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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

xb,

+ 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: .
I=0
J=1
L=0/2,S=1
P=+ ( 02 04 06 08
T
TenSOr' O‘Oﬂzed . Accardi, Brady, WM, Owens, Sato (2016)
P A Exotic effects FP(x)
Structure function . i R —
innuclei?  FP)+FN(x)
002} + + Gluon transversity:
* l { double spin flip

T As=2

PRL 95, 242001 (2005)

-0.004 L

L
o1 001 [ 1 A_H_, __ S. Kumano
X

Nucleonic description of deuteron is not sufficient!



The Deuteron Tensor Structure Function b;
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The Transverse Structure of the Deuteron with Drell-Yan
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Understanding the glue that binds us all
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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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Talk by S. Kumano on b; ‘

Spin-1 deuteron

&9
B,

b

New hadronic mechanism!?

only S wave S +D waves b experiment
b;=0 standard model b;#0 # b “standard model”
S. Kumano | |
Cosyn et al. PRD 95, 074036 (2017)
x6,f(x)
0.006 0 004
- - - - Q2=25GeV2 _
0.004 — 02230 GeV? 0.003 02=25 GeV2
x6 u=x6d=x8 s typical
0.002. Lt 0.002- 14 “standard-model” §
prediction
0.001 l S + D waves
xb, o ——
-0.001 Kumano, PoS (DIS2018) 245
-0.002 § HERMES
-0.003
0 02 04 06 08 1 12 14

X

What are we missing?




Evolution of Deuteron

Weakly bound state Ny cjeons overlapping Quarks mix colors Six-quark picture
proton + neutron o Short-range forces ¢ Hidden color
appear dominates
80% (octet-octet)
Scale/B.E. Ji, Brodsky, PRD 34, 1460 (1986)

New color configurations emerge: Hidden Color
Possibility of deuteron formation from Octet-Octet configurations
® Deuteron can be formed from:

® 1 Singlet-Singlet — conventional 2-nucleon (colorless state)
® 4 Octet-Octet — hidden color components (mixed states)

‘We focus on the middle ground—where nucleons start
to overlap but it’s not yet the full quark-gluon picture.

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

Weakly bound state Ny cjeons overlapping Quarks mix colors Six-quark picture
proton + neutron o Short-range forces ¢ Hidden color
appear dominates
80% (octet-octet)
Scale/B.E. Ji, Brodsky, PRD 34, 1460 (1986)

New color configurations emerge: Hidden Color
Possibility of deuteron formation from Octet-Octet configurations
® Deuteron can be formed from:

® 1 Singlet-Singlet — conventional 2-nucleon (colorless states)
® 4 Octet-Octet — hidden color components (mixed state)

‘We focus on the middle ground—where nucleons start
to overlap but it’s not yet the full quark-gluon picture.

1 J.Phys.Conf.Ser.543, 012004 (2014); Prog.Part.Nucl.Phys. 74, 1 (2014); PRC 89, 045203 (2014)
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Deuteron as an Effective Mixture of Configurations
<mp>
vy

Aim: To understand the QCD effects (role of hidden color) in nuclear binding.

® Deuteron = Effective mixture of
(singlet-singlet) + (octet-octet)

® The proportion is not known

® Simple modelling: to understand
the effects of hidden color d.o.f.

® Only S-wave spin structure (L = 0),
no D-wave components (L = 2)

® Two effective clusters approach
Assumption: The internal cluster dynamics of the deuteron are governed by
light-front Schrédinger equation

Compute the corresponding B.E. — involvement of hidden color d.o.f.
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Approach

Light-Front Schrodinger Equation
|

m? & 1-4L?
(l-z) d2 42

S P Ueﬁ) 2@) $&) = M*(2) P(&) | Uett = Urnansverse + Urongitudinal

Separately solve the transverse (¢(¢)) and longitudinal parts (y(z)) of the wave functions
| s

¢(¢) : Using LF holographic QCD approach, x(z) : 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

@2 1-412 2
(‘@ @t UT,W.@) HO = M 4O (Z(lm—_z) + ULongL(z>)x<z> = Mingt (@
|

@ =12)

2
Ut (©) = K42+ 200 = 1) Ui 1) = -7 [ 022022

'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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Approach
ooe

® Complete wavefunction':

IMP,

wz,c,e):%e*mz) L X(2) = vE D)

® Two-cluster spin wavefunction using Melosh transformation:

A _ ’TJ;‘L(l—Z,kl) Auh(z,kL)
Y p(z ki) = N e vz

C.-R. Ji et al., PRD 45, 4214 (1992)

U(z, k)

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 x?/d.o.f. = 0.98.

® B.E. of Deuteron: Mp — 2m,
Weakly bound p-n bound state: B.E. &~ 2.2 MeV

Our model B.E. &~ 200 MeV — indication of strong interactions among
clusters (octet states): beyond the conventional p-n picture

LPhys. Rept. 584, 1 (2015)
11/22
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Electromagnetic Form Factors
SLAC-PUB-2318 SLAC-PUB-5763 Q\
ey 1979 March 1992 QQ!_D
Phys.Rev.D 46, 2141(1992)  T/E A

Phys.Rev.C 21, 1426 (1980)
Universal Properties of the Electromagnetic

Interactions of Spin-One Systems

ELASTIC ELECTRON-DEUTERON SCATTERING AT HIGH ENERGY‘
(V(P', ) |7 V(P,A)) = — €h - ea(P + P’)+ (g e — et EA,)
(i - q)(ea-q) f
Ea A D py p
Ty PP

Overlap form of LFWFs
1+ [3 27;1+ an Ity +I+,]

PRD 70, 053015 (2004)

2
Ge = Fi +31Go =55+ Y
2 It
Gy =—Fy =557 [IL - \/%On
1 N If, If_
GQ:F‘+F2+(1+”)F3:W —If, + N Ek
1@ 2 v ) Dy
> dzd?k ,
=3 [ a4 (- D0 w k),

h.h
Reduced FFs

Gem,(Q?)| toisolates the genuine nuclear
2 (02
F{(Q?%/4) structure effects PRL 51, 83 (1983)

‘ Fr(@?) = (1+ﬁ(’w;)_2‘
12 /22
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Electromagnetic Form Factors v
>
1 1 W
__0.100 0100 5
ol ol
S , g
Qbo 0.010 §2 5 0.010! 2
o0 g X
3 A
0.001 ? 0.001 a
106‘.01 0.05 0.10 050 1 5 106’.01 0.05 0.10 050 1 5
0 [GeV?] Q” [GeV?]
100
up = 0.84 (Exp . value = 0.85)
10 oy .
~ Cee @p=0.079 GeV~2 (7.34 GeV~?)
ol
g
% 9"‘% (No D-wave component)
So 0.10 s
gn
0.01 (r2) = 2.17£0.20 fm (2.13 + 0.003 £ 0.009 fm)
0.01 005010 080T 5 4/(rZ) =198£0.19 fm (1.90 +0.14 fm)
Q% [GeV’]
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Longitudinal Momentum-dependent Distribution Functions

o

) <ImMp>
fi(z) = 3 (P.rl (2) + P{l(z) + Pf(z)) , unpolarized cluster & deuteron V\\
91.(2) = PL(2) — P}(2), longitudinally-polarized cluster & deuteron
fioo(z) = 2P)(2) — (P'rl(z) + P{l(z)) . unpolarized cluster & tensor-polarized deuteron
PAz) = [ d%ky ¥ [0 (2, K3) 2 PMz) = [ d%y 55 | (2, k)

Our distribution functions satisfy the sum rules:

fol dzf1(z) = land fol dzfirr(2) -0 JHEP 01, 136 (2021)

B.E. ~ 200 MeV

0.0
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Structure Functions

<mp>
SFP(z,Q%) =2 e2FP(x,Q%), A
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 -  fuz ®  unpolarized NNPDF
PRC 44,1219 (1991)
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Structure Functions: Unpolarized and Helicity

0.6 Q{I\EI\_D
05 12~ 5 GeV? 0.04 A
002
=
% .00
0 BE. ~ 200 MeV BT
B.E. ~ 40 MeV \ ~0.02,
B.E.~ 3 MeV
001 0.05 0.10 050 1 104 0.001 0010 0.100 1
X X
0.06 W ~5GeV?
;g 0.04 B.E. effects are insensitive
2 o0

to unpolarized and helicity SFs
at small-x region

1
0.00 Ag(x,) = J dxg(x)
X
0.005 0.010 0.050 0.100 0.500
Xm
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Structure Functions
00@

Tensor-polarized Structure Function

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

Next Steps
o

p-n picture of deuteron

Spin-1 deuteron New hadronic mechanismt?| " 0!
0.003 02=25 GeV2 @
&\ |E® SR (7
0.002 “standard-model”
g prediction @
@ @ 0.001 l { srDwaves
xb, o |
only S wave S+D waves b, experiment I
b=0 standard model b;#0 #b, "standani model” -0.001
-0.002 { § HERMES
-0.003
02 04 06 08 1 12 14
arXiv: 2507.09886 [hep-ph] (only S-wave + hidden color configurations) X
QCD picture of deuteron
« AtB.E.~3 MeV (loosely bound), 0.004,
2507.09886 2~ 5GeV?
bi(x) =0
0.002 ’
« AthigherB.E., %
hidden-color d.o.f. become significant =, -
< 0.000
- 4x10-3
-5
Possible explanation for HERMES 0,002 2x10 0
and JLab projected data : -2x1073 BE. ~ 200 MeV
—4x1073 BE. ~40 MeV
PRL 95, 242001 (2005) 0.004 0050.10 050 1 BE.~3MeV
EP) A 61, 81(2025) 001 005 0.10 050 1
X

Conclusions
0000

<imp>
W
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Outlook

Quantify the relative weights of singlet-singlet and octet-octet components.

Include D-wave component.

Observe the effect of hidden-color in other physical observables of deuteron.

Next Steps
o

Conclusions

0000

<imp>
PA

Study deuteron directly from the partonic level with Basis Light-Front Quantization (BLFQ) approach

(in progress: g, |69) + Wo,1,16918))

2503.21371

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

my=0|my=1

Singlet-Singlet 1 44.56 4452

1299 999) | Gcter.Octet 4 1298 | 13.02
Decuplet-Octet-Octet 2
Octet-Decuplet-Octet 2

Octet-Octet-Octet 8 4246 | 4246
lg9g qqq g) | Octet-Singlet-Octet 2
Singlet-Octet-Octet 2

m; =0

lmmddgn

Color States

Octet-Octet

(Mn

Color States

Octet-Octet

J.Subatomic Part.Cosmol. 3 (2025) 100070
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Conclusions

+ Studied properties of deuteron by incorporating QCD effects, beyond its p-n picture.

* Solved for the deuteron mass and wave functions with two Schrodinger-like equations with
* LF holographic QCD potential: transverse dynamics
« The ’t Hooft potential at large N, limit: longitudinal dynamics

* b;(x) showed the importance of hidden color in deuteron (even with no D-wave)

Spin-1 deuteron

€

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

New hadronic mechanism!?

Conclusions

@000
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A
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Conclusions

+ Studied properties of deuteron by incorporating QCD effects, beyond its p-n picture.

* Solved for the deuteron mass and wave functions with two Schrodinger-like equations with
* LF holographic QCD potential: transverse dynamics
« The ’t Hooft potential at large N, limit: longitudinal dynamics

* b;(x) showed the importance of hidden color in deuteron (even with no D-wave)

Spin-1 deuteron

€

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

New hadronic mechanism!?

Effective mixture of singlet-singlet and octet-octet color states

Conclusions

(o] le]e]
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A
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Conclusions

+ Studied properties of deuteron by incorporating QCD effects, beyond its p-n picture.

* Solved for the deuteron mass and wave functions with two Schrodinger-like equations with
* LF holographic QCD potential: transverse dynamics
« The ’t Hooft potential at large N, limit: longitudinal dynamics

* b;(x) showed the importance of hidden color in deuteron (even with no D-wave)

Spln_l deuteron New hadronic mechanism!?

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

Effective mixture of singlet-singlet and octet-octet color states

Thank you!

Conclusions

[e]e] o]

<imp>
PA
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Light-Front Holographic QCD : contains transverse dynamics

: 7
LF(3+1) A 0155 de Teramond, sjb QVM”S?

Light-Front Holographic Dictionary

b(ah)) < P(2)

¢= w(l—w)l_)?_ g z

Fixed 7=t + z/c ; (1-2)

Y(z,0) = Va(l —z)29()

(uR)* = L - (J - 2)°
Light-Front Holography: Unique mapping derived from equality of LF
and AdS formula for EM and gravitational current matriy elementy
and identical equations of motion

15.3. Brodsky, arXiv-hep:1611.07194
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