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1. Introduction

The deuteron, as the simplest nuclear bound state, provides a unique testing ground for un-
derstanding the interplay between quantum chromodynamics (QCD) and nuclear structure. Tra-
ditionally, the deuteron has been described as a loosely bound system of a proton and a neutron,
primarily governed by meson-exchange dynamics. However, from a fundamental QCD perspective,
the deuteron is better understood predominantly a six-quark system, where color degrees of freedom
play a fundamental role in its internal structure.

In QCD, quarks interact through the strong force, mediated by gluons, and governed by the
SU(3) color symmetry. Each quark carries a color charge—red, green, or blue—while gluons
facilitate interactions by exchanging color among them. Since isolated colored states cannot exist
in nature because of color confinement, the quarks and gluons within a physically observed state
interact to form an overall color-neutral state. Unlike baryons, which contain three quarks in
a color-singlet configuration, the deuteron, as a six-quark system, admits more complex color
structures, known as hidden-color states. The importance of hidden-color contributions to the
deuteron has been highlighted in the literature, see for details [1-8]. While traditionally neglected
in nuclear models, these states can contribute significantly to the deuteron wavefunction, particularly
in observables related to short-range nuclear correlations and deep inelastic scattering.

A nucleon-based description of the deuteron is limited in its ability to capture these non-trivial
color configurations. At high momentum transfers or short-distance scales, where quark and gluon
degrees of freedom become relevant, effective nucleon-nucleon models break down. Investigating
the deuteron at the quark level is therefore crucial for a more complete understanding of its internal
structure and its role in high-energy nuclear reactions.

The basis light-front quantization (BLFQ) approach [9] has been successfully implemented in
various QCD systems, ranging from mesons to baryons, providing a non-perturbative framework to
solve QCD from first principles. This approach has yielded significant insights into several hadronic
properties by expanding the Fock space boundaries [10-35]. Given its success, we extend BLFQ to
investigate the lightest nuclear bound state—the deuteron. This extension allows us to analyze the
deuteron wavefunction directly in terms of quark and gluon degrees of freedom, providing a novel
perspective on its color structure beyond the conventional nucleon-nucleon picture.

In this work, we employ the BLFQ approach to analyze the probability distribution of different
color configurations within the deuteron wavefunction. To achieve this for an initial investigation,
we truncate the Fock space to include only the six-quark (¢qq gqq) and six-quark—one-gluon
(999 gqq g) components. Specifically, we compute the probability of different color states in the
deuteron wavefunction by solving the light-front QCD Hamiltonian in this truncated basis. This al-
lows us to determine the relative contributions of the conventional nucleon-nucleon (singlet-singlet)
configuration and the hidden-color states that emerge from non-trivial SU(3) color rearrangements.
Our analysis reveals that hidden-color states, play a significant role in the full wavefunction.

2. Formalism

In BLFQ, we solve the eigenvalue problem of the light-front (LF) Hamiltonian:

PTP7|P) = M?|¥), (1)



Color structure of deuteron on the light front Satvir Kaur

where P* and P~ represent the longitudinal momentum and the LF Hamiltonian, respectively, acting
on the deuteron state |¥). This state is expanded in the Fock space to include various components
of quarks (q), antiquarks (g), and gluons (g) [36], such that

|T> = w(qqq qqq)|qqq CIQQ> +‘//(qqq qqq9 g)|qqq q494 g> +(//(qqq qqq qé)quq q494 qq) +... (2)

where i (...) denotes the probability amplitudes of various partonic configurations |...). In this
work, we retain only the first two Fock components in Eq. (2), i.e., |gqq qqq) and |qqq qqq &).
The LFQCD Hamiltonian with one dynamical gluon in the LF gauge (A* = 0) is given by [36]:
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The first two terms in the above equation represent the contributions of kinetic energy, where
mq and m are the bare masses of the quark and gluon, respectively. The fields ¢ and A# correspond
to the quark and gluon fields. The coordinates x~ and x, denote the longitudinal and transverse
position coordinates, respectively. The remaining terms account for the interaction between partons
within the meson, with g being the coupling constant. The matrices T¢ are the generators of the
SU(3) gauge group, while y# are the Dirac matrices.

To incorporate quark mass corrections due to quantum fluctuations to higher Fock sectors, we
introduce a mass counter term, 6m, = mg—mg, for the quark in the leading Fock component, where
myg is the renormalized quark mass [37—41]. Additionally, a mass parameter m ¢ is introduced to
parameterize nonperturbative effects in the vertex interactions [42, 43]. In our current Fock sector
truncation, there are no mass corrections for the gluon, thus the mass counter term for the gluon is
not needed, that is mg = 0.

In this framework, the longitudinal and transverse dynamics of Fock particles are described
using a discretized plane-wave basis and 2D harmonic oscillator (HO) wave functions, respectively.
The longitudinal motion is confined to a 1D box of length 2L, with antiperiodic (periodic) boundary

_ 2nk

conditions for fermions (bosons). The longitudinal momentum is given by p* = =7=, where k takes

half-integer (integer) values for fermions (bosons), and the zero mode for the boson is neglected.

The total longitudinal momentum is P* = 22K where K = 3; k;, and the longitudinal momentum
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For the transverse direction, the 2D HO wave function ¢,, ,,, (k1 ; b) is used, with n and m rep-

resenting the radial and angular momentum quantum numbers, and b being the HO scale parameter.

fraction of the i-th parton is x; =

The single-particle basis state is expressed by the set of quantum numbers « = {x, n, m, 1}, where
A denotes the helicity. The many-body basis state is the direct product of the basis states of single
particles, |a) = ®;|a;), and the total angular momentum projection is defined as my = X ;(m; + ;).
The deuteron Fock sectors contain multiple color-singlet states, requiring additional labels to dis-
tinguish between different configurations. Notably, the first Fock sector contains five color-singlet
states, while the second Fock sector contains sixteen color-singlet states.

The longitudinal and transverse truncations are controlled by two parameters: K and Npax,
respectively. The transverse truncation is set by Npmax > 2n; + |m;| + 1, while K determines the
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resolution in the longitudinal direction. Ny, introduces ultraviolet (UV) and infrared (IR) cutoffs,
Ayv = bVNpax and AR = ﬁ, respectively, regulating the high- and low-momentum regions.

All numerical calculations are performed with Np,x = 8 and K = 9. The harmonic oscillator
scale parameter is set to b = 0.30 GeV, while the UV cut off for the instantaneous interaction is
binse = 5.00 GeV. The model parameters {m,,,mg,my, g5} = {1.00,0.95,42.56,1.90} (all in GeV
except g5) are determined by fitting the deuteron mass and electromagnetic properties. The large
constituent quark masses in the first two Fock sectors partially account for confinement effects and
contribute to the deuteron mass in a QCD bound state.

3. Color states

In this work, we describe the deuteron in Fock space with six quarks in the first Fock sector
and six quarks plus one dynamical gluon in the second Fock sector. In SU(3) color symmetry, the
decomposition of the six-quark Fock state follows the representation [8]:

el lel lel Il Jel =TT T T T]les5[ [T [la9 e 10 [ T 1]

®5 ® 16 ®5 4)
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Among the five color-singlet states in the six-quark configuration, one is pure singlet from the
singlet-singlet configuration, while the remaining four are hidden color states obtained from the
octet-octet representation.

The possible color configurations in the second Fock sector of the deuteron, including six
quarks and one gluon, are written as:
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There exist 16 hidden color states in the second Fock sector of the deuteron. Therefore, in our case,
the deuteron has 21 color states in total, of which one is a pure state, arising from the singlet-singlet
combination of the two nucleons, while the rest are referred to as hidden color states. The detailed
color configurations of the ggg-gqq and gqq-qqq-g systems responsible for the color-singlet states
are presented in Table 1. The color factors, obtained by sandwiching the matrices 7¢ and T9T¢
between the color singlet wave functions, are used as multiplicative factors in the matrix elements
of LF QCD Hamiltonian in the BLFQ basis to ensure the essential QCD feature in the deuteron
calculation.

Table 1: The color singlet states corresponding to the different configurations in SU(3) color symmetry
representation.

Color Configurations | Total Color Singlet States | Probability (%)
(Preliminary)

nmy = 0| m J = 1

Singlet-Singlet 1 44.56 44.52

1999 999 | 5orer-Octet 4 1298 | 13.02
Decuplet-Octet-Octet 2
Octet-Decuplet-Octet 2

Octet-Octet-Octet 8 42.46 42.46
lggq qqq g) | Octet-Singlet-Octet 2
Singlet-Octet-Octet 2

Other 1]
O LIeSIET o | Singlet-Singlet |

Other en
OIS I g | Singlet-Singlet |

Octet-Octet Octet-Octet

Figure 1: Probability (preliminary) of different color configurations within deuteron form; = 0 andmy = +1
spin projections in our approach.

Utilizing the light-front wave functions generated by diagonalizing the Hamiltonian, we com-
pute the probability of the every color state to quantify the contribution of each color state. As
expected, our results show that the pure color state has a substantial probability at our model scale,
while the hidden color states contribute the majority. Specifically, for both the components m; = 0
and my = +1, we find that the pure color state has a probability of approximately 44.5%, while the
remaining 55.5% of the probability is attributed to hidden color states, with only minor differences
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that are negligible, as shown in Table 1. To illustrate these contributions, we present probability
distributions for different spin projections, specifically for m; = 0 and m; = +1 in Fig. 1.

4. Conclusion

In this work, we investigated the color structure of the deuteron using the basis light-front
quantization framework. By solving the light-front QCD Hamiltonian within a truncated Fock space,
we analyzed the probability distribution of different color configurations. Our results show that
while the conventional singlet-singlet state contributes significantly, hidden color states dominate
the deuteron wavefunction. This finding reinforces the idea that a purely nucleon-based description
is insufficient to fully capture the internal structure of the deuteron.
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