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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 sufficient!
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Kumano, PoS (DIS2018) 245

2304.04604

S. Kumano Cosyn et al. PRD 95, 074036 (2017)

What are we missing?



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

Possibility of deuteron formation from Octet-Octet configurations

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)
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 LF Holographic QCD  BLFQ 

▶ Deuteron can be formed from:
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▶ 4 Octet-Octet → hidden color components (mixed states)
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LF Hamiltonian approach

1
J.P. Vary, et al., Phys. Rev. C 81, 035205 (2010)

2
S.J. Brodsky et al., Physics Reports 584 (2015) 1–105
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LF Holographic QCD + ’t Hooft Equation

Assumption: The internal cluster dynamics of the deuteron are governed by
light-front Schrödinger equation

1
Phys. Rept. 584, 1 (2015); Nucl. Phys. B 75, 461 (1974)

2
PLB 823, 136754 (2021); PRD 104, 074013 (2021); PLB 836, 137628 (2023); PRD 109, 094017

(2024); PRD 111, 094002 (2025); 2507.01506 [hep-ph]; 2507.09886 [hep-ph]
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▶ LFWF1:

Ψ(z, ζ, θ) =
ϕ(ζ)
√
2πζ

eιLθX(z) ; X(z) =
√

z(1− z)χ(z)

▶ Spin-orbit part of the wavefunction: through Melosh rotations

Parameters (in GeV):

mc = 0.838 ± 0.083;κ = 0.13 ± 0.013; g = 0.50 ± 0.05

▶ Parameters are fixed by fitting MD = 1.875± 0.185 GeV and behavior of EM
form factors GC and GM for Q2 ≤ 0.5 GeV2 with χ2/d.o.f. = 0.98.

1
Phys. Rept. 584, 1 (2015)
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Our Previous Study (only S-wave)

−D = 0.079 GeV⟩2 (7.34 GeV⟩2)

Kffur et ffl. PRD 113, 054008 (2026) 

Included only S-wave!

Very initial study: to see the effects of  
hidden color components

Good agreement with data: Charge FF, Magnetic FF 
             Unpolarized, helicity and tensor structure functions

❌

✅
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Data Points: HERMES &  
JLab projected data

Disagreement with the data: Quadrupole moment,

Motivfftion to include D-wffve
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Electromagnetic Form Factors (S+D waves)

0.01 0.05 0.10 0.50 1 5

10-4

0.001

0.010

0.100

1

Q2 [GeV2]

g C

0.01 0.05 0.10 0.50 1 510-5

10-4

0.001

0.010

0.100

1

Q2 [GeV2]

g M

S-wave S & D waves Exp. Data

0.84 0.82 0.85

0.079 7.40 7.34

ρD

−D [GeV⟩2]

Δr2
C𝒬 [fm]

Δr2
M𝒬 [fm]

0.01 0.05 0.10 0.50 1 5

0.01

0.10

1

10

100

Q2 [GeV2]

g Q

2.17 ± 0.20
1.98 ± 0.19

2.13 ± 0.003

1.90 ± 0.14

2.21 ± 0.20

1.97 ± 0.19

Probability of D-wave: 0.85% 
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Richness of Deuteron’s Spin Structure
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Longitudinal Momentum-dependent Distribution Functions

unpolffrized cluster & deuteron

longitudinfflly-polffrized cluster & deuteron

unpolffrized cluster & tensor-polffrized deuteron

z f1
z g1 L
z f1 LL

B.E. ≈ 200 MeV
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Our distribution functions sfftisfy the sum rules:

JHEP 01, 136 (2021)
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Structure Functions

: Quffrk distribution inside the deuteron fft scffle Q2

fffctorizes: (i) LMDF of 2 clusters within the deuteron
(ii) quffrk PDF within effch cluster

F2 − f1 ⟩ unpolarized NNPDF
g1 − g1L ⟩ helicity NNPDF
b1 − f1LL ⟩ unpolarized NNPDF

PRC 44, 1219 (1991)
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Structure Functions: Unpolarized and Helicity (S+D waves)
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• Mfftches with previous results (only S-wffve)

• Consistent with exp. Dfftff

• Insensitive to D-wffve component

ρ2 ⟩ 5 GeV2ρ2 ⟩ 5 GeV2
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Tensor-polarized Structure Function (S+D waves)

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

• Loosely bound stffte,

b1(x) − 0
• With hidden color d.o.f.,

p-n picture of deuteron

Possible explffnfftion for HERMES

PRD 113, 054008 (2026) (only S-wave + hidden color configurations)

ffnd JLffb projected dfftff

PRL 95, 242001 (2005)
EPJ A 61, 81 (2025)

QCD picture of deuteron
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Blue band: S & D waves 
Purple band: only S wave

b1(x) ⟩ 0, describes exp . data
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LF Hamiltonian approach

1
J.P. Vary, et al., Phys. Rev. C 81, 035205 (2010)

2
S.J. Brodsky et al., Physics Reports 584 (2015) 1–105

20 / 26



Basis Light-Front Quantization: Ongoing . . . (James Vary’s and Siqi Xu’s Talks on Monday)
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EM Form Factors : Preliminary results from BLFQ

Charge FF
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Tensor-polarized structure function b1: Preliminary results from BLFQ
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small initial scale µ2 = 5 GeV2

▶ Qualitatively consistent with HERMES results

▶ Small magnitude at small scale: small basis size

▶ Absence of D-wave can still generate b1

▶ Another evidence of producing b1 only with color dynamics

▶ Capability to achieve the gluon transversity
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Conclusions

D-wffve is importffnt in describing the quffdrupole moment, but the 
structure functions remffin insensitive to it, including the tensor SF.
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Conclusions

Color 
Dynffmics

    The tensor-polffrized structure function  emerges nffturfflly from 
color dynffmics.

b1

!ank you!

D-wffve is importffnt in describing the quffdrupole moment, but the 
structure functions remffin insensitive to it, including the tensor SF.

26 / 26



Complementfftion of LF hologrffphy ffnd ’t Hooft Equfftion

Defined in (3+1)-dimensional QCD 

Governs transverse dynamics 

Connection with AdS5/CFT correspondence 

Preserves the chiral symmetry, Mpi=0

Defined in (1+1)-dimensional QCD 

Governs longitudinal dynamics 

Connection with AdS3/CFT correspondence 

Breaks the chiral symmetry (satisfies GMOR)

Mffkes sense of the world!

Together, they describe full hffdron spectrff
— Phys. Lett. B 823 (2021) 136754

— Phys. Rev. D 104 (2021) 7, 074013
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Very initial study: to see the effects of hidden color 
components

Deuteron as an effective mixture of singlet-singlet and octet-octet

|−⟩D = c1 |ρ⟩singletΔsinglet + c2 |ρ⟩octetΔoctet

Kffur et ffl. PRD 113, 054008 (2026) 

Included only S-wave!

Switching b/w the two chffnnels  
(singlet-singlet & octet-octet dominffnt stfftes)

• Weakly interacting state: B.E. ~3 MeV

Effective B.E. of deuteron: MD Δ 2mc

• Strongly interacting state: B.E. ~200 MeV

 are unknown c1 & c2

Can be determined  
through QCD Evolution (Future plans)

— Brodsky, Ji, Lepage, PRL 51, 83 (1983)

Extreme 1 
(2 nucleons) 
Singlet-singlet dominates

Extreme 2  
very short distance (6 quarks) 
Octet-Octet dominates
80% (octet-octet)

— Brodsky et al. PRL 51, 83 (1983)

Goal is to see the QCD effects on 
the physical observables  
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Electromagnetic Form Factors

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

Reduced FFs

to isolfftes the genuine nucleffr
 structure eaects

PRL 51, 83 (1983)

Overlap form of LFWFs  PRD 70, 053015 (2004)
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PDFs : Preliminary results from BLFQ
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