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L Motivation

1. Motivation
m Standard light-front quark model (SLF QM);

The SLF QM is a relativistic constituent QM based on the LF formalism, which
provides a conceptually simple and phenomenologically feasible framework for
calculating the non-perturbative quantities of hadrons.

two problems: non-manifestation of covariance; zero-mode issue

m Covariant light-front quark model (CLF QM);

It provides a systematic way to explore the zero-mode effects; the results are
guaranteed to be covariant after the spurious contribution proportional to
w = (0,2,0, ) is canceled by the inclusion of zero-mode contributions.

“Exclusive Dy — K , K* | ¢ decays” W. Wang and Y. L. Shen, PRD 78 (2008) 054002;

“J /v weak decays” Y. L. Shen and Y. M. Wang PRD 78, 074012 (2008);

“ =T =T ,0F weak decays (1/2 — 3/2 case)” Z. X. Zhao, EPJC 78 (2018) no.9, 756;

“Ne = "y H.Y.Ryu, H M. Choi and C. R. Ji, Phys.Rev. D98 (2018) no.3, 034018;
“D(Ds) — (P, S,V, A)lvg decays” H. Y. Cheng and X. W. Kang, EPJC 77 (2017) no.9, 587;
“Heavy pentaquark transition (©., E5. )" H. Y. Cheng , C. K. Chua and C. W. Hwang, PRD 70
(2004) 034007

“Radiative decays of charmed vector mesons” H. M. Choi, PRD 75 (2007) 073016
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L Motivation

PHYSICAL REVIEW D 69, 074025 (2004

Two problems: B A A A A A

and form factors

u Self—consistency problem of CLF QM

[.fV] CLF [fV] CLF 2When AV is contracted with the longitudinal polanzauon vector
due to the additional contribution characterized £*(0), fy will receive additional contributions characterized by the
(2) B functions defined in Appendix B [see Eq. (3.5) of [14]] which

by the B function to [fV]CLF give about 10% corrections to f, for the vertex function &y, used in
1 ) . . Eq. (2.11). It is not clear to us why the result of f}, depends on the
Possible solution:  H. M. Choi and C. R. Ji, polarization vector, Note that the new residual contributions are

Phys. Rev. D 89 (2014) no. 3, 033011.

Dv,con — Dv,F, (type-I)

o X(@ k) (@ ki)
M L \/1(1 )M,

x(x, k1) : CLF expressions «— SLF ones via Z.M. independent fp or f;_”,.
D: Dy ,con = M +m1 + m2 and Dy Ly = Mgy + m1 + ma

x(, ki) Yl ko) [
V2N, T — =y M — M. (type-II)
= [fviete = [fV]CLF = [fvlsur
Questions: (i) fa, Fp—y ... ?

(i) (VIR = [fV]SLF‘ ? self-consistency of SLF QM ?

(iii) zero-mode contribution ?
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L Motivation

PHYSICAL REVIEW D, VOLUME 60, 054026

m Covariance problem of CLF QM

Covariant analysis of the light-front quark model

Th o . . Kabl Wolfgang Jaus
€ manifest covariance IS a remarkabI€ psin fir Theoretische Physik der Universitii Zirich, Winterthurerstrasse 190, CH-8057 Ziirich, Switzerland

feature of CLF QM relative to SLF QM (Received 21 December 1998; published 9 August 1999)
However, The formulas for coupling constants and form factors
the covariance is in fact violated have been derived in a manifestly covariant framework.

. However, if these formulas are evaluated with the symmetric
when the LF vertex fu nc_tlon and light-front vertex function (5.2), the covariance c}(,mditions
operator are used (eSPeC|a”y for (3.32) are violated, i.e., the integrals of Eq. (3.32) are non-
spin-1 system). zero. Consequently, some residual @ dependence is intro-
duced into these expressions if Egs. (5.2) and (5.3) are used
forpthepvertexyfunctiony This remaining @ dependence is
minimalyin the sense that only the B coefficients B in the

Taking A = (0|g2T'q1|M (p)) as an example
AY = My (e fv + whgy),
A“‘/ is obviously not covariant unless the unphysical decay constant gy = 0 since w*

is a fixed vector.

(i) Is the covariance violation minimal?

(ii) Can the strict covariance be recovered ?

Self-consistency, Covariance, Zero-mode contribution
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L Brief review of theoretical framework

2. Brief review of theoretical framework

The main task:
A= (01g2Tq1[M(p)); B = (M"(p")|a/Tq;|M (p"))
2.1 The SLF QM

dktd?k
My = > /7
Rihe? (2m)32y/kT kT

one-particle states: |q1) = 1/2k] bT[0) with {bL(k), by (")} = (2m)38(kT — k' )6% (ky — k' )6y, /-

q’hl,hQ(k+skL)|QI ckY ki1, h)@2 kY kay o),

Wavefunction:

Viy b (@ k1) = Shy ny(z, ki) Y(z, ki),

Radial WF s (z, k) =4

3 -
w4 |8k, [ k2 4+ k2
exp | —————

= . | s-wave
53 282 ]

T

V2
Up(@ ki) ="=a(m ki), pwave

apy (k1) T vy, (k2)

Spin-orbital WF Sy, 1, = —
1,h2 V2N,

obtained by the interaction-independent Melosh transformation, where

. . 52 .
T é(ky—kg) _ &(kyi—ko) __Mj é(ky—ko)
7+ DV TR T Disie V55~ 53, 7+ D e 5

’ =
Db via,34 =75
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L Brief review of theoretical framework

Equipped with the formulae given above, one can obtain

dzd?k |
A=Nc > /( (@, k1) Shy hg (@, k1) Chy hg(z, k1),

hihe 27)32\/x%
dk'T a2k’ |
B — 1 11 % k”+,k” ’ k'+,k/
> /7(%)32 v Ty K

hl’h” ho

X Syl py KR Copgr g R KT ) 7, 1K),

// h

where Cp ) o = DpyTup, and Ch/1/7h/1 = ﬂh/l/Fuh/l

2.2 The CLF QM
Manifestly covariant one-loop integrals:

- d*k H d*k’ H, H
A= / M B= N/ MM gy

s
(2m)4 N Ny TR (2m)4 Nj N/ N2

where, Sao=Tr [T (k1 +m1)(@lpr) (— K2 + m2)]

Sp =Tr {F (Ki + ""/1) (Ll"lju) (= K2 4+ ma) (i’yor‘x}'yo)(k/{ + 'm/ll)}
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L Brief review of theoretical framework

| . . integrating out k— ]
Manifestly covariant expression A———g————g—————% LF expression

Assumption: H s pps ppr are analytic in the upper complex k= (k'~) plane.

Consequently, g2 is on mass-shell, and

N1 — Ny, NJUD L NIOD S8,
xm = Hu /N1 — hat /Ny, Dprcon = Dyur -
Then,
dktd%ky —iha o . dk'Td%K) Ryt .
=N, / 31_ ihn ihae o B=N, / %J. mrhae g 1)
22m)® zpt N, 2Gm)?°  apt N N

In order to restore the zero-mode contribution and eliminate w dependence, we need
the following decomposition and replacements
Jaus, Phys. Rev. D 60 (1999) 054026. Phys. Rev. D 69 (2004) 074025

for A: B aph 4w, Ci(j)) ;
—— k,2 v v,ou R
Bk o g L g Py |, 09,
w:-p

Nz%22:N1+mffm§+(i7([)]\12,
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L Brief review of theoretical framework

for B: B - pPra® 4+ q“Aél) + .(w, c,
kP Ny — g* A(I)Zz 3 A<2)] ]

l%;“l;:’ly — g‘“/AEQ) + P“P A;2> + (P"q" + q“PV)Aéz) + q“q"A‘(LQ)
PlwY + wh PV

+————— BV +.. (D),
w-P

7 RAZES v v 2 - B 2
R Ny — g" AP 25 + g*q (Af)z2 + zquAg“Af))
PhwY 4wl Py _
B 4w, ),

’

where P =p" +p"", g=p —p" and

. o k! | k! . 2
Agl)*%’ A;l):gi u_;u) Agr“‘):fkﬁf( 1L Q‘IL) ’
q q
k3 2 P
B gZQ i TL’ B® — B® 7, 4 (P? - (¢-P)? YAD 4@ |
q>

k;L gL

Zy =N +m?—mi+@—a)M?+(¢°+q-P) 2 ;
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L Brief review of theoretical framework

For a given quantity, in order to clearly show the zero-mode effect, we have
qull - QvalA 4 Qan.

oval-: assuming k;r # 0 and k‘l+ # 0 = poles of N3 and N are safely located inside and
outside, respectively, the contour of k~ (k') integral; zero-mode contributions are absent.

decomposition and replacements —> k% = m% and four-momentum conservation at

each vertex.

It is expected that Qfull (Q"‘“l‘) = OSLF if we believe that zero-mode contribution
has (not) been included in QSLF,
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LE><amp|e 1: fp and fy

3. Example 1: fp and fy

Definition:  (0|G27v"v5q1|P(p)) = ifpp*, Ol 1|V (p,N)) = fvMyet.
3-1 fP
~ dz d2k s(z, k
[fplsLr = \/Nc/ (2W)3L el Iil) oI (Zmy + xma),

dz d?k, xp
W? 2(zmy + xma),

[fPleun = [fPlval. = Nc/

m no residual w dependence
® [fpltun = [fP]val.: fp is free of the Z.M. contribution
L [fP]SLF = [fP]valA = [fP]full within both type—l and -Il schemes.

Fitting to the data of fp

Bag Bsq Bss Beq Bes
this work 314405 349.8H8-8 1365 841-2 {4gun+IL2 L Kagiste.0
PLB 460 (1999) 461 365.9 388.6 412.8 467.9 501.6

Bee Bvq Bos Brz B
this work 654.57135% 547.979°, 601.4773 947.07152 1391.2751%

PLB 460 (1999) 461 650.9 526.6 571.2 936.9 1145.2
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LE><amp|e 1: fp and

3.2 fy
Theoretical results:

dzdkLw(zkl) 2 T 2k
[fv = VN / =5 VAl zmy + xma + Dyir)’

[Fy)dsE :F/ dzd?k a(z, ki) 2 M§ o KR Mo
SLF )3 VTz  V2Mg \2My  Dyip My )’

= dzd?k 2 mi1 +m
A=0 1 XV 2 1 2 2 (2)
v = N, /7 — — |zMj —mi(m1 —mg) — (1 - ——— k7 —2B s
(fvlhn £ (2m)3 T My |: 0 1(m1 2) ( Dv con >( 1 ):|

2
A=+ /d:cd k XV 2 2 mi1 + mo 2
= N¢ —_— zMj — mi(m; —mo) — [1— —— | k 5
[fV]qu c (271_)3 z ]VI 0 1( 1 2> DV,uon iR

[fv]g‘fFi is usually ignored in previous works due to the traditional bias.

In order to clearly show their self-consistence we define:

1 =0 1 A=+ 1 A=0 1 A=+
[f 1\4]/\ [f] [fn] [f] LF
M M

AM (z) = full full , A (z) = SLF S

da dx dx dx

The valence contributions:

‘2]\/[‘2, — m% - ki

dzd? ki xv 2
Fvloa’ c/i

@ @ My (imlfzmz)] )

|:ki+a:zl\fv + mimo + =
ZDvy con

A=t / dzd?k, xv 2 [EMZ 4+ aMZ — (m1 — ma)? oMt m2 e
9 2m)3 7 My ]

[fvlar 3
b 2 DV,con

We do not find any relation in type-lI scheme except for [fv 75" = [fV]mu ......
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LE><amp|e 1: fp and

Numerical results: taking p and D* as examples

X=0 X=0 0
[fplSLr [fP]SLF fpltun [fp]full [fp)oar. [ff’]vml
type-| 211.1 226.9 248.7 288.9 229.1 212.1
type-ll 211.1 211.1 211.1 211.1 211.1 211.1
2=0 X=+ X=0 N=+ =0 ==
[fD*]sLF [fD*]SLF [fD*]full [fD*]fun [fD*]Val, [fD*]\,al.
type-l 252.6 273.5 275.3 305.6 244.6 258.9
type-ll 252.6 252.6 252.6 252.6 252.6 252.6
Findings:
| deL X 2 Dy con—m1i—ma (2)
m Self-consistence of CLF QM: A}/ (z) = N, [ S My Dyeen 2B
03 04
02 02 pe- 1t
EY! I L.
o — S
ol L/ -02 type-T
02 wped
-03 -04
0.0 02 04 0.6 08 1.0 00 02 04 0.6 08 1.0
x x

() [fV]quO a [fv]full (type-l) — self-consistency problem of the CLF QM
(ii) Interestingly, we find: [fy]A50=[f hu]l (type-Il) dueto [dzAY; =0

Type-lI scheme provides a self-consistent correspondence between manifest covariant
and LF approaches for fy .
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LE><amp|e 1: fp and fy

m Self-consistence of SLF QM: AY . (z)

02 04
type-1
0.1 02 type 11
) type— 11 =]
53 00 tha 8% 00
-0.1 -02 type-1
-02 04
0.0 02 04 0.6 08 1.0 0.0 02 04 0.6 0.8 1.0
X X

() VI3 < [fV]gLFi (type-1) — self-consistency problem exists also in the
traditional SLF QM

(i) [fv]gfgi[fv]Sl = (type-ll) due to [dzAY . =0

Type-ll scheme is also favored by the self-consistency of the SLF QM.

m Relation between [fv]g‘f}g’i and [fv]ja:llo’i:
(i) No relation can be found ( traditional type-l scheme).
(ii) Taking type-1l scheme and making some simplifications, we find surprisingly
[AVIRTR = [AvIA0 and [fvIQEE = [fvIia™ (type-lt)

which are exactly ones expected.
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LE><amp|e 1: fp and fy

m Zero-mode effects: [fiy]z.m.

o 0.
02| type-
B _ ) —~
5 005 type-1 - /\\\ 3 0 =_N
Is I \
I3 0l 23 X —
= \ — =-0af \
T —00s5f N = N
type —1I =02 type =11
~o.1 -0.
00 02 04 06 08 10 00 02 04 06 08 10
x x
04 0.4
2
type-1
5 02 ila \ 02 wpe-1,// |
=2 7
R 5 0,
2 —— ~—
5 02 type=TI -02 type 11
-04 -0
00 02 04 06 08 10 00 02 04 06 08 10
x x

() 0 < [frlpmnl < [fV}Z . (type-l) — [fv]z.m. are non-zero and dependent
on \.

(ii) [fV}/ m. *0 (type-1l) — [fV]ful] [fv}wﬁ and [fvhun [fvhal

Summarizing the findings above:

VIR = (VR = IR = Ivihnt = VST = IVIEEE (typel)
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LE><amp|e 1: fp and fy

Our Updated predictions for fy (in unit of MeV):

data LQCD QCD SR this work
£ 210 + 4 199 +4 206 + 7 211+ 1
Fice 204 + 7 + 222 + 8 223 + 1
o 228.5 + 3.6 238 43 21545 236 4 1
P = 223.5 + 8.4 250 + 8 253 + 7
o2 301413 268.8 + 6.6 290 + 11 31446
Fisu 41145 41849 401 + 46 382 4 96
I il 185.9 £ 7.2 210 + 6 205+ 5
for = 2231454 22147 246 + 4
fB | 422 +13 453 + 20 465 + 7
fras) 708 + 8 = = 713 434

LQCD: Nucl. Phys. B 883 (2014) 306; Phys. Rev. D 96 (2017) no. 7, 074502; JHEP 1704 (2017) 082; PoS
LATTICE 2016 (2017) 291; Phys. Rev. D 91 (2015) no.11, 114509.

QCD SR: Nucl. Phys. B 883 (2014) 306; Phys. Rev. D 75 (2007) 054004; Part. Phys. Proc. 270-272 (2016)
143
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L Example 2:

4. Example 2: [,

Definition:
(0lg2v*v5q1|Ap, X)) = fa M€y

SA: 2S+1LJ = 3P1; 1AI 25’+1LJ :1P1.

Theoretical results for 1A:

U ])\:0 O] m/ dazd?k | Yp(x, k1) IA i (Zm1 + amo)[(Z — :c)ki - a’csz — :czmg]
AISLF (2m)3 Vzz  2Mo Mo @ZD1, 1 ’
dad?k | PYp(x, k1) 1 2 myp — ma

k2 ;

[flA]STF =- \/Nc/ )3 =% V3klo M1, Dijip

dzd? k| X1y 2 m1 —mg 2 (2)
e [ERN 2 mm (p)

ialaa” 2m)3 My, D
(2m) z 1a P14 con

ded?k) x14, 2 m1—mo
[flA]full = c Pl el K3
(2m) £ 1a ~1A,con
2 -2 2 2
. A=0 _ dzd?k, x1, 2 Mi{,z?-m3 -k}
Uiglvar, == Ne | ——3——= —F———— (Zmitama2) ,
(2m) T My, ZD1y con
L= / dzd?k; x1, 2 mi-—mg 42
1a 1 el o3 A BT
3 (2m)3 T My, DlA.con
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L Example 2:

Theoretical results for 3A:

C Cdad?k) pp(z, ky) 1 MZE 2

A=0 € P € 0

[f3alsLE :VNC/ i == = o
(2m) VT T V2Mqy 2v2Mgy Mg

a (Zmy1 + am2)[(z — z)ki + i2m% = z2m§] }

{Zki + (m1 — m2)(Zmy1 — xma)

*T D3A,LF
s ]A::t —\/7/ dad?k Yp(x, k) 1 ]f{g 2 [ki — 2@11@3_ + (@my — zma)?
4 BLE (2m)3 VzE 2Ny 2v2ZMo M3, 2%
ki (m *mz)] I
Dy vr
L dzd’ky x3, 2 my—m 2

[fsA]?ullo =N, [ ——==4 {-TM(? —my(mitma) — 1+ ——> | (K] — 2B§ ))} )

2m3 =z M3, D3,

con

T ded?k X 2 mi—m
A= 1 X3 2 1 2 2
[f-‘SA]funi :N“/ A7 eMy —my(mi+mz) — (1 T 7) kL} ;

(2m)3 & Mgy 34, con
r 22 2 2
T ded?k, x 2 . M. - m3 %2
A=0 1 X3 > _ o 3 3
[f34]val. =Ne o =4 o kY +2z@ZM3, —mimo — St D3 (Zm1+ama)
(2m) E 34 3A,con

[fSA]ml =Ne¢

ded®ky xs, 2 [ #M3, +aM§ — (mi+my)? < m17M2> k2:|
L

(2m)3 & M3y, 2 D34 con



Self-consistency and covariance of light-front quark models: testing via fp v 4 and Fp_,p p_,v v_s

L Example 2: f4

Numerical results: taking'A(,q), *A(qq). "A(cq) and *A(cq) (b1(1235), a1 (1260), D1 (2420)
and D;(2430) ) as examples

= =4 A=0 A=+ A=0 A=+
[f1 BRI 13 [f1 ] lf1 ] [f1 LS E 2" 12
A(qq) SLF A(qq) SLF A(q(j) full A(qq) full A(qq) val. A(qq) val.
type-l 0 0 0 0 —47.4 0
type-Il 0 0 0 0 0 0
A=0 A=0 —+ A=0
[flA(C(D]SLF [flA( ]SLF [flA(Cq)]full [flA( ,>]fu11 [flA(cq)]val. [flA( ,)]le
type-| —78.5 784.6 —78.4 —84.6 —65.2 —84.6
type-ll —78.5 —78.5 —78.5 —78.5 —78.5 —78.5
= A==+ A=0 A=+ A=0 A=+
fs 3p  IF: fs fs - f: fs
Usaplir Usaplsie Usa e Usa ) lon™ Usa g lea” Usa o Rar
type-| 218.7 223.6 260.6 223.6 263.1 263.1
type-ll 218.7 218.7 218.7 218.7 218.7 218.7
A=0 A==+ A=0 A==H A=0 A=+
[f3A(Cq)]SLF [f3A(C§)]SLF [fiiA(Cq)]full [fBA(Cq)]full [fsA(C@]vaL [f3 34, ,)]vﬂ
type-| 231.7 256.7 244.7 256.7 228.5 228.5
type-ll 231.7 231.7 231.7 231.7 231.7 231.7

(i). Self-consistency problem also exists in 14 and 34 systems
(ii). 1A(qq) meson is not ideal for testing the self-consistency due to m; = ms.
A=+ A=0 .
[flA(qq)}vaL,SLF,funv [flA(qq)]full ocmy —ma
[flA(qq)}g‘aQ: anti-symmetry under = <> Z.
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L

xample

m Self-consistence of CLF QM:

0.3| type 11
type-1

type-T

02 04 06 08 10

(i) The violation of self-consistence is very small but non-zero in traditional
type-l scheme.

= —0 .- A=+ 1(3)

(i) [fAI5° = [falag™ (type-ll) dueto fdazA, ;4 =0

m Self-consistence of SLF QM:

03

04 04 02

02 type =11 02 0.1 type=11
s 5o type—II =
OO <3 0 0

A
LE

7 o iz
< < < o1

~02] type-1 ~02] wpe-1 -0.1f}
AN AV

04 —04 02 type-1
03

0.0 02 04 0.6 08 1.0 0.0 02 04 0.6 08 1.0 00 02 04 0.6 08 1.0
X x x

Self-consistency holds only in type-ll scheme: [fA]gfg = [fA]éf% (type-11)

Above findings are similar to the case of V' meson.



Self-consistency and covariance of light-front quark models: testing via fp v 4 and Fp_,p p_,yv v

L Example 2: f4

m Relation between [fA}Sng '+ and [fA})‘:_O’i:

val

Taking type-1l scheme and making some simplifications, we find that:
+
[fl(d)A}SLF [fl(J)A]Valo ) [f1(3>A}5LF [fl(i)A}ml ) (type-Il)

in which, only [fi4]305 = [f14]25F holds in the type-l scheme.

m Zero-mode effects: [fa]z.m.

2 type-1 type-T
type 11

(i) [f14]25F =0 (type-l and -11) , [f14]250 # 0 (type-l) — The existence or

absence of [fi4]z.m. depends on the choice of A in type-I scheme.
(ii) [fsA]é,r:n(?’i # 0 (type-1) — Its contribution depends on the choice of A .

(i) [Fal2mr =20 (type-ll) — [FART = [fa250 and [falpn® = [faldn™®
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L Example 2: f4

Combining the findings for the V' and A mesons,
[Qlsir = [QRa? =[Qa’ = [y =A™ = (AT, (wpe)

where Q = fy, fiy and fs4, and the first and the last “=" should be replaced by
“=" for the 3A(qq) and 1A mesons, respectively.

Updated predictions for fi, and f34 (in unit of MeV)

fqt? fmi fs§ fcti fc§
1A 0 —27+1 0 —784+2 —62+2
34 22041 219+£2 203+2 231+8 257+8

fee qu fos foe be
1A 0 -954+3 —-88+2 —86+3 0
34 250490 176+6 180+5 281+7 353425
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L Covariance of CLF QM: fv,a

5. Covariance of CLF QM: fy 4

Taking Ay = (0|g27"q1]V (p)) as an example,
Al = My (¢4 fv +whgv),

Note: covariance holds only when gy = 0.

Origin of violation:

After integrating out the kK~ component and taking into account the zero-mode
contributions (most of w dependences are eliminated ), we can decompose S'A
(integrand) as

-~ +mo\ w:e€ (2)
St :4{2(1—’”“7)717“8 +€H‘..}7
i DV,con w-p ! [ ]

m Second term: the physical contribution to fy
First term: the w-dependent part

m Case of A\ = +: the w dependence vanishes due to w - e+ = 0 — Covariant

Note that: A = &£ is not alway a "good choice” to avoid the covariance problem



Self-consistency and covariance of light-front quark models: testing via fp v 4 and Fp_,p p_,v vV

L Covariance of CLF QM: fv,a

m Case of A =0:

In order to separate the physical and unphysical contributions, we have to use

the identity
€w wh 2 i
ph I = et L <e-p—e-w P ) — L etreBy e
w:-p w-p w-p w-p

=0

The first term: gives an additional contribution to fy that results in the
self-consistency problem;

The second term: the residual w-dependent part that contributes to gy and
may violate the Lorentz covariance.

The problems of self-consistency and covariance of the CLF quark model
within the type-l1 scheme have the same origin!

Theoretical results

2

(g ]*=0 Ne [ dad?®ky XV(Z: kL)4 (1 _mi+ m2> 2 B§2) 7
2 (27T)3 z DV,Con w-p
N, 2 sz, k2 = 2

[g34] =0 ¢ [ dxd?k XsA(? ¢)4 Ly o me B§2>,
2 (2m)3 T Dspcon ) wep

(g0 Ne [ dzd?ky XlA(ﬂkai)élml —mg 2 352)7
2 (27T)3 z DlA,con w-p
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m Conditions for the covariance: [gy] = [ga] =0 =
k1) k2) B®

/dﬁhwgﬁ =0, /dm g Xu@k) B
T z Dt con

which is much stricter than the one given by Jaus.

® [gv,a] o< 1/pT: the size of covariance violation within the type-I scheme is in
fact out of control because pt is reference-frame dependent

m Covariance is violated in the type-I scheme but can be recovered in the type-II

scheme.
In the rest frame (p* = M),

lgv.al’=% = [fv,alim’ = vialim® = /dw Apit (@),

So,

(90, D* . A reg). Agqrideg ]~ = (—40.2, —30.3, 6.2, 37.0, —12.0) MeV # 0, (type-])

x=0
(95, D*,14cq), Mg ) =0,  (type-ll)

The problems of self-consistency and covariance of the CLF quark model can be
‘resolved” simultaneously within the type-Il scheme.
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m The type-l and -Il schemes are consistent with each other in the heavy quark
limit.
M ~mg > mg
x ~mq/M and T ~ mg/M == Mo — M
f(g)v,a are dominated by |k | <1 GeV

Brief summary:

m In the traditional SLF and CLF QMs ( type-| scheme), fi,14 34 suffer from the
self-consistency and covariance problems. '

m In the CLF QMs, the self-consistency and covariance problems can be resolved
simultaneously by taking type-ll correspondence.

m The zero-mode contributions exist only formally but vanish numerically (type-Il).

m For the decay constants of spin-1 systems,

[OREY = [QIF° = [QRF° = [QRGT =[5 = [Q1TF (type-1)

m The two schemes are consistent with each other in the heavy-quark limit.



Self-consistency and covariance of light-front quark models: testing via fp v 4 and Fp_,p p_,yv v

- Example 3: FE=Y

6. Example 3: 7P~V

Definition:
V@ MG g | P(®) = iewape™ P q” g(d?),
(V" @7 PG = —f(a®) e — € P ay(6®)Pu + o (aV)au] -

Bauer-Stech-Wirbel (BSW) form factors:

f(d®)

M LM AQ(‘Iz) = (M + ]yj//)a+(q2)7

V(®) = (M +M")g(d®), Ai(®) =~

ia—(a*) + £(@) + (M = M")as (¢)]

. 1
Ag(g®) = T [

Theoretical results: g(¢?) and a4 (¢?)
de d?k/| """ (z, k)Y (=, K))

l9(a*)]sLr = — 3
(27m)3 2z 2N NIy
k', -q 2 k', -q
Q{Li'm/l+mm2+(ml1—m/1/)7j'2 - + o7 { J_+7( LoaL) )
q V,LF a

dz d? dz d’K) xpxy
2(2m)3 T

_ K\ -aqu 2 K, -q1)®
2 +oma iy Kt g 2 i L]

V,con

[9(a”)]tant =[9(¢”)]va1. = —Ne /
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dz d’k', ¢"" (2, k)¢’ (z, k') )
(2m)3 2z 2N MY

[’1+(¢12)]SLF = /

kﬁ_'OIJ_
) =

2{(771/1/ — 2wm/1 + ’rn/1 + 2xmo + (z — :i)(im/l + xma)

2 1" .
-+ D 7;q2qL [k’i K| A4 (xme — ZmY)(wma + imll)] } y
V,LF 1

dx d? kL XPXV
z

lat(¢*)]eun =la4(¢%)]var. = Ne /

2{(ml1/ — 21:m,1 + m/1 + 2zmo + (z — ?)('T'm’l + xmg)

)kl'QL
ai
D, k'i‘qi

+
7" a2
DY con  Zal

[k,‘L . k/i + (zmo — :ﬁmlll)(wmg + im’l)] } ;
For F = g(¢?) and a4 (¢?):

s [Fagt = []:]full : no self-consistency problem.

® [Flz.m. = 0: no zzm. contribution.

L []:]SLF = []:]full = [}—]val.
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Theoretical results: f(g?) and a—_(¢?)

da d?k/| """ (z, k')’ (z,K))
(2m)3 2z 2]\;[6]\?[(’)’

[F(¢®)lsLr = —

4M//
M

+ (@m) + zma)(m)ma + za:]V[(;/Q + :f:2q2i)}

k//2 + mz i jzhjm . T
+ W [kl . k/i + (zmo — Tmlll)(.LWQ + lm/l )}}

= (M,z - M"? 4 fﬁ_) lay (¢°)]sLr
dzd? kJ_ X,pX
2(2m)3 T

@t == Ne [ S2E
4 12 ’ 17 = p—— 7 L ’ 1
—k 7 (@m] + my —@meo) — Tk, - qi(m7] +2Zm] + xme — Tma)
x

+ (im/l + xma) [mll/mg +zzM"? + 724> ]

+z7q)
K2+ m3 —z2M"?
i:D//

V,con

— (M7 = M" + ) la4 (6"

[k'L .ki + (zma + :fmll)(mmz — imlll)] }

{ [kf (Q’Wnl1 + mll/ — Tma) — a’ck:_ ~ql (mll/ + Qimll + xmas — Tms)



Self-consistency and covariance of light-front quark models: testing via fp v 4 and Fp_,p p_,yv v

- Example 3: FE=Y

dz d? kJ_ XX
2(2m)3 z

@ = - N [ et
2{ — (m} + mll/)z(ml1 —m2) + (zma — ;Tcm,l)M/z + (xma + icm/l)AINQ

Kk’ -q 2
= a(mz — m) (M + M) + 2om MF — 4 (m} —ms) (kT + O, au)” = L) )

> k' -q
— maq® — (m] + m’ll)(q2 +q- P)LTLﬁml(m'l - mg)Bf2>

’ 2
+ D//2 [(kf—i— (kL ;L) )((z—i)M'z—i-M”?—Q(mll —mY)(m) —mz)
q

V,con

K/
+2aMP —¢® —2(¢° +q- P)LT‘M)

T (AJ’Z + M2 q2 + 2(771,l - 7772)(m/1/ + mg)) Fi‘f2> + 23};’”] } ,

F(@)]an™ =1 @nn’ |

B®=B®=0
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dz d?K/| """ (z, k')’ (z,K))
(2m)3 2ac 2N MY

[a—(g*))sLr =
4 // 2 / //2 ’ " ’ "
== 1 My" +m — (m3 +my )(m; —m2)(m; —ma)
ap
—Z(m} —m2)d> + [m] —m] +23(m| — m2)]K| -qL — 2(m} — ma)k’}
1 1" 12 ’ 2
+ —— 11— kL aL |[My —(m; —ma2)
57 L [ ]

2 .
+I K] [MA’Q + Mg+ 2(mf +ma)(m} —m2) + o | }} — 7@ +asla®)

- da d?K), X

i

4
—2{$(m,1, — mg)M(;2 + z(m] — ma2)M, ”2 + (@m} + ama)M"?
Q]

+ (@m}, + zma)M"? — (m) +m})(m) — ma)(my — ms2) — Z(m} — mz)qi
+ [} —my +22(m] —ma)]k - qr — 2(m] —m2)k’?

1 s
AL [— K] au (eMP +3M” = (m] —m2)?)

V,con

+ kl .kl (]VI”Q + M2 + 2(m/1/ + mz)(m/1 — ma) +qi)]}

= q%f(«f) +at(d).
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dz A2k, x> X4
1 1 N Y Rl AP V
fa— (a2 o
kl “qL

2{(3 — 22)(Zmy + xma) — [(61’ —7)my + (4 — 62)mo + m’l/] o
q

X, . 2 Kk’? -+
J_quL> +qf; 4(!711 )m))B(;)

q~©

+4(m} — m2) |:2 (

+ — D [— 2 (]Mlz + M7 q2 + Q(m/1 — 71’1,2)(m/1/ + m,g)) (Af) + AY) — A(21

V,con

+ (ZM’2 — q2 - N{ + ]\71” - 2(m,1 — m2)2 + (m,’1 + mlll)Q) (Agl) + Aél) — 1)

P
+22> (240 —34f) +1) + Qqq—z (440 AP —34())

+ (1—2 ((;’U/Z + M - q + 2(ml —m >)(m +m >)) Ui‘)) — 28§‘3)>:| } :

2\1A=0
ROk (R C) g B

For F = f(¢?) and a_(¢?):
m [FIAT0 # []-']full : self-consistency problem.
m [Flsur # [Fltun # [Flval. within traditional type-l scheme
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Taking D — K™* as example. “—": divergent at ¢ = 0.
= A=F1
D— K* [f(@D)lstr [f@DIai®  [f(ad)lan [F(a?)]val.
& —0 type-l  —1.93 —1.76 Loiy7 —2.19
. type-ll  —2.66 —2.66 —2.66 —2.66
2 4 type-| —1.75 —1.59 —1.89 —-1.97
A= fypell  —2.37 237 237 237
2 _oq type-| —1.61 —1.50 —1.69 —1.79
AL =2 pell  —2.14 —2.14 —2.14 —2.14
* = A=*1
D= K la—(a?)]str [a—(a?)]pir° la—(@D)lai " la—(aF)]al
o =0 type-l — — —0.34 —
1 - 7E - -
type-ll —0.35 —0.35 —0.35 —0.35
@ =1 type-l 0.97 —0.94 —0.27 —0.49
4 type-ll  —0.27 —0.27 —0.27 —0.27
2 _ o |typel 0.32 —0.62 —0.22 ~0.30
9L =7 fgpell —0.21 —0.21 —0.21 —0.21
a_(g?), are in fact calculable in PHYSICAL REVIEW D, VOLUME 60, 054026
the SLF QM after taking M — My Covariant analysis of the light-front quark model
the standard approach are reproduced, except for those that de: ) ) Wolfgang Jaus )
covariant approach permits also the calculation of the scalar ™/ e o e o5, potiss rusest 00y erend

mesons, and the form factor a_(g?) for transitions between pseudoscalar and vector mesons, which is not
possible in the standard light-front formalism. The practical application of the covariant extension of the
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N
Nzm/dx

o

2

I
—

|
N

type— Il

d[fDaK‘(q

|
ow
o
o
N
o
IS

0.6 0.8 10 0.6 0.8 10

Mzm/dX

2

dfa®*'(q

u [f]éfnoi[]-']?‘uii (type-I1): self-consistency problem is “resolved”.
B [Flean=[Flvar. (type-1l): Z.M contribution vanishes numerically

m [FlsLr=[Flval. (type-1l)

[QlsLr = [Qlval. = [Qltull 5 (type-Il)


Chang Qin
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Covariance:

1 PHe* - w4 whe™ -
(ad p I

SP~>V =4

P 2
w-P {Q(mll — m2)B;?
1
"

[(M,2 + M2 - q2 + 2(7n/1 — mg)(mll/ + mg))Biz) — 23%3)]} + ...,
V,con

*...": physical contribution to f(q?) and a+(q?).

For the first term, we shall use the identity

w - wh P P2 - P)?
Pnew:cu_i( —q-P 6)_ E*P—e-qL—G-OJ7+E-UJM
w- P q? w- P w- P w- P ?w - P
1A €4 LaBy
77(1728 waqsPy .
For A =0

e term: additional contribution to f(q?);
: additional contribution to a— (g?)
wH term: contribution to unphysical F, which violates covariance.

Ple* -w+ whe™ - P wq-P u2M
‘ = o +q¢ = W —.
w- P g2 M w- P

The self-consistency and the covariance problems have the same origin!

A=0

|
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For A = +
Instead of using such identity, we can directly write the pre-factor as, due to
ey w=0,

PHe® - w+ whe® -P‘ e - P

. -
w-P A=+ w-P

“no” addition contribution to f(q?) and a—(g?).

Unphysical F:
= dz d?k/ Xp X 2 = 2 3 2M"
hQAOZN/iLPVz;z f — ma)B? — ANB® — 2B | =
[h(g®) o Ty a4 |20 ma) B - o (1B - 257) | T
dz d?k/ 1 - e P
A=+ X X 2 2 3
(@) =N [ T 22XV 4 am] - ma) B — —— (1418 - 280) | =2
2(27T) z DV,con \/iw - P

B The decomposition for the case of A = =& is in fact ambiguous.
Hoe*, Boe*, |
One can also decompose L2e--wiwle”-P in the same way of

w-P ‘)\*:t
¥ I
Mh o- At this moment, the self-consistency problem vanishes,

which ho}\jvever is at the expense of introducing more unphysical form

factors (E‘Laﬁywaquy).

The self-consistency problem is not real, it is dependent on the way of
decomposition.

Such ambiguous decomposition is trivial only when the B function contributions
are zero.
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m Covariance:
2 fra—
h(q?) < /dIAqu (z),

type-l: h(q?) # 0, covariance is violated;
type-Il: h(g?)=0, covariance is recovered.

m h(g?) < 1/P*: the violation of covariance is out of control (traditional type-I
scheme).

B )\ = =% is not alway a good choice to avoid the covariance problem
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Thank you !
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Why M — Mo?

LF vertex operator (é)
l problem is possibly caused by the SLF QM

€ v.s. € (M v.s. M) ‘ conservation of momentum | v.s. all are on mass-shell

momentum conservation — p? = (k1 + k2)2 = ]\1(2, meson mass is understood as

2 dacdkL
M2 = [ M )

when a hadron mass appeared in a integral for a physical quantity expressed in terms
of WF, Mg should be used.
CLF QM is treated as a covariant expression for the SLF QM + z.m..
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