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• Simplest nucleffr bound stffte 
(p+n)

Deuteron

• At lffrge distffnces: Meson 
exchffnge b/w nucleons

• Weffkly bound, B.E. ~2.2 MeV

Whfft hffppens fft short distffnces?

Everything in the visible universe is made of atoms, and atoms themselves are built from nuclei.

• Overlffpping of nucleons

• Strong interffctions ffmong quffrks ffnd gluons 
in shffping the deuteron.

Deuteron serves ffs ff bridge between QCD ffnd nucleffr physics

Whfft do we know?



EMC effects

Gluon transversity: 
double spin flip

Tensor-polarized
Structure function

PRL 95, 242001 (2005)

Exotic effects
 in nuclei?

S. Kumano

Nucleonic description of deuteron is not su!cient!



Evolution of Deuteron

Weakly bound state
proton + neutron

Nucleons overlapping
• Short-range forces
     appear

Quarks mix colors

New color configurations emerge: Hidden Color 

Six-quark picture
• Hidden color

80% (octet-octet)
Ji, Brodsky, PRD 34, 1460 (1986)

Possibility of deuteron formation from Octet-Octet configurations

dominates

Scale/B.E.

↭ Deuteron can be formed from:
↭ 1 Singlet-Singlet → conventional 2-nucleon (colorless state)
↭ 4 Octet-Octet → hidden color components (mixed states)

1
J.Phys.Conf.Ser.543, 012004 (2014); Prog.Part.Nucl.Phys. 74, 1 (2014); PRC 89, 045203 (2014)



Hidden Colors

In simple words, the interactions of the quarks of one nucleon with the other nucleons in a nuclear system.

For Helium-3, possible hidden color states: 41

For Deuteron, possible hidden color states: 4

For Helium-4, possible hidden color states: 461
Hidden colors are very important in explaining the structure of a nuclear system.
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Physical Nucleon State

Physical Deuteron States

1
Prog.Part.Nucl.Phys. 74, 1 (2014)
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Kumano, PoS (DIS2018) 245

Cosyn et al. PRD 95, 074036 (2017)

2304.04604

S. Kumano



S. Kumano, EPJ A 60, 205 (2024)

• At B.E. ~3 MeV (loosely bound),

b1(x) − 0
• At higher B.E.,

hidden-color d.o.f. become signifficant

p-n picture of deuteron

PRD 113, 054008
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(included hidden color conffigurations) QCD picture of deuteron
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Basis Light-Front Quantization (BLFQ)

Non-perturbative approach based on the Hamiltonian formalism :
P+P→ |!↑ = M2 |!↑

↭ To solve relativistic many-body bound
state problems.

↭ facilitates with mass spectra and
LFWFs.

↭ Successfully implemented to investigate
the structures of various baryons and
mesons.

↭ Motivation: To extend the approach to
investigate light nuclei.

Fock state expansion of the deuteron state

|!↑D =

{

ω6q |qqq qqq↑+ ω6q+1g |qqq qqq g↑

}

+ ω6q+qq̄ |qqq qqq qq̄↑+ . . .

↭ ω... : LFWFs associated with the Fock components |...↑.

1
J.P.Vary, H. Honkanen, J. Li, P. Maris, S.J.Brodsky, A. Harindranath, G.F. de Teramond, PRC

81, 035205 (2010).
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Basis function

2D-HO basis
in transverse direction, ”nm(p↑)

Plane wave
in longitudinal direction

↭ Parton’s basis state is identified by |εi↑ = |ki, ni,mi,ϑi↑
↭ Many-body basis states are identified as the direct product of the

Fock-particle basis states |ε↑ = ↓ |εi↑.

Fock space truncation:

|!↑D = ω6q |qqq qqq↑ +
ω6q1g |qqq qqq g↑

Basis truncation:∑
i(2ni + |mi|+1) ↔ Nmax∑
i ki = K, x = ki

K

Hamiltonian P→
QCD

K.E. terms of

quarks and gluons

quark-gluon ver-

tex interaction

instantaneous

gluon interaction

1
J.P.Vary, H. Honkanen, J. Li, P. Maris, S.J.Brodsky, A. Harindranath, G.F. de Téramond, PRC

81, 035205 (2010).



Light-front QCD Hamiltonian

1
S.J. Brodsky, H.C. Pauli, S.S. Pinsky, Phys. Rep. 301, 299-486 (1998)
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Parameters and Decomposition of Spin States

45%
55%

45%
55%

mJ = 0 mJ = ± 1

|qqq qqq−
S : 54.7684 %
D : 0.0041 %

|qqq qqq g−
S : 45.2228 %
D : 0.0047 %

|qqq qqq−
S : 54.7627 %
D : 0.0024 %

|qqq qqq g−
S : 45.2316 %
D : 0.0033 %

m_u m_d b b_inst g m_f

1 GeV 0.95 GeV 0.30 GeV 5 GeV 1.90 42.56

N_mffx = 8; K = 9

↭ Number of Color singlet states in |6q↑: 5
↭ Number of Color singlet states in |6q + 1g↑: 16
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Decomposition of Color States
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Electromagnetic Form Factors

Phys.Rev.C 21, 1426 (1980) Phys.Rev.D 46, 2141 (1992)

Overlap form of LFWFs
 PRD 70, 053015 (2004)
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EM Form Factors : Preliminary results from BLFQ
Charge FF
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Richness of Deuteron’s Spin Structure
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PDFs : Preliminary results from BLFQ

u-quark

d-quark
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Tensor-polarized structure function b1: Preliminary results from BLFQ
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↭ Qualitatively consistent with HERMES results.

↭ Small magnitude at small scale: negligible D-wave and small basis size

↭ Capability to achieve the gluon transversity.
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Nucleon: Fock Sector Contributions

Pffrffmeters:
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Nucleon: Electromagnetic Form Factors
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Nucleon: Electromagnetic Form Factors
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Future Research Program for Deuteron

Current Work

↭ |qqq qqq↑
↭ |qqq qqq g↑
↭ Hidden-color

dynamics

Next 3 Years

↭ Improved QCD
Hamiltonian by
including all the
QCD interactions

↭ Larger basis spaces

↭ Fock sectors up to 9
particles

Physics Goals

↭ EIC observables

↭ Tensor structure

↭ Gluon Transversity

↭ 3He and 4He
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Conclusions

↭ Implemented QCD e#ects within the deuteron using the Hamiltonian-based
approach: BLFQ.

↭ BLFQ (Preliminary results): obtained qualitative agreement with the
available data of deuteron properties.

Thank you!
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Basis Dimensions
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