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The CLAS collaboration at Jefferson Laboratory has compared nuclear parton distributions for a range
of nuclear targets and found that the EMC effect measured in deep inelastic lepton-nucleus scattering
has a strongly “isophobic” nature. This surprising observation suggests short-range correlations between
neighboring n and p nucleons in nuclear wavefunctions that are much stronger compared to p—p or n—
n correlations. In this paper we propose a definitive experimental test of the nucleon-nucleon explanation
of the isophobic nature of the EMC effect: the diffractive dissociation on a nuclear target A of high energy
4He nuclei to pairs of nucleons n and p with high relative transverse momentum, o +A — n+p+A’+X.
The comparison of n — p events with p — p and n — n events directly tests the postulated breaking of
isospin symmetry. The experiment also tests alternative QCD-level explanations for the isophobic EMC
effect. In particular it will test a proposal for hidden-color degrees of freedom in nuclear wavefunctions

based on isospin-zero [ud] diquarks.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Diffractive dissociation of relativistic hadrons is an impor-
tant tool for probing hadron structure. The fundamental quark-
antiquark structure of the pion was tested at Fermilab by Ash-
ery et al. [1] by observing 500 GeV pions dissociate into dijets
m+A—q+q+ A + X on a nuclear target. Their work was
motivated by theoretical studies of diffractive excitation in quan-
tum chromodynamics [2], where diffraction arises from nuclear
transparency to the projectile wave function with small transverse
separation between the projectile’s constituents [3].

In this paper we propose an extension of the Ashery diffrac-
tive dissociation method to probe the fundamental structure of
mesons, nucleons and nuclei. We shall show how one can probe
phenomena such as the quark-diquark structure of baryons, short-
range nucleon-nucleon correlations and QCD “hidden-color” [4]
degrees of freedom inside nuclei. The main goal is to test the
“isophobic” nature of short-range correlations (SRCs) within nu-
clei analyzed by the CLAS collaboration at Jefferson Laboratory [5]
and first reported in 2006 [6]. The term isophobic refers to strong
isospin quantum numbers, applies to both nucleon and quark dou-
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blets under SU(2); and is defined by X I=X I, =0. This means
that for nucleon-nucleon interactions, proton-neutron interactions
are highly favored over neutron-neutron or proton-proton; proton-
neutron isospin quantum numbers sum to zero, thus the interac-
tion is labeled “isophobic.” Isophobic SRCs could provide a solution
to the long-standing problem observed in deep inelastic scattering
(DIS) experiments of leptons on nuclei, which show nuclear struc-
ture that does not follow simple additive cross section behavior
[7], a phenomenon known as the “EMC effect” [8].

We also discuss how diffractive dissociation of nuclei can test
a new model for the isophobic nature of the EMC effect, in which
short-range quark-quark correlations in nuclei are dominated by
color-singlet 12-quark configurations: the “hexa-diquark.” Formed
out of nearest-neighbor scalar [ud] diquarks, this multi-diquark
model may also form strongly bound tetra-diquark + valence
quark states and thus may be visible in the MARATHON experi-
ment on A =3 nuclei at JLab [9].

The EMC effect was first discovered in 1983 in DIS experiments
over a wide range of nuclear targets as a strong distortion of the
nuclear quark distributions in the domain of high momentum frac-
tion: Bjorken scaling parameter values of 0.3 < xg < 0.7. Recently
the CLAS collaboration at Jefferson Laboratory [5] compared nu-
clear parton distributions for a large range of nuclear targets and
found, surprisingly, that the EMC effect has a strongly isophobic
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nature. One model for this behavior is to identify short-range cor-
relations between neighboring n and p nucleons which are much
stronger compared to p — p or n —n SRCs.

In fact there are two conventional models to explain the EMC
effect, either a modification of the mean field inside nuclei or the
short-ranged correlated nucleon pairing within the nucleus [10,11].
The CLAS results are in favor of the nucleon SRC model and the
data show the highly isophobic nature previously mentioned; sim-
ilar nucleons are much less likely to pair than proton-neutron pairs
at a factor of 20 times higher than proton-proton and neutron-
neutron pairs [5,12]. A definitive experimental test of this model is
highly desirable and the diffractive dissociation of alpha particles
is a straightforward and robust way to measure it.

In an accompanying paper [13] we suggest an alternative ex-
planation for the EMC effect. We postulate that the isophobic na-
ture is due to high-virtuality quark and gluon dynamics underlying
nuclear structure in terms of QCD short-distance degrees of free-
dom. The formation of a |[ud][ud][ud][ud][ud][ud]) hexa-diquark,
a charge-2, spin-0, baryon number-4, isospin-0, color-singlet in-
termediate state is proposed as an essential component of nu-
clear wavefunctions. Each [ud] in the hexa-diquark is a scalar
(spin-isospin singlet) diquark with 3¢ color. The hexa-diquark is
a strongly-bound color-singlet configuration, and it is thus a natu-
ral component of the “He nucleus wave function in terms of QCD
degrees of freedom. It may be related to color superconductivity
models, e.g., of Alford et al. [14], as it could form from an analog of
a localized color-charged Cooper-pair condensate in the core of the
nucleus. A multi-diquark core, whether a strongly bound hidden-
color state or a bosonic color-condensate, will allow heavier nuclei
to form central multi-diquark structures as well. We discuss impli-
cations for A =3 and other nuclei therein [13].

In this work, we show that the diffractive dissociation of rela-
tivistic nuclei can provide a definitive test of the isophobic nature
of short-range correlations in the nuclear wave function as well
as a way to discriminate between nucleon-based and quark-based
models for the EMC effect. Predictions made by light-front holo-
graphic QCD [15] may also be tested.

Light-front wave functions (LFWFs) [16] are the eigenfunctions
of the light-front Hamiltonian of relativistic quantum field theories
quantized on the light front [17]. They encode the properties of
bound state systems such as hadrons or nuclei in QCD and atoms
in QED. LFWFs are frame independent and causal and they under-
lie a wide range of bound-state observables: form factors, structure
functions, distribution amplitudes, generalized parton distributions,
transverse momentum dependent distributions, weak decays, fi-
nal state interactions, and more. Light-front holography provides
a connection between an effective gravity theory in anti-de Sitter
(AdS) space in five dimensions [18] and a semiclassical approxima-
tion to color-confining QCD in 3+ 1 spacetime dimensions [19,20].

Ashery developed a novel method to obtain the light-front
wavefunction of the pion by measuring the diffractive dissociation
of a relativistic pion into two jets upon a nuclear target

T+A—>q+q+ A, (1)

where the high-momentum pion interacts with the nucleus with
minimal momentum transfer [1]. When the target is left intact, the
two-gluon exchange contribution between the high-momentum
projectile and the target nucleus retains the color of the projectile
(a color singlet for the pion) and gives an imaginary amplitude and
an approximately constant diffractive cross section; this is charac-
teristic of Pomeron exchange [21,22]. To first approximation, the
amplitude measures the second derivative of the pion light-front
wave function [16,23,24]
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The transverse impact parameter separation of the two quarks
in the pion is inversely proportional to the relative transverse mo-
menta. After the soft interaction with the nuclei, two diffractive
jets with opposite transverse momenta k; and -k, are produced,
and their longitudinal momenta can be translated into the light
front variable x, with one jet having x and the other (1 —x). There-
fore both the transverse and the longitudinal x-distributions of the
pion can be obtained. In the high ki regime, the hard gluonic in-
teraction between the quark and the antiquark will be observed
as diffractive jets. Due to unitarity, final state interactions can only
produce an amplitude phase and therefore do not affect the pro-
posed measurements.

A key feature of the diffractive dissociation process is “color
transparency”: When the pion dissociates to a quark and antiquark
at high relative transverse momenta, k2 > AéCD, the interaction
on the nucleus is dominated by small-size color-singlet configura-
tions [25]. The pion is not absorbed and in fact interacts with each
nucleon coherently [26].

This mechanism can also be applied to other systems in order
to obtain their constituent states. Let us consider other examples:

(1) Diffractive dissociation of a relativistic proton. If the dominant
Fock state configuration of the proton is three quarks |uud), one
will most often observe 3 jets:

p+A—>u+u+d+A. (3)

However, if the proton is dominated by quark-diquark configu-
rations |u[ud]), as predicted by light-front holography and other
models, one will instead observe two jets p + A — u + [ud] + A/,
similar to pion dissociation. A subset of these events will also have
3 jets when the dijet itself dissociates. Light-front holography also
predicts that the quark-diquark relative orbital angular momentum
in the proton has equal probability for L=0 and L=1. This could be
tested by using a polarized proton beam and measuring the angu-
lar correlation of the quark and diquark jets.

(2) Diffractive dissociation of relativistic nuclei to two nucleons. If
the isophobic (I=0 np) nucleon-nucleon SRCs underlie the EMC ef-
fect, one would observe the diffractive dissociation of “He:

‘He+A>n+p+A +X, (4)

where the n and p have high relative transverse momenta. In con-
trast, the I=1 nucleon pairs produced in

‘He+A—p+p+A +X (5)
and
‘He+A—>n+n+A +X (6)

events will have much smaller relative transverse momenta. It
is also possible to see the diffractive dissociation of “He to two
deuterons.

(3) Diffractive dissociation of relativistic nuclei to hidden color states.
On the other hand, if the o particle is dominated by the hexa-
diquark configuration at short distances, diffractive dissociation of
the o particle into multiple color jets is the primary signature. An
example of one such signature is three double-diquark jets, such
as

*He + A — [[ud][ud]] + [[ud][ud]] + [[ud][ud]] + A". (7)

These three diffractive jets would be J=0 double-diquarks each
with color 3¢. Additional signatures of the hexa-diquark include
multiple color jets with various combinations of diquarks, e.g., 2
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jets with [ud][ud] and [ud][ud][ud][ud] constituents. This would
be a 3 x 3 — 3 color jet with a 3 x3) x (3 x3) = 3 x 3 — 3 color
jet. At very small rates, the helium nucleus would dissociate into
all 6 diquarks with a 6 color jet signature. These are all quite dis-
tinct from n — p correlation signatures. Single quark jets would be
suppressed compared to diquark jets in this model since all quarks
are bound into diquarks.

(4) Diffractive dissociation of relativistic deuterium nuclei to hidden-
color systems. The deuteron is a J=1, I=0 color singlet bound state
in QCD and will normally dissociate into n — p states due to its
weak binding energy. However, at small transverse separation be-
tween constituents the deuteron is about 80% hidden color from
different color-singlet combinations of its six quarks [4]. Diffractive
dissociation measurements can help disentangle the short-distance
behavior of the deuteron wave function: For example, 4 diffractive
color jets 3+3+3+3 in

d+A—u+d+[udl+[udl+A. (8)

The deuteron is special in the hexa-diquark model as it can make
use of the 6 x 6 singlet combination of the two quark-diquark
structures in the nucleus. Since diquarks are in the 3 of color,
quarks in the 3, diquark-diquark bindings between the proton
and neutron give 3 x 3 — 3 + 6. The valence quarks combine as
3 x 3 — 3 +6, thus opening up a 6 x 6 — 1 combination, a fact
that may explain the deuteron’s weak binding energy of 2.2 MeV
[13].

We note that a diffracted color-singlet hexaquark such as
[ud][ud](ud), where the spin S =1 diquark (ud) is a member
of the isospin I = 1 triplet (uu), (ud), (dd) appears to be ex-
cluded. Such state would not be a natural Fock component of the
deuteron wave function, which is spin triplet but isospin singlet.
The deuteron Fock state can also be matched to an isobar pair such
as AT (uuu) with A~(ddd). The weight of each configuration can
be measured by diffractive dissociation, such as

d+A— AT+ AT+ AL (9)

5) Diffractive dissociation of relativistic electromagnetic systems.
One could measure the light-front wavefunction of positronium
and other atoms through diffractive dissociation of in-flight atoms.
In this case, the Coulomb one-photon exchange measures the first
derivative of the positronium light-front wavefunction. In the case
of pion diffractive dissociation to dijets with large transverse mo-
mentum k,, the two-gluon exchange amplitude is obtained by

replacing b2l in the dipole amplitude by the second derivative of
the light-front wave function with respect to k, [27], where b
is the transverse size of the gq system. In the case of the coher-
ent photoproduction of di-muons, the dominant amplitude is given
by one-photon exchange, rather than two-gluons, and is therefore
obtained from the first derivative of the light-front wavefunction
with respect to k, not the second derivative.

It is possible to have minimal momentum transfer to the nu-
clear target, which is left intact. This would separate and mea-
sure the two most important Fock states in positronium, (e*te™)
and (eTe~y). A nonperturbative analysis of these light-front wave
functions was performed in 2014 [28].

The diffractive cross section for Coulomb dissociation of the
atom on the nucleus is proportional to Z2. Thus the target need
not be ionized atoms, any large enough Z nuclear target, e.g., even
carbon, will do. The electron and positron in positronium will each
interact coherently, via photon exchange, with the nucleus and the
cross section is dominated by the bound Z-proton system by the
factor of Z2. When the electron and positron interact with valence
electrons, the cross section is suppressed with respect to the nu-
cleus by the same factor of Z2 because they interact with a single
valence electron at a time.

Coulomb dissociation of true muonium (™ ™) would be par-
ticularly interesting [29]. The transition of the momentum depen-
dence of its light-front wave-function [30] from

1 1
1 1
from the Coulomb dominated non-relativistic behavior (1 /k‘j_) to
the relativistic domain with a slower fall-off (1/ki), is a primary
experimental signature [31,32].

Several muon related experimental results may point to physics
beyond the Standard Model. These include the anomalous mag-
netic moment of the muon [33], lepton non-universality in B me-
son decays [34,35] and possibly Higgs decays, although early hints
in the Higgs sector [36] appear to have gone away [37]. The anal-
ysis and detection of true muonium Fock states may be of great
interest for exploring solutions to these puzzles [38] as it tests
whether the muon truly behaves as a more massive version of the
electron.

In this article, we have proposed a set of diffractive dissociation
experiments to investigate the fundamental structure of hadrons
and nuclei. In particular, the diffractive dissociation of relativistic
o-particles to two nucleons on a nuclear target A constitutes a
definitive test of the isospin dependence of strongly correlated nu-
cleon pairs in nuclei: Diffractive n — p pairs in (4) would have high
relative transverse momenta compared with non-diffractive p — p
or n —n pairs in (5) or (6). On the other hand, the observation of
two or more color diffractive jets as in (7), would test short-range
QCD dynamics in terms of quarks and gluons, such as hidden-color
diquarks in the nuclear wave function.

We conclude with specific recommendations for diffractive ex-
periments aimed at disentangling the nature of the SRC nucleon
pairs in nuclei. There are two steps to any such experiment:

1. Verify that the experiment is probing the Feynman scaling
regime, i.e., that the differential cross section for the leading parti-
cles is energy independent. This requires at least 2 measurements
of the cross section at different energies and in fact 2 would be
sufficient. The cross section should be independent of the beam
energy. In this regime we are probing the constituents of the
beam particles. As a specific example, with a 4 GeV “He beam
upon a nuclear target, measurement of the cross section at 4 GeV
and 3.5 GeV yielding the same results verifies Feynman scaling
[39].

2. Measure the relative transverse momenta of the dissociated
products, that is

AP =K} — kT, (11)

and identify the particles A and B for which AR® is maximized. For
the isophobic SRC pairs in the EMC effect experiments, A = proton,
B = neutron will yield the maximal value by a factor of 20 to 1 if
the CLAS results are to be confirmed.
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