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Outline

 What is light-front and why?
— Relativistic bound states

e Basis Light-front Quantization
— Many body
— Rotational symmetry

* Applications:
— QED: physical electron, positronium
— QCD: nucleon, light meson, heavy quarkonium



Two Sides of Nuclear Physics

Low Energy

High Energy

Nucleons & mesons Quarks & gluons

Mass scale ~ GeV Mass scale ~ MeV
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Light-front Time

* We measure nucleon structure by virtual photon

v
* We "see” the world at fixed light-front time (t = x

The Big Dipper Stars
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Light-front vs Equal-time Quantization
[Dirac 1949]

equal-time dynamics * light-front dynamics
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Why Go To Light-front?

* Boost invariant light-front wave functions
* Simple vacuum = free theory vacuum + zero modes
* Hamiltonian formalism for relativistic systems

|proton) = aluud) + bluudg) + cluudgg) + d|uudqq) +. . ..

lpion) = alqq) +blqqg) +clqqgg) +dlqqqq)+....



Basis Lieht-Front Quantization
[Vary et al., 2008]

* Eigenvalue problem for Light-front Hamiltonian

P~|B) = Pz |B) Non-perturbative

— P~ : light-front Hamiltonian
- P :eigenvalue m=)> hadron mass spectrum

—|B) : eigenvector mm) light-front wave function

e Observables

0 = (B'|0]B)



Basis Construction

1. Fock-space expansion:

e.g. |ep) = ale) + b|ey) + c|leee) + d|eeey) +. ...

|Ps) = aleé) + bleey) + c|y) + d|eéee) +. ...

2. For each Fock particle:

* Transverse: 2D harmonic oscillator basis: Cbg,m(ﬁl)

labeled by radial (angular) quantum number n (m); scale parameter b

e.g., n=4

m=0 m=1

* Longitudinal: plane-wave basis, labeled by k
* Helicity: labeled by 1

e.g. ley)=le)®|y) with e={n‘,m*,k,A} and ¥y ={n’",m" k", A"} °



Basis Truncation Scheme

 Symmetries of Hamiltonian:

- Net fermion number: anf: N/
- Total angular momentum projection: Z(mi +5,)=1J.
- Longitudinal momentum: Zki — K

e Further truncation:

- Fock-sector truncation

1, 2, 3.... bosons
- Discretization in longitudinal direction k; = {

0.5, 1.5, 2.5 ... fermions
- “Nyax truncation in transverse directions Z[zn.Jr Im, |+1]< N

UV cutoff A~b,/Np.x; IR cutoff A~b/ /Ny ax



Features of BLFQ

 Basis respects (transverse) rotational symmetry

- Basis states are eigenstates of /,

* Single-particle basis for many-body system

- (Anti-)symmetrization of identical particles

e Exact factorization of intrinsic and ¢c.m. motion

- Harmonic oscillator basis with Nmax truncation

* Harmonic oscillator basis suitable for bound states



Applications to QED

1 _
* QED Lagrangian = £=— Fu " + V(v Dy — me) ¥
* Derived Light-front Hamiltonian

P~ = /deLda: FFTOL A, +iWyT0, 0 — L (A+ = O)
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Light-front QCD Hamiltonian
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Application to QED (l): Physical Electron

photon
— @lectron

lephys) = ale) + bley) + cleyy) + dleee) + ...
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Electron g-2 & GPD E(x, t)
BLFQ vs Perturbation Theory

X. Zhao, H. Honkanen, P. Maris, J. P. Vary, S. J. Brodsky, Phys. Letts. B737, 65 (2014)

R | | T T ] I I I ,
0.115 F ] 0.002 kL NElaX:K:]S B +
L_Schwinger result = 0.1125395... i A=1.5MeV m,=0.085MeV

s b Npax=K=42 +

0.11 | 1 = [ A=2.3MeV m,=0.056MeV
3 : 1< 00015 | Vg3 .
L X . : A=8.7MeV m,=0.015MeV
2 0105 F 11
S : ] =

0.1 | 5 0.001
0.095 :—even Nmax/2 1R

C 0dd Ny /2 0.0005
0.09 | even Npax/2 fit

[ odd Nyax /2 fit
[ |

0

0 005 01 015 02 0 02 04 06 08
(MNmax = Kk—1/2)"12 Nonperturbative X
. q,— 14, N S — Pty 2. + l
H R E 0.0 =4") = (e, @)|[dy e PFOY WO ep, O)

e 1
* Anomalous magnetic moment a, = JO E(x,t > 0)dx
* Lessthan 0.1% deviation from Schwinger result for a,
* Largest calculation with basis dim > 28 billion
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Application to QED (I1): Positronium




Energy spectrum and wavefunction

See Kaiyu Fu’s talk
Saturday (17) pm
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lowest 8 states of Mj=0 : parity and charge conjugation parity agree with hydrogen atom.

[Kaiyu Fu et al, in preparation] 19



Photon Distribution In Positronium

Nmax=28, K=29
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X
[Kaiyu Fu et al, in preparation]

* |n excited states photons have larger probability at small-x region
* Photon is massless, so peak is at small-x region
20



Application to Heavy Quarkonium
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Hamiltonian

P = Hfree + Hconf + Hqtoqg + qutoqq

1. Kinetic Hamiltonian and confining potentials

mg Mg
_I_

Hfree + Hconf = C_iJZ_ + K4€J2_ + X

2. Vector coupling vertex

P~ =2g j BT () A g

xt=0

3. Vector coupling with instantaneous gluon

_ 1 _
P =g | by T by T

xt=0

q1

q1

1_x_(mq+mc7)

4
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Energy Spectrum

M(GeV)
[Hengfei Zhao, In progress]
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Wave function

[Hengfei Zhao, In progress]

State

BLFQ

ne(1S)

J/d(1S)

OGE

wixk
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WaVC funCtl()n [Hengfei Zhao, In progress]

State Xco(1P)

wixk,)

OGE

wixk,)
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OGE; Li, Maris & Vary ,PRD 17



W&Ve fU.IlCthIl [Hengfei Zhao, In progress]

stat he(1P) Xc2(1P)

OGE
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Wave function

[Hengfei Zhao, In progress]

State Mc(25) P(2S)
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Decay constants

[Hengfei Zhao, In progress]

Wave function at the origin — probe short-distance physics LFWF representation
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@(x)

@(x)

PDA

OGE; Li, Maris & Vary ,PRD 17

Generalized Van Royen-Weisskopf formula:
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Gluon PDF

[Hengfei Zhao, In progress]

Probability
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Application to Pion

31



Sunday (18) pm Tuesday (20) pm

PDE with QCD Evolution {See]iangshan Lan’s taIkI See Shaoyang Jia’s talk }

Ei +m2 k2 4+ m e
q 1 4 N\ =2
H, -— Tprte(l —a)rff— =0, (2(1 — 1), ) +HE
i atic Transverse ~— -
LF Kinetic energy Longitudinal

PDF for the valence quark result from the light front wave functions
obtain by diagonalizing the effective Hamiltonian.

06— Pion PDF _,_Valence u PDF Kaon/Pion
|G \ LFHQCD — Valence L
05 : \ BLFQ-NJL — Valence
Y \\ Sea
04— : = Gluon
B E615 data - i GRS, NLO ™.
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0.2 0.4 CERN NA3 \
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0.1
. large x:
- . L 1.44 . . 1
% 0.2 0.4 0.6 0.8  (1-x) 04 06 o8 11

[Lan, Mondal, Jia, Zhao, Vary, PRL122, 172001(2019)]



PDF with QCD Evolution [Lan, Mondal, Jia, Zhao, Vary, arxiv: 1907.01509]

The moments of pion valence quark PDF:

1
(") = / dr 2" f7/K (2, 1%), n=1,2,3,4
0

Global fit [JAM 2018]: e
Phoenao II\/I[odeIS' m ]v A 0.8 w==_ Global fit [JAM 2018]
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0.1— 49
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O
0
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[Aguilar et. al., Pion and Kaon Structure at the Electron-lon Collider] 0.48(3) 0.41(2) 0.11(2)



Drell-Yan cross section m~ Nucleus — u* p= X

[S. D. Drell and T.-M. Yan, PRL (1970)] [nCTEQ 20135]
[McGaughey et al, Drell-Yan experiment FNAL-E-0772, PRD (1994)] /
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[Lan, Mondal, Jia, Zhao, Vary, arxiv: 1907.01509]



Application to Proton
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Tuesday (20) pm

Light-Front Hamiltonian { See Sici Xu's talk }

P~ =Hgp + Htrans + Hlongi + HOGE

y P
Hgp = T
. Di

Hrons ~ K712 - Brodsky, Teramond arXiv: 1203.4025
Hlongi ~ = 2 Kfaxi (xixjaxj) ---Y Li, X Zhao, P Maris, J Vary, PLB 758(2016)
ij
CF4'Tl'as o , L ,
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Three active-quark approach
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[Work in progress, C. Mondal, Siqi Xu, et.al ]
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Parton Distribution Functions (PDF)

[Work in progress, C. Mondal, Sigi Xu, Jiangshan Lan, et.al ]

0.8— —Uu

06— — d | /‘r'\\’-
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dashed: CTEQ15
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(1)0—4 10°° 1072 10 1
X
Use the NNLO DGLAP to evolve the PDF. Qualitative behavior is consistent
with the CTEQ 15 PDF. 38



Generalized Parton Distribution Functions (GPD)

[Work in progress, C. Mondal, Siqi Xu, et.al ]

H(x,0,t)

With increasing momentum transfer
(t), the peaks of distributions shift to

Iarger X, -

i A
5 k+ A+ v
t:A)x:—’ =—=90 —— A =0
P Pt
——  [dx
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Chiral model of nucleon and pion

Relativistic Nm chiral Lagrangian density

L :éfQTr(auU O“UT) + 1zwﬁf"“frr((f +UT - 2)

4 _/
piorrﬁeld
+N{mau—MN+ ! [ i B = (= P e G“ﬁ]}N
1+ (g7)2L2f 2f7

N —

Y

N7 interaction

1+ ivys7 - 7/ (2f) T 1 :
f = 93 MeV: pion decay constant [Miller, 1997]

M, = 137 MeV: pion mass
My = 938 MeV: nucleon mass 40




The idea: cloudy-bag model
|proton) = a|N) + b|Nm)'+ c|Nnrr) + d]NNN) +....

T Step: 1
E Solve the proton wave function in
N terms of the nucleon and pion
@ Step: 2
@ @ Attach the fundamental degree of
@ freedom: quarks and gluons

|proton) = a|uud) + b|luudg) + cluudgg) + d|uudqq) +....

41



1200}
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Mass [Me

1000}
950}
9001 .

Mass spectrum of the Nt system

1100}
1050}

[Du et al., in preparation] ]

______________________________________________ —
the physical proton

5 938 va , , O

T S - ST

Nma,x(= Kmax — 1/2 )

" Fock sector-dependent renormalization applied

* Mass counterterm applied to |N) sector only
[Karmanov et al, 2008, 2012] 42



Proton parton distribution function

Preliminary §
| — Niax=6, frr(X5)
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Proton Dirac form factor

Preliminary [ Dy=1/(1+0.8Q%)?

...... Dr=1/(141.7Q%)

Q% [GeV?]

Proton Dipole form with constituents’ internal structures

Fi(as, a2,q%) =Di(a1,®) | F! 4 (a®) + FL} (6%)] + Da(az, ) Fi (a?)



Summary and Outlook

Nonperturbative approach for relativistic bound states
Access to (frame-independent) many-body wave functions
Straightforward to calculate lightcone observables eg. PDFs
Can be applied to effective/first-principles interactions

Systematically improvable by including higher Fock sectors

Apply to different systems: excited/exotic hadron states
Apply to different interactions: NJL, Chiral EFT...

More observables: GPD, TMD, GTMD...

Apply to first-principles QCD interactions



