. Light-Front Hamiltonian Approach to Hadrons

James P. Vary

Department of Physics and Astronomy
lowa State University
Ames, USA

MESON2023
Cracow, Poland
June 22-27, 2023




Dirac’s forms of relativistic dynamics [Dirac, Rev. Mod. Phys. 21, 392 1949]
Instant form is the well-known form of dynamics starting with x® =t =0

K=M", J = %SUk M, %= (+1,-1,0) for (cyclic, anti-cyclic, repeated) indeces
Front form defines relativistic dynamics on the light front (LF): x* = x%+x3 =t+z =0

p=2 POt ps Pt& (P P?), 2" 220 +% 2 (2',2%), B' = M,
Et =Mt Fi=M"

instant form front form point form

time variable t = 20 xT £ 0 + 3 — \/252 — 72 —a?
t

quantization
surface

Hamiltonian PH
kinematical j, E
dynamical ﬁ’ P
ehtion P =mvt (v* = 1)

Adapted from talk by Yang Li



Light Front (LF) Hamiltonian Defined by its
Elementary Vertices in LF Gauge

QED & QCD

I .

QCD



Discretized Light Cone Quantization
[H.C. Pauli & S.J. Brodsky, PRD32 (1985)]

U

Basis Light Front Quantization

[J.P. Vary, et al., PRC81 (2010)]
(p(l};,x) = Zlfa (Ii,x)aa +f;(El,x)a;l
where {aa} satisfy usual (anti-) commutation rules.

Furthermore, f, (55) are arbitrary except for conditions:

d’k dx
Qr)2x(1—x)

Complete: > f, (ﬂﬁ)fj(ﬂ,x’) —167°Jx(1—x) 2(1}’L — Ei)B(x_x/)
For mesons we adopt (later extended to baryons): [Y. Li. etal., PLB758 (2016)]
- (’_ﬁ ’x) = (IEL /\/x(l - x))Zz (%)
¢, 2D-HO functions as in AdS/QCD

%, Jacobi polynomials times x*(1— x)’

—

Orthonormal: ffa(li,x)f;.(k

J_’x)




BLFQ
Symmetries & Constraints

Baryon number sz‘ =B

All J > J, states

1n one calculation
Charge Z% =0

Finite basis

Longitudinal momentum (Bjorken sum rule) le. = Z ' regulators

I I

Longitudinal mode regulator (Jacobi) ZZl. <

Transverse mode regulator (2D HO) Z(2ni+ m,

F
"Internal coordinates" k., = p,, —x.P, = Zl_c; . =0 /_\
i Preserve transverse

H—H+AH_,, <«
Global Color Singlets (QCD)
Light Front Gauge

< Optional Fock-Space Truncation >

boost invariance




Light-Front Wavefunctions (LFWFs)
TIERVEDS J i) (s AJ )| BB A

LFWFs are frame—mdependent (boost mvarlant) and depend only on the
relative variables: z; = pf /Pt k. =piL — Py

LFWFs provide intrinsic information of the structure of hadrons, and are
indispensable for exclusive processes in DIS [Lepage '80]
» Overlap of LFWFs: structure functions (e.g. PDFs), form factors, ...
» Integrating out LFWFs: light-cone distributions (e.g. DAs)

“Hadron Physics without LFWFs is like Biology without DNA!"
- ; J — Stanley J. Brodsky

GTMDs

y* oD - LR
P.E T /deL */d koL A hY kJ_HTJ_,AJ_(-)bJ_,
P — - —
TMFFs by =7 — R,
TN;DS/ \\GP*DS [Lorcé & Pasquini '11] k*=xE

+
TMSDs FF's P
PDFS

\+

charges hadron tomography




Basis Light-Front Quantization (BLFQ)
Positronium in QED at Strong Coupling (a = 0.3)
Systematic removal of regulators (b = HO momentum scale)

Dependence on 3 regulators

A

A
x— x L 3

u/m, =001

2.005

After eliminating 2 regulators

a=03
2 * * » * %
1.995 3
E“‘ 1.99
2
3
= 1985 1754
Examine this region
98 with greater resolution
1ls, in the next slide
1.97 i
97 1] I T | T | T | |
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X Pert. theory at a*

P. Wiecki, Y. Li, X. Zhao, P. Maris and J.P. Vary, Phys. Rev. D 91, 105009 (2015)




Positronium in QED at Strong Coupling
Covariant Basis Light-Front Quantization (BLFQ)

2.01
1 a=03
2.005
_2_: ______________________________________
1.995 b=0.1m
£ - 23p,
& 1.994
1.985- b=0.4m
X Pert. theory at a* ] 3
] 178,
1.98
1.97
] 1
: 1'S,
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u/m ¢

P. Wiecki, Y. Li, X. Zhao, P. Maris and J.P. Vary, Phys. Rev. D 91, 105009 (2015)



Positronium with one dynamical photon:
Light-front QED Hamiltonian

: 1 _
* QED Lagrangian L= _ZFWFW + U (v D, — me)¥

* Light-front QED Hamiltonian from standard Legendre transformation

P = /d23fda} F“+3+AM + iUyt U — L Light-cone gauge: (A+ :O)

1- . m?+ (10+)? .. :
== ‘prdr” Wyt —¢ U+ — AT (10+)* AT
/d x—dx 5 o 5 (207)

pera, + S
e —_—
T o) )

kinetic energy terms

;+
9 J

instantaneous

vertex

interaction photon
interaction




Positronium with one dynamical photon:
Interaction Part Of Hamiltonian

_ _ _ e? 1
|Ps) = alee) + bleey) + c|y) + d|eeeé) +. ... 0= —
! 4T 137
P eé) eey)

(e S S

(eey] a 0

excluded by gauge principle
[Tang et al, 1991]

Kaiyu Fu, et al., in preparation



Mass Renormalization

* Mass counterterm A, = Myqpre — Mypy s is needed for fermion self-energy
correction ?&

* Mass renormalization needs to be performed on single physical electron
- Prediction power on positronium mass

* Mass counterterm is determined by fitting single electron mass
- Complication: A,,, depends on UV cutoff and thus is basis dependent.
- An extension of sector-dependent renormalization is [Karmanov et al, 2008]

needed: Ay (Niax, K) N Sz,

0.0010¢
® l

E \
Here at o« = 1/137 £ 000054
70,0000} 4

120

[Kaiyu Fu et al, in preparation]

300

* Mass counterterm is at higher order: A, o am Eg < a’m



Basis Scale and Rotational Symmetry

e Adjust the 2d harmonic oscillator basis scale parameter b to
minimize the energy difference within the triplet 135,

0.0003
0.0002F
ol 3 3 3 - 0.0001 -
139, 1°51 1°51 -
i —— w=Ererrees + AE % 0.0000
1.995} 1S, . ST
~ 1 Nmax:K_'I
! ! | \ , -0.0002 - 8 = 20
1.99 2 1 0 1 2 ‘ ‘ ‘ ‘ ‘ ‘
MJ 0.2 0.25 0.3 0.35 0.4 0.45
b
e Maintaining rotational symmetry leads to a corresponding UV cutoff
-0.005——— 71— 7 T ]4|vvw
? o — 0o — O ar
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[Kaiyu Fu et al, in preparation]



Wave Functions for S-Wave States

1'S, weelx, &y)
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« Wave functions in [e*e ™) Fock sector, dominant and non-dominant helicity component

* Nodal structure visible in non-dominant helicity component

[Kaiyu Fu et al, in preparation]



PDFs of the electron and photon

0.6
0.5
04
= 03
0.2
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X X

1'S,

-p= ¥y

f(x)

> - -

0.46 0.48 0.50 0.52 0.54

« |eTe™) Fock sector carries 99.1% probability.
* The peak of photon PDF is at small x region.

[Kaiyu Fu et al, in preparation] 14



Overview of BLFQ/tBLFQ applications to mesons and baryons

Common features

Transverse confinement from 2D HO (in common with LF Holography)
Longitudinal confinement (Y. Li, et al, PLB 2016, PRD 2017)

Basis states from exact solutions of a reference Hamiltonian

Compare results with experiment, lattice, DSE/BSE, . . .

Distinct features

For Veff

1) perturbative one-gluon exchange (Y. Li, et al, PLB 2016, PRD 2017)
2) NJL model for light meson applications (S. Jia, et al, PRC 2019)

For Fock space truncation
1) Valence sector
2) Valence sector plus dynamical gluon (plus sea quarks, plus ...)

For observables
1) Single state properties and decays
2) Transitions between states

3) Non-perturbative probes (tBLFQ) | (Work by Meijian Li, et al)

Next Methods
BLFQ on Quantum Computers (Work by Wenyang Qian, et al)




Heavy Quarkonia [Y.Li,PLB758,2016; PRD96,2017]

o Effective Hamiltonian in the qqg sector

Ho
‘5 72 2 B h
k2 +m?2 k% 4+ m:2 4 9 9
Heff = — 4+ 1+ k*z(1 —2) — -—(z(l—2)— )+ V.
1 2 ) g
L 1—=x B (mq + mg)* Ox ox —~—
Y > ~ ”  one-gluon
LF kinetic energy confinement exchange

~xP, =—k  =-(p, ~(1-x)P). 7, =7, 7.

gL’

where x=p"/ P, ELzéql:ﬁ

ql

o Confinement
transverse holographic confinement [S.J.Brodsky,PR584,2015]
longitudinal confinement [v.Li,PLB758,2016]

o One-gluon exchange with running coupling

4 47raS(Q2) _ _
va - 3 Q2 Ua'WuuaUs%Us'

o Basis representation

o valence Fock sector: |qq)
o basis functions: eigenfunctions of Hy (LF kinetic energy-+
confinement)



S peCt FOSCO py [Y. Li, et al., Phys. Letts. B 758, 118 (2016); Phys. Rev. D 96, 016022 (2017)]
T T T T T T T T T T 3°D; T T T L S p— m—_— T T
i W(4160) B 3D, 33p, 3’D3 i
421 nus) == . 7 10.8¢ 75, 45 | 2, ’ 2'Fs pp, PF
- 3180 | = 3lp, 3p 33P| == oSS —y _
¥(4040) - 0
a0k — 2 = B L S 1, ... Bthreshold
SR ©2P) B xa(P) ] B 2D , = N
A X(:P) X(3872) — ip, LDy 4 F3ls, j WeR 3D, ¥, 2Ds
381 vGTI0 = 2 T Ir LRy I ]
- = I Dtheshod 1 102f mQP) @GR ]
- == YY) - 13D, D, — 1’Dy
3.6 129 Xe(1P) _ - - _ ]
r(1P Xxa(1P) . Jol _
- — —- . __ n5(2S) Y(2S) hl(j) j\/l l(lp*m(lp)
3.4 XE) _ i _Xh(]  —
B ] 9.8 -
S T =3 BLFQ | 96 .
N T —_ PDG o == BLFQ
3.0l m——— 9 4—_ . Y(1S) _-
B = Y Belle M ) — PDG ]
1 1 1 1 1 1 1 1 1 | 1 | | | 1 | | | | 1 1
o—+ 1—- 1+— O++ 1++ 2++ 2—+ 2= 3~ 0—+ 1 1+— O++ 1++ 2++ 2—+ 2= 3~ 3+— 3++ 4++
k (GeV) mg, (GeV) rms (MeV) 6;,M (MeV) Npax basis dim.
cC 0.966 1.603 31 17 32 1812
bb | 1.389 4.902 38 8 32 1812 | ﬁ

x determined from fits to spectrum follows the HQET trajectory kp o< v/ Mjp, in
[Dosch et al, PRD95 (2017]

agreement with recent LFH result




Diphoton width I,

Yang Li, Meijian Li and James P. Vary, PRD 105, L071901 (2022)

of charmonia in BLFQ

v Notoriously challenging

v' BLFQ predictions are very competetive!
v" No parameters were adjusted!

NRQM/LF (Babiarz 2019)
NRQM (Babiarz 2019)
NNLO NRQCD (Feng 2017)
Lattice (Chen 2016)

Lattice (Chen 2020)

BLFQ (this work)
PDG 2020
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Comparison of theoretical prediction of masses
and dilepton/diphoton widths combined



|Frey(@)] (Gev™)

Transition form factor: n,

q>

0.08IIII|IIII|IIII|IIII|IIII|IIII
! '

—— BLFQ |

| \\ BLFQ/DA -+

0.06p », - DSE/BSE ]
T\

B —¢— BaBar 2010 -
0'04__ S5 & PDG 2020
0.02F
OOO_IIII|IIII|IIII|IIII|IIII|IIII_
0 10 20 30 40 50

@? (GeV?)

DSE/BSE: Chen PRD 2017

MK = 47Taem5HVpGCI1pCI20FPyy(Q%» C[%)

q1

A

v' Diphoton width I, = %aﬁmMg |pry(0;0)|2
v Single-tag TFF Fp,(Q?) = Fp,, (Q%,0) = Fp,,,(0,Q?)

dk, V(% l_{)J_)

d
FPY(QZ) zefZZVZNCJZ\/x(f—_x)

60

(2m)3 kf + m? + x(1 — x)Q?
Lepage ‘80, Feldman ‘97, Babiarz, ‘19

« BABAR data: described by monopole form
with pole mass A? = 8.5 + 0.6 + 0.7 GeV?, and
width 5.12 (53) keV

« BLFQ: using N,,.,=8 wave function
corresponding to u = 2m_. Basis sensitivity
band is taken as the difference between the
N 2x=8,16 results.

« BLFQ/DA: prediction using the LCDA obtained
from the LFWF

« Theoretical prediction in good agreement with
both the width and the form factor.

Yang Li, Meijian Li and James P. Vary, PRD 105, L071901 (2022)



Light Meson Mass Spectrum Including One Dynamical Gluon

Normgqq
2000 DC[MeV]
. -===  BLFQ T 0.492 138
: ' p 0.486 129
1500l == PDG 18 A1450
711 (1400)
L T ) mmm a-(1320 a0(980) 0.370 0
i . am=  ai(1260) | 2{1920)
o b T1235) o b, (1235) 0.30 0
> I
S 1000+ w— a, (1260) 0.324 11
— L ao(980
= —_— m(1300) 0284 53
o}
- a, (1320) 0.320 0
500+ Niax = 14, Kpax = 15, M, = 0:
I mgq = 0.39 GeV, my = 0.60 GeV, m, (1400) 0.002 0
Kk = 0.65 GeV, b = 0.29 GeV,
i —_— o = 0.293, m¢ = 5.69 GeV p(1450) 0.312 46
0 | I |

0~t O+t 1= 1+ {++ 1=+ o+ JPC

~ O Fix the parameters by fitting six blue states
Imeson) = alqq) + blqgg)+ - « 1,(1400) : |qGg) dominates
* 1(1300): Decay Constant (DC) <m’s DC

[Lan, et al., (BLFQ Collaboration) PLB 825, 136890 (2022); arXiv 2106.04954]



1/ production cross section

N>/ X

A 2 2
Gij (s, m¢, g, ug)fi*

2m
/)= F dMcc —
Xp om _
) ) 2 4, _~"cC
i,j=q,9.9 S \[ x2 + S
L 4%ndf=0.38  CERN-WA-011 ¥?Indf=5.00 FNAL-E-0672,0706
= 1= F=0.039 IS =18.9 GeV F=0.029 IS =31.1 GeV
8 - n +Be n +Be
‘_j’ i
£ 107
W e
S Total
— (0}
><LL10_2 ,.'-"“""' qa. ............
E [ =8 —- 99w,
_g Pl Ui, N R T qg*(-1) &
10—3 Eq“.
| |
[ x%ndf=0.51 CERN-NA-003 x2Indf=2.47 FNAL-E-0705
c 1 F=0.034 IS =19.4 Gev F=0.037 /S =23.7 GeV
S F T +p 4L
N -
-
c 10~
O
=
><LL1 0_2
8
o)
TS

. —
[Lan, et al.,

X

T
(xli /1127)

CEM
[Chang, et al, PRD 102 (2020) 054024];
[Nason, et al, NPB 303 (1988) 607];
[Mangano, et al, NPB 405 (1993) 507]

Agree with experimental
data (FNAL E672, E706,

E705, CERN NA3,WAI1).

PLB 825, 136890 (2022)]



Dimensions

BLFQ Basis States

» BLFQ basis: expansion in Fock space

|Bmeson) = 199) +1qqg) + lgg) + 1qq qq) + 1qq 99) + lqq qq g) + |qqqqgg) + -
|Bbaryon) = 1999) + 1qqq9) + lqqq q9§) + 19q9q 99) + laqq 93 g) + 19999399) + -
|Bdeuterium) = 1999 999 + laqq qaq g) + lqqq qqq qq) + 1999 qqq gg) + -+

» Dimension of basis states increases with number of Fock sectors
=> motivation for quantum computing

10700 1014__ ----- Baryon _

109i Nmax = 10, Kmax=16 - —— Meson -
E 12

108 10"~ ... Deuterium -

1075 10" T
6L T - I

10° 108

10° D I

0t 10° i

Parton Number Nmax



Baryons with one dynamical gluon

‘Pbaryon> — Lpl‘qqcﬁ T LI”Zquqg>
P™ =Hgp + Hypgns + Hlongi + Hnteract

+ m?
Hgp —zpl 4

Hirons ~ K%rz -- Brodsky, Teramond arXiv: 1203.4025
J]
2
g°C ., 1

Hpnteract = Hyvertex + Hinst = .917) YET* ¢ Aﬁ + 2 J (ia+)2j+

_g; I



Unpolarized Parton Distribution Functions

2.0 1°=10.0 GeV? (5
pé = 0.24 + 0.01 GeV? 04
15| ug = 0.19 + 0.02 GeV*
| 0.2
X 0. 02 04 06 08
Y
< 101 xg/10 BN B FQ with DG B BLFQ without DG
_______ --== MMHT 14 ----- NNPDFunpol3.1
T T v
05' T, N '{;’;__ - de XU
0.0 A : ! N
0.001 0.005 0.01 0.05 0.1 05 1
X

The data are extracted from MARATHON data

Including the One Dynamical Gluon Fock Sector, the gluon distribution is closer to the global fit.

S. Xu, CM, X. Zhao, Y. Li, J. P. Vary, 2209.08584 [hep-ph]. [EPJC 77 (2017) 663]



Nucleon Spin with BLFQ

Quark Helicity

> Obtain observables from wave function ~ 72%

0 = (g, N'|0]B,A)
Orbital Angular

Nucleon
> Spin decomposition in BLFQ Mofgzzum spin
1_1 AY + AG + L L
2 - 2 + + q + 9 Gluon Helicity
_ ~ 36%
S. Xu, CM, X. Zhao, Y. Li, J. P. Vary, 2209.08584 [hep-ph].
' ' ' 1.0

0 BLFQ without DG

041 E BLFQ with DG B NNPDFpol1.1
e COMPASS u 0.5 mmm BLFQ with DG o
N 0.2} . COMPASS d 02 04 06 08

XA

0.0

-0.2;

0.001 0.01

xXAG

. JAM

0.001

L | L |
0.0050.01 0.05 01

05 1



Helicity Parton Distribution Functions

1.0 1.2

o E99-117/EG1
E06-014/EG1
EG1b

0.5}

0.0

0.4

Bl BLFQ with DG

e COMPASS all p;(2002-06)

1.0} « coMPASS high pr(2002-04)

0.8l + COMPASS open charm (2002-07.NL0)  29/9
0.6! * HERMES high pr
v SMC high pt

—0.5} ----- Chiral Soliton Model e e 0.2)
----- - Statistical Model 0.0
_1.Q} "= LFH &l BLFQ with DG | _0.2!

0.01 0.05 0.1 0.5 0.0

X

0.05 0.10 0.50
X

° AG = fol dxAg(z) = 0.131 &+ 0.003, is sizeable to the proton spin.

e PHENIX Collaboration: AG10-92:0-3] — .24 0.1

PRL 103 (2009) 012003

The sea quarks' contributions come from the DGLAP evolution

S. Xu, C. Mondal, X. Zhao, Y. Li, J. P. Vary, 2209.08584 [hep-ph].
N. Sato et al. [JAM], PRD93 (2016); E. R. Nocera et al. [NNPDF], NPB 887 (2014).




3-Dimension Structure of Nucleon

> Obtain observables from wave function Leading Fock
sector

0 =(B|0|B) |Bnucieon) = 1999) + lqqqg) 1299} ~ 44%

Next leading
Fock sector

lqqqg) ~ 56%

[arXiv:2209.08584 [hep-phl]
[In preparation, Bolang Lin, Sigi Xu, C. Mondal et.al ]




Orbital angular momentum distributions

0.03} -
| 50 u quark |
0_02:. B d quark
| B gluon
= |
= 0.01f
< |
> S~
ootbo . . -
0.0 0.2 0.4 0.6 0.8

X

Canonical: ¢4, = —0.0114 + 0.0004 ¢, = 0.0327 + 0.0013 £, = —0.0065 + 0.0005

1
At the LC gauge : EAZ = 0.3594+0.002 AG =0.131+0.003

[In preparation, Sigi Xu, C. Mondal et.al ]



Light-Front QCD Hamiltonian

|Poaryon) = W1|qqq) + ¥21qqqg9) + Ws1lqqq uui) + Ws2|qqq dd) + Ws31qqq s5)

g*Cy , 1 Leading Fock

Hpnteract = 917) YET ¢ Az + 2 J (ia+)2j+ sector
laqq) ~ 46.5%

Next next leading Fock

Fock sectors
qqq uit) ~ 2.6% ’ sectors
lqqq dd) ~ 2.4%
lqqq ss) ~ 0.4%  Next leading

Fock sector
laqaqg)

~ 48.1%
2 1 gZC + Preliminary results

g°Cr . |4
Hiyterace = glI) YET* ¢ Aa 2 + (la+)2] IIJY”Au ig+ AY'Y Sigi Xu, et al, in prep

-

/ \




Parton Distribution Function
] ] ] ] 2.0 . . .
» Parton distribution functions — U
with five Fock sectors 1.5 ~d
—d
* One diagonalization, got the distribution 1.0
of valence quark, sea quark and gluon 05
e PDFratiod/u=0.04atx —> 1
0.0L , . . : .
0.0 0.2 0.4 0.6 0.8 1.0
Preliminary results X
.00 - - 4qq All results at the initial scale — g
o8 \ = qag+qaag | T~ _
o B ] 0.005} _ g
F0.6 . qqg+qaqg+qqqagbar | g go4) 5
LL 0.003¢
0.002¢
0.001}
0.0 . 0.000¢
01 02 03 04 05 06 0.7 0.8 0.0 0.2 0.4 0.6 0.8 1.0

X



Now return to applications to baryons
solved in the qgq + qgqg sectors



Transverse-momentum dependent distribution

04 v
0.25
Npax = 9, K = 16.5,k% = 0.25
0.3} g 1g 0.20}
——xf] o xh]
wggL —a— 33.9!1]1“ 0.15F
0.2
0.10F
0.1F
0.05F
0.0F—&— %\.\.\.\'ﬂ—_’—\":*j’_z:.:ﬁ—.—.—.‘ 0.00F
0..2 0:4 04.6 0..8 ()T() 0?3 (']T-l (Jf(i ()..8
xr xr
Gluon T-even TMD Quark T-even TMD

« Within the Basis Light-front Quantization (BLFQ) we expand proton to |qqq) +
|gqqg) Fock sector, obtain the corresponding LFWFs and calculate T-even TMDs of gluon and

guark

Zhi Hu, et al., in preparation



Average transverse momentum of quark and gluon

0.15F -
* After integrating over
x, we further obtain

010 /‘/‘/‘/‘*—*_‘N g: 0.156 (GeV)?
| ! u: 0.082 (GeV)?
| //. | d: 0.083 (GeV)?

—4— q = gluon i

0.05F € (P15 2

[ —Tiova (GeVY) = u quark | ] : ’

(Ipt10)%, q q . Note Craig Robert’s talk at

[ Nmax = 9, K = 16.5|—+— q = d quark | | MESON2023: gluons carry
0000, oo mass in the hadrons and

00 02 04 06 08 mass is more concentrated

r than charge.

. (I'pl|2>q

Define (|pl|")]‘11 = [d?pt |ptI"xf" then we know thatupl—l")f’: would be the average transverse

momentum of flavor g

Average transverse momentum of d quark is slightly larger than that of u, the same as our
lgqq) Fock sector conclusion.

With |qqqg) Fock sector we now also know that transverse momentum of gluon is larger than

that of quark Zhi Hu, et al., in preparation



All-charm tetraquark using BLFQ

@ New issues compared with mesons and baryons

@ Cluster decomposition principle for interactions
e Identical particles issue
e More than one color singlet

@ Hamiltonian

e Transverse confining potential like in AdS/QCD
o Longitudinal confining potential (Gtazek et al. PLB773, 172-178

(2017), different than BLFQy)
e One-gluon-exchange spin-dependent potential (Wiecki et al.)

@ Problem with negative M? solved by ad hoc modification of the
Hamiltonian (which breaks cluster decomposition principle)

Kamil Serafin, et al., Phys Rev. D 105, 094028 (2022)
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Kamil Serafin, et al., Phys Rev. D 105, 094028 (2022)



Forward quark jet-nucleus scattering in a light-front \
Hamiltonian approach .

Time-dependent Basis Light-Front /7 o

Quantization (tBLFQ) We consider scattering of a
high-energy quark moving in

’0‘ H _ H H . P . .
* First-principles: the positive z direction, on a

In the light-front Hamiltonian formalism, the high-energy nucleus moving in

state obeys the time-evolution equation, the negative z direction.

and the Hamiltonian is derived from the QCD

Lagrangian Time evolution of a quark state in the |q) + |qg)

9 Fock space observed from the transverse
momentum space

ZP- G ) =
** Nonperturbative treatment: .
The time evolution operator is divided into osf FTOVTEG | EEEEE L | RS il | SRS | E
many small timesteps, each timestep is |9) N H ; H ; hgzg : h
evaluated numerically and intermediate -

-1. =05 0. 05 1.

states are accessible, N
+

[W(xt)) =T, exp [——lf dZ+P—(Z+)] [ (0)) |99)

0.

pY(GeV)

0.18
0:0]
0.587

-1. =05 0. 05 1.

x*=0.GeV~!

00000000

0.00069
0.00052
0.00035
0.00018
0.00001 h.

p'(GeV)

n

n—-oo

k=1 x"=0.GeV-!

** Basis representation: fow
Optimal basis has the same symmetries of lq9) < ., o

0

the system, and it is the key to numerical 55551 -h oo 05 L

efficiency k
M. Li, T. Lappi and X. Zhao, Phys. Rev. D 104, 056104 (2021)

= lim T, exp [——f dztP~ (z+)] |¥(0)) s e
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Wenyang Qian, et al

Quantum Simulation of QFT in the Front Form

2002.04016, 2105.10941, 2011.13443, 2009.0/885

NISQ ) Resource requirements Fault-tolerant,

5
>

benchmarking High ab initio

QT CaFerp>

S K’cu’r(o’awv‘%

LF QFT features Advantages for QC
QDirect = O(K 10g K ) No ghost fields .
== Resources Linear EoM Low qubit count
QCompact - O( K log K) LF momentum > 0 Efficient encoding
: : : Using sparsity-based

Trotter | Oracle Evolution Sparse Hamiltonians methods
Direct v v LF wavefunction —
Compact | X v — static quantities; Simple form of

Measurement | Simple form of operators | measurement

. in the second-quantized | operators
Op ‘CL’, 7’> :lxa yz> ; formalism

Trivial vacuum, fewer cut-offs, no fermion doubling,
form invariance of H

Oml|x,y,0) =|x,y, Hyy) | Other




Light front approach to hadrons
on quantum computers

- Quantum computers: New tool to simulate many-body quantum system.
(quantum mechanical nature and high scalability)

- In the Noisy Intermediate-Scale Quantum (NISQ) era, the Variational
Quantum Eigensolver (VQE) and Subspace-search VQE (SSVQE)  y,xanishi, 1810.00434]
approaches are promising tools to solve nuclear physics problems.

- Advantages of light front Hamiltonian formalism are directly applicable

- We first formulate the problem on the light front and then map the
Hamiltonian to qubits (quantum bits)

6 D Classical Computer

(4) Optimizer updates the
parameters
for next iteration, such as SPSA

(1) State/States evolution
using unitary ansatz

VQE/SSVQE

@ Compute the loss function, such
as Hamiltonian expectation value for
VQE

(2) Measurement obtained
from count histogram

Quantum Q lterative process 9

Computer

Wenyang Qian, et al. Phys. Rev. Research 4, 043193 (2022)



Formulating the problem on qubits

- We adopt the Hamiltonian used in a previous work: [Qian, 2005.13806]

H ¢

7N\

rki—l—'m? ki +m2 k4 0 0 )
- ¢+ 1_$q+n4x(1—x)ri—(mq+mq)2ax(w(l—a:)a—x)+Vg+H75

N >4 N -
- -

LF kinetic energy confinement

2

Heff,'y5 =

[Vary, 0905.1411]
- Basis representation (BLFQ) is key to represent the Hamiltonian on qubits.
- Small-sue Ha.mlltonlans (4-by-4 and .16-by-16) are used. (Seeley, 1208.5986]
- Direct encoding and compact encoding are compared. [Kreshchuk, 2002.04016]

N¢ as(0) k (MeV)  my (MeV)  Npax  Lmax Matrix dimension

H Y 1 1 4 by 4
¢ 3 0.89 560 £ 10 300 £ 10
H Y 4 1 16 by 16
HY = 2269462 IT1T — 284243 (ZI11 + 11Z1) Higt) o = 113473111 — 56624517
— 850488 (IZII + I11Z) + 12714 (XZXI + YZYI) + 4831 XI 4 20598 XZ
— 7883 (IXZX + IYZY),

Wenyang Qian, et al. Phys. Rev. Research 4, 043193 (2022)



Summary and Outlook

Basis Light Front Quantization approach to mesons and baryons
yields competitive descriptions and predictions

€ Positronium test applications found successful

€ Bound states and transitions of hadrons are described

€ Time-dependent scattering applications are advancing

€ Plan: continue to expand the Fock spaces (e.g. more gluons)
€ Plan: continue to develop renormalization & counterterms

& Efficient utilization of supercomputing resources

€ Well-positioned to exploit advances in quantum computing

Thank you for your attention



