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Nonvanishing zero modes in the light-front current
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We find that the zero modeg{ =0 mode of a continuum theorygontribution is crucial to obtaining the
correct values of the light-front curredt in the Drell-Yan @*=0) frame. In the exactly solvable model of
(1+1)-dimensional scalar field theory interacting with gauge fields, we quantify the zero-mode contribution
and observe that the zero-mode effects are very large for the light meson form factors even though they are
substantially reduced for the heavy meson cases.
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One of the distinguishing features in light-front quantiza-crucial to obtaining the correct results of electroweak form
tion is the rational energy-momentum dispersion relatiorfactors. Only a brief exactly solvable model calculation is
which gives a sign correlation between the light-front energyprovided here. A full, detailed treatment of {3) dimen-
(P7) and the light-front longitudinal momentunP(). In  sional semileptonic decay processes such Kas: 7, B
the old-fashioned time-ordered perturbation theldr this —a, B—D, etc., will be presented in a separate communi-
sign correlation allows one to remove the so-called “Z-cation. We first describe the general formalism of the semi-
graphs” such as the diagram of particle-antiparticle pair creleptonic decay form factors for non-zero momentum transfer
ation(annihilation) from(to) the vacuum. As an example, in in (1+ 1)-dimensions and then discuss the zero-mode prob-
the theory of scalar fields interacting with gauge fidl2s], lem in the limiting cases of the form factors a$— 0.

the covariant triangle diagram shown in Fig(ajl corre- The semileptonic decay of@,q bound state into another
sponds to only two light-front time-ordered diagrams shown

in Figs. 1b) and Xc), while in the ordinary time-ordered Q2 bound state is governed by the weak current, viz.,
perturbation theory, Fig. (3 would correspond to the six _ =
time-ordered diagrams including the “Z-graphs.” Further- J4(0)=(P2|Q27*Qu[P)
more, the Drell-Yan(or q* =0) frame may even allow one =f,(q2)(P1+P)*+f_(g®)(P;—Py)*, (1)
to remove the diagram shown in Fig(cl because of the
same reasoning from the energy-momentum dispersion relavhere P,=P,;—q and the non-zero momentum transfer
tion and the conservation of the light-front longitudinal mo- squareq?=q*q~ is time-like, i.e., g>=[0,(M;—M,)?].
fr'ne|3ta at the vertex of the gauge field and the two scalapne can easily obtaig? in terms of the fractionx as follows
ields.

Based on this idea, the Drell-Yarm{ =0) frame is fre- 2
quently used for the bound-state form factor calculations. q2=(1—01)(|\/|§— 7>1 2
Taking advantage af " =0 frame, one may need to consider
only the valence diagram shown in Fig(bl, where the
three-point scalar vertices should be replaced by the ligh
front bound-state wave function. Successful description o
various hadron form factors can be found in the recent lit-

wherea=P, /P{ =1—q"/P; . Accordingly, the two solu-
fions for « are given by

2 22 2 2_2\2
erature§4—8] using the light-front quark model. o :% Mi+Mz—q + \/ Mi+M3—q _
In this paper, however, we point out that evengat=0 T M| 2M M, 2M M, '
frame, one should not overlook the possibility of non-zero 3

contribution from the non-valenggair creation or annihila-

tion) diagram shown in Fig. (t). As we will show explicitly ~ The +(—) sign in Eq.(3) corresponds to the daughter meson
in the simple (1 1)-dimensional scalar field theory interact- recoiling in the positivnegative z-direction relative to the
ing with gauge fields, the curredt is not immune to the parent meson. At zero recoifif = g,,,) and maximum recoil
zero-mode contribution shown in Fig(cl at q*=0. While (92=0), a-. are given by

the currentJ™ does not have any zero-mode contribution

from Fig. 1(c), the processes that involve more than one 4
form factor, e.g., semileptonic decay processes, require the
calculations of more components of the current other tan

in order to find all the necessary form factors g =0

frame. For instance, in the analysis of the semileptonic de-

cays between two pseudoscalar mesons, two form factors, "
f.(g?), are involved and one has to use not odly, but FIG. 1. Covariant triangle diagraia) is represented as the sum
also J~ (or J* in 3+1 dimensions to obtain both form of light-front triangle diagram(b) and the light-front pair-creation
factors inqg* =0 frame. Thus, the zero-mode contribution is diagram(c).

B
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TABLE |. Form factors off_(0) obtained for different zero-momentum transfer lingjt,=0 andq~
=0. The notation ofx,, used in table are defined ag=1+a_(0) andan=1—a_(0), respectively.

Form factor gt=0 g =0

f.(0) 17 (e, (0))12 2217 (a_(0))2M3
f(0)  [SE4li (@ (0)/MI=apli (@ (O)/2) ey 741 (@—(0)—apl; (a—(0))/2MZ)/

() (G & and obtain, from Eq(1),
+UUm —Hm M’ , _+(11aﬁ)H+(a+)—(1Ia+)H+(a7)
" ) fo(g9)== a,—a_
a.(0)=1, a_(0)=(M—1) (4)

for u=+ (6a)

In order to obtain the form factors. (q%) which are inde-

pendent ofa.. , we can define _ AT (ay)~(AF B IH (o)

Bi—B-
(P2lQ27*Q1|P1)|a=a, =2P1H"(ax) for u=+ (53
+ for u=—, (6b
Mi here . =a_(0)/
— —— - — Wi + = _ o .
_2< Pf) H (ax) for p=-, Now, the current)“(0) obtained from the covariant tri-

(5b)  angle diagram of Fig. @®) is given by

1 1
J“0=fd2k P,+P,—2k)* . 7
© (Pl—k)z—m§+ie( 1+Pem 29 (Pp—k)2—m3+ie k?—mi+ie @
From this, we obtain for the *”-components of the current*(0) as
J=(0)=—2mi(l; +15), (8)
wherel; andl, corresponding to diagrams Figgbland Xc), respectively, are given by
(@) Jad 1-2X+ « (9a)
a)= X ,
! 0 X(1=x)(a@=x)(M3=m/(1=x)—mE/x)(M3/ @ —m3/(a—X) — mZ/x)
() Jld 1-2x+« )
a)= X ,
z o X(1=X)(@=X)(MZ=m3/(1—=x) = mZ/x) (M3 a+mi/ (1= x) —m3/(a—x) — M3)
and
- @ M2+ M%/a—Zm%/x
|1(a)=f dx CR 5 5 5 T (10a
0 x(l—x)(a—x)(Ml—mll(l—x)—ma/x)(lea—mZ/(a—x)—ma/x)
1 M2/ a—M?2+2m?/(1—X)
|£(a):f dx — > —. (10b)
«  X(1=x)(a=x)(M1=mi/(1=Xx)=m/x)(M5/a+mi/(1-x) —m5/(a—Xx)—M])
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TABLE Il. Zero-mode(Z.M.) and non-valencéN.V.) contributions to the exact form factors ©f (0) for
the semileptonic decays &f(B)— = andB—D in (1+1) dimensions. We distinguished the zero-mode
contribution atq™ =0 from the usual non-valence onegit=0.

Frame  Ratio of f\"V@™)(0) to f1(0) N.V.(Z.M.) factor ~ K—r B—w B—D

q"=0 f2M0)/£M'(0) None 0 0 0
f2M-(0)/£M1(0) 1, (a4 (0)) 6.9 0.03 0.1

q =0 £V(0)/£(0) =1, (a_(0)) 2.8 1.3 0.05
fNVL0) /£l (0)2 1 (a_(0)) 3.8 3.8 0.6
fNV2(0)/Ul(0)2 =1, (a_(0)) -111  —40 -1.1

AWe show the separate contributions of the non-valence terms proportiorialda (0)) andl; («_(0)) to
the exact form factor of _(0) atq™ =0.

Note that at zero momentum transfer limig?>=q"q" 20 ’ '
—0, the contributions of I;(a) come from
either limg+ ol5(a)=15(as(0)) or limg _ol5(a) il
=1, (a_(0)). Itis crucial to note irg* =0 frame that, while ' |
|5 (a (0)) vanishesl| , (a, (0)) does not vanish because the
integrand has a singularity even though the region of integra- 16l val, ]
tion shrinks to zerq9]. Its nonvanishing term is thus given &
by i
(=2
_ ) 2 £ 1.4
I, (@4 (0)=————=In| = |. (11
mi—m; \m
This nonvanishing term is ascribed to the term proportional i Val+hlonvel.
tok~=P; —m2/(P; —k™) in Eqg.(10b), which prevents Eq. L
(10b) from vanishing in the limito— 1. This is precisely the 19,00 0.05 010
contribution from “zero-mode” af* =0 frame.l, (a, (0)) (@) q'1GeV?]
should be distinguished from the other nonvanishing pair-
. . - C 20 . ;
creation diagrams aff~ =0 frame, i.e.,l; (a¢_(0)). Some
relevant, but different applications of zero-modes were dis-
cussed in the literaturgl0]. 18l ]
In Table I, we summarized the form factofs (0) ob-
tained from both currents,” andJ~, for different zero mo-
mentum transfer limit, i.e.g* =0 or g~ =0. As shown in 16 L i
Table |, the non-valence contributions,(«-(0)), are sepa- g '
rated from the valence contributiorls; (a~ (0)). Of special %
interest, we observed that the form facfar(0) atq*™=0 is S a4t ,
no longer free from the zero-modk, (« (0)). -
To give some quantitative idea how much these non-
valence contributions, (e (0)) are for a few different de- 1oL i
cay processes, we performed model calculations Kor
—ar, B—r, andB— D transitions in (} 1) dimensions us-
ing rather widely used constituent quark massegq 1.0 == . s
=0.25 GeV,m.=1.8 GeV, and m,=5.2 GeV. Numeri- ) 0.00 °-°5q2[GeV2] 0.10

cally, we first verified that the form factord,, (0) and
f_(0), obtained from theg*=0 frame are in fact exactly
the same withf  (0) andf_(0) obtained from they™ =0 FIG. 2. (a) Normalized form factor of . (g?) for K— in (1
frame, respectively, once the non-valence contributi@ms 1) dimension. The solid line is the result from the valence plus
cluding zero-modeare added. The non-valence contribu- non-valence contributions. The dotted line is the result from the
tions to the form factors of .(0) atq™ =0 are also shown valence contribution(b) Normalized form factor off _(q?) for K

in Table II. In Figs. 2&b)—44&b), the effects of pair-creation — 4 in (1+1) dimension. The same line code as in Figa)ds
(non-valencg diagram to the exact form factors are shownused.
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FIG. 3. (a) Normalized form factor off | (q%) for B— in (1 FIG. 4. (8) Normalized form factor off .. (g?) for B—D in (1

+1) dimension. The same line code as in Figa)ds used.(b) +1) dimension. The same line code as in Figa)ds used.(b)
Normalized form factor of _(g?) for B— in (1+1) dimension.  Normalized form factor of _(q?) for B—D in (1+1) dimension.
The same line code as in Fig(a® is used. The same line code as in Fig(a® is used.

for the non-zero momentum transfer region for the above )

three decay processes. Especially, the zero-mode contribu- 1 Mz—mg/X

tions 1, (. (0)) to the exact solutions for the_(0) atq™ Fu(0)=N f X 2/ 012 2 2/ 2
S22 ) X(1=x)4(M“=mg/(1—x) —mg/x)

=0, i.e., fZM(0)/f""(0), areestimated as 6.9 foK— r, a q

0.03 forB—ar, and 0.12 foB—D decays. The zero-mode

contributions onf_(0) atq*=0 frame are drastically re- +1/m§], (13

duced from the light-to-light meson transition to the heavy-

to-light and heavy-to-heavy ones. This qualitative feature of

zero-mode effects on different initial and final states are exwhereN is the normalization constant and thenﬁ/in Eq.

pected to remain same even in{3) dimensional case, (13)is the “zero-mode” term. Numerically, using the previ-

even though the actual quantitative values must be differerdus quark masses, the effects of zero-modes on the form

from (1+1) dimensional case. factors of F_(0) and Fg(0), i.e., FZM(0)/F""(0) and
Furthermore, we have found the effect of zero mode 10=2M(0)/F(0), are estimated as 16.9 and 0.75, respec-
the EM form factor: tively. Again, the zero-mode contribution is drastically re-

JM0)=(2P-— a)*F 2y 12 duced for the heavy meson form factor. However, it gives a
(0)=(2P1=q)"Fu(Q7) (12 very large effect on the light meson form factors. The similar

The EM form factor atq* =0 usingJ~(0) current is ob- observation on the EM form factor was made in the Breit
tained by frame recently11]. In (3+ 1) dimensions, however, we note
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that the relation between the Breit frame and the Drell-YarDrell-Yan (g* =0) frame. To the extent that the zero-modes
frame involves the transverse rotation in addition to the booshave a significant contribution to some physical observables
and therefore the results obtained from the Breit frame canas shown in this work, one may even conjecture that the
not be taken as the same with those obtained from the Dreleondensation of zero-modes could lead to the nontrivial re-
Yan frame or vice versa. alization of chiral symmetry breaking in the light-front quan-

In conclusion, we investigated the zero-mode effects onization approach. The work along this line is in progress.
the form factors of semileptonic decays as well as the elec-

tromagnetic transition in the exactly solvable model. Our

main observation was the nonvanishing zero-mode contribu- It is a pleasure to thank Stan Brodsky, Bernard Bakker,
tion to thed™ current and our results are directly applicable Matthias Burkardt, Tobias Frederico, Dae Sung Hwang and
to the real (3+1) dimensional calculations. The effect of Carl Shakin for several informative discussions. This work
zero-mode to thd _(0) form factor is especially important was supported by the U.S. DOE under contracts DE-FGO02-
in the application for the physical semileptonic decays in the96ER 40947.
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