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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 iy
b
« Strong interactions among quarks and gluons .
. . . “ \
in shaping the deuteron. (Nl
.

Deuteron serves as a bridge between QCD and nuclear physics



Deuteron properties EMC effects
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Nucleonic description of deuteron is not sufficient!



Evolution of Deuteron

Weakly bound state Ny cleons overlapping  Quarks mix colors Six-quark picture
proton + neutron e Short-range forces e 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)

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.

Uellell= @Iijee
{3}@{3}@{3}:27:{10}@{8}@{8}@
Uellelelle e =TT T T [les[[[TTle9 [ le10[ [IT]
QLIQLI®LI®_I® @ = ® T @

eSjﬂjem@ﬂJesEﬁ

{31 {3} ® {3} {3} ® {3} ® {3} =729
={28}®5 {35} ®9 {27} ® 10 {10} ® 5 {10} ® 16 {8}
@5 {1} —_— ‘Physical Deuteron Slales‘

3-quark system l

6-quark system

For Deuteron, possible hidden color states: 4
For Helium-3, possible hidden color states: 41

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

lProg.Part,Nucl.Phys. 74, 1 (2014)
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Spin-1 deuteron
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New hadronic mechanism!?
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S. Kumano, EPJ A 60, 205 (2024) .
p-n picture of deuteron
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Spin-1 deuteron New hadronic mechanism!?
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The Deuteron Tensor Structure Function b;

A Proposal to Jefferson Lab PAC-38
(Update to LOI-11-003)

J.-P.Chen P. Solvignon
K. Allada, A.Camsonne, A.Deur, D.Gaskell,
M. Jones, C.Keith, S. Wood, J. Zhang
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606
FERMILAB-PUB-22.381.V

The Transverse Structure of the Deuteron with Drell-Yan
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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
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Basis Light-Front Quantization (BLFQ)

Non-perturbative approach based on the Hamiltonian formalism :
PTP~ |0) = M2 |T)

» 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

W) p = eqlaqq q9q) + Yeq+14 l999 999 9)  + Veq+qq 1999 999 93) + - - .

» ... : LFWFs associated with the Fock components |...).

lJ.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

in longitudinal directio:

2D-HO basis Plane wave
in transverse direction, ®nm (P ) i n

> Parton’s basis state is identified by |a;) = |ki, ns, mi, As)
» Many-body basis states are identified as the direct product of the
Fock-particle basis states |a) = ® |a;).

Fock space truncation: Basis truncation:
I¥)p = veq lagq q99) + — | 2Zi@ni+Imi|+1) < Nmax
Yeq1g 1999 999 9) Yiki=K,z=%

{ Hamiltonian P(SCD ]

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

lJ.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
. [Brodsky et al, 1998]
1 _ (oY% + m?
P_irocp = E_f d3x 1/)}’+l.a—+ fd3x AL (i01)2AL
+gfd3x Yy, AR P

+

1 - 14
+592 d3x ¢Yut4”ia—+}’w4v1l’

—ig® [ @x fPY TP s (07 i)

1 hvtTa T tTa
+§g2fd3x1/;y T IPWIPV Ty

+ig f d3x fAbCigHAVA AL AS
1 2 3 abc fade + A4 1 +
—59 d3x favbe fade jg A;,Auc( PR (i0*A%ALe)

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

m_u m_d b b_inst g m_f

1GeV |0.95GeV|0.30GeV| 5GeV 1.90 42.56

N_max=8; K=9

laqq 9qq &)
S :45.2316 %
D :0.0033

lgqq 994 &)
S :45.2228 %
D :0.0047 %

l99q qqq)
S :54.7684 %
D :0.0041 %

9949 999)
S :54.7627 %
D : 0.0024 %

» Number of Color singlet states in |6g): 5
» Number of Color singlet states in [6g + 1g): 16
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Decomposition of Color States

Color Configurations | Total Color Singlet States | Probability (%)
(Preliminary)
my=0| my=1
Singlet-Singlet 1 44.56 44.52
1999.999) | Octet-Octes 4 12.98 | 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

m‘@

O0[IE | Singlet-Singlet |

(mddgn

OLTETET g | Singlet-Singlet

Octet-Octet Octet-Octet
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Electromagnetic Form Factors

SLAC-PUB-2318 SLAC-PUB-5763
ey e March 1992
Phys.Rev.C 21, 1426 (1980) Phys.Rev.D 46, 2141(1992) T/E
Universal Properties of the Electromagueuc
ELASTIC ELECTRON-DEUTERON SCATTERING AT HIGH ENERGY" Interactions of Spin-One Systems™

(VP! A | J#| V(P,A)) = — € - en(P + p/)+ (hq- e —etq- EA,)
(eh - 9)(ea-q) f
+ oM M2 (P+P)

PRD 70, 053015 (2004)
Overlap form of LFWFs

2 1 |3— Zn an Ify | I
GC_F1+3nGQ T 3 +3\ﬁ+ 3 |
It
Gy =—Fy = |IF, — 2|,
M 279pt | T U
Go=F +F,+(1+n)F3= —If +2Ii° s
o =1 2 n)t3= 2P+ ot or n |’

1@ 2 (P, )L Qe )y

ded?k, .,
=3 [ e (- 2w k),
h
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Charge FF

EM Form Factors : Preliminary results from BLFQ

Magnetic FF

Gu
1
0.100 255
b,
0.010 g%
0.001
1074
s, -5|
%01 0.05 0.10 050 1 1067 0.05 0.10 050 1
Q@*(GeV?) Q%(GeV?)
Quadrupole FF
G, 2
2553522
G(0)
" Mp 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 0.10 050 1
Q*(GeV?)
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Richness of Deuteron’s Spin Structure

Quark | U (y*) L(7'79) T (ic"y,/0™)
Hadron T-even | T-odd | T-even | T-odd T-even T-odd
U h 1] + Spin-0: 2 TMDs
L g [hy,] « Spin-1/2: 8 TMDs
T fir | & i), U] + Spin-1: 18 TMDs
LL | fuo (|
LT | fur Zur [N
TT firr &irr [N
Twist-2 TMDs
[ kumano et al. 2406.01180
Quark U@ L (r*75) T (i0"y./0™)
Hadron T-even T-odd T-even T-odd T-even T-odd
u fi
L &i(g)
T 1]
LL | fun®)
LT *1 [hyxl
TT
Twist-2 PDFs.

18 /25



PDFs : Preliminary results from BLFQ

x fPx) X 8710
4 ~ u—quark
2 ~ d—quark
0
-2
—4
0.1 0.2 0.5 1
X S
0.010 - u-quark
- d-quark
0.005;
0.000 7\/ /.
-0.005
0.1 0.2 0.5 1
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Tensor-polarized structure function by: Preliminary results from BLFQ

x bl oo
0.00020 +
0.00015 5 + | +
0.00010 % |
0.00005 +
0.00000 X
~0.00005'. / ‘ ‘ gl - 1
01 02 05 1 ' o

small initial scale u? =5 GeV?

> 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

IN) —lqqq) + |qqquit) + |qqqdd) + lqqqss) + laqquiig) + |qqqddg) + |qqqssg)
+laqqg) + l9q999) + lqqq999)

Valence Fock sector
lqqq) ~ 50.81%

Sea quark Fock sectors
lgqq uiig) ~ 0.005%
|gqq ddg) ~ 0.010%
lqqq s5g) ~ 0.005%

Sea quark Fock sectors

lqqq ui) ~ 0.11% Dynamic gluon Fock sectors
|qqq dd) ~ 0.21% l9qqg) ~47.54%
lqqq s5) ~ 0.07% Dynamic gluon Fock sectors

l999 99) ~ 1.22%

Dynamic gluon Fock sectors
l999 999) ~ 0.01%

Parameters:

L m omg L ome o g | b

0.3GeV 0.299GeV 0.5GeV  0.9Gev 22 0.8 GeV
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Nucleon: Electromagnetic Form Factors
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0.02 ; * Bermuth03 - Plaster 06 -1.0 ¢ * Xu03
. z : + Anderson 07
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Nucleon: Electromagnetic Form Factors
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Future Research Program for Deuteron

Next 3 Years

Current Work
» Improved QCD

Hamiltonian by

>
|99 949) including all the
> |qqq qqq 9) QCD interactions
» Hidden-color » Larger basis spaces
dynamics

» Fock sectors up to 9
particles

vVvyyy

Physics Goals

EIC observables
Tensor structure
Gluon Transversity
3He and *He
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Conclusions

» Implemented QCD effects 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

1011_

109_

107}

Basis Dimensions

105.

8 10 12 14
Nmax=Kmax
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