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BLFQ Introduced

Discretized Light Cone Quantization
Pauli%®Brodsky%1985%

|

Basis Light Front Quantization™
$(0)=[1[7.(%)a + 7:(9a]

where {a,} satisfy usual (anti-) commutation rules.

Furthermore, fa()?) are arbitrary except for conditions :
Orthonormal: [ f,(X)f (X)d’x=4,,
Complete: L (X)FL(X) =6 (X—-X)

=> Wide range of choices for f,(X)and our initial choice is

f (X)=Ne"™ ¥,  (p,0)=Ne“"f (p)x,(0)
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Basis Light-front Quantization

JFinding spectrum using light-front
Hamiltonian

Hpp|n) = ME[Yy), (Hpp = PTP;, — P?)

JAdopting basis according to the symmetry of
system

JAdvantages:
" Boost Invariant Amplitude
= Parton Interpretation
= Fully relativistic

" Moore’s Law
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Выступающий
Заметки для презентации
Properties of BLFQ: Nonperturbative and first-principles (if first-principles Hamiltonian is used)
Advantages: Simpler vacuum


General Procedures of BLFQ
Vary et al ‘10

 Derive LF-Hamiltonian from Lagrangian

- Construct basis states |a) , and truncation
scheme

J Evaluate Hamiltonian in the basis

 Diagonalize Hamiltonian and obtain its eigen
states and their LF-amplitudes

-l Evaluate observables using LF-amplitudes

 Extrapolate to continuum limit



Basis Functions

J Fermion

=Y 7 |
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2D HO modes for n=4
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LF QED Hamiltonian

JQED Lagrangian Ez—i uF" + W (i Dy — me) ¥

Derived Light-front Hamiltonian
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1st Application: Electron g-2

X.Zhao et al., PLB 737, (2014) 65, H. Honkanen et al., PRL 106, (2011), 061603
JWith wavefunction renormalization

L | | | | i
0.115 F -
Schwinger result = 0.1125395... ;

—F

0.11 |

0.095 F even Npax/2
0.09 | even Npax /2 fit ]
L odd leax 2 fit :

| |
0 0.05 0.1 0.15 0.2
(Nmax = K—1/2)~1/2

J Less than 0.1% deviation from Schwinger result
J Largest calculation with basis dim > 28 billion

06/05/23 IMP, Lanzhou, China



2nd Application:
Positronium with strong coupling

* Positronium spectrum at N__ =K=19,

pw=0.1m; 202 |
' 2° Py
2,015+ - =
L 2P, 2'Py 2'p, 23p, |
2.01 235, 218, 239, s
g"’— = -
&% 2.005 -
Y]
=
2r 3 : .
i 1351 1751 1531
1.995 =
1So
1.90—= L L |1 L
M

Hisa fictitious photon mass to regulate Coulomb singularity

[P. Wiecki et al.,PRD 91, 105009, 2015]



Extrapolations



X Pert. theory at a*

P. Wiecki, Y. Li, X. Zhao, P. Maris and J.P. Vary, Phys. Rev. D 91, 105009 (2015); & to be published
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Positronium in QED at Strong Coupling
Covariant Basis Light-Front Quantization (BLFQ)
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15t QCD Application: Heavy Quarkonium

o Effective Hamiltonian in the gg sector VY. Lietal, PLB 758,118, 2016

Hy
III-—|. “Fal ] = =
k2 +m2 k| +my bt 0 d
| L b f - =i : [ | :
_F';EH = { ; { +J-\.'I_J| | £ -].”.I — —-I—[ll'i_l .f'.'_—} -+ ‘q
.r l — 2 ~ (mgq +mg)© Oz o Syt
e = — “  one-gluon
LF kinetic energy confinement exchange
=+ 3 T — A = = -
where z = pg /PV, k) =Fq1 — 2Py, 71 =g —TyL.

o Confinement
transverse holographic confinement [5.1.Brodsky, PR584,2015]
longitudinal confinement [y Li.PLB758 2015]

o One-gluon exchange with running coupling

- 4 -:JTe'il.;I:{;.']""j —
Vo, =—3% r

=y — 2 -’rr"\.'“ Ua ¥y Yt

L]
S gt

o Basis representation

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

06/05/23 IMP, Lanzhou, China



Mass Spectroscopy — fixed a

Y. Lietal., PLB 758,118, 2016

oM = 52 MeV oM = 50 MeV



Mass Spectroscopy — running

Y. Li et al., PRD 96, 016022, 2017
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Light-front Wavefunction: a complete solution
Y. Li et al., PLB, 2016, PRD 2017

n T (29)



Decay Constants

Y. Li et al., PRD 96, 016022, 2017

] Derived from obtained LFWFs (no fitting)
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Decay width:

Radiative Transitions

Y. Li et al,,

[ Derived from obtained LFWFs (no fitting)

Y. Lietal,,

PRD 98, 034024, 2018

PRD 96, 016022, 2017
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Heavy-light system
S. Tang, et al., PRD, 104, 016002, 2020
Heavy-Light systems

Ny % (Gel) it (00N ) iy [GeV ) i (GeV) rins { MeV) 7y ! e
I, (c8) 3 (1.5 |G - .67 40 19 stales) 32
B, (b3) | L (6T - o W2 (647 37 (4 states) 32

K= \/{mﬁw +12,)/2, with R, = 054 GeV

Mass (GeV)
Decay constants calculated with
5.8 ---.'-ir-Ii1-'-::-'-.-r-:--.'|“-4 """""""""" L i e "“'ﬁ"'a“l-'ﬁa': Mlllﬂ.ﬁ 1 E fl:_lr D:-, N|1IaI: - EIE fﬂr ES.
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by experiments. | il
1 i ] ]
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06/05/23 IMP, Lanzhou, China



Light Mesons
W. Qian, et al., PRC, 102, 055207, 2020
J. Lan, et al., PLB, 825, 136890, 2022

Light Meson Mass Spectrum Including One Dynamical Gluon

Mormgg

2000 DCMeV]
L «see  BLFO 4 0.492 138
i - p|oags| 18
T-E'ﬂ'n' - PDG 18 o 1450
[E— mitA00 _ aam apl080) GE70 0
ij ees  a(igsn R
< broes, T b, (1235) 030 O
a _
= 1000¢ —— m (1260) 0324 11
ot - i S0
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- a, (1320) 0320 O
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D | i i

) I Fix the parameters by fitting six blue states
Imeson) = alqq) + blqgg)+ - » 7,(1400) : |ggg) dominates
«  w(1300): the DC 15 smaller than the DC of pion
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Motivation

e Goals: simple-function charmonium LFWFs
with few parameters!

ra 1
Fi ™
i .-__.-"-_ T 1
i P i
| # Y
i |
| |
| |
| g
| % '
- 4
\ o g

I.  Approximation to QCD.

Il. Retain more symetries.
iii. Matching the NR limit.
iv. Emphsis on decay width.

e We designed LFWFs for n_, J/v, ¢’ and
1 (3770).



Basis functions
e LF holography/Basis LF Quantization Hamiltonian.

S
ki+m§ I?L+m%
Hy = +

x l-x

+ix(1 — x)r - K—ax(x(l — x)0y) ,
(mg + mg)?

i. Two parameters: m and k.

ii. One-gluon interactions were treated perturbatively.
 The basis function representation.

ET}/)}:(?J— x) =/x(1 — x) Zg&h })(n m,l,s,s")

nm,l

Gum(NX(1 = X)PL)x1(%) ,

Teramond and Brodsky, ‘09
Li et al., PLB 758, 118 (2016)



Basis functions

e Small basis for charmonium states:

Yrr-15 = Y000 -

YLE-1P0 = ¥0,0.1 »

YLF-1P+1 = — 0,510 -

oo
YLp-2s = 3145'1,0,0 3!110,0,2-
YLE-1D0 = 3¢1,0,0 39’/0,0,2 ,

Yir-1p+1 = —Yo0,+1.1 »

YLE-1D+2 = Y0,42,0 -



J/Y as a 1~ state

e \We assume a 100% LF-1S state for J/v.
e Matching J/y decay constant to the PDG value:

Sk, mg)=fy PG

1.1_ ///"/ (—K:1.34,m/‘:1.27_

10 12 14 16 18 20
k (GeV)

e We fix m_and k using the J/i decay constant.
M. Li et al., EPJIC 82, 1045, 2022



n.as a0 state

* n.predominantly LF-1S+LF-2S and LF-1P.

Un, =Cp 1sYLE-15,0-+ + Cp 25 W1 F-25,0-+
+ Gy 1PYLF-1P0—+ -

e Basis coeffecients are determined using the
diphoton decay width I'(n_ -> yy).

e. 4



Y’ as a 1~ state

e A mix of LF-1S and LF-2S states for .

(m;j=0) _ ~(m;=0) ,(m;=0) (m;=0) , (m;=0)
weﬁ’ _Cu'f’,'lS l'bLF—lS,l—— + C.,w,zs l’bLF—ZS,l—— ’

(mj=1) _ ~(mj=1) ,(m;=1) (mj=1) , (m;=1)
Yy =Chis Yipasi—— T Cpas Yk g1 s

(mj:—l} . (mJZ—l) (mjz—l) (mj=—1) (mj=_l}
‘f”.y _Cw',ls wLF—'lS,'l—— t C.,V,zs l’hLF—ZS,l—— :

e Basis coeffecients are determined using the
dilepton decay constant.

|f"V|mJ,-=0| = |f"'|v’|mj=il| — f’V,expeﬁment .



Y(3770) as a 1~ state

e A mix of LF-1S, LF-2S, LF-1D states for (3770),
LF-1D is dominating.

(mj=0) _ ~(m;=0) (m;=0)
"%(37?0} _Cw{:%??o),ls wLF—lS,l——

(mjz[]') (me:U')
+C 3770025 YLE-25.1-—

(m;=0) (m;=0)
+Cy3770).10YLF-1D.1-—

* Basis coeffecients are determined by requiring
orthogonality between Y’ and y(3770).



LFWFs by design

M. Li et al., EPJC 82, 1045, 2022



The mass spectrum

48:— —: (Mf(im’)f: Z_ Z _tpzm’)(n,m,l,s,ﬁ)
4 4:_ | M= N X(/rim”*(n’,m’,l’,s’,i’)
. i ><[Mim,l(s,,_,,ram,m«su5S,S,6§,§,
S 40 | . + | AH i) |
= 3.6 . = .
% 3 2: B E PDG : Crénas(g?) - -
= 3 - | e % BLFO T Voor == R Ky @y ®)
28t ][ iy
240 " (Hsiro)
Ne I ' W(3770)
Masses calculated from small-basis LFWFs should
be regarded as Estimated!
M. Li et al., EPJC 82, 1045, 2022
Y. Lietal., PLB 758, 118 (2016)
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The charge radii

 Defined in terms of the slope of the charge form
factor at zero momentum transfer.

) = 63—Q2G0(Q2)| "

e J/Y, Y’ and y(3770) radii consistent with BLFQ
calculations.
* Alargesize n!

M. Li et al., EPJC 82, 1045, 2022
Li et al., PLB 758, 118 (2016)



Parton Distribution Functions (PDFs)

M. Li et al., EPJC 82, 1045, 2022
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Proton at High Energy

JOur knowledge of proton is rapidly evolving

o
e &
i

(8

JProton at high energy?
3D tomography

e Saturation

* Spin
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Exclusive Diffractive Processes

First observed at HERA

e 15% events are diffractive

 Characterized by rapidity gap
e x . (+M)/W

oro
A Ultra-Peripheral Collisions
* Photon-nuclear interaction =
e WW formalism for |

Photon flux ~ Z2 +
* Xproped UP 0 107 at LHC



Electron-lon Collider

Polarized electrons

@
= — R

)

Polarized positrons

@

]

Polarized protons

Heavy ions (Au)

Polarized light ions
D, 3He
Effective neutron

A collider with versatile range of kinematics and beam
polarizations, as well as beam species, wide energy variability and
high luminosity, the next QCD frontier:
3D tomography of proton, spin, saturation, etc.
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Выступающий
Заметки для презентации
To this end we are proposing the construction of a polarised electron - ion collider.  The idea is to have both polarised electrons and positrons so that effects due to parity violating exchanges can be studied as well.  You want polarised protons to extend the range of existing measurements to larger Q2 and smaller x but you also want polarised deuterons and/or 3He ions so that the neutron distributions can be measured as well.  Then you want heavier ions so nuclei can be studied. It should be a collider to reach higher centre of momentum energies and to help separate the reaction products in the lab frame to simplify detection.  And you want a range of centre of momentum energies to study how things scale or evolve with energy to probe reactions at high momentum transfer as well as closer to confinement.


Exclusive process in the dipole picture

JPhoton LFWF: pQED

dDipole cross section
JVector meson LFWFs

E'A7 PoEP(2.Q,A) =i /d%/ / 4 (U g* )7

—1[b (1—2)7]-A doqg
JProbing gluon den5|ty at small-xa2p
A. Mueller, ‘90

o~ [zg(xrp, Q%)]" N niklaey, o1

K. Golec-Biernat el al.,

‘99



J/ production at HERA

ZEUS, 2004.

yp->J/yp H1, 2006. Y p=>J/gp

102 - T T T | T T T T T T 1] TTTT |I_IIlI IZIE|[IJSI TT | TTTT | TTTT | TTTT

C W=90Ge V] ’ 5 5

C ] 0 W=100 GeV, 02=0.05 GeV
B § g W=100 GeV, 0?=3.2 GeV? 3
i i C W=90 GeV, 02=6.8 GeV? .
- 1 - o W=100 GeV, 0*=16 GeV?> 1
10°E =
101 E . c —— small-basis LFWF (this work) 3
- . % .. - BLFQ .

— . i &) R boosted Gaussian
A ] S10%E E
3 g F .
S i i —§ $ i
5 1oL i
I 3 = 10 5
" 0 HI i . : .
| b ZEUS . ] L ]
- ——— small-basis LFWF (this work) g | 3 N
| -—-— BLFQ i E S
boosted Gaussian i : J
10_1 L1l L L 1 |||||||||I||||I||||I||||I||\|~\~:
10 102 0. 02 04 06 08 1. 12
Q*+myj,, (GeV?) t (GeV?)

GCetal., PLB 769, 477, 2017
GC et al., PRC 100, 025208, 2019
M. Li et al., EPJC, 82, 1045, 2022
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HERA: cross-section ratio  zus 201s.

GC et al., PLB 769, 477, 2017 H1, 2006.
Yy p—Jigp
3.0 : '
250 e ] HA (40<W<'1 60 Ge\l’)
O ZEUS (W=90 GeV)
--------- Boosted Gaussian W, |
200 Boosted Gaussian Wy, I
— BLFQ W, T
-.t?_ 15[ e
- T e h
5 T
1 0 F "_,.-::_'.:""
0.5} ,-:’§:;:;."’ {
00 K - ' ‘
0 5 10 15 20 25
Q? (GeV?)

06/05/23 IMP, Lanzhou, China



JIY from pp/Pb-Pb UPC

ALICE, 2013.
GCetal., PLB 769, 477, 2017 CMS, 2016.

LHCb, 2018
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J/Y from UPC

GCetal., PLB 769, 477, 2017 ALICE, 2013.
M. Li et al., EPJC, 82, 1045, 2022 CMS, 2016.

Pb+Pb—-Pb+Pb+J/¥ +/syn =2.76TeV

| | | | | | | | |
I —— small-basis LFWF (this work)
6. - BLFQ

boosted Gaussian

'S [ ® ALICE
E4.rmoms
L

)

5

o
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Y'(1S) from pp UPC at LHC

GC et al., PRC 100, 025208, 2019 LHCb, 2015
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Cross section ratio
GCetal., PLB 769, 477, 2017 ZEUS, 2016.
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Cross section ratio, Upsilons
GCetal., PRC 100, 025208, 2019



Future Opportunities

JExtended to higher Fock Sector LFWFs, with
Increasing computing power.

JHigher excited states available at EIC, LHeC,
Electron-ion collider in China (EicC).



Higher Excited States at EIC

Preliminary

y'p-> W(2s)p , Y p->¥(2s)p
1 0 [ T | T T T T T T T T ] 1 0 : L | L | LI | L | L :
- ] N — @P=0.05GeV? ]
i § i P=3.2 GeV? ]
: : - QP=7.0 GeV? .
i i - ——— QP=224GeV? A
' ] 108 E
2 2 1
Is] E E 5 i
o} L - o}
I | (s | 3
I BLFQ ¥, | - \
B 7 r TN
10—1 L 1 I | | L1 1] 2 Lo v b v b b b
10 ) » » 10 0. 0.2 04 0.6 0.8 1
Q*+M%y 0  (GeV?) t (GeV?)

5/08/18 GSU, Atlanta, GA 2018



Summary

JThe BLFQ framework can solve the
hadron system efficiently.

AThe BLFQ approach naturally provides
LFWEFs of mesons.

JdWe can check BLFQ LFWFs at Future
nuclear collision facilities, such as EIC.



Happy Birthday, James!
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Basis Function

e Transverse:

S L | dmnl k™
am(®L) = ,/(n fl’;l)!(;) exp(—k2 /(262))

L™ (k% /i*) exp(imby) ,

e Longitudinal:

I+ nNDrd+a+p+1)

xi(%) =\/47r(21+a'+ﬁ+ 1) \/F(Z-Fﬂf‘l‘ Dr+8+1)

xﬁ/Z(l _ x)af/ZPga‘ﬂ)(zx -1,



Sample Basis Function



Mirror Parity and Chargeconjugation



J/y Decay Constant

a2k,

J¥ln=0 = V2 f \/T(l—x f(27r)3
O, )

d%k,

f“."lmj—' 2mq,: (2}1_)3

(m;=1) (m;=1) 7

kﬁu—z)wwv(h_) DR, )]
— \Vamu R, x)}

mpg ‘)[’TT/'V
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Y'(1s) in yp at LHC

GC et al,, in preparation

YP—Y(1S)p
] ! N B B B I B
B o LHCb — bSat, y{(m,)=4.00 GeV B
= CMS e bSat, y(m,)=4.18 GeV =
B Zeus  —-—--—- bCGC. y(m,)=4.00 GeV ]
T A HI bCGC. y(m,)=4.18 GeV —
2103 =
~— = 1T 1 ¢  |mEl- =
S Fy Ti I i
10° J_:;l' ----- =
— Large x BLFQ W,, Preliminary -
10 | | N
102 10°
Wy, (GeV)

IMP, Lanzhou, China

ZEUS, 2009.
H1, 2012.

CMS, 2016.
LHCb, 2016.



Equal time vs. Light-front Quantization

tr1x° X =x"+x
. =

>

A/ ‘ 4

0 -
i~ lo®)=Hlp®) i

Dirac (1949)

%
ox"

p(x)) = P o)

H=P . pop_p
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