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Introduction

Basis Light-Front Quantization (BLFQ):
A non-perturbative approach to solve QFT. [J.P.Vary, et al. PRC81,2010]

o Light-front (LF) Hamiltonian formalism is a natural framework for
tackling relativistic bound-state problems in QCD.

o The quantum field is quantized on light-front time 7 = 2% + 23.
o LF energy P~, LF 3-momentum (P*, P* PY), where P* = P° 4+ P3.
o Dispersion relation P~ = (m? + P?)/P™

o By solving the eigenvalue equation, it directly produces the invariant
masses and the boost invariant wavefunctions:

(P+P7 - ﬁJQ_) ‘wh(ijamj» - Ml% W}h(Paja m])>

o Basis representation
o Basis can encode the analytical approximation to the solution.
o Optimal basis is the key to numerical efficiency.
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Heavy Quarkonia [Y.Li, et al.,PLB758,2016; PRD96,2017]

o The effective Hamiltonian at the |¢g) Fock sector:

Ho
k2 4+ m?2 kz + m PE ) o
Hep = —= 4 4+ L4k T(lfr)@*if*(”«'(l* ) — )+ Vy
x 1-— (mgq +mg)? Oz Ox ~—
A one-gluon
LF kinetic energy confinement exchgange

where z = pf /PT, k. —pquxPL, T =Tq1 —TgL-
o Confinement
transverse holographic confinement [s.J.Brodsky, et al.,PR584,2015]
longitudinal confinement [Y.Li, et al.,PLB758,2016]
o One-gluon exchange with running coupling
V, = §Mu0/7“ug R
o Basis representation

o valence Fock sector: |qq)
o basis functions: eigenfunctions of Hy

¢nm(’zl/\/ z(1—x)), xi(z),

with basis truncation: 2n + |m| 4+ 1 < Nmax, 0 <1 < Lmax-



H €avy Q uarkonia [Y.Liet al.,PLB758,2016; PRD96,2017]

Light-front

wavefunctions (LFWFs):
e.g. 1c(19)

Mass spectra:
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Radiative transitions

The electromagnetic transition
between quarkonium states via
emission of a photon, offers an

w(3770)
[+~ =)

open charm threshold

E1, M2
insight into the internal structure
. AR vai(1P)
of quark-antiquark bound states. =
WolP)

i =+

Each process is governed by its
hadron matrix, 7(1S)

o+ 1-- 1+ o+ 1++
W}f’ JH(0) [¥i) Radiative transitions characterized by

JH#(z) is the current operator. multipoles. (Figure by Y.Li) Q@E
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The M1 transition

(=4 4) vector(177) <+ pseudoscalar (0~ )

charge conjugation C : —1 <> +1

spin J:1+0
V(P,m;) parity P:-1+ -1
x

V>P+yorP—=V+7y

Transition form factor:

1 (P P) = (P(P)| J [V(P.my)) = Q) uasr pr pe ()
m; ) = s Mg mp + my al BEa\L7 11ty
Decay width:
2 _ 233 2

(2my)* (mp + my)® (2Jy + )7

where g =P’ — P, Q? = —¢® and e, (P,m;) is the polarization vector of g@g
the vector meson. Jy = 1 is the spin of the initial vector meson.
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Calculation on the light front

Current components: J* (u =+, —, z,9)

J+Z ”gOOd current” (suppress contributions from pair production/annihilation in vacuum)
J7: “bad current” (associate with the zero-mode contributions)
JEH(JE = J* +iJY): good/bad?

[J.Carbonell, et al.,PR300,1998; S.J.Brodsky, et al., NPB543,1999; D.Melikhov, et al.,PRD65,2002]
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I+ — 2V(Q2)
" mp + my
V(@)

J _mP—Fmv

0, m; =0

%PJFAR, m; =1

—%P+AL, my = —1

—imy AT, mj; =0
%PRAR, mj=1
é(zzm% —m>» — P/RAL), mj = —1

Boost invariants :
z= Pt /Pt
AL = ﬁi — ZﬁL.

Complex forms :
ER/E = k® 4 kY.

s
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Light-front wavefunction representation in |¢q)

(=, \)

ﬂ/(_q7 )‘)

Impulse approximation: V(Q?) = QleV(Q2), Qy is the quark charge.
The hadron matrix element in the Drell-Yan frame (¢* = 0) is,

(P(PIITZO)V(P,m;))

1 27
dz d°k1  (my), > >
_—E bk, o)l n(k + (1 —2)f L, x

sss//() 222(1 —z) / (277)37/&;/\/( L @)Yysplke + (1 —2)L, )

ﬂs/(wP+,EL +xﬁL+q_’L)7“us(mP+7EL —|—x]5l_). g@g
7)

Convolutions of LFWFs: wigv,ws/g/p.
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Transition form factor at |qq)

V(Q?) as convolutions of LFWFs: w (lﬂ, )¢:/§/P(El +(1—2)7L,x).
o Jt and m; =1

m; = 0 is not available, m; = —1 is equivalent to m; = 1.
N V2 mp +my ! dzx dQEJ_
0 a(@?) = Yz | I

iq o 2z(1—z) /) (2n)

(m (m;=1) (m;=1) mj=1)
[TA s+ 08T Vs UL N e + UL L)

o JEand m; =0
m; = +1 can be related to that in J* through a transverse Lorentz boost.

A i(mp +m ! dz a2k
ij:O(Q2) = ( £ V)/O 212 / .

my (1—-x)/) (2r)°
(m;=0) ‘37(172,7:0)/ 1%
- %HWWM—W@ +op U]

Dominant spin components: exist in the nonrelativistic limit g@g

Subdominant spin components: relativistic origin
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Transition form factor at |qq)

For the less relativistic heavy systems:

ijzo(Q2): depends on dominant components— more robust! (= V(Q?))
ijzl(Q2): relies on subdominant components

dominant components and subdominant components of charmonium and

bottomonium:

Ne M b My M
= Dominant (T1-11) = Subdominant

(a) P(nS)

LFWF (%)

v Y Y

= Dominant (Tl+{7) = Subdominant

(b) Voi=0(ns)

LFWF (%)

0 ]’/w wl 'Y‘ Y! 'Y‘/I

= Dominant (T1) = Subdominant

(c) V=D (us)
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Transition form factor |

The allowed transition: initial and final states have the same radial or
angular quantum numbers.

nS —nS+~
Nonrelativistic limit: V(0) — 2.
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Shaded area: numerical uncertainty from basis truncation.
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Transition form factor Il

The hindered transition: initial and final states have different radial or
angular quantum numbers.

nS — n'S +y(n #n'), nD —n'S 4+~
Nonrelativistic limit: V(0) — 0.
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Transition form factor Il|

The hindered transition: initial and final states have different radial or
angular quantum numbers.

nS — n'S +y(n #n'), nD —n'S 4+~

Nonrelativistic limit: V(0) — 0.
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v(0)

Transitions between vector and pseudoscalar mesons for charmonia and
bottomonia below their open flavor threshold. (#21)

oI Yo Ya)=>ie =Y Yo, =Y Yapy=21, Y7one Y708 Yen)=1,
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PDG: [C.Patrignani, et al.,CPC40,2016]

Lattice: [J.J.Dudek, et al.,PRD73,2006; PRD79,2009; D.Be¢irevi¢, et al.,JHEP01,2013; JHEP05,2015;
C. Hughes, et al.,PRD92,2015; R.Lewis, et al.,PRD86,2012]

relativistic quark model (rQM): [D.Ebert, et al.,PRD67,2003]

Godfrey-Isgur model (Gl model): [T.Barnes, et al.,PRD72,2005; S.Godfrey, et al.,PRD92,2015]
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Decay constant of the vector meson fy

(O] J#(0) V(P,my)) = (P, m;) My fy
Integrals of LFWFs:

. (m;=0) mj;=1) mj=1) m;=1)
Polaspmemgmo U olamm s RO 0

Dominant spin components for the S-wave states.
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Decay constant of the vector meson fy

(O] J#(0) V(P,my)) = (P, m;) My fy
Integrals of LFWFs:

(m,;=0) mj;=1) m;=1) m;=1)
fV‘J+/JR,mj:0 : wﬂj_w/v- fV‘JR ;m;=1 - Qbﬁ/]v ,%H]WVM/)N ]“/y

Dominant spin components for the S-wave states.
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o Lorentz symmetry is reasonably preserved.
o V(Q2)mj:0 using the dominant components is reliable.
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Summary and outlook

©

The radiative transitions between 0~F (P) and 17~ (V) heavy
quarkonia is calculated from the LFWFs, providing predictions.

Comparison of different components of current operator (J* and J+)
provides insights on light-front dynamics.

o JL is preferred to J* for the M1 transition in heavy systems
o J* and J' agree on the decay constants of the vector mesons.

Other radiative transitions: V - S+, V — A+~
EM Dalitz decay: V - P+ v« > P +et +e.

©

©

©

[ M.Li, Y.Li, P.Maris and J.P.Vary, submitted to Phys.Rev.D, arXiv:1803.11519]

s
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Summary and outlook

©

The radiative transitions between 0~F (P) and 17~ (V) heavy
quarkonia is calculated from the LFWFs, providing predictions.

Comparison of different components of current operator (J* and J+)
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o J* and J' agree on the decay constants of the vector mesons.

Other radiative transitions: V - S+, V — A+~
EM Dalitz decay: V - P+ v« > P +et +e.

©

©

©

[ M.Li, Y.Li, P.Maris and J.P.Vary, submitted to Phys.Rev.D, arXiv:1803.11519]

Thank you very much!
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Backup: Impulse approximation

Y(=q, )

15, =eQs (P(PN)] T3 (0) V(P my))—eQp (P(P)| J§ (0) [V(P,my)) -

charge conjugation

quark term antiquark term

The transition form factor V(Q?) extracted from the quark current is
related to V(Q?) as,
V(Q?) = 2¢QV(Q?)

Quark charge: Qf = Q. = +2/3, Q5 = Q, = —1/3. g@g
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Backup: More on the spin components

dominant components and subdominant components of D-wave states:

100 100
99.1 §99.6 | 99.6
80| 80
£ 60 £ 60
w w
: :
w40 W40
20| 20
0 0
Yap Yap Yen) Yap Yap Yen

Dominant (w 71 m L4 = TL+L.1) = Subdominant Dominant (w | w T4+.7 u 11) » Subdominant
(a) Vmi=(n3Dy) (b) Vmi=Y(n*Dy)

Dominant components: exist in the nonrelativistic limit
Subdominant components: relativistic origin
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Backup: Decay constant of the vector meson

The decay constant fy is defined from the vacuum-to-hadron matrix
SEMENES (0] (0 [V(P,my)) = e (Pymj) My fy

e Same current operator as for the transition form factor.
e Help check Lorentz symmetry.

fo(m; =0): fi; (mj = 0) = fi5(m; = 0)
fv(m; = £1) : fif (m; = £1)(not available), fi (m; = +1)

The light-front wavefunctions representation,

Folms = 0) =V / =/ Phs o, R
Ne d d%k m,= =
f”(mf:”:g; S | G0 2

=1 g
KA T (R a) + V2ma T (R, @) g@g
Dominant spin configurations for S-wave states.
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Backup: the transverse boost

The two sets of hadron matrix elements (P(P’)| J* |V(P,m;)) and
(P(P")| J1|V(P,m;)) can be related through the transverse Lorentz
boost specified by the velocity vector Bl,

v —)’U+, 11—>17l+v+6l.

That is,
(PP B+ P AL | T V(P Pt PHALmy)
= (PP B | T V(P Promy) ) + G (PP B | 7 [ V(P Promy) )
In consequence, V(Q?) obtained using J* and J| with the same m;

should be the same. %
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Backup: V(0)

Ratio of ij=1(0) (using JT) to ijzo(O) (using JR).

NI Y - Yap)=e 0,2 Yo, Y Yapy=n, Y -n, Y515 Y-,
T T T T T T T T T T
100.0— - —
50.0 + = f %-_
s f i f .
T T o3 T
= 10,01 i § + f § % —
S 50 T 2 =
A x
£ S K J S NS BS__ RE __NE. _SE____NE__Ee —
*

.E 1 1 1 1 1 1 1 1 1 1

TW-=ne W' -1 Yap)-n. Yo =Y Yo, Yapy=mYapy=u; Y =1, Yep)=mY ep) =15

A Allowed transition: the transition with the same radial or angular quantum

numbers (e.g. nS — nS + )
o Hindered transition: the transition between states with different radial

or angular excitations. (e.g. nS — n'S +~v and nD — n'S +7)

25 /25



