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Everything in the visible universe is made of atoms, and atoms themselves are built from nuclei.
Deuteron
What do we know?
Simplest nuclear bound state
(p+n)
Weakly bound, B.E. ~2.2 MeV

At large distances: Meson
exchange b/w nucleons

What happens at short distances?

»~
Overlapping of nucleons by
b
«+ Strong interactions among quarks and gluons .
. . . “ \
in shaping the deuteron. (Nl
A

Deuteron serves as a bridge between QCD and nuclear physics



Deuteron properties EMC effects
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+ Charge Radius: 2.12799(74)fm. B
e Mass: 1875.61294257(57)MeV L \C;P]z‘l’""
* Binding Energy: 2.22452(20)MeV - R
*  Quantum Number: .
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Nucleonic description of deuteron is not sufficient!



The Deuteron Tensor Structure Function b;

A Proposal to Jefferson Lab PAC-38
(Update to LOI-11-003)
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The Transverse Structure of the Deuteron with Drell-Yan

The SpinQuest Collaboration®

FERMILA

Eur. Phys. . A (2016) 52: 268

THE EUROPEAN
DOI 10.1140/epia/i2016-16265.9

PHYSICAL JOURNAL A
Review

Electron-lon Collider: The next QCD frontier
Understanding the glue that binds us all

A. Acxard? %, I Albacte?, M. Anclning, . Armisis”, EC. Aschenayer’
WK Brooks™, . Burton® X5, Chang, W © es

A. Bacchetta®, D, Boer™,

m.u T Lapp

V.S, Morogov®, AH. Mucller’, B. Miller* Nade Turonsi™, w rokudin®
V' Pion’, X, Qind, J-W. Qi3 54, M. Ramiey-Musolf, T. Rger =, F- Sabgi - "R Swsnh G “Schnl,
P. Schwitzer®, E. S ctermanni™, i Sirgmaan® S Siikmand’ . S, S 035, 7. TolF,

D. Trbojevic’, T. Ullrick*, R_ Ve g O Wi, B, X, . Youn™2,
P P . e

the spatial distribution of gluons in the nucleus. Exclusive
vector meson production in diffractive e + A collisions is
the cleanest such process, due to the low number of parti-
cles in the final state. This would not only provide us with
further insight into saturation physics but also constitute
a highly important contribution to heavy-ion physics by
providing a quantitative understanding of the initial con-

It might even shed some light on the role of glue and thus
QCD in the nuclear structure of light nuclei (see sect. 3.3).
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Spin-1 deuteron
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only S wave S + D waves b experiment
b=0 standard model b;#0 # b, “standard model”

S. Kumano

New hadronic mechanism!?

[ cosyn et al. PRD 95, 074036 (2017) |
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What are we missing?



Evolution of Deuteron

Weakly bound state
proton + neutron

Nucleons overlapping Quarks mix colors Six-quark picture
¢ Short-range forces
appear

Scale/B.E.

New color configurations emerge: Hidden Color
Possibility of deuteron formation from Octet-Octet configurations

Extreme 1 ¢ : Extreme 2
(2 nucleons) short distance (6 quarks)
Singlet-singlet dominates Octet-Octet dominates

80% (octet-octet)
-Brodsky, Ji et al. PRL 51, 83 (1983)

» Deuteron can be formed from:

» 1 Singlet-Singlet — conventional 2-nucleon (colorless state)

» 4 Octet-Octet — hidden color components (mixed states)

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



Evolution of Deuteron ﬁ K ﬁ K ﬁ

‘ LF Holographic QCD BLFQ

Weakly bound state

Nucleons overlapping Quarks mix colors Six-quark picture
proton + neutron o Short-range forces
appear
Scale/B.E.
New color configurations emerge: Hidden Color

Possibility of deuteron formation from Octet-Octet configurations

Extreme 1 ¢ ; Extreme 2
(2 nucleons) short distance (6 quarks)
Singlet-singlet dominates Octet-Octet dominates

80% (octet-octet)
-Brodsky, Ji et al. PRL 51, 83 (1983)

» 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)



LF Hamiltonian approach

; LR
( He | ¥) = M| %) ] Az

|
E’{LF =K.E. term+ (interactions)}

‘ Model “interactions” term ‘ ‘ Include fundamental QCD ‘

¢ t

‘Light-front holographic QCD‘ ‘ Basis Light-Front Quantization ‘

1J.P. Vary, et al., Phys. Rev. C 81, 035205 (2010)
ZS,J. Brodsky et al., Physics Reports 584 (2015) 1-105
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LF Hamiltonian approach

{ Hip|¥) = M| ¥) ] QLyM{?

o

[HLF =K.E. term+ (interactions)}

‘ Model “interactions” term ‘

‘ Include fundamental QCD ‘

¢

t

‘Light-front holographic QCD‘

‘ Basis Light-Front Quantization ‘

1J.P. Vary, et al., Phys. Rev. C 81, 035205 (2010)
2S,J. Brodsky et al., Physics Reports 584 (2015) 1-105

10/ 26



LF Holographic QCD + ’t Hooft Equation

Assumption: The internal cluster dynamics of the deuteron are governed by

light-front Schroédinger equation e

Light-Front Schrodinger Equation
I,

m? & 1-4L?
W-o & 4o ———+ Uy | 1@ $©) = M*¥(@) $©) | Ungt = Unpansverse + Urongitudinal

Separately solve the transverse (¢(¢)) and longitudinal parts (y(z)) of the wave functions
1 Il

#(&) : Using LF holographic QCD approach, #(2) : Using ’t Hooft Equation, (1+1)-dim.;
(3+1)-dim.; z : longitudinal momentum fraction carried by
¢ : transverse separation b/w 2 clusters the active cluster

L s © ) 6 ) M U@ )@ = M 1D
_@_4—C2+ Trans ©) ) ) = M $(C -2 Longi (D) | X(@) = Mo 2z

¢

g gjdzx(z) -x2)

Utrans (€) = K€% + 237 = 1) ULongs ((2) = 2

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

2PLB 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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1.
> LFWF": IMP,

V00 = HLXE) 5 X(E) = VAT )

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

Parameters (in GeV):

me = 0.838 & 0.083;x = 0.13 £ 0.013; g = 0.50 £ 0.05

» Parameters are fixed by fitting Mp = 1.875 + 0.185 GeV and behavior of EM
form factors G'¢ and Gy for Q2 < 0.5 GeV? with X2/d.o.f. = 0.98.

LPhys. Rept. 584, 1 (2015)
12 /26



Our Previous Study (only S-wave)

Kaur et al. 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

0.004
PRD 113,054008 75 Gev? SR o200y
0.002 % BE. ~ 40 MeV
’ % % BE.~3MeV
Z It
= 0000 T
= paes % Data Points; HERMES &
~0.002 (3 % F JLab projected data
~2x10°3
—4x10°
0,004 005010 050 1
001 0.05 0.10 050 1

X

K Disagreement with the data: Quadrupole moment, @, = 0.079 GeV~2 (7.34 GeV~?)

f

Motivation to include D-wave
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Electromagnetic Form Factors (S+D waves)

1 . T T ~
2 IMP.
. .
0.100 & 0.100
., 0010 3 = 0010
& & &0
0.001 0.001
1074 107
-5
0.01 0.05 0.10 050 1 10561 0.05 0.10 050 1 5
Q* [GeV’] Q% [GeV’]
S-wave S &Dwaves | Exp. Data
1 Hp 0.84 0.82 0.85
1@ [GeV2)|  0.079 7.40 7.34

1/4r3) [fm] |2.17 £0.20{2.21 £ 0.20 |2.13 £ 0.003

\/(r3) [fm] [1.98 £0.19(1.97 £0.19 | 1.90 £ 0.14
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0.50

1

Probability of D-wave: 0.85%
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Richness of Deuteron’s Spin Structure

Quark| U (y*) L (¥'7s) T (ic"ys/ 6™)
Hadron™\_ | T-even | T-odd | T-even | T-odd |  T-even T-odd Q 4
U h [l « Spin-0: 2 TMDs Q&:?
L g [y « Spin-1/2: 8 TMDs
T fir | & [y}, Uil « Spin-1: 18 TMDs
LL | fe (|
LT | fur Zur [N
TT firr gurr Uhyrls W)
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Kumano et al. 2406.01180
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Longitudinal Momentum-dependent Distribution Functions

f(z) = ( Yz) + Pl (2) + PTO(z)) ,  unpolarized cluster & deuteron C%\I\JD
qiL(z) = PT (2) - Py (z), longitudinally-polarized cluster & deuteron V\\
fion(z) = 2P)(2) — (P%(z) + PT_I(Z)) . unpolarized cluster & tensor-polarized deuteron
PA(z) = [dky X5 [0 (2, K32 PMz) = [y 35 |9 (2, K3)1?

Our distribution functions satisfy the sum rules:

! dzf1(z) = land ! dzfirL(z =70 JHEP 01,136 (2021)
0 0
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Structure Functions

SFP(z,Q%) =2 e2FP(2,Q%),
q

FP(z,Q%) : Quark distribution inside the deuteron at scale Q2

\

factorizes: (i) LMDF of 2 clusters within the deuteron

(i) quark PDF within each cluster

F, - f ® unpolarized NNPDF
81 - g ®  helicity NNPDF
by =  fux ®  unpolarized NNPDF

PRC 44, 1219 (1991)

<imp>
W

17 /26



Structure Functions: Unpolarized and Helicity (S+D waves)

0.04
002
)
2 000
-0.02
001 005 0.10 050 1 1074 0.001 0.010 0.100 1
X X
006 #~5 GeV?
« Matches with previous results (only S-wave)
2004
- Insensitive to D-wave component =
0
« Consistent with exp. Data < 002
1
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Ko n n
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<inmp>

VN
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Tensor-polarized Structure Function (S+D waves)

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

Spin-1 deuteron

&
8

only S wave

=0

o

S +D waves
standard model b;#0

New hadronic mechanism!?|

b, experiment

# bl“smndald model”

0.004

p-n picture of deuteron

0.003 0?=25 GeV2 @

typical G
0.002 } “standard-model” @ ‘3
prediction

0.001 l { S +D waves
xb, o =

-0.001

-0.002 { § HERMES
-0.003

02 04 0.6

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

+ Loosely bound state,

bi(x) =0

« With hidden color d.o.f.,

by(x) # 0, describes exp . data

Possible explanation for HERMES
and JLab projected data

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

08 1 12 14
X

QCD picture of deuteron

0.004

ol | ] %

—o—1

%

0.000 v
-0.002 Blue band: S & D waves %
Purple band: only S wave
_ 4
0'0070.01 0.05 0.10 050 1

X

<imp>
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LF Hamiltonian approach

; LR
( He | ¥) = M| %) ] 5

|
[HLF =K.E. term+ (interactions)}

‘ Model “interactions” term ‘ Include fundamental QCD

¢ t

‘Light-front holographic QCD‘ ‘ Basis Light-Front Quantization

1J.P. Vary, et al., Phys. Rev. C 81, 035205 (2010)
2S,J. Brodsky et al., Physics Reports 584 (2015) 1-105
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Basis Light-Front Quantization: Ongoing ... (James Vary’s and Siqi Xu’s Talks on Monday)

Fock state expansion of the deuteron state

&1
%) p = {weq |99q 999) + Yeq+14 1999 999 9) } + Y6q-+q7 999 999 93) + - - - Q&’{?

[ Hamiltonian Pqep ]

K.E. terms of quark-gluon ver- instantaneous
quarks and gluons tex interaction gluon interaction

Color Configurations | Total Color Singlet States | Probability (%)
(Preliminary)
my=0| my=1
Singlet-Singlet 1 44.56 44.52
1999 999) | Octet-Octet 4 1208 | 13.02
Decuplet-Octet-Octet 2
Octet-Decuplet-Octet 2
Octet-Octet-Octet. 8 42.46 42.46
|99 qqq g) | Octet-Singlet-Octet 2
Singlet-Octet-Octet 2

my;=

+1
Singlet-Singlet
Octet-Octet

omﬁ.

Color States

Octet-Octet
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EM Form Factors : Preliminary results from BLFQ

Charge FF

Magnetic FF

Gu
1
0.100 25,
b,
0.010 ﬁ‘
0.001 ’
1074
5 -5
Y 0.05 0.10 050 1 10967 0.05 0.10 050 1
Q(GeV?) @(GeV?)
Quadrupole FF
G, 2
25.835¢2)
GO
" My AM,, = 0.053 GeV

0 1.927 GeV
+1 1.874 GeV
up = 0.86 (Exp. 0.857)

@p =020 GeV~2 (7.34 GeV~?)

Rotational symmetry
is not severely broken

10|

0.100]

0.001

0.01

0.05 0.10 0.50
Q*(GeV?)

1

<imp>
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Tensor-polarized structure function by: Preliminary results from BLFQ

xbl ML
0.00020 ] + N
0.00015 5 + | }
0.00010 % |
0.00005 }
0.00000 X
-0.00005!. / ‘ ‘ ooyl " |
01 02 05 1 ' T

small initial scale u? =5 GeV?

> Qualitatively consistent with HERMES results

» Small magnitude at small scale: small basis size

> Absence of D-wave can still generate by

» Another evidence of producing b; only with color dynamics

> Capability to achieve the gluon transversity

23 /26



Conclusions

. . - <inmp>
D-wave is important in describing the quadrupole moment, but the A

structure functions remain insensitive to it, including the tensor SF.
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Conclusions

. . " - <imp>
D-wave is important in describing the quadrupole moment, but the A

structure functions remain insensitive to it, including the tensor SF.

Spin-1 deuteron
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only S wave S +D waves b, experiment
b=0 standard model b0 # b, “standard model”

New hadronic mechanism!?
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Conclusions

- : - <ae>
D-wave is important in describing the quadrupole moment, but the A

structure functions remain insensitive to it, including the tensor SF.

Spln_l deuteron New hadronic mechanism!?

® S| o
v/ |9 B2

only S wave S +D waves b, experiment
b=0 standard model b0 # b, “standard model”

The tensor-polarized structure function b, emerges naturally from
color dynamics.

Thank you!
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o

o

Complementation of LF holography and ‘'t Hooft Equation

Defined in (3+1)-dimensional QCD o
Governs transverse dynamics o
Connection with AdSs/CFT correspondence | o

Preserves the chiral symmetry, Mpi=0 o

<mp>
Defined in (1+1)-dimensional QCD V\\

Governs longitudinal dynamics
Connection with AdS3/CFT correspondence

Breaks the chiral symmetry (satisfies GMOR)

Makes sense of the world!

Together, they describe full hadron spectra

— Phys. Lett. B 823 (2021) 136754
— Phys. Rev. D 104 (2021) 7, 074013
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Deuteron as an effective mixture of singlet-singlet and octet-octet

[l lIl)D =0 I lll>singlel—singlet + (&) I lll>octet—octel} C%Wg

Kaur et al. PRD 113, 054008 (2026)

Included only S-wave!

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

¢, & ¢, are unknown

Can be determined Goal is to see the QCD effects on
through QCD Evolution (Future plans) the physical observables
— Brodsky, Ji, Lepage, PRL 51, 83 (1983)

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

Extreme 1
(2 nucleons)
Singlet-singlet dominates

80% (octet-octet)

. — Brodsky et al. PRL 51, 83 (1983,
Effective B.E. of deuteron: My, — 2m,, ey es 5

¢ Weakly interacting state: B.E. ~3 MeV Switching b/w the two channels

« Strongly interacting state: B.E. ~200 MeV (singlet-singlet & octet-octet dominant states)
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Electromagnetic Form Factors

SLAC—Pi!B—23lB
May 1979

SLAC-PUB-5763
March 1992

Phys.Rev.C 21, 1426 (1980) ® Phys.Rev.D 46, 2141(1992) T/E

Universal Properties of the Electromagnetic
Interactions of Spin-One Systems"

<imp>
W

*
ELASTIC ELECTRON-DEUTERON SCATTERING AT HIGH ENERGY

(V(P', ) |J#| V(P A)) = — €i - ea(P + P)*F1(Q%) +
(€a - 9)(en-9)
2M?2

Overlap form of LFWFs

(eha-er — €xra- en’) Fa(Q?)
+ (P + P F3(Q%)

PRD 70, 053015 (2004)

2 1 [3-29 f, 47;1+0 I+,

GC—F|+§17G97217+[ I7 3\/_

EE

GM*_F2_2P+ [I++— |
Go=Fy+Fs+ (14 mFs=-t |11, 4250 _ I
0 =1 2 mEs=5px ++ V2n n |’
L, * dzd?k) .
0@ 2 v )2y -z / S g ke (1 - ) )W ),
Reduced FFs
o _ Gom,o(@?)|  toisolates the genuine nuclear
90,m,Q(Q%) = F2(Q%/4) structure effects
PRL 51, 83 (1983)
2 -2
FN(Qi) = (1 + 0.71 Gevf)
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PDFs : Preliminary results from BLFQ

xS X871
4 ~ u-quark
2 ~ d-quark
0
-2
-4
0.1 0.2 0.5 1
X fALe
0.010 - u-quark
- d-quark
0.005
0.000 7\/ \/
-0.005
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