Strong interaction in the quantum era
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Quantum computing for high-energy physics

[Reviews: 2203.08805, 2307.03236]

m Quantum algorithms provides theoretical speedup to overcome the large data bottleneck in

HEP experiments

m Quantum simulation algorithm provides an ultimate path to overcome the computational
complexity in simulating quantum field theories (QFTs)

Applications in HEP experiments
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Bell Inequality Violation & Entanglement in e" e~ annihilation

» Motivation

THE NOBEL PRIZE
INPHYSICS 2022

* In history, the study of quantum information
is initially focused on photonic system.

* With the progress of HEP, quantum
information can also be investigated in high-
energy particles at colliders.

2022 Nobel prize

> ete” -y - YY at BEPCII

* Bell inequality violation (BIV) and entanglement can be probed
in the hyperon-antihyperon system, with YY = AA, ZX, EE.

P~ spin polarization(¥)

1+ oy cos? ¥ | 0 By sind cos 0
o _ 1 0 sin? ¥ 0 Yy sin ¥ cos
M 14 ey cos2d | By sind costd 0 —ay, sin® 9 0
0 Yy sin ¥ cos 0 ay + cos® ¥

P*: spin polarization(¥ Ci;: spin correlation(YY’

« The investigation is based on the two-qubit density operator for final hyperon
systems.
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Table I. Some parameters in eTe™ — J/¢) — YV, where YY
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Article | Open access | Published: 18 September 2024

Observation of quantum entanglement with top
quarks at the ATLAS detector

The ATLAS Collaboration

Nature 633, 542-547 (2024) | Cite this article

See ref. [The ATLAS Collaboration, Nature, 633, 542-547 (2024)].

Ap1)

Feynman dlagram

production plane

pair of ground-state octet hyperons.

2(x107) (( ay A®/rad)  Ref

AA 19.43(33) | 0.475(4) 0.75208) | [30, 11]
£ 15.0(24) | —0.508(7) —0.270(15)  [42, 43]
9.7(8) 0.586(16)  1.213(49)|  [31, 4]
11.65(4) |\ 0.514(16)  1.168(26))  [15, 16]
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Hamiltonian approach to strongly coupled quantum field
theories suitable for quantum computing

Z
FERERARFLRIER

BTITRENA TSR SHEYEIITHIS ~)
BRNSHE THEREAKKE, 2025F1A11H, FHE ﬁ P>



parton distribution functions ST i
(non-perturbative: global fits) /

1
7= ZJ dxgdxp fa/A (xa»HF)fb/B (Xp, UF)0,
ab 0



Parton picture

m Parton distribution function (PDF) f(x) describes the probability density of finding a collinear
parton of longitudinal momentum faction x

m Non-perturbative ~—  obtained from global fits

quark model, Gell-Mann 1964 parton model, Feynman 1969

NNPDF 3.0

Q% =10 GeV?

P> o

Tine ~ Agep = 107235 Tint ~ YAgep » 10723s
quarks are strongly coupled partons are free!

2/40 ZPH,20254& 1 A11 H



Parton entropy

1
Spart = _/0 dx f(x> IOg f(x> > 0.

From parton distribution f(x), we can obtain a non-zero parton entropy S,

But, the proton is a pure state p = |1} (1| with vanishing von Neumann entropy

Entropy = loss of information: some quantum information of the proton is lost in the parton
picture

Related to some of the big puzzles in high-energy physics! confinement, origin of mass, origin of

exotic hadrons etc

\/

? dibaryon Pentaquark tetraquark
i | i : .
& S @ 5o
> A hybrid glueball molecule

3/40 #PA,2025 €1 A11 0



QCD as the next frontier [Reviews: 50 years of QCD, EPJC 2023]

m Electron-ion colliders: eRHIC, EicC, LHeC [AbdulKhalek:202 | gbh, Anderle:202 Iwcy, LHeC:2020van]
m Electron-positron colliders: superKEKB, Super 7-charm facility (STCF) [Peng20200rp]

m Heavy ion colliders: NICA, HIAF, FAIR

STCF@Hefei HIAF/EicC@Huizhou

4/40 PR, 2025 &1 A 11 8



Light—Front Hamiltonian formalism [Reviews: Brodsky '98, Burkardt '02, Bakker '14, Ji '21]

m Full quantum information is contained in the hadronic wave function | )

is|¥) = PY), (1=0,1,2,3)
m Relativity allows a free choice of the time variable, e.g. 20, 2+ = 2 + 23
® Infinite momentum frame = light-front quantization: retaining the partonic picture

equal-time quantization infinite momentum frame light-front quantization
t=0 P, > xt=t+z/c=0

x z

2 1wy = POy
iz 1¥) = POIY)

2[R, 2025 1 11 B



nght-frOﬂt Wave fUﬂCtIOﬂS (LFVVFS) [Reviews: Brodsky:1997de; Anand:2020gnn]

m Light-front physics underlines hadron structures measured in high-energy scattering experiments

m Light-front wave functions provide the full quantum information of hadrons

" Chaos, RMT i -
/ xm(\\ \
&)
PG, / ol Quantum

oo info

Enm:py denslly

. - Fo— ) )
4 [Tos ] o [TiEs | [ee ]
Light front | Structure p— i ;
wavefunction )
\ /
0 2 . AN 7
> > .
8 y N
= [
\ | Reaction
x" 20 4 \
_40-20 0 apted from Lorcé, Pasquin
qAscattering ' v \\ / [P —

Other approaches to access the LFWFs:
[Chang2013pq, Yang:2018ngn, dePaula:2022pcb, Eichmann:202 | vnj, Frederico:2019n0o, Ji:2013dva, Radyushkin:2017cyf, Ma:202 1 ygx]

6/40 ZR, 20251 A1 H



Example: diphOtOﬂ decay P — ’)/’)/* [Lepage:1980f, Li:2021ejv]

Hv v, 2
MP%'W - 47raem€“ poqpna.FP,y(—q )

= light-front wave function
dx %, (¥f /(% kL)
Fo (O2) — 22+ /3N L (Y-t
Py(Q7) = ef2v C/z (1 _x) /(27f)3k2 +m? +x(1-x)Q2

os o parton distribution
amplitude

Ezfv
f: gv( x.u
;1‘*%& %/'*’ effp/ x x)Q2+m

vector meson dominance light-cone dominance

(hadron picture) (parton picture)

Light-front wave functions bridge the parton picture and the non-perturbative hadronic picture

7/40 8, 202541 A11 A



Proton as a strongly coupled relativistic quantum many-body system

32 2
p; +my 1 1
He=) B +§§ Vij+§§ Viik
i v 4,7 Tk

V= gbpabidl =) gapyblbpay
i

apy

N R S

Atoms Nuclei Hadrons

H|T) = E|T)

a hard problem!

non-relativistic non-relativistic relativistic
weakly coupled strongly coupled strongly coupled

8/40 ZR, 20251 A1 H
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QCD, ., atlarge N,

L =Y(il) —m)yp F’“’“F;f,,,
m Confinement and chiral symmetry breaking

® 't Hooft quantized the theory on the light front 2 = 0:

+oo 2
dlfr me—2\ AN\ 4, . " o 4
HLF—E / 27r T +;)[bi(k )bi (k™) +d; (K7)d;(k )]

1
+ 31+ 3.+ Tt + +\ 9Tt + +
B 87r2Nc ; /dkl dhy dky mbz (kg + kg — ky)d; (ky)d(k3)bs(ks)

where, A = g2N,. /4 is known as the 't Hooft coupling.

m Hadrons as eigenstates of the light-front Hamiltonian,

2
sl () = %\wnw»

wp E——r (3+1)0

10/40 =P,2025 41 B11 80




QCD, ., atlarge N,

m Meson sector:

+ 1 p* =
M 09) =52 3 [ dwon@plap)al (- 2)p)0) s
2N, ~ Jy
i d(x)
meson
where, the meson light-front wave function ¢,, () satisfies the 't Hooft equation,
m2—2X  m2—2\ 9 ! dy
—9 7 — M2
("2 )@ - [ 0,0 = MEs,)
m Quark sector: the light-front energy of a quark diverges -- confinement! p* @
@
Q@*.1)) = b ()10},
2 _ k
9 . m 2\ é quarl
- MQ N lgr(l) ( 2pt € ) 0

11/40 M, 20251 B11 A



QCD, ., atlarge N,

m Instant-from (z° = 0) Hamiltonian: involving forward and backward propagating modes --
complicated (& no probabilistic interpretation)

m Lattice Hamiftonian (Schwinger model): TN/VQE, zig-zag light cone  [Nature Comm. 12, 6499 (2021), |

m Approach the light-front Hamiltonian in the infinite momentum limit

. 7’ (Bog
56 A mEm
FEIE i
i

0 2 4 6 8 10
position d [lattice units]

E[¥] = (Y[H|¥)

12/40 =0, 202541 A11 A



Quantum Jet simulation: single parton evolution in QCDs

TeV MeV



Jet evolution in QGP medium

* In relativistic heavy-ion collision, quark-gluon plasma (QGP) is (

formed

* We describe the QGP as a classical external field, and
investigatethe evolution of a parton within the medium

1 v a (i
L= —ZF“ oFy, + (V" Dy — mg) ¥

D' =9, +1ig(A" + A")
Classical simulation

Electron in laser field  zhao et al, 1303.3273

Ultrarelativistic quark-nucleus scattering i et al, 2002.09757

Scattering and gluon emission in a color field

. ) Li, Lappi, Zhao, 2107.02225
Jet in Glasma field Li et al, 2305.12490

Ongoing work by Avramescu et al

jet

p+p A+A
Quantum simulation

Nuclear inelastic scattering . ;.1 2006.01369

Strategy to Jet quenching parameter

Barata, Salgado, 2104.04661
Medium-induced QCD jet

Barata et al, 2208.06750, 2307.01792

Yao, 2205.07902

Wau et al, 2404.00819

WQ et al, 2411.09762 Adapted from W. Qian

ZPH, 20251 11 H




Digital quantum simulation on the light-front

> Quantum algorithms:
* Static: ground state
+  Dynamic : time evolutionV

> Quantum circult design

Dynamic of the quantum

Embed the non-unitary into a larger system.

|
|
I — 3. | E—
1 [y; 0) e itH 9 |y; t) system.
> Truncated Taylor Series H =Y/ ) a,H, I — -
| ) ] ;
it _ i": (—it)* G The truncation makes the evolution non-unitary.
=2 !
k=0 Error I
K Py K+1
_ 3 e fo (eI I
N k! (K +1)! k=1 &0 {5} 300
~y G e Hy o H, 1 k=3 {0 {sHisel
~ Ty e Hey oo Hey &
e M | A [ —
I O e i {4 —
s % o 7 —
A post-Trotter algorithm based on linear combination I syym H ]
of unitaries , see ref. [Dominic W. Berry, et al. Phys. Rev. Lett.,
114, 090502]. |
| > Block-encodin
» Time complexity I 9
L-1 1 —itH —itH
Complexit o8 e ! H=3 oufl— [HiA j - [Wi j = [e . j I
omplexityppg ~ T'———— i i =
loglog % ' Trotter algorithm . | =0
|
|

better than trotter’s
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Efficient quantum simulation of quark/gluon jet

£ Qiskit

0
lax—+|lp) = Hr|¥P)

Where, HLF = HLFQCD +]”cﬂ‘u

1 —TQ 1 'momo%mmﬂ
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Medium and Evolution

Classical stochastic background field (to reduce problem complexity)

«/’u(-’(+ .X)P],()'+ y)» = 92#26111)5(2) (x _y)(s(x+ _,“+)

4,2
(mﬁ — Vi)A;(X*.x) =T %) 0= M saturation scales
[ s o0 xF=0

McLerran and Venugopalan,

: . 9309289 (1993
Jet probe evolution, decomposed as sequence of unitary operators (==

1 ozt
—1 2 zt P~ (2t : :
i § =T (s Do =T g " =" P [t s i
N, e R
U(L??; 0) _ H U(.”[?;,Z,L; 'TkJ-ll) non-perturbative 5 m &m*G
=l Ot

Universal framework to simulate (3+1)-d QCD jet probe evolution in medium in real-time!
36




Quantum simulation algorithm

Wiesner, 9603028 (1996); Zalka, 9603026 (1996)

Jet
o)
+
Medium

Initial state
preparation

|%0)

(A X
P

r
A

Time
evolution

L)

.

Direct measure, Hadamard test, SWAP test, etc

Measurement
protocol

Amplitude level

o3

e \.‘ (1 ~
many time steps

—— Ukyv,, —FT?

FT allows efficient/sparse simulation in the respective basis

Ua(zt, 627 |r) = exp(—=iVadz ") |r)
Uk (927) [p) = exp(—iPggdx") |p)
Uv,, (627) |p) = exp(=iVqgda™) |p)

Sparse H => fewer pauli strings => less quantum gates

38



Jet quenching

. . Api@Eh) ; Lo Q2
Quark momentum broadenlng: q= T Eikonal approximation: § = Z
2,00 e ' . : medium
N. @. 1GeV™')
[ M 16 (0.30) 1
M 32 (0.15)
150 -
gL,
Qi=cp .
—~ G p 1 — > xt
E 100 4
2 % 5
< 7 e
050 - p 2 il
[ 3 ___ Eikonal
approx.
L 1 L Il L 1 L | L 1 L 1 L
0.000 5 10 15 20 25 30 35
0(GeV?)
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Medium modification of gluon radiation

Gluon number operator Ng = Zagaﬁ
B

1.2

1.0

—0— Vacuum
--A Medium (weak)
-®- Medium (strong)

xt (Gev™!)

(a) K =15, |q) + |qg)

s

4»)["’

—8— Vacuum
1 A Medium (weak)
-®- Medium (strong)
X
/"
»*
> 2
f”
e
~
e
>
5 10 15 20
xt (Gev™l)

(b) K = 2.5, |q) +|qg) + |agg)



QCD,_ ;: strongly coupled relativistic quantum many-body problem

Atoms

non-relativistic
weakly coupled

Nuclei

non-relativistic
strongly coupled

Hadrons

relativistic
strongly coupled

m The quantum Hamiltonian is not fully known
-- need non-perturbative renormalization:

Can—!—ZcO

Hp= Hep + H

can
dlvergent dlvergent known
not known
m Exponential wall
dim ¥ = N4, (A~ N)
21/40

matrix dimension

mesh size, N

microprocessor transistor count

Moore’s law: computational
power doubles every 2 years

1012
Apple
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Strongly coupled scalar theory with Yukawa interaction izotsiaw, kamanov:2016y2u)

1 1
£ =0, NVOUN —m?NIN + 20, n0tn — Jpx® + gNTN,

m=0.94GeV, u = 0.14GeV, a = g2/(167m?) ~ O(1)
m Simplest strongly coupled QFT in (3+1)D, a rudimentary model for N7 interaction

= Hj; = —g/d?’xNTNﬂ, — U(r) = —a

m Systematic Fock sector expansion and truncation:

|N>ph = |N)+|Nm) + |[Nn7) + |[Nrrm) + -

IN)ph = +

22/40 ZR, 20251 A1 H



FOCK SeCtOr dependent renorma“zatlon (FSDR) [Perry:1990mz, Karmanov:2008br]

HR: Hcan + Hct _Hcan+zco

d\verdemce d\ve\ gence
m Weinbergian renormalization: symmetry + power counting
m Breaking of Poincare symmetry due to truncation requires an infinite number of counterterms

m Power counting insufficient to cancel out all divergences

m Fock sector dependent renormalization [Karmanov:2008br]
m Continuum regularization: introducing Pauli-Villars (PV) particles whose mass ppy serves as a
regulator
m Kinematical symmetry + parton number counting [Li2015iaw, Karmanov:2016yzu]

2[R, 2025 1 11 B



Diagrammatic representation of eigenvalue equation

I I Iy 5:‘ ‘:g
=]l = ==} +
om? s
I, :f : I i Ty :f ;
_ +
g 2
N b s
a
. @ e LD =
- +
9 9B
a
[ b
. T3 _ Ty o
: om?,
) ¢
I, : Ty °
= o + (a+ b) + ((L “ r:) +

24/40 ZR, 20251 A1 H



Fock sector dependent renormalization

A=2 A=3
(PIH|¥)
+
(PIH|¥)

(W|HW)

(PIH|Y)

25/40 ZR, 20251 A1 H



Numerical solution and Fock sector convergence

= Work with momentum space and Fock sector (parton number) truncation A =1,2,3,4,5--
m Adopt Lagrange mesh as the momentum-space grid
m Adopt standard linear solver on parallel machines
dimH 4_, = N® — N® ~ 107
m Scalar theory is numerically well converged up to three- and four-body truncations
T T R EE Ve 24 ——
L + r istribution — — two-body T
oL Zfactor oy nass15Gev il form factor 1 20f \\parton distribution - mr:e—l;oiy‘
L + — E L \ —e— four-body |
61— 0.6/ el A1'6_ \ ]
i L ~~,,>_>_::><E1.2_ \\ ppy=15GeV |
- o4 7 [ AN a=20 ]
L Iwa-bo:ylmncalmn L~ - mo-body i 0.8 I N J
-@- three-body truncation L ~ 4
[ = four-body tucatn 02 T e e a=20 0.4l s 1
R R L 0'80 OI2IOI4I0|6I-0‘8 -
a @ [GeV? ’ : ’ ’ ’ !
X

%[, ©




Similarity renormalization group (SRG)

m Effective Hamiltonian at a finite scale s, built from infinitesimal similarity transformations:

dH
Hs = ungmus = = [GsaHs]
8 0TS
divergence free
m Perturbative solution of SRG at scale s 3> Aqcp thanks to asymptotic freedom [Glazek:2012q]]

H,=T+g,Vi,+g2Va, + O(g2)

One-body two-body Three-body Four-body

0(g5) )E A A

s S
o | % | as S

T S
o |2 S A
0g3) LA S | G sS | |
;s
LY
N
/,
A 4,

27/40 ZR, 20251 A1 H



Similarity renormalization group (SRG)

(PIH|Y) =

28/40 ZR, 20251 A1 H



Lessons from quantum chemistry

AB INITIO QUANTUM CHEMISTRY:
A SOURCE OF IDEAS FOR LATTICE GAUGE THEORISTS

Kenneth G. WILSON

The Ohio State University, Department of Physics, 174 W. 18th Avenue, Columbus, OH 43210 USA

Nuclei Hadrons

P

non-relativistic non-relativistic relativistic
weakly coupled strongly coupled strongly coupled
l & Hartree World
Bohr Model (7 hell Model (& P . .
ohr Mode @ Shell Model '%) - Jacob’s ladder in quantum chemistry

29/40 PR, 2025 &1 A 11 8



rapidity

valence quarks

g

¢oe
©

parton splitting

resolution

30/40

parton

pi = Pt

RG effective particles

parton = quark, gluons

PR, 2025 &1 A 11 8



Jacob's tower for light-front QCD

c .
g eCAwith(RG)
-g_ ocP mteractiohs
9’ Sgutation n;
configu n eracy;
N ndd.
ical gluons
ST E & se,
a * cealistic QQ interactio,
7
E !
2 mi-classical wave equation.
Q
a

Approximations

FBLFQ

BLFQ
AdS/QCD, LFQM

Approaches

Quantum Info

PDF, FF, decay
Spectroscopy

Applications

2[R, 2025 1 11 B



Basis light-front quantization (BLFQ)
Atoms

Nuclei

[Vary:2009gt]
Hadrons

Ryme=IN/ma ]!

7/
P

Coulomb NN, NNN QCD

interaction interactions interactions
Bohr Model () Shell Mode! ()
P za\ 7
G-Sw=r (

!
) Y=y

y4
@/ v

Light Front Holography
(k} +mi

Ab initio no-core shell %del
[Barrett:2013nh]
ﬁw‘&w")wwﬂw
m Work with small basis space (N ~ 8) through Hamiltonian renormalization: dim A = N94
Hy=PX 'HoXP ~ T+ Vi + Vot o+ Vo + VgV
m Retain semi-classical approximation & all symmetries in basis space
full € exact
P A9 A P__Q
PHP Hegr = X""HX  |Hetr| 0
2
H »
A

P

o
N3l
P A\

(e}
e’
Yrae

exact
32/40
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Basis light-front quantization |

m Configuration interaction: [Vary:2009gt]

HlY) = M?[¢) = ZHijCj = M?c;
J

where, Hij = <¢i‘H|¢j>' c; = (&),
m Single-particle basis {|¢,)} is chosen to preserve all kinematical symmetries of QCD
m 3 Boosts + | rotation:

imla™

. 2
G (Z 1,27 ) = Ne L +Zm9i_%ﬂ‘mlL‘7:nl(p)7 (p= Q\/ﬁxL)

m Longitudinal direction: discretized momentum basis, Jacobi polynomials on a k-simplex

[Chabysheva:20130ka, Li:20 1 7miw]

m Other symmetries of QCD
m Consistent with holographic LFQCD

m Large sparse matrix eigenvalue problem: suitable for modern HPC (& quantum computing)

33/40 ZPE, 2025 &1 A 11 H



Basis light-front quantization I

m Energy cutoffs/regularization:

Z[?n + Im;| + 1] < Npaxo Zm +s; =my, Zl =K.

[

m UV & IR regulators:
Ayy = Q\/N_maxa Ag = Q/\/ Ny
m Truncation on the many-body basis:
m Fock sector truncation

m N,

max-truncation, K-truncation

m Coupled cluster/coherent basis [Hiller:201 éitl, More:2014rna]
m DMRG, matrix product states, tensor network, ...
m Variational theorem

m Continuum limit (need a proof):

Npax = 00, K — 00

)

34/40 =0, 202541 A11 A



Effective hadron Hamiltonian

One may also consider effective (3+1)d Hamiltonian on the light front. Valence |qq) for light mesons
WQ, Jia, Li, Vary, 2005.13806
Hegs
K 4+m2 K +m? K d 9
Heg oy = 94 L iyl —a)r} - ———— —(2(1—2) ) +V, +H,,
eff, s g + T— +r'z(l - z)r] (mq + mq)2 O (z(1-=) &t) +Vg 1y,
LF kinetic energy confinement

For given set of basis states, the Hamiltonian operator can be written in creation and annihilation
operators for those modes: - . . 1
d H=H+H+ =) hyala; + 1 > hijuaalalara, + - -
ij ijkl

Qubit encoding: One-hot encoding and Binary encoding (N, N) = (2",2") — H, = Z Calu
O(N) O(lOgN) @
Jordan & Wigner (1928);

.. . Kreshchuk et al, 2002.04016
Variational approaches are used to solve the hadronic mass spectrum



Variational quantum algorithms Peruzzo, et al 1304 3051 (2014

Nakanishi, Mitarai, Fujii, 1810.09434 (2019)

Based on variational principle, build parameterized wave functions (V(0)|H|(0)) > (Eo) = (tho| H|tbo)

Problem-inspired
Heuristic ansatz

! |

[%(6)) = U(6) [init) Update 0
Sl Classical
Si;?,lrll;tji?n o i opet]isn?iI;:tion
\ 4 Loop
Probability Histogram C= <¢(9)|H‘¢(9)>

A
. Cost function \

Hybrid approach:
EEEEEEEE Complementary Advantage
for QC and CC

Variational quantum eigensolver (VQE) for ground state
Subspace-search VQE (SSVQE) for full spectrum



Hadron spectrum

WQ, Basili, Pal, Luecke, Vary; 2112.01927

Noiseless simulation (2 qubits) IBM Quantum devices with Noise-Mitigation °_::_°

._.
92
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39
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32Qv
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e
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3
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wn
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S

5 10 15 0 20 40 60 80 100
Iter steps Iter steps

Qubit representation (density matrix) for lowest two states: D;; = [4;) ()]

feat
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Hadronic observables W, Basil Pl Luscke, vary, 211201627

Using light-front wave functions (LFWF) on qubits to compute various observables with projection ops

k1 | (my=
fev =24/2N, / 2m/d27rt #Hé“” (z, k1)
"\/_Z CI ,nq "t)(LA(TTJ—O (TI.O.[) q:’U(m/_[) (n.()l)) fP.V X l <]/l).\'|l‘£"( )> |

nl

s d? ki {ms=) A

) = sy 3 st et = 223 w01 0e) 0
*(m,gl) (m,fl? s 2 88 nm

47222 (n, m, D), (n,m, 1) xi(x)xi(x)

B8 light-front wave functions
150 T e 150 =St
Ninax Linax Decay constants Exact result (MeV) —qasm sim (MeV) . F 5, i s
. \ 125 £ ¢
: fr 178.18 178.17 £ 1.97 - < X = i X
50.75 = B0.75] &
Ia 178.18 178.17 £ 1.97 s ba \ b F X
0s0 £ \ 050, £
7 woeay wpeae)
4 1 Fr 193.71 194.28 + 15.49 023 4 b Y| ozs| £ ¢ msm %
/ T pgs \ / T pgsm
f, 231.00 225.72 + 13.44 000 PT) ] 000l / P Ggasm
, 0.0 0.2 04 0.6 0.8 10 0.0 0.2 04 0.6 08 1.0
x x

(a) PDFs at Nyax = Lnax = 1 (b) PDFs at Ninax = 4, Linax = 1




Applications [Review: 50 years of QCD Sect. 5.3, 2212.11107]

m Semi-classical LF wave equations:  [1i2021jqb, 1i2022170, Li2022ytx, 112023i21)]

m Realistic QQ interaction:
m QED: [Honkanen:2010rc, Zhao:2014xaa, Wiecki:2014ola, Hu:2020arv, Nair:2022evk,

Nair:2023lir]

m heavy flavors  [Li2015zda, Li2017mlw, Leitao:201 7esb, Li2018uif, Adhikari:2018umb, )
Tang:2018myz, Lan:2019img, Tang:2019gvn, Tang:20200rg, Li:202 1 ejv, Li:202 | cwy, Wang:2023nhb] /, = Y

m light mesons  [Jia:2018ary, Lan:2019vui, Lan2019rba, Qian:2020utg, Mondal:202 | czk, ¥ Ch-withy R\é[
Adhikari202 jrh, Li2022mlg, Zhu:2023Ist] oGRIMeElgn

m nucleons & baryons  [Mondal:2019jdg, Xu:202 [wwj, Liu:2022fl, Hu:2022cts, Peng2022lte, \\chrﬁgurationb in{éractio
Zhu:2023Ist, Zhang2023xfe, Zhu:2023nhl] ¢ M“;\‘“icél gluons &’see

m tetraquarks  [Kuang2022vdy] : :
cealistic QQ interactio,

m Dynamical gluons & sea:  [Lan202 wok Xw2022abw, Xw:2023nqv, Lin2023ezw, Kaur:2024iwn]

¢
>/

m Time-dependent problems (tBLFQ):  [7ha02013¢cma, Zhao2013jia, Chen201 7uuq, clpSsical Wavh equalipn,
Li:2020uhl, Li:2023jeh]
] Quantum computing: [Kreshchuk:2020kez, Kreshchuk:2020aiq, Qian:202 | jxp, Kreshchuk:2023btr,

Wu:2024adk, Du:2024zvr]

Similar methods:  [deTeramond:202 Iyyi, Ahmady:20211sh Lyubovitskij:2022rod, Ahmady:2022dfv, Shuryak:202 | fsu, Shuryaki2021 hng,

Shuryak:202 Imlh, Shuryak:2022thi, Shuryak:2022wtk, Shuryak:2023siq, Liu:2023yuj, Liu:2023fpj, Miesch:2023hvl]
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Summary

m Light-front Hamiltonian formalism is a natural
framework to describe hadrons as relativistic quantum
many-body problems

m Quantum computers are possible powerful platform to

enable the description of strong interaction on the FClwith RGy
amplitude level Qe interactign
m Basis light-front quantization provides an avenue to & configuration interacy,
. o . OY e %
solving QCD from first principles on classical and M“amical gluons&sGe

quantum machines G—
¢ealistic QQ interactiop,

b
Ny
%L:mi-classical wave equation

Thank youl
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Positronium [Wiecki:2014ola]

m Bloch-Wilson interaction: perturbative solution to the OSL effective Hamiltonian [krautsartner:199 1)

V = G (s (B35 R0y () + Ofa)

m Comparison with perturbative QED: [Bethe & Salpeter; 1977 Springer; cf. Lamm:201 6djr]

H=T+ HCol + Hpar + Hyel + HLS + HSS
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Charmonium: hydrogen atom of QCD

[Li:2015zda, Li:2017milw, Li:2021ejv]
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[LFWFs published on Mendeley Data, doi: 10.17632/cjs4ykv8cv.2]
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Parameter-free prediction of radiative widths [Li:2018uif, Li:2021ejv, Wang:2023nhb]
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All radiative transitions

[Li:2015zda, Li:2017mlw, Li:2018uif, Li:2021ejv, Wang:2023nhb]

Leptonic and radiative transitions probe the fundamental structure of the hadrons:
[Review: Barnes & Yuan, Int. . Mod. Phys. A 2009]
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Quarkonium light-front wave functions

angular
excitation
s

radial
excitation
s

2
15(15) Jl=\1

Tlﬂf W(1D), A=+1

00

“hg(1D), A=0
.8)

kL (Gev)

) ky (deV)

-1 1. =3. -1 1.

8 308
75(2S) Tl

d O

o8

-1 1. -1 1.

ki (GeV) ' ky (GeV) ' ky (GeV)

-1 1.

[LFWFs published on Mendeley Data, doi: 10.17632/cjs4ykv8cv.2]
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LFWEF representation of radiative transition form factors  iepage:19soi, Lizoz1ey

Amplitude of single-tag two-photon of a pseudo-scalar meson (n? = 0):
Ml;?:ryy 47ro‘em5#l,po-qpnaFP'y(_q2)

LTI L CL D)

Fry(Q )_efZVZNC/zx/ T-x) /(271)3k2 +m2+x(1-x)Q

Q S h1gher Fock sector
contributions

Gfv_ gv(0 ¢p(x, 1)
21+—z M2+Q2 effP/ d"m

%Wg/@

vector meson dominance

light-cone dominance
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Parameter-free prediction of transition form factors

|Fr (@) (GeV)

[Li2018uif, Li:202 lejv, Wang:2023nhb]
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GraVItatIOﬂa| fOI’m faCtorS (GFFS) [Polyakov:2018zvc, Burkert:2023wzr]

photon graviton

>

1 _
®'|T!(0)|p) = PFPY A;(—¢*) + 7(@"e” - 9" *)Di(—¢?) + 9" ¢ (—q?)

m Hadronic matrix element of the stress-energy tensor, which encodes the energy and stress distributions
within the system
m Mass decomposition and the anomalous mass of the proton
m Mechanical properties, equilibrium and stability
m Experimentally accessible through GPDs -- tremendous attention [i:1996nm, Polyakov:2002yz]

m Physical interpretation of GFFs are under tense debate
[Lattice '23: Hackett:2023nkr]

0
% lattice ‘23
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= 1 L5 e tiswork | —4 Guoetal.
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Charmonium gravitational form factors [Xu:20240fa; Hu:2024edc]

m Adopt charmonium wave functions from basis light-front quantization (BLFQ) [Li2017miw]

m Alternative charmonium wave functions from Dyson-Schwinger equations [Cao, in progress]

m Effective one-body cc potential:

—1V2 +mI+ V3
Palri) = 574 (1)~ (S )= ) - 5 Wert(r1) ~ 0 )V (r)(r)
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Energy density vs invariant mass squared density

Energy density £(r, ) vs the invariant mass squared density M2 (r | ):

ey =ur [ Sl (14 ) ad) + b)),

(2m)2 4M?2
sz =art [ Sheia (1o Doy ai) + Lo} = ey - S|

m Energy density is positive

m Invariant mass squared density becomes negative at small 7 : tachyonic core within charmonium?

8 T T T T T 12, T T T T T Y
_nf - I_ 7"? fm"‘ T YIC
= o R m
Lg = Xe0 =
s E NE 4 5.
B 1 2/
% E \“-) " tachyonic
& — ;‘ — — k2 ~ /| core
S 3 3
N
_ 1 I 1 1 1 _ql ] 1 1 1 ] | ey
80 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
ry [fm] ry [fm]
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Mechanical stability conjecture D < 0 [Hu:2024edc]

777

D:/d?’rr2?(r) <0

m Speculation: a mechanically stable system must have a repulsive core and an attractive edge

m We find that while 7, has a repulsive core, x .o has an attractive cores, and both have negative D!
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Physical densities [Xu:2024cfa]

Matter density A(r | ), energy density £(r | ), invariant mass squared density M2 (r ) and trace scalar
density 6(r )

, Y
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PARTICLE AND NUCLEAR | RESEARCH UPDATE
Charmonium’s onion-like structure is revealed by new

calculations
05 Jul 2024
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Application to nucleon structures [Mondal:2019jdg, Xu:2021wwj, Xu:2022abw, Xu:2023nqv, Xu:2024sjt]
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