal part of the cross section as a function of W , for the exclusive production
of ρ0 (left) and φ (right) mesons. The curve is the result of a model calculation from [94, 95, 96]
with references for the presented data therein.

mediates the lepton-nucleon scattering process. In the Bjorken limit of Q2 → ∞ with fixed t, ξ is
related to the Bjorken variable as ξ ≃ xB/(2 − xB).

Observables measured in DVCS and hard exclusive meson production provide constraints on
GPDs via Compton Form Factors (CFF). Each CFF is a convolution of a hard scattering kernel
with a GPD that describes a soft part of the scattering process. For meson production, the meson
distribution amplitude enters as a second soft part the factorized cross section. In this case, factor-
ization was proven for longitudinal virtual photons only and an experimental separation of the σL
and σT cross sections is desirable. At high Q2, however, the longitudinal part of the cross section
is expected to dominate as in this limit R = σT /σL ∼ 1/Q2. Recent model calculations also take
the transverse part of the cross section into account [94, 95, 96] and successfully describe a series
of different observables in exclusive meson production. A more recent work emphasizes the very
interesting possibility for an access to GPDs for strange quarks from exclusive kaon-hyperon pro-
duction and highlights the role of transversity GPDs in pseudoscalar meson production [97]. Large,
up to 0.4 in magnitude, transverse single-spin asymmetries are predicted for the K+Λ and K+Σ0

channels for the typical kinematics of JLab12. Also for measurements with longitudinally polarized
targets or beam, sizeable asymmetries of about 0.05 to 0.1 in magnitude are predicted from the
same model calculations [97]. Much progress from theoretical side on GPD model calculations is
expected for the near future.

4.2.1 Exclusive φ-meson production

Exclusive electroproduction of φ mesons provides unique access to the gluon GPD and hence,
involving the Ji-relation, to the total angular momentum of gluons. Since the φ meson contains
mainly strange quarks with a very small admixture of quarks with other flavours, quark-exchange
with the nucleon is expected to be suppressed and two- (or more) gluon exchange to dominate.
As shown in Fig. 10, available cross section data have been successfully described over a wide
range in W , where W is the invariant mass of the photon-nucleon system, using the GPD model
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of Ref.s [94, 95, 96]. For the production of ρ0 mesons, shown in the left panel of Fig. 10, there is
a clear indication for a change in the production mechanism around W = 4 GeV and the GPD
model, where both quark and gluon exchange is taken into account, fails to describe the JLab
data at low W . In contrast, φ-meson production is well described over two orders of magnitude
in W down to values of about 2 GeV by the employed GPD model, which assumes dominance of
gluon exchange for this channel. This underlines the usage of exclusive φ-meson production as a
very suitable channel for studying gluon GPDs and clearly much more data is needed over a wide
kinematic range.

Experimentally, φ-meson production is a very clean, nearly background free exclusive channel
given the kaons from the decay φ → K+K− can be identified. A Monte Carlo simulation of the
reaction ep→ epφ, φ→ K+K− obtained with 11 GeV electrons shows that the kaons from the φ
decay are reaching momenta up to 6 GeV. Hence, kaon identification over the momentum range
1–6 GeV would open the way for detailed measurements of this unique channel for studying the
role of gluon GPDs in the valence kinematic region.
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5 Hadronization in the Nuclear Medium

5.1 Introduction

An interesting pattern of modifications of parton distribution and fragmentation functions in
nuclei has been observed, which caused much excitement and vast experimental and theoretical
activities. Generally, the evolution of a fast-moving quark into hadrons is a non-perturbative,
dynamic phenomenon and its space-time evolution is a basic issue of physics. The understanding
of quark propagation in the nuclear medium is crucial for the interpretation of high energy proton-
nucleus interactions and ultra relativistic heavy ion collisions, the latter aiming for studying the
Quark-Gluon Plasma. Quark propagation in the nuclear environment involves different processes
like multiple interaction with the medium and induced gluon radiation, which lead to attenuation
and transverse momentum broadening of hadron yields compared to nucleon targets.

5.2 SIDIS and hadronization in cold nuclear matter

The hadronization process in “free space” has been studied extensively in electron-positron annihi-
lation experiments. As a result, the spectra of particles produced and their kinematic dependences
are rather well known (within the limitations discussed in Chapter 2). In contrast, very little is
known about the space-time evolution of the process.

Leptoproduction of hadrons has the virtue that the energy and momentum transferred to the
hit parton are well determined, as it is “tagged” by the scattered lepton and the nucleus is basically
used as a probe at the fermi scale with increasing size or density, thus acting as femtometer-scale
detector of the hadronization process. Theoretical models can therefore be calibrated in nuclear
semi-inclusive DIS and then applied, for example, to studies of the Quark-Gluon Plasma.

Effects of cold nuclear matter on hadron production in semi-inclusive DIS have been extensively
studied by the HERMES experiment at DESY using a 27.6 GeV positron beam on internal gaseous
targets of deuterium, helium, neon, krypton or xenon [98]. By using efficient particle identification
over the whole kinematic range of the interactions, the measurements have been performed for
charged and neutral pions, for charged kaons and for protons and anti-protons, exhibiting very
distinct patterns for the different particle types.

The obtained results clearly reveal that the capability of identifying pions, kaons and protons
over the whole kinematic range of interest is essential for gaining more insights into the details of
the hadronization process. Furthermore, the potential of performing a fully differential analysis is
a key to disentangle the various different stages of hadronization.

5.2.1 Nuclear attenuation

The experimental results are usually presented in terms of the hadron multiplicity ratio Rh
A, which

represents the ratio of the number of hadrons of type h produced per DIS event on a nuclear target
of mass A to that from a deuterium target. Here we only show a few examples that highlight the
observed effects. Figure 11 presents the multiplicity ratio Rh

A as a function of the virtual photon
energy (ν) for three slices of the fractional virtual photon energy carried by the produced hadron
(z). A very striking observation is the behaviour of Rh

A as a function of ν which indicates a
clear attenuation at low ν values where the ratio is smaller than one and constantly increases
indicating smaller nuclear effects for high energy transferred by the virtual photon. While this
behaviour is similar for pions and kaons, it is very different for protons where knock-out processes
from the target remnant might contribute to the proton yield. But even for pions and kaons, the
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Figure 11: The ν dependence of the multiplicity ratio Rh
A for positively (left) and negatively

(right) charged hadrons for three slices in z as indicated in the legend, measured by the HERMES
Collaboration [98].

magnitude of attenuation differs for the two hadron types and the different charges. While π+ and
π− behave very similar, there are clearly visible differences for K+ and K−. The various details of
attenuation effects become especially pronounced when viewing their multi-dimensional kinematic
dependences. Deeper inside into the various different meachnisms causing nuclear effects, would be
gained with a fully differential analysis of this observable for identified pions, kaons and protons.

5.2.2 Medium modification of the transverse momentum

A complementary measurement to the hadron attenuation ratio, which is even more sensible to
the partonic stage of the hadronization process, is the hadron transverse momentum broadening
∆〈p2t 〉 = 〈p2t 〉hA − 〈p2t 〉hD. The first direct measurement has been performed by HERMES [99] and
is shown in Fig. 12. The panels show the average transverse momentum 〈p2t 〉 for deuterium (top
row) and the broadening ∆〈p2t 〉 (remaining rows) as a function of either ν, Q2, x and z for π+ or
π− for the various nuclear targets. The data do not reveal a significant dependence on ν while
for x and Q2 the effect slightly increases. In contrast, the effect as function of z shows a clear
broadening, which is vanishing as z approaches unity. This indicates both that there is no or
little dependence of the primordial transverse momentum on the size of the nucleus and that the
pt-broadening is not due to elastic scattering of pre-hadron or hadrons already produced within
the nuclear volume. There is a slight indication for larger pt-broadening effects for K+ (bottom
panels of Fig. 12) compared to pions but much more statistics is needed to explore a possible
hadron type dependence.

The interpretation of this observable would greatly benefit from both a fully differential analysis
and full hadron identification. For instance, a multi-dimensional study of the transverse momentum
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Figure 12: The average transverse momentum 〈p2t 〉 for D (top row) and pt-broadening ∆〈p2t 〉
(remaining rows) for π+ and π− produced on He, Ne, Kr, and Xe targets and for K+ produced
on a Xe target (bottom row); measured by the HERMES Collaboration [99].

broadening in nuclear matter, would provide information to distinguish the effects due to the
primordial transverse momentum, gluon radiation of the struck quark, the formation and soft
multiple interactions of the so-called “pre-hadron” and the interaction of the formed hadrons with
the surrounding hadronic medium.

5.2.3 Medium modification of TMD distributions

The study of nuclear effects also opens an alternative way to gain information about certain TMD
distributions discussed in Section 3. Azimuthal asymmetries like the 〈cosφ〉 and 〈cos 2φ〉 moments,
are expected to be suppressed when being measured in nuclei due to final-state multiple scattering.
Model calculations [100] demonstrated a non-trivial transverse momentum dependence of this
suppression on the relative shape of the involved TMD quark distributions. Therefore, the nuclear
modification of azimuthal asymmetries and the study of its transverse momentum dependence is
a very sensitive probe of TMD quark distributions. As shown in Fig. 13 for measurements with a
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Figure 13: The 〈cos 2φ〉 moments for negatively charged hadrons of types indicated in the figure;
extracted by the HERMES Collaboration [62] using a deuterium target.

deuterium target, the shape of the asymmetries for pions and kaons is quite different and hence,
nuclear effects are expected to be quite different for the various hadron types. In order to observe
such effects, however, measurements with nuclear targets much heavier than deuterium are needed.
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6 Spectroscopy: Hidden Strangeness and Strangeonia

The phenomenology of hadrons and in particular the study of their spectrum led more than forty
years ago to the development of the quark model, where baryons and mesons are described as
bound systems of three quarks and of a quark-antiquark pair, respectively. While this picture still
holds and has been proven to reproduce many features of the hadron spectrum, now we know that
the hadron mass cannot be explained only in terms of the quark masses, but it is mainly due to
the dynamics of the gluons that bind them. Measuring the spectrum of hadrons, studying their
properties and inner structure is therefore crucial to achieve a deep knowledge of the strong force.

Mesons, being made by a quark and an anti-quark, are the simplest quark bound system and
therefore the ideal benchmark to study the interaction between quarks, understand what the role
of gluons is and investigate the origin of confinement. The quark model predicts the existence of
multiplets of mesons with similar properties, that are classified according to their total angular
momentum J , the parity P , and charge conjugation C. While most of the lowest mass states
have been clearly identified and studied [101], several open issues related to the mass hierarchy
and decays of excited states remain and still await for a thorough experimental investigation. In
addition, phenomenological models [102, 103, 104, 105, 106, 107] and lattice QCD calculations [108,
109] suggest that states beyond the simple qq̄ configuration, such as hybrids (qqg), tetraquarks
(qqq̄q̄) and glueballs, should also exist. If so, we should expect to find a much richer spectrum
than that predicted by the quark model and, in particular, we should be able to observe new
meson multiplets corresponding to these unconventional configurations. Hybrid mesons are of
particular interest as they are the cleanest experimental signature for the presence of gluons in the
dynamical mass generation process. A precise determination of their spectrum and properties can
provide a unique opportunity to study the role of the glue and to understand the phenomenon of
confinement. An unambiguous identification of these states is in general rather difficult, since they
can mix with ordinary mesons having the same quantum numbers (JPC). However, the additional
degrees of freedom present in these states can also lead to exotic quantum numbers that are not
allowed in qq̄ systems and therefore provide a unique signature of their unusual structure.

MesonEx is an experimental program to study meson spectroscopy via quasi-real photopro-
duction in Hall B, using the CLAS12 detector and a new Forward Tagger (FT) facility. The 12
GeV electron beam available after the upgrade of Jefferson Laboratory, the excellent characteris-
tics of the CLAS12 detector and the new FT facility will give the possibility of exploring a broad
mass range accumulating data of unprecedented accuracy and statistics. As shown in the Sections
below, the MesonEx program will greatly benefit from a new RICH detector that will extend the
kaon identification capabilities to large momenta of up to 7 GeV.

6.1 Hybrids with hidden strangeness

One very attractive method to identify exotic mesons is through strangeness-rich final states, like
the φπ decay mode. Any ss̄-meson decay to φπ is forbidden due to the conservation of isotopic
spin. This decay mode is also forbidden for any light qq̄-meson (with q beeing a u or d quark) by the
Okubo-Zweig-Iizuka (OZI) rule. On the other hand, multiquark or hybrid mesons are expected to
have a strong coupling to the φπ system. The discovery of a φπ resonance would indicate a new kind
of hadron and suggest a qq̄g or qq̄qq̄ state. This is true for f ′π and J/ψπ decay modes as well [110].
Some experimental evidence for the existence of a resonance with strong φπ coupling is available.
In experiments at the LEPTON-F spectrometer [111, 112], a new meson C(1480), with mass
1480±40 MeV, width 130±60 MeV and an anomalous large branching ratio to φπ, was observed.
The angular distributions of the sequential decay C(1480) → φπ0, φ → K+K− were studied and

29



the quantum numbers for C(1480) meson have been determined to be IG = 1+, JPC = 1−−. For
this meson, an anomalously large value of the ratio BR(C(1480) → φπ0)/BR(C(1480) → ωπ0) >
0.5 at 95% C.L. was obtained. This value is more than two orders of magnitude higher than
the expected ratio for mesons with the standard isovector quark structure. At present, the only
consistent explanation of these properties can be obtained with the assumption that the C(1480)
meson is a four quark or hybrid state. At the Ω–spectrometer [113] the cross section for the
reaction γp → φπ0p was measured. Although the number of events was not large (∼ 25), an
excess of events in the mass spectrum of the φπ0 system at ∼1.4 GeV was observed. The φπ0

photoproduction cross section was estimated to be σ(γp → φπ0p) = 6 ± 3nb (at 95% C.L.). The
existence of a structure in the same mass range was confirmed with the study of inclusive φπ+

production with a pion beam [114] and by recent e+e− → φπ0 data from Ref. [115].
A clean identification of the final state can be obtained by detecting the K+K− pair from the

charged decay of the φ meson. This could be achieved with the CLAS12 base equipment, where
a RICH detector that extends kaon identification to momenta beyond 2.5 GeV, would greatly
improve the accessible kinematic range for the higher momentum kaons produced in the reaction.
Such studies will open a unique window in the search of exotics with hidden strangeness.

6.2 Strangeonia

Strangeonia are mesons containing ss̄ pairs: these can be conventional states in the quark model or
hybrids with or without exotic quantum numbers. While the strange meson spectrum is quite well
understood, the details of the strangeonium spectrum are much less certain and only a handful of
states have been confirmed. This, in itself, is a motivation for studying strangeonium spectroscopy.
In addition, a number of the final states in which an exotic signal has been claimed are also final
states in which strangeonia would be expected. Thus, a precise determination of the strangeonium
spectrum is important to constrain the search of exotic candidates.

The masses are expected to be in the 1-3 GeV range, i.e. a transition region between light
(relativistic) and heavy (non-relativistic) qq̄ states4. The conventional strangeonia mesons are
associated with the radial and orbital excited states of the φ(1020) meson, the ground state of the
ss̄ system. Even these ”normal” strangeonia are poorly understood: among the 22 low mass (M
< 2.5 GeV) strangeonium states expected, only 5 are well identified. A summary of the current
data on the φ(1680), i.e. the first radial excitation, is shown in Table 2. The interpretation of
the current data is not conclusive. Photoproduction and e+e− annihilation experiments observed
in fact different properties of the φ(1680) decay modes than hadroproduction experiments. In
addition the resonance mass is systematically higher in photoproduction than in e+e− annihilation
and there is no evidence of KK∗ decay in photoproduction, which on the contrary is found to be
dominant in e+e− experiments.

The different behavior of the φ(1680) observed in the two types of experiment may be explained
by the presence of two resonances interfering with the light qq̄ states. To understand this problem
one could measure the relative branching ratios of the φ(1680) into the neutral and charged KK
and KK∗ pairs. Another possibility is to study the φη decay mode since, according to the Zweig
rule, the contribution of ss̄ states is expected and interference with the light qq̄ states should
be highly suppressed. Just the mere identification of a resonance in the φη system will prove
the presence of a ss̄ state. This argument can be extended to the φ(1850) and other higher mass

4The relevance of this aspect was pointed out by Barnes, Page and Black [116]: “the similarity between
the ss̄ spectrum, the light meson qq̄ and the heavy QQ̄ systems needs to be understood to bridge the gap
between Heavy Quark Effective Theory (HQET) and the light quark world in which we live”.
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production mass [MeV] width (MeV) experiment decay ref

e+e− 1650 DM1 KLKS [117]
1650 K+K− [118]
1650 VEPP-2M K+K− [119]
1680 DM2 K+K− [120]
1677 102 KSK

+π−. [121]
1680 185 DM1 KK, KKπ [122]
1657 146 DM2 K+K− [123]

photo- 1748 80 CERN Omega KK [124]
1760 80 CERN WA57 KK [125]
1726 121 Fermi E401 KK [126]
1753 122 Fermi FOCUS KK [127]

Table 2: Experimental data on the φ(1680).

excitations. This decay mode has not been yet observed and is one of the main reactions of interest
of the MesonEx program. Preliminary analysis of data taken with CLAS are promising, indicating
that extraction of strangeonium resonances is feasible. However, due to the limited statistics
and energy range, the current data will provide only a partial insight of the strangeonium sector.
Higher beam energy together with an extended kaon identification would allow for a much deeper
investigation of these states. The present CLAS12 particle identification detectors provide good
K/π separation up to momenta of about 2.5 GeV, which corresponds to only a small fraction of
the expected momentum range for kaons produced by the decay of strangeonia, which extends
up to 7 GeV. The addition of a RICH detector would greatly extend the range for measuring
kaons, resulting in a dramatic increase of acceptance for the investigation of these meson states
and making the upgraded Hall B the ideal place to study strangeonium production.
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