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Basis Light-Front Quantization (BLFQ)
®00

Basis Light-Front Quantization (BLFQ) v/ o1 prc st o)

Solve many-body bound state problems in quantum field theories

P18y — p- @ direct access to wave
16) = B 18) J function of bound states
e P~ : light-front Hamiltonian GOAL

@ |() mass eigenstates ~front wave

Pj5 eigenvalue (light-front
energy) for eigenstate |f3)

first-principles / effective
Hamiltonian as input

Evaluate observables

0 ~ (8018) J
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Basis Light-Front Quantization (BLFQ)
oceo

Construct the basis state:
|} such as or

Derive/write:

Calculate the Hamiltonian matrix
elements:

" Diagonalize H,y and obtain its eigen
spectrum:

Light front
wavefunctions

Mass spectrum

Hadron
structure
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Basis Light-Front Quantization (BLFQ)
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Applications of BLFQ

QCD systems

@ Heavy mesons: spectrum, decay constant, elastic form factor,
radii, radiative transitions, distribution amplitude, GPDs

—Y Li, G Chen, X Zhao, P Maris, J Vary, L Adhikari, M Li, S. Tang, A El-Hady (2016 - 2019)

@ Light mesons: spectrum, decay constant, elastic form factor,
radii, distribution amplitude, PDFs and scale evolution

—S Jia, J Vary, J Lan, CM, X. Zhao (2018 - 2019)
QED systems
@ Electron: anomalous magnetic moments, GPDs
@ positronium wave function, spectroscopy, FFs, GPDs

—Zhao, Wiecki, Li, Honkanen, Chakrabarti, Maris, Vary, Brodsky (2013 - 2018)

Talks on BLFQ Zhao (16:55), Maris (19/9- 11:00), Vary (19/9- 11:55), Meijian ( 20/9-11:55)
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Application to light mesons
©00000

Example: Light Mesons < .. var prc 2019)

Light front effective Hamiltonian, Heg:

l?i + m§ /:i + mf—, 4 K4
Ax(1 — x) PP 0, (x(1 — x)Oy )+ HE
= 1 x + X( X) i (mq+m5,)2( (X( X)( )+ NJL
Y Transverse
LF Kinetic energy Longitudinal

@ quark masses: [m, 4, ms] = [337, 445] MeV
o Confining strength: [k /,, rk/ k=] = [227, 276] MeV
o Coupling constants: [G./,, Gk /k+] = [18.5, 13.6] GeV 2

Mass BLFQ-NJL PDG
Mot 139.57 MeV 139.57 MeV

mye | 775.23+0.04 MeV | 775.26 + 0.25 MeV

MK+ 493.68 MeV 493.68 + 0.02 MeV

Mkss | 891.82 4 0.06 MeV | 891.76 & 0.25 MeV

Myt 858.35 MeV 824 4 30 MeV .




Application to light mesons
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Elastic Form Factor S. Jia and J. Vary, PRC (2019)
’ Drell & Yan (PRL, 70); West (PRL, 70) ‘
@ The elastic form factors of n T
the pseudoscalar states: ostt - O
Amendolia:1986wj
k3 Hom.2006m§
Fo(Q@?) = lo,o(Q?). J b e
LL}04y "\‘
iy (@) = (97 m)| 2 D e . \-\
: / 2 2 Ry
with g = P'— P and Q- = —g~. 0
0 1 2 3 4 5; 6
Q?/Gev?
@ The charge radius:
Pion charge radius: \/(r?)|+
d BLFQ: 0.68 &= 0.05 fm
2 2
(re) = —6 llm 0 407 Fp(Q7). PDG: 0.672 = 0.008 fm
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Application to light mesons
[e]eY Yolole}

Parton DiStI’ibUtiOﬂ Amplitude in preparation, CM et al.

Decay constant:

BLFQ: 142.9 MeV
PDG: 130.2 + 1.7 MeV
2 /72,\/C 1 18
¢P(X; //L) — 16
fo dmy/x(1_x) w
a2k, 1 oA

X/Wﬁ[wu(x, ki) = dia(x, kL)}

e Fitting function for pion PDA at oelff -
o = 442 MeV R

Lepage & Brodsky, PRD (1980) ‘

@ Distribution amplitude

(%)

o6t/

0atl/fh

x3(1 = x)° DA evolution: Gegenbauer

SR CERYE)

extrapolation: a = b = 0.60

basis ’ Ruiz, et. al. PRD 66, (2002) ‘

Our evolved DA =~
Asymptotic DA
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Application to light mesons
[ee]eY Tole}

7T_>fy(fy*) Tra nSition Form FaCtOI’ in preparation, CM et al.

035
Lepage & Brodsky, PRD (1980) ‘
03
" 0.25 %
o m—~*y TFF: s ik
& o2 § I
= Bit gy ¢ | F——) "
L5 RS
2 \/> ¢7T(X XQ) e ,"" § BaBar (09)
(Q 0.1 . 1 Belle (12)
7T'Y b ¥ ceLLo(91)
0.05 § cLEO (98)
= = without QCD evolution
— with QCD evolution

30 35

o TFF data prefer QCD Y e
evolution of DA s

o m—y*y* TFF: Fm*(QZ)

® LF holography

- 12 LFQM, 2019
>
8 . A BLFQ:N, 32
S 9
o (x) X N
—fp / dx G *
o Yo a0 T

u s N

A

‘ LFQM: choi, Ryu, Ji, PRD 99 (2019) ‘

0
6.5,65 169,169 148,43 38.1,15.0 456,456
2 2 2;
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Application to light mesons
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nght Meson PDFS Lan, CM, Jia, Zhao, Vary: PRL 122 (2019)

f(x) =x(1—x)?/B(a+1,b+1),
a = b =0.5961 for pion, while a = 0.6337 and b = 0.8546 for kaon

06— 1.2
Lo LFHQCD — Valence [
0.5 ¢ \ BLFQ-NJL — Valence 1
Lo \\ o Sea
0.4 — Gluon . 08
= L E615 data >
X = - GRS,NLO
E_ 0.3 ¥ E615 Mod-data = 06 ---- Bse
< 42 =16 GeV? s L — BLFQ-NIL
0.2 0.4 CERN NA3
F 1?2 =20 GeV?
0.3 0.2+
™ L
% 02 o4 06 08 1 02 0.4 06 08 1
X X

o LF wavefunctions » eigenvectors of effective Hamiltonian.
PDFs evolution » based on the NNLO DGLAP equations.

Order  Initial scale of pion Initial scale of kaon E-0615 x*/(d.o.f.) NA-003 x?/(d.o.f.)

LO 0.120 £0.012 GeV?  0.133 4 0.013 GeV? 6.71 0.88
NLO  0.205+0.020 GeV?  0.210 =+ 0.021 GeV? 4.67 0.56
NNLO  0.240 4 0.024 GeV?  0.246 £ 0.024 GeV? 3.64 0.50
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Application to light mesons
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Moments of Pion PDF

Lan, CM, Jia, Zhao, Vary: arXiv: 1907.01509

Moments of the valence quark PDF

1
(x) :/ dx x"fX(x,1?), n=1,2,3,4.
0

0.3, 0.8
3 Global fit [JAM 2018] : @ L === Global fit [JAM 2018]
Pheno. Models: = v A -
BLFQ-NJL — n=1
’E}@ Latice: o % 0 A O 0.6l < — n=2
n=3
0.2 # BLFQ-NJL 12 (GeV?) =4
A
— <
L 4 x
g — 5.76 N
— P \Y%
0.1 ‘!'% ¥% 49
_—
[ L LRr—
I .
O 1 1 1 1 1 1
<x> <x2> <x3> <x4>

@ The robustness of our results motivates the application of
analogous effective Hamiltonians to the baryons.
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Application to nucleon
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Effective Light-front Hamiltonian for Nucleon

P~ =Hgg + Hipgns + Hlongi + Hogg

B o ZP? +mg
KE — — o
— PP

Hpans ~ K312 -- Brodsky, Teramond arXiv: 1203.4025
Hiongi ~ - Z K1 0x, (xixi"x,-) --Y Li, X Zhao , P Maris , J Vary, PLB 758(2016)
ij
Croma, | e ,
HOGE = — 2 Z us,f(ki)}’”us,-(ki)uS; (k,-)yuusl. (kl) Color factor : CF =-2
1i(<)) |
|Poaryon) 3 1999) [+ 19999) + lqqq q@) + - N I O

Three active-quark approach
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Application to nucleon
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Basis Construction

@ Fock’s space expansion:
| N')baryon = al 9qq ) + b| qqqg ) + ¢ 9qqqG) + - - - .

@ For each Fock particle:
» Transverse: 2D harmonic oscillator basis: @5 . (5,)

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

e.g., n=4

m=0 m=1 m=2
¢ Longitudinal: plane-wave basis, labeled by k
« Helicity: labeled by A

@ For the first Fock sector:
1gqq) = | ng,, Mg, Kqys Ay ) @ [ Ngy, Mgy, Kays Ay ) @ [ Ngy, Myy, Kays Agy )-

13/25



Basis Truncation Scheme

* Symmetries of Hamiltonian:

- Net fermion number: 2”{: N/
- Total angular momentum projection: Z“”« +5)=J
- Longitudinal momentum: zk, =K

i

* Further truncation:
- FOCk sector truncation

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

0.5,1.5, 2.5 ... fermions
- “N,..x truncation in transverse directions 2[2n7+ | m. Hl] <N

max

UV cutoff A~b/Npax; IR cutoff A~b // Nax
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Application to nucleon
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N UCIGOH Form FaCtOrS In preparation, CM, Siqi Xu, et. al.
EM form factors in light-front 08
§0.6
0 0.5 1 QZ [Gevl] 25 3 35
1.8
J*(0)
P'; P;1) = Fi(q? o
(Pt 1o pe |PiT) = Fi(?) 1

1.2 ; = Cates et. al. (2001)

(0 NI L
<PI;T’ 2P(+)|P,\L> :—(q1_1q2)g Fog (2013)

‘ Drell & Yan (PRL, 70); West (PRL, 70) ‘
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Application to nucleon
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N UCIGOH Form FaCtOrS In preparation, CM, Siqi Xu, et. al.

0.0

@ Only valence quarks
contributions

@ Missing meson-cloud effects

@ |gqqqq) has a significant
effect on Pauli FF: 30% in
proton; 40% in neutron

0
‘ Sufian et. al. PRD 95 (2017) ‘
-0.3]
. -0.6]
Magnetic moments (upy): ~ -
g—0.9 v Qattan & Arrington (2012)
[ A Dielh & Kroll (2013)
Proton: 2.51 (Exp. : 2.79) s
Neutron: -1.45 (Exp. : -1.91) L
1,}
) 05 1 25 3 35

EP
@ [Gev?] 16/25



Application to nucleon
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Nucleon Sach’s Form Factors

0.8]

0.2]

R

Artington 07
Milbrath 98
Pospischil 01
Jones 00
Gayou 01
Gayou 02

N, =6, 0,=08

N_ =10,0.-0.6
ax s

-~

1

1.5 2
Q% [GeV?

25 3 35

w

2.5

Arington 05

Arrington 07

N, =6,0.=0.8
a0 05

N, =10, 0,08

@

In preparation, CM, Siqi Xu, et. al.

s

dhvrees

Herberg 99
Glazier 05
Plaster 06 n
Bermuth 03
Riordan 10
Warren 04
Passchier 99
Zhu 01
Plaster 06 He
Blast 05

0
-02)
-0.4
-0.6)
-0.8 - Anikin 98
%
1 Kubon 02
*
12 A Xu 03
. Anderson 07
1.4
. Lachniet 09
-1.1
0 0.5 1 25 3 35

1.5 2
Q?[GeV?]
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Application to nucleon
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AXiaI FOFm FaCtOF In preparation, CM, Siqi Xu, et. al.

WY AING) = a(6) [#ate) + E PGy 0) s

@ Axial vector current: 15 TF diquark —BLFQ: wd
AH = Gyksq i E‘;llji i,
@ Axial form factor can be
measured by ordinary muon S .
capture (OMC) O
ol
— / /
w (D +p(r) = vu(l)+n(r’) ]
. . . -0.5
@ Provide information on 0 05 2 (Gev?) 15

spin-isospin distributions

Ga(Q%) = Gu(@?) — Ga(Q?)
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U npOlarized PDFS In preparation, CM, Siqi Xu, et. al.
Unpolarized PDF is defined as (I' = 77):

o) = 5 [ e AP SO )IPiS)

zt=zr=0

08~ H2=0.195+0.020 GeV?
2 =10 GeV?
06~ dashed: CTEQ15

o) L
X shade: NNPDF3.0
'; 0.4~
—u
02— |—d
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Hel |C|ty PDFS In preparation, CM, Siqi Xu, et. al.
1 1 1 1 == ’\/Jr/\/ -
Helicity PDF is defined as (I = v v5):

) = 5 [ s’ T APSITIOr Uz )IPiS)

2(2m)

zt=zr=0

— = meson-cloud modell
------ meson-cloud model2

—d —— BLFQ
COMPASS u

v COMPASSd

12 =3.0 GeV?
12 =0.195 * 0.020 GeV?
0

. | . | . | . | .
0 0.2 0.4 0.6 0.8 1

modell & model2: meson-cloud models [ Kofler & Pasquini, PRD 95 (2017) 20,25




Application to nucleon
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Tra nSVGFSIty PDFS In preparation, CM, Siqi Xu, et. al.

Transversity PDF is defined as (I = io/s):

o) = 5 [ 53 PSR )IPiS)

zt=zr=0

up down

- - = Anselmino 09
0.35| LF diquark model
—BLFQ

—0.04f |u

= , 42 =24 GeV?

ahy ()

§2 =24 Gev?

-0.08

LF diquark model

- - Anselmino 09

0.05| -0.12 ——BLFQ

Qualitative behavior of BLFQ results are in more or less agreement
with other calculations.

’MwmmqﬂaﬁMMPMsMx5wm.wl&w%;M@&mewm&PRDM(mmw
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Application to nucleon
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TenSOr Charge In preparation, CM, Siqi Xu, et. al.

The tensor charge is defined as

1
£ = [ dx A,

1. LF diquark 4. Quark-Diquark 1. LF diquark 4. Quark-Diguark
2. Anselmino 09 5. Hypercentral = BLFQ 2. Anselmino 09 5. Hypercentral = BLFQ
1.5] 3. QCDFS/UKQCD 6. CQSM 3. QCDFS/UKQCD 6. CQSM
§2 =24 Gev? 08
&
s 1! ° °
% - ° e
5 osfwp T
z ¥
&
o
o o .
02 .
o T ® i ° o ° °
. o
% 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

BLFQ results are consistent with other calculations.
Lattice QCD: g% = 0.3(2) and g¢ = —0.7(2) at p? = 2 GeV?

’ Lin et. al. PRL, 120 (2018) ‘
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Application to nucleon
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» Deeply Virtual Compton Scattering (DVCS)/ vector meson
productions experiment: [GPDs]
N

o

! A
— —_ A=0
P r”/ —_——  fdx
» GPDs appear in DVCS processes.
*  GPDs are functions of three variables : :
k+
= [Longitudinal momentum fraction x = pr Pt

= [ ongitudinal momentum transfer -->
A+
skewness § = ==
= Square of total mom transfer
t=A% = (P' - P)?

Proton momentum

FT
4,«—b,

where the bJ_ is transverse position of parton
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Application to nucleon
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PrOton u n polarized G PDS in BLFQ In preparation, CM, Siqi Xu, et. al.

Encode information about three dimensional spatial o - === - LF-diquark model
: f ol s " BLFQ
structure, as well as the spin and orbital angular 2 \ J

momentum of the constituents

As momentum transfer (t) increases, peaks of
distributions shift to larger x; qualitative behavior
of BLFQ results are consistent is with LF quark-
diquark model results

1
Nnax=6, Kmax=16, =0.8, K7=0.461 GeV, K;=0.283 GeV Nings=6, Kas=16, a=0.8, K;=0.461 GeV, K,=0.283 GeV

kTt At
— A2 - - 2
BLFQ t_A,xprr,cf}an

3
HYx,0,0) H'(x,0,0
2
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Conclusions & Outlook
°

Conclusions & Outlook

@ We discussed the structure of pion and proton from the
eigenstates of light front effective Hamiltonian

e Consider the leading Fock sectors (|qg) for pion, |gqq) for
proton).

@ BLFQ provides a good description of the experimental data &
Global fits for various observables.

Outlook:
@ Other distribution functions : spin asymmetries ,GTMD,
DPD...
@ Study meson-cloud effects and gluon content by including
higher Fock sectors.
@ Mechanical properties, spin structure of proton, mass
decomposition.

Thank You
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