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Abstract: Fourty years after its introduction, the phenomenon of color transparency remains a domain
of controversial interpretations of experimental data. In this review, present evidence for or against
color transparency manifestation in various exclusive hard scattering reactions is presented. The
nuclear transparency experiments reveal whether short-distance processes dominate a scattering
amplitude at some given kinematical point. We plead for a new round of nuclear transparency
measurements in a variety of experimental set-ups, including near-forward exclusive reactions
related to generalized parton distribution (GPD) physics and near-backward exclusive reactions
related to transition distribution amplitudes (TDA) physics.
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1. What Is Color Transparency?

Color transparency describes a universe of models and experiments where so-called
“strongly interacting” particles can have dynamically reduced interactions which violate the
rules of traditional strong interaction physics. Once upon a time, hadrons were described
in a quantum mechanical basis of asymptotic states, which interacted by the exchange of
spin-0 and spin-1 mesons. The phenomenological coupling constants of the theories were
much too large to justify a perturbative description, hiding the fact the entire description
was incomplete. The proposal that hadrons were necessarily complete to describe their own
interactions effectively disappeared with the onset of quantum chromodynamics (QCD).
And that changed everything, as history showed.

In QCD, hadrons are embedded in the infinitely larger Hilbert space of a non-Abelian
gauge theory, which describes how the non-Abelian charge called “color” flows between
and inside interacting systems. Very little about the Hamiltonian or the states can be
represented by the color singlet operators that create hadrons. QCD describes hadrons in
terms of dramatically new configurations of quarks and gluons, some of which coherently
cancel their own interactions, as shown below. The signal is that a QCD hadron can interact
less than an asymptotic S-matrix hadron. When a hadron interacts with a much smaller
cross section than pre-QCD nuclear physics calculations would predict, one says there is
evidence of “transparency.” In almost all cases the reactions must be exclusive, or quasi-
exclusive, to develop a situation where the flow of color is narrowly channeled and then
liable to destructively interfere.

1.1. Color Transparency Crosses Many Fields

The field of color transparency has grown to include many experimental venues,
briefly reviewed here. It has grown to discover significantly different theoretical interpreta-
tions, which differ because assumptions about the constitution of hadrons are necessary to
proceed. One can say that the historical origin of color transparency is the Perkins effect,
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reported in 1955 [1]. Observing e+e− pair production with emulsion targets, Perkins ob-
served a distinct gap between the production vertex (extrapolated from tracks) to the actual
onset of ionization. Perkins realized that the zero net electric charge of very localized e+e−

pairs would coherently cancel electromagnetic radiation. The pair would be invisible—or
the medium would be transparent—until the pair had separated by a distance greater than
the wavelength of radiation to be emitted to affect the emulsion. Thus, Perkins invented
the first “short-distance” model of “electromagnetic transparency”. The basic idea was
re-discovered much later by Brodsky and Mueller [2,3]. They explored the proposal that ex-
clusive hadronic reactions with multi-GeV momentum transfer, Q, might be dominated in
QCD by regions of quark wave functions that can be called “short distance.” Those words
are loaded with theoretical interpretation, which boil down to at best quasi-localizing small
color singlets on some kind of transverse scale, ∆xT , considerably larger than optimistic
dimensional analysis would suggest. The main context of short-distance dominance is
associated with the model of exclusive processes originated by Farrar and Jackson [4],
Efremov and Radyushkin [5], and later developed by Brodsky and LePage [6].

The behavior of short-distance models for asymptotically large Q is known, because
they are designed to have a simple limit. Surprisingly, the task of showing that the large Q
limit of QCD was the same as the limit of the models remains unfinished!

One reason the true limits of QCD is unknown is that contributions due to competing
models briefly reviewed below, namely, the Landshoff process and the endpoint contribu-
tion, do not get small compared to the contribution due to the short-distance model in any
limit, although there are limits where a mechanism is introduced to make the contributions
of these competing models to be eliminated. If large-Q “hard” reactions do not select short
distance, it raises the possibility that quasi-exclusive processes at large momentum transfer
would not satisfy the hypothesis of being dominated by coherent cancellation of color
interactions, and might not reveal any signal of color transparency. Actually that is very
surprising, as if the Perkins effect would never be observed, because coherence of radiation
would never happen.

Just as in Perkins’ emulsion experiments, the medium used to measure color trans-
parency effects cannot be separated from the phenomenon. Perkins had the first observation
of the survival probability, which in his experiment was a coherence-determined region
of particles surviving before dissipative interactions could begin. The primary media for
color transparency experiments are nuclei supporting quasi-exclusive reactions. “Nuclear
filtering” [7] is the topic that recognizes a quantum mechanical measurement of a process
in the nuclear medium affects the process. By involving coherence and entanglement,
the survival probabilities of color transparency experiments are fundamental quantum
mechanical quantities. In particular, when particles survive without much interaction,
a process has selected them with preference for less interaction. This is straight to be
understood as soon as one assumes that the amplitude for the process in free space can be
expressed as a superposition of two terms. One of these terms gets contribution from the
large-distance part of the wave function while the other one probes the short distance. In a
nuclear medium, the large-distance part will be filtered out while the short distance would
survive, thereby affecting the process. Nuclear filtering is a quantum measurement feature
that is intimately related to color transparency, while it also has a classical analog. Let us
discuss this point briefly in Section 1.2 just below.

1.2. Survival of the Smallest

One way to think about color transparency in nuclear targets is to start with a dis-
tribution of interacting systems in an absorbing medium. The notion of a hypothetical
distribution is actually not easily separated from a distribution of entities produced by an
interaction. In any event, consider classical particles of variable radius a interacting with a
medium with absorption cross section σ(a) = πa2. Let n be the number density of targets,
and L = 1/nσ(a) be the mean free path. Given a particular size a, the probability to cross a
distance z is proportional to exp(−z/L) = exp(−πza2n). The exponential dependence is
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known. However, in the present context, it is a conditional probability, P(z | a), which must
be combined with the probability to find radius a, denoted P(a). To make a computable
model, let us suppose that P(a) is a Gaussian times a power, P(a) ∼ am exp(−a2/2a2

0). The
peak of this distribution will be at a computable point a ∼ a∗. Then compute

P(z) =
∫

da P(z | a)P(a) =
∫ ∞

0
da exp(−πza2n)am exp(−a2/2a2

0) ∼
1

(1 + 2πa2
0nz)(m+1)/2

.

This is quite an interesting result. Instead of decreasing exponentially with depth,
the survival probability decreases like an inverse power of depth. That should produce
an impressive signal of the distribution of interacting systems, compared to a single in-
teraction cross section, distributed by the Dirac δ-distribution, δ(a − a∗). Yet to detect
this experimentally, the medium must be thick enough to distinguish the exponential fall
from the power law decrease. This is known but not always recognized. In the context of
reactions involving quasi-elastic collisions with nuclear targets, there is a strong trend for a
small nucleon number, A, to reduce experimental discriminatory power, and for large A to
increase it. This may lead to the fact that experiments with small nucleon number A may
not have enough thickness to observe the power law decrease in many cases. Sometimes it
is believed that smaller A nuclei are understood better than larger A and should be better
experimental topics. As a result some inconclusive results have been found for rather small
A: 2 . A . 12. But much of what is understood at small A is in the hadronic basis of proton
and neutron wave functions, not the basis of quarks and gluons where color transparency
originates. Many experiments involving A � 1 are still waiting to be performed. When
one is exploring new territory, why not measure everything that can be measured? In
particular, experiments with heavier targets are clearly needed.

2. Highlights of Two Experiments

Two experimental programs in color transparency stand out as being most informative,
and possibly most contradictory. A series of quasi-exclusive A(e, e′p) experiments at
Jefferson Laboratory (JLab) [8–12] for a 12C nucleus was recently extended to the range
8 . Q2 . 14.2 GeV2. The ”transparency ratio” (here defined by the measured rate
compared to a partial wave impulse approximation (PWIA) calculation with Glauber
interactions) was determined to be practically constant over the range of the experiment;
see Figure 1. The absence of any signal of color transparency has led to an apparent
consensus that a short-distance model describing the process has been ruled out. While
a short-distance model is often identified as being the same as QCD, other models in
QCD have no short-distance feature, including, in particular, the Feynman or endpoint
mechanism discussed below.
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Figure 1. The momentum transfer squared, Q2, dependence along with the incident proton momen-
tum, Pp, dependence of the transparency ratio for 12C measured recently by Bhetuwal et al. [12]
and by the previous Jefferson Laboratory (JLab) experiments [8–11]. See text for details. Taken from
Ref. [12] with permission.

Another highly informative experiment is the Brookhaven National Laboratory (BNL)
E834 [13], measuring the center-of-mass (c.m.) energy-dependence of fixed angle quasi-
elastic knockout of protons from nuclei, pA → p′p′′(A− 1). The quasi-elastic kinemat-
ics veto events where pions are produced. The first announcement of the experiment
caused great excitement due to the appearance of a “bump” near 10 GeV in the beam
energy-dependence of the transparency ratio for A = 12, 27, 64, and 204; see Figure 2
in Ref. [13]. The decrease of this ratio above 10 GeV ruled out classical expansion mod-
els [14]. This may not have been appreciated, at first, while it was settled decisively with
the larger data set of the experiment’s final report [15]. The famous “bump” has been
explained by two facts: First, the BNL transparency ratio measures T(s) = dσ/dt(pA →
p′p′′(A− 1))/(Zdσ/dt(pp→ p′p′′)), where the denominator is experimental data, and not
a calculation as defined by JLab physicists. Here, t = (pp − pp′)

2 and s are the Mandelstam
variables, with s being the c.m. energy squared on a proton target, and Z is the atomic
number (or the number of protons). Second, the energy-dependence of the denominator has
oscillations which are 180◦ out of phase with T. This is shown in Figure 2 [16]. Multiplying
T(s) by the denominator shows that s10dσ/dt(pA→ p′p′′(A− 1)) is constant with s. It is
hard to escape the conclusion that pp → p′p′′ in free space oscillates due to interference
of different amplitudes with an s-dependent relative phase. That interference then dis-
appeared in the BNL experiment by nuclear filtering. In fact, the free space oscillations
had previously been identified [17] with interference of a short-distance component, and a
computable chromo-Coulomb phase [18] of the Landshoff process [19], to be defined in a
moment. It is beautifully consistent that the Landshoff process is not a short-distance one,
but has well separated quarks that nuclear filtering would naturally attenuate. Since those
days, “endpoint model” processes (see below), which are equally susceptible to nuclear
filtering have emerged as viable candidates.
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Figure 2. The center-of-mass s-dependence of the cross section s10dσ/dt for pp → p′p′′ in free
space (a), compared to the BNL transparency ratio, T(s) for pA→ p′p′′(A− 1) (b), which uses this
free-space cross-section as the denominator. Multiplying T(s) by the denominator leads to a constant
s-dependence what is consistent with nuclear filtering removing an interfering amplitude with an
s-dependent relative phase. See text for details. Taken from Ref. [16].

While the BNL measurements obtain the above-given natural explanation, it is not
without controversy, and, in fact, rests on rather old pp fixed-angle scattering data that
have never been repeated. To date, the issues are still actual with controversy and ongoing
partisan debate. The importance of those experiments, and the rather fundamental character
of the QCD chromo-Coulomb phase shift believed to cause the oscillations, represent
important opportunities that J-PARC (Japan Proton Accelerator Research Complex) is
expected to explore.

3. Models of Short and Not-So-Short-Distance Processes
3.1. Momentum vs. Coordinate Space Descriptions

The great complication of QCD is the existence of many infinities of dynamical degrees
of freedom. While one might prefer to simply forget about them, a valid theoretical
calculation needs to explain what has been done with them. Here, the reader is guided to
how calculations are translated into the words describing them. A guide is needed because
calculations are done in the momentum space or participating quarks, while the words
refer to coordinate space. In a nutshell:

• Perturbative QCD (pQCD) describes interactions of quarks and gluons at “large”
momentum transfers squared Q2 & GeV2.
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• pQCD descriptions of hadron scattering always involve unknown elements, which
are the wave functions of quarks and gluons in the hadrons. These wave functions
are field-theoretical entities that cannot be developed from a non-relativistic few
quark picture.

• All models of large momentum transfer involve a strictly limited number of participat-
ing quarks. The lowest order building block is 2→ 2 quark-quark (or quark-antiquark)
scattering via one-gluon exchange. Models differ in how the building blocks are
put together.

• Amplitudes are calculated by integrating over internal momenta. When models are
verbally described as “involving this or that process,” it is really a translation of an
approximation concentrating on a momentum region that can be identified with the
process. A short-distance model is one that actually asserts certain regions of high
momentum transfer dominate the calculation. A not-so-short-distance process may
get contributions from kinematic regions of high momentum transfer, along with other
regions whose scale is set by the wave function of the hadron.

• With this information, models relevant to color transparency can be understood with
the real-space cartoons of Figure 3. In Figure 3, top, a short-distance model (Figure 3,
top left) has emphasis on participating quarks meeting at a hard scattering (red dot)
with points separated spatially by order 1/Q. An endpoint model (Figure 3, top right)
considers a single hard scattering, with soft, long wavelength quarks not participating,
and merging from one struck hadron to another. This process happens to have the
same “quark counting” rules as a short-distance process, because finding soft, non-
participating quarks is rare in proportion to how many are soft [20]. A Landshoff
process (Figure 3 (bottom)) has quarks acting completely independently, and flying
off at random. The coincidence of final state quarks accidentally traveling in parallel
to form a final state hadron is calculated from the phase space integral. Perhaps
surprisingly, this process dominates the processes ππ → ππ, πp → πp, pp → pp,
even when radiative (Sudakov) factors are applied to account for the lack of final state
radiation [21–23].

Figure 3. Real space pictures associated with different momentum-space integration regions of
models of exclusive processes. Top Left: A short-distance model effectively has participating quarks
meeting at a hard scattering (red dots) with points separated spatially by order 1/Q. Top Right: An
endpoint model has a single hard scattering. Low momentum quark spectators transfer from one
struck hadron to another. Since finding soft, non-participating quarks is rare in proportion to how
many are soft, this process happens to have the same “quark counting” rules as a short-distance
model. Bottom: A Landshoff process treats quarks acting completely independently, and flying off
at random. The coincidence of final state quarks accidentally traveling parallel to form a final state
hadron is calculated from a phase space integral.
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3.2. More about the Endpoint Process

The endpoint model was, in fact, the first model proposed for exclusive processes,
originally by Feynman in 1969 [24]. As explained above, this involves only one hard
scattering. Essentially, one of the quarks carries most of the hadron momentum with
the corresponding longitudinal momentum fraction x → 1. This quark undergoes a hard
scattering and the resulting amplitude has a direct dependence on the nature of the hadronic
wave function in the x → 1 limit. Given this dependence, it is not immediately apparent
how such a process might lead to the observed scaling laws at large Q2. It was shown in
Ref. [20] that the observed scalings laws follow as soon as a power-dependence on the
momentum fraction variables xi is assumed. For example, for pion, one obtains Fπ ∼ 1/Q2

if it is assumed that the wave function Φ(x,~kT) ∼ x(1− x) ∼ (1− x) for (1− x) when x
or (1− x) is of the order of ΛQCD/Q, where ΛQCD is the QCD characteristic scale. For the
proton, it is assumed that quark 1 carries most of the momentum, i.e., x1 → 1, while x2 and
x3 are of the order of ΛQCD/Q. One obtains the observed dependence, F1 ∼ 1/Q4, if the
wave function behaves as x2x3 in the limit of x1 → 1. Given such an x-dependence of the
wave function, the endpoint model also remarkably leads to the power-laws, observed in
hadron-hadron scattering for fixed angle scattering assuming s ∼ |t| � 1 GeV2 . In this
case, a leading quark from each hadron undergoes hard scattering with one another with
exchange of hard gluons. The remaining quarks again merge into the final state hadrons as
in the case of the form-factor. Interestingly, this mechanism naturally applies to another
regime, i.e., s � |t| � 1 GeV2 at fixed s. In this case, for pp → pp process, the endpoint
model predicts dσ/dt ∼ 1/|t|8, in remarkable agreement with the data [19].

The endpoint model relates the x-dependence of the wave function in the limit of x → 1
to the observed scaling laws in exclusive processes. Hence, the endpoint model provides an
opportunity to experimentally deduce the hadron wave function in this limit. Being a soft
mechanism, the model does not, for example, predict the hadron helicity conservation rule.
This rule is predicted by the hard scattering mechanism [25], but not observed in the data.
The model also naturally leads to the prediction, F2/F1 ∝ 1/Q [26], in agreement with data,
whereas the short-distance model would predict F2/F1 ∝ 1/Q2. Furthermore, the endpoint
model does not predict the phenomenon of color transparency, at least in its simplest form,
and, hence, is nicely consistent with the experimental results [8–12]. However, it is not clear
how the endpoint model could explain the pA data on color transparency [13]. Perhaps, in
this case, nuclear filtering plays an important role and the short-distance contributions may
not be negligible in nuclear medium [7,27]. The color transparency phenomenon needs
further study, in order to assess the relative importance of different contributions.

4. The GPD Domain: Near Forward Exclusive Electroproduction and Related Processes

Near-forward exclusive photon or meson electroproduction processes have been the
subject of intense theoretical and experimental studies [28,29]. Most of the available data are
now interpreted in terms of a collinear QCD factorized amplitude, where generalized parton
distributions (GPDs) are the relevant hadronic matrix elements. The topical reactions—
deeply virtual Compton scattering (DVCS) and its timelike extension, timelike Compton
scattering (TCS)—underwent quite detailed phenomenological studies, which concluded
that available data are compatible with early scaling and leading twist factorization. These
processes, which are purely electromagnetic at Born order, are not directly relevant to color
transparency studies, since the outgoing nucleon is not attached to the hard amplitude but
rather to the fully non-perturbative hadronic matrix element (the GPDs). This fact does not
constrain the nucleon to be in a small-size configuration when it scatters.

Meson (M) electroproduction,

γ∗N → MN′ , (1)

has been shown to obey the same factorization properties as DVCS and TCS at large Q2.
This opens the possibility to perform study of nuclear transparency for the outgoing meson
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(but still not for the outgoing nucleon), being attached via its distribution amplitude (DA)
to the hard amplitude. Measurements, reported in Refs. [30,31], indeed revealed a growth
of the nuclear transparency ratio indicating an early on-set of the scaling regime [32] for
both π and ρ electroproduction. In the π case, the observed nuclear transparency may,
however, look contradictory to the non-dominance of the leading twist pion production
amplitude, revealed by the small value of the polarization ratio, σL/σT , of the longitudinal-
to-transverse cross sections ratio, σL/σT , for reaction (1) [33,34].

The presence of leading twist and higher twist contributions in the π-meson electro-
production amplitude opens the way to a nuclear filtering interpretation. To check this
interpretation, a polarization sensitive experiment needs to be performed in the nuclear-
target case as it was already done in the proton-target case. Nuclear filtering then predicts
a growth of the σL/σT ratio when the size of the nucleus increases as a consequence of
the ”survival of the smallest” principle. Let us, however, point out that some higher twist
contributions to this process may also imply a small-size-meson configuration.

Since the late scaling of the π-meson electroproduction may be related to the pecu-
liar chiral nature of the π meson, it is mostly important to prepare color transparency
experiments for other mesons (η, K, . . . ) and at higher energies.

Similar reactions may be performed with meson beams at J-PARC and at COMPASS
at CERN. The amplitudes for exclusive Drell-Yan processes such as

π−(pπ)p(pN)→ γ∗(q)n(pn) , (2)

indeed factorize at large Q2 = q2 and small t = (pN − pn)2 in a hard part convoluted to
GPDs [35]. Such studies have been shown to be feasible at J-PARC [36]. In this case, the
initial π− is attached to the hard scattering through its DA and should thus be subject
to color transparency effects, now understood as the decrease of initial (rather than final)
state interactions.

5. Color Transparency for Backward Scattering Processes
5.1. Backward Electroproduction

It is natural to extend the study of exclusive electroproduction processes to the com-
plementary near-backward region, where the kinematics of the process

γ∗(q)N(pN)→ M(pM)N′(pN′) . (3)

is restricted to the region, where −u = −(pM − pN)
2 � Q2 = −q2 is close to its minimal

value [37]. Here, q, pM and pN are the momentum of the virtual photon, meson and
neutron, respectively. One, thus, describes the amplitude of process (3) at large Q2 in a
collinear QCD factorization scheme [38–40], where nucleon to meson transition distribution
amplitudes (TDAs) replace the GPDs as the relevant hadronic matrix elements [41]. Indeed,
the first JLab experimental studies [42–44] of this new domain at rather moderate values of
Q2 point toward an early onset of the scaling regime.

Looking for color transparency effects in such kinematics opens the possibility to study
the fast scattered nucleon propagating in the target nucleus. Indeed, in these backward
regime, the hadron attached to the hard scattering is the produced nucleon, while the
"backward" meson is attached to the non-perturbative hadronic matrix element. That
implies that the meson is not constrained to be in a small-size configuration, and thus likely
to have full final state strong interactions. A typical example is backward electroproduction
of a π0 meson, as detailed in Ref. [45].

5.2. Electromagnetic Processes at PANDA

The antiproton beam experiments to be carried by the PANDA detector [46] at FAIR
allow to test the TDA factorization framework [39,47] in crossed exclusive processes such as

N(pN)N(pN)→ γ∗(q)M(pM) (4)
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at large timelike Q2 = q2 and small u = (pM− pN)
2 (backward meson) or small t = (pM − pN)

2

(forward meson) kinematics, as depicted on Figure 4. In both cases, the (anti)nucleon is
attached to the hard part through its distribution amplitude, thus restricting its transverse
extension to small O(1/Q) size. There is however a considerable difference in the relative
velocity of this state with respect to the nucleus; from that, one anticipates a much stronger
nuclear transparency effect in the near-backward kinematics than in the complementary
one. Such an experiment has a unique capability to disentangle small-size configuration
production effects from transverse expansion consequences.

pN

W 2

γ∗(q)

pN̄

u

MN TDA

pM

CF

N̄ DA

pN̄

W 2

γ∗(q)
pN

t

MN̄ TDA

pM

CF ′

N DA

FIG. 1: Two possibilities for collinear factorization of the annihilation process

NN̄ → γ∗(q)M(pM). Left panel: backward kinematics (|u| ∼ 0) . Right panel:

forward kinematics (|t| ∼ 0). N̄(N) DA stands for the distribution amplitude of

antinucleon (nucleon); MN(MN̄) TDA stands for the transition distribution amplitude

from a nucleon (antinucleon) to a meson; CF and CF’ denote hard subprocess

amplitudes (coefficient functions).

(MN̄) matrix elements of (2) involves eight invariant MN (MN̄) TDAs HMN (HMN̄),

each being a function of the three longitudinal momentum fractions xi (
∑

i xi = 2ξ), of

the corresponding skewness variable ξ and of the momentum transfer squared ∆2,

H(MN), (MN̄)(x1, x2, x3, ξ
u,t, ∆u,t2)

≡ {V
(MN), (MN̄)
1,2 , A

(MN), (MN̄)
1,2 , T

(MN), (MN̄)
1,2,3,4 }(x1, x2, x3, ξ

u,t, ∆u,t2). (3)

The isotopic symmetry and the charge conjugation invariance further reduce the number

of independent nucleon to meson TDAs. In particular, C-invariance allows us to express

all MN̄ TDAs through MN TDAs (see App. B).

Extensive studies of the properties and of the physical interpretation of πN TDAs

are presented in Refs. [3–5, 13–15]. Conceptually, the MN TDAs share many common

features both with the GPDs and the nucleon DAs. Indeed, the crossing transformation

relates MN TDAs with the M̄N generalized distribution amplitudes (GDAs), defined as

the matrix element of the same light cone operator between M̄N state and the vacuum.

In the pion case, this allows to establish useful constraints from the chiral dynamics since

πN GDAs reduce to combinations of the usual nucleon DAs in the soft pion limit. In

4

Figure 4. The annihilation process NN → γ∗M at PANDA detector is sensitive to the TDA factoriza-
tion dynamics in both near-backward (left) and near-forward (right) kinematics. See text for details.
Here, “CF” stands for the perturbatively calculated coefficient function and W2 = (pN + pN̄)2.

5.3. Color Transparency in Backward Processes with Meson Beams

The backward exclusive Drell-Yan reaction,

π(pπ)N(pN)→ γ∗(q)N′(p′N)→ l+l−N′(p′N) , (5)

at large timelike Q2 = q2 and small u = (pπ − p′N)
2 as well as charmonium production,

π(pπ)N(pN)→ J/ψ(q)N′(p′N) , (6)

in the same kinematical region, can also be described [48] in a collinear factorization
framework with π → N TDAs as the relevant hadronic matrix elements. Here, the initial
nucleon supplies the necessary small-size hadronic configuration and color transparency
should manifest itself through the decrease of initial state interactions. A feasibility study
needs to be done for both processes with the expected luminosity of the high energy
secondary meson beam at J-PARC.

Before ending this Section, let us point out that there exist various Regge interpre-
tations of electroproduction data [49–51], which essentially deny any color transparency
effect. Furthermore, to the best of our knowledge, neither the forward nor the backward
scattering processes have been studied within the framework of the endpoint model. Such
a study would be very useful in order to firmly establish the theoretical predictions for
color transparency in these processes.
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6. Conclusions

Color transparency is a fascinating subject at the crossroad of perturbative chromody-
namics (pQCD) and nuclear physics. Present nuclear transparency measurements show
that the concept can be probed in different set-ups. Much experimental work is still ahead
to enlighten the color transparency possibility to signal the dominance of small-distance
processes at a given kinematical point. In this paper, various processes were proposed to
be scrutinized in the near future at existing facilities and experiments or those in project.
In particular, the controversies on the leading mechanism for various electroproduction
processes may be enlightened by a careful study of nuclear transparency effects.

Author Contributions: All authors (P.J., B.P. and J.P.R.) have contributed equally to the works
reported here. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We acknowledge numerous fruitful discussions with W. Cosyn, K. Semenov-
Tian-Shansky and L. Szymanowski.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Perkins, D. Ionization at the origin of electron pairs, and the lifetime of the neutral pion. Lond. Edinb. Dublin Philos. Mag. J. Sci.

1955, 46, 1146–1148. [CrossRef]
2. Mueller, A.H. Topics in high-energy perturbative QCD including interactions with nuclear matter. In Proceedings of the 17th

Rencontres de Moriond on Elementary Particle Physics: I. Electroweak Interactions and Grand Unified Theories, Les Arcs, France,
14–26 March 1982; Tran Than Van, J., Ed.; Editions Frontieres: Gif-Sur-Yvette, France, 1988; pp. 13–43.

3. Brodsky, S.J. Testing quantum chromodynamics. In Proceedings of the XIII International Symposium on Multiparticle Dynamics,
Volendam, The Netherlands, 6–11 June 1982; Kittel, W., Metzger, W., Stergiou, A., Eds.; World Scientific Co.: Singapore, 1983;
pp. 963–1002.

4. Farrar, G.R.; Jackson, D.R. The pion form-factor. Phys. Rev. Lett. 1979, 43, 246–249. [CrossRef]
5. Efremov, A.V.; Radyushkin, A.V. Factorization and asymptotical behavior of pion form-factor in QCD. Phys. Lett. B 1980,

94, 245–250. [CrossRef]
6. Lepage, G.P.; Brodsky, S.J. Exclusive processes in perturbative quantum chromodynamics. Phys. Rev. D 1980, 22, 2157–2198.

[CrossRef]
7. Jain, P.; Pire, B.; Ralston, J.P. Quantum color transparency and nuclear filtering. Phys. Rep. 1996, 271, 67–179. [CrossRef]
8. Makins, N.; Ent, R.; Chapman, M.S.; Hansen, J.O.; Lee, K.; Milner, R.; Nelson, J.; Arnold, R.; Bosted, P.; Keppel, C.E.; et al.

Momentum transfer dependence of nuclear transparency from the quasielastic 12C(e, e′p) reaction. Phys. Rev. Lett. 1994,
72, 1986–1989. [CrossRef]

9. O’Neill, T.G.; Lorenzon, W.; Arrington, J. A-dependence of nuclear transparency in quasielastic A(e, e′p) at high Q2. Phys. Lett. B
1995, 351, 87–92. [CrossRef]

10. Abbott, D.; Ahmidouch, A.; Amatuni, T.A.; Armstrong, C.; Arrington, J.; Assamagan, K.A.; Bailey, K.; Baker, O.K.; Barrow, S.;
Beard, K.; et al. Quasifree (e, e′p) reactions and proton propagation in nuclei. Phys. Rev. Lett. 1998, 80, 5072–5076. [CrossRef]

11. Garrow, K.; McKee, D.; Ahmidouch, A.; Armstrong, C.S.; Arrington, J.; Asaturyan, R.; Avery, S.K.; Baker, K.; Beck, D.H.; Blok,
H.P.; et al. Nuclear transparency from quasielastic A(e, e′p) reactions up to Q2 = 8.1 (GeV/c)2. Phys. Rev. C 2002, 66, 044613.
[CrossRef]

12. Bhetuwal, D. et al.; [Hall C Collaboration] Ruling out color transparency in quasielastic 12C(e, e′p) up to Q2 of 14.2 (GeV/c)2.
Phys. Rev. Lett. 2021, 126, 082301. [CrossRef]

13. Carroll, A.S.; Barton, D.S.; Bunce, G.; Gushue, S.; Makdisi, Y.I.; Heppelmann, S.; Courant, H.; Fang, G.; Heller, K.J.; Marshak, M.L.;
et al. Nuclear transparency to large angle pp elastic scattering. Phys. Rev. Lett. 1988, 61, 1698–1701. [CrossRef] [PubMed]

14. Farrar, G.R.; Liu, H.; Frankfurt, L.L.; Strikman, M.I. Transparency in nuclear quasiexclusive processes with large momentum
transfer. Phys. Rev. Lett. 1988, 61, 686–689. [CrossRef] [PubMed]

15. Asryan, G.; Barton, D.S.; Buktoyarova, N.; Bunce, G.; Carroll, A.S.; Gushue, S.; Makdisi, Y.I.; Roser, T.; Tanaka, M.; Baturin, V.; et al.
Nuclear transparency in 90o

cm quasielastic A(p, 2p) reactions. Phys. Rev. C 2004, 70, 015208. [CrossRef]
16. Ralston, J.P.; Pire, B. Fluctuating proton size and oscillating nuclear transparency. Phys. Rev. Lett. 1988, 61, 1823–1926. [CrossRef]
17. Pire, B.; Ralston, J.P. Fixed angle elastic scattering and the chromo-Coulomb phase shift. Phys. Lett. B 1982, 117, 233–237.

[CrossRef]
18. Ralston, J.P.; Pire, B. Oscillatory scaling violation and the quantum chromodynamics Coulomb phase. Phys. Rev. Lett. 1982,

49, 1605–1608. [CrossRef]

http://doi.org/10.1080/14786441008521131
http://dx.doi.org/10.1103/PhysRevLett.43.246
http://dx.doi.org/10.1016/0370-2693(80)90869-2
http://dx.doi.org/10.1103/PhysRevD.22.2157
http://dx.doi.org/10.1016/0370-1573(95)00071-2
http://dx.doi.org/10.1103/PhysRevLett.72.1986
http://dx.doi.org/10.1016/0370-2693(95)00362-O
http://dx.doi.org/10.1103/PhysRevLett.80.5072
http://dx.doi.org/10.1103/PhysRevC.66.044613
http://dx.doi.org/10.1103/PhysRevLett.126.082301
http://dx.doi.org/10.1103/PhysRevLett.61.1698
http://www.ncbi.nlm.nih.gov/pubmed/10038873
http://dx.doi.org/10.1103/PhysRevLett.61.686
http://www.ncbi.nlm.nih.gov/pubmed/10039404
http://dx.doi.org/10.1103/PhysRevC.70.015208
http://dx.doi.org/10.1103/PhysRevLett.61.1823
http://dx.doi.org/10.1016/0370-2693(82)90553-6
http://dx.doi.org/10.1103/PhysRevLett.49.1605


Physics 2022, 4 588

19. Donnachie, A.; Landshoff, P.V. Elastic scattering at large t. Z. Phys. C 1979, 2, 55–62; Erratum in Z. Phys. C 1979, 2, 372.
https://doi.org/10.1007/BF01545902. [CrossRef]

20. Dagaonkar, S.K.; Jain, P.; Ralston, J.P. Uncovering the scaling laws of hard exclusive hadronic processes in a comprehensive
endpoint model. Eur. Phys. J. C 2014, 74, 3000. [CrossRef]

21. Mueller, A.H. Perturbative QCD at high-energies. Phys. Rep. 1981, 73, 237–368. [CrossRef]
22. Botts, J.; Sterman, G.F. Hard elastic scattering in QCD: Leading behavior. Nucl. Phys. B 1989, 325, 62–100. [CrossRef]
23. Li, H.N.; Sterman, G.F. The Perturbative pion form-factor with Sudakov suppression. Nucl. Phys. B 1992, 381, 129–140. [CrossRef]
24. Feynman, R.P. Very high-energy collisions of hadrons. Phys. Rev. Lett. 1969, 23, 1415–1417. [CrossRef]
25. Brodsky, S.J.; Lepage, G.P. Helicity selection rules and tests of gluon spin in exclusive quantum-chromodynamic processes. Phys.

Rev. D 1981, 24, 2848–2855. [CrossRef]
26. Dagaonkar, S.; Jain, P.; Ralston, J.P. The Dirac form factor predicts the Pauli form factor in the endpoint model. Eur. Phys. J. C

2016, 76, 368. [CrossRef]
27. Jain, P.; Ralston, J.P. Systematic analysis method for color transparency experiments. Phys. Rev. D 1993, 48, 1104–1111. [CrossRef]

[PubMed]
28. Diehl, M. Generalized parton distributions. Phys. Rep. 2003, 388, 41–277. [CrossRef]
29. Kumericki, K.; Liuti, S.; Moutarde, H. GPD phenomenology and DVCS fitting: Entering the high-precision era. Eur. Phys. J. A

2016, 52, 157. [CrossRef]
30. Clasie, B.; Qian, X.; Arrington, J.; Asaturyan, R.; Benmokhtar, F.; Boeglin, W.; Bosted, P.; Bruell, A.; Christy, M.E.; Chudakov,

E.; et al. Measurement of nuclear transparency for the A(e, e′π+) reaction. Phys. Rev. Lett. 2007, 99, 242502. [CrossRef]
31. El Fassi, L.; Zana, L.; Hafidi, K.; Holtrop, M.; Mustapha, B.; Brooks, W.K.; Hakobyan, H.; Zhenga, X.; Adhikari, K.P.; Adikaram, D.;

et al. Evidence for the onset of color transparency in ρ0 electroproduction off nuclei. Phys. Lett. B 2012, 712, 326–330. [CrossRef]
32. Cosyn, W.; Martinez, M.C.; Ryckebusch, J. Color transparency and short-range correlations in exclusive pion photo- and

electroproduction from nuclei. Phys. Rev. C 2008, 77, 034602. [CrossRef]
33. Defurne, M. et al.; [Jefferson Lab Hall A Collaboration] Rosenbluth separation of the π0 electroproduction cross section. Phys.

Rev. Lett. 2016, 117, 262001. [CrossRef] [PubMed]
34. Dlamini, M. et al.; [Jefferson Lab Hall A Collaboration] Deep exclusive electroproduction of π0 at high Q2 in the quark valence

regime. Phys. Rev. Lett. 2021, 127, 152301. [CrossRef] [PubMed]
35. Berger, E.R.; Diehl, M.; Pire, B. Probing generalized parton distributions in πN → l+l−N . Phys. Lett. B 2001, 523, 265–272.

[CrossRef]
36. Sawada, T.; Chang, W.C.; Kumano, S.; Peng, J.C.; Sawada, S.; Tanaka, K. Accessing proton generalized parton distributions

and pion distribution amplitudes with the exclusive pion-induced Drell-Yan process at J-PARC. Phys. Rev. D 2016, 93, 114034.
[CrossRef]

37. Gayoso, C.A.; Bibrzycki, Ł.; Diehl, S.; Heppelmann, S.; Higinbotham, D.W.; Huber, G.M.; Kay, S.J.; Klein, S.R.; Laget, J.M.; Li, W.B.;
et al. Progress and opportunities in backward angle (u-channel) physics. Eur. Phys. J. A 2021, 57, 342. [CrossRef]

38. Frankfurt, L.; Pobylitsa, P.; Polyakov, M.V.; Strikman, M. Hard exclusive pseudoscalar meson electroproduction and spin structure
of a nucleon. Phys. Rev. D 1999, 60, 014010. [CrossRef]

39. Pire, B.; Szymanowski, L. Hadron annihilation into two photons and backward VCS in the scaling regime of QCD. Phys. Rev. D
2005, 71, 111501. [CrossRef]

40. Pire, B.; Szymanowski, L. QCD analysis of p̄N → γ∗π in the scaling limit. Phys. Lett. B 2005, 622, 83–92. [CrossRef]
41. Pire, B.; Semenov-Tian-Shansky, K.; Szymanowski, L. Transition distribution amplitudes and hard exclusive reactions with

baryon number transfer. Phys. Rep. 2021, 940, 1–121. [CrossRef]
42. Park, K.; Guidal, M.; Gothe, R.W.; Pire, B.; Semenov-Tian-Shansky, K.; Laget, J.M.; Adhikari, K.P.; Adhikari, S.; Akbar, Z.; Avakian,

H.; et al. Hard exclusive pion electroproduction at backward angles with CLAS. Phys. Lett. 2018, B780, 340–345. [CrossRef]
43. Li, W.B. et al.; [Jefferson Lab Fπ Collaboration] Unique access to u-channel physics: Exclusive backward-angle omega meson

electroproduction. Phys. Rev. Lett. 2019, 123, 182501. [CrossRef] [PubMed]
44. Diehl, S. et al.; [CLAS Collaboration] Extraction of beam-spin asymmetries from the hard exclusive π+ channel off protons in a

wide range of kinematics. Phys. Rev. Lett. 2020, 125, 182001. [CrossRef] [PubMed]
45. Huber, G.M.; Li, W.B.; Cosyn, W.; Pire, B. u-channel color transparency observables. Physics 2022, 4, 451–461. [CrossRef]
46. Erni, W. et al.; [PandaCollaboration] Physics performance report for PANDA: Strong interaction studies with antiprotons. arXiv

2009, arXiv:0903.3905. [CrossRef]
47. Lansberg, J.; Pire, B.; Semenov-Tian-Shansky, K.; Szymanowski, L. Accessing baryon to meson transition distribution amplitudes

in meson production in association with a high invariant mass lepton pair at GSI-FAIR with P̄ANDA. Phys. Rev. D 2012,
86, 114033. Erratum in Phys. Rev. D 2013, 87, 059902. https://doi.org/10.1103/PhysRevC.70.015208. [CrossRef]

48. Pire, B.; Semenov-Tian-Shansky, K.; Szymanowski, L. Backward charmonium production in πN collisions. Phys. Rev. D 2017,
95, 034021. [CrossRef]

49. Yu, B.G.; Kong, K.J. Features of ω photoproduction off proton target at backward angles: Role of nucleon Reggeon in u-channel
with parton contributions. Phys. Rev. D 2019, 99, 014031. [CrossRef]

http://dx.doi.org/10.1007/BF01546237
http://dx.doi.org/10.1140/epjc/s10052-014-3000-6
http://dx.doi.org/10.1016/0370-1573(81)90030-2
http://dx.doi.org/10.1016/0550-3213(89)90372-6
http://dx.doi.org/10.1016/0550-3213(92)90643-P
http://dx.doi.org/10.1103/PhysRevLett.23.1415
http://dx.doi.org/10.1103/PhysRevD.24.2848
http://dx.doi.org/10.1140/epjc/s10052-016-4224-4
http://dx.doi.org/10.1103/PhysRevD.48.1104
http://www.ncbi.nlm.nih.gov/pubmed/10016344
http://dx.doi.org/10.1016/j.physrep.2003.08.002
http://dx.doi.org/10.1140/epja/i2016-16157-3
http://dx.doi.org/10.1103/PhysRevLett.99.242502
http://dx.doi.org/10.1016/j.physletb.2012.05.019
http://dx.doi.org/10.1103/PhysRevC.77.034602
http://dx.doi.org/10.1103/PhysRevLett.117.262001
http://www.ncbi.nlm.nih.gov/pubmed/28059549
http://dx.doi.org/10.1103/PhysRevLett.127.152301
http://www.ncbi.nlm.nih.gov/pubmed/34678020
http://dx.doi.org/10.1016/S0370-2693(01)01345-4
http://dx.doi.org/10.1103/PhysRevD.93.114034
http://dx.doi.org/10.1140/epja/s10050-021-00625-2
http://dx.doi.org/10.1103/PhysRevD.60.014010
http://dx.doi.org/10.1103/PhysRevD.71.111501
http://dx.doi.org/10.1016/j.physletb.2005.06.080
http://dx.doi.org/10.1016/j.physrep.2021.09.002
http://dx.doi.org/10.1016/j.physletb.2018.03.026
http://dx.doi.org/10.1103/PhysRevLett.123.182501
http://www.ncbi.nlm.nih.gov/pubmed/31763910
http://dx.doi.org/10.1103/PhysRevLett.125.182001
http://www.ncbi.nlm.nih.gov/pubmed/33196236
http://dx.doi.org/10.3390/physics4020030
http://dx.doi.org/10.48550/arXiv.0903.3905
http://dx.doi.org/10.1103/PhysRevD.86.114033
http://dx.doi.org/10.1103/PhysRevD.95.034021
http://dx.doi.org/10.1103/PhysRevD.99.014031


Physics 2022, 4 589

50. Kaskulov, M.M.; Mosel, U. Deep exclusive charged π electroproduction above the resonance region. Phys. Rev. C 2010, 81, 045202.
[CrossRef]

51. Laget, J.M. Unitarity constraints on meson electroproduction at backward angles. Phys. Rev. C 2021, 104, 025202. [CrossRef]

http://dx.doi.org/10.1103/PhysRevC.81.045202
http://dx.doi.org/10.1103/PhysRevC.104.025202

	What Is Color Transparency?
	Color Transparency Crosses Many Fields
	Survival of the Smallest

	Highlights of Two Experiments
	Models of Short and Not-So-Short-Distance Processes
	Momentum vs. Coordinate Space Descriptions
	More about the Endpoint Process

	The GPD Domain: Near Forward Exclusive Electroproduction and Related Processes
	Color Transparency for Backward Scattering Processes
	Backward Electroproduction
	Electromagnetic Processes at PANDA
	Color Transparency in Backward Processes with Meson Beams

	Conclusions
	References

