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Charmed baryon strong coupling constants in a light-front quark model
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Light-front quark model spin-wave functions are employed to calculate the three independent couplings
gScLcp , f Lc1Scp , and f L

c1* Scp of Swave toSwave andP wave toSwave one-pion transitions. It is found that

gScLcp56.81 GeV21, f Lc1Scp51.16, andf L
c1* Scp50.9631024 MeV22. We also predict decay rates for

specific strong transitions of charmed baryons.@S0556-2821~98!02917-8#

PACS number~s!: 12.39.Ki, 13.30.2a, 14.20.Lq
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In the heavy quark limit, the spin and parity of the hea
quark and light degrees of freedom are separately conse
in the hadron. In addition, strong and electromagnetic tr
sitions among heavy baryon states are transitions solel
the light quark system. Therefore, heavy quark symme
when supplemented by light flavor symmetries, such
SU~2! or SU~3! symmetry, relate these decays. Explicit re
tions between the various decay couplings of heavy bary
were derived in the constituent quark model@1,2#. Swave to
S wave heavy baryon strong decays, for instance, are de
mined by a single coupling constant and two independ
couplings are required to describe single-pion transiti
from P-wave toS-wave states.

The coupling gScLcp determines strong decays amo
charmed baryon ground states. Furthermore, single-p
transitions from the first excited states into the ground s
are described in terms of two couplingsf Lc1Scp and f L

c1* Scp .

TheLc1 andLc1* represent the two excited states discove
recently@3# with masses 2593 and 2625 MeV, respective

In a heavy baryon, a light diquark system with quantu
numbersj P couples with a heavy quark withJQ

P51/21 to
form a doublet withJP5( j 61/2). Heavy quark symmetry
allows us to write down a general form for the heavy bary
spin-wave functions~SWF! @1,4#:

xabg5~fm1•••m j
!abcg

m1 , . . . ,m j~v !. ~1!

Here, vm5Pm /M is the baryon four velocity, the spino
indices1 a and b refer to the light quark system, and th
indexg refers to the heavy quark. The number of the Lore
indicesm j is determined by the light diquark system qua
tum numberj and is equal to 0, 1, and 2 forS-wave and
P-wave baryon states. In the heavy quark limit, thexabg
satisfy the Bargmann-Wigner equation on the heavy qu
index:

~v” !g
g8xabg85xabg . ~2!

1We have ignored the isospin indices which will be included
the transition amplitudes later on.
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The light degrees of freedom spin-wave functio
(fm1•••m j

)ab(v) are in general written in terms of th

two bispinors @x0#ab and @xm
1 #ab . The matrix @x0#ab

5@(v”11)g5C#ab projects out a spin-0 object and is symm
tric when interchanginga and b. However, @xm

1 #ab

5@(v”11)g'mC#ab , which projects out a spin-1 object i
antisymmetric. Here,C is the charge conjugation operato
and gm

'5gm2v” vm . On the other hand, the ‘‘superfield’
cg

m1 , . . . ,m j(v) stands for the two spin-wave functions corr
sponding to the two heavy quark symmetry degenerate st
with spin j 21/2 and j 11/2. They are generally written in
terms of the Dirac spinoru and the Rarita-Schwinger spino
um . The S-wave heavy-baryon spin-wave functions a
given by

~fLQ!ab5~x0!ab , ~cLQ!g5ug ~3!

and

~fmSQ!ab5~x1,m!ab , ~cm
SQ!g5H 1

A3
gm

'g5u

um

J
g

. ~4!

For P-wave heavy baryon states, we shall use the rela
momentumK51/A6(p11p222p3), symmetric under the
interchange of the constituent light quark momentap1 and
p2 , to represent the orbital excitation. TheLQ1 degenerate
state spin-wave functions can be written as

~fmLQ1!ab5~x0Km!ab , ~cm
LQ1!g5H 1

A3
gm

'g5u

um

J
g

.

~5!

A more detailed analysis with all heavy baryonP-wave spin
wave functions was presented in Refs.@1,4#.

In the heavy quark limit, we can write down the gene
form for single-pion transition amplitudes between hea
baryons
© 1998 The American Physical Society10-1
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Mp5^BQ8~P8!u j p~q!uBQ~P!&

5 f BQB
Q8 pc̄8n1 , . . . ,n j 2~P8!„tp~q!…

n1 , . . . ,n j 2

m1 , . . . ,m j 1cm1 , . . . ,m j 1
~P!,

~6!

with j p being the strong current,f BQB
Q8 p is the appropriate

strong-coupling constant and the pion momentumq5P
2P8. The light degrees of freedom transition tenso

„tp(q)…
n1 , . . . ,n j 2

m1 , . . . ,m j 1 of rank (j 11 j 2), built from g'mn5gmn

2vmvn and the pion momentum, should have the corr
parity and project out the appropriate partial wave amplitu

The Sc
(* )→Lcp, Lc1→Scp, and Lc1* →Scp covariant

tensors„tp(q)…
n1 , . . . ,n j 2

m1 , . . . ,m j 1 areq'm , g'mn , andq'mq'n , with

q'm5qm2v•qvm , corresponding toP-wave, S-wave, and
D-wave transitions, respectively. Making use of the hea
baryon spin-wave functions given in Eqs.~3!–~5! the strong
transition amplitudes, therefore, can be written as

^L~P8,l8!u j p~q!uS~P,l!&

5
1

A3
gScLcpI 1ū~P8,l8!q”'g5u~P,l!, ~7!

^L~P8,l8!u j p~q!uS* ~P,l!&

5gS
c* LcpI 1ū~P8,l8!q'mum~P,l!, ~8!

^S~P8,l8!u j p~q!uLc1~P,l!&

5 f Lc1ScpI 3ū~P8,l8!u~P,l!, ~9!

and

^S~P8,l8!u j p~q!uLc1* ~P,l!&

5
1

A3
f L

c1* ScpI 3ū~P8,l8!g5q”'um~P,l!q'm , ~10!

wherel (l8) is the helicity of the initial~final! spin-12 or
spin-32 heavy baryon. TheI 1[I (6→3* 1p) and I 3[I (3*
→61p) are the appropriate group-theoretical flavor facto
In fact, these are the only amplitudes allowed by Lore
invariance and parity conservation. As was discussed in@1#,
the S-wave coupling of Eq.~9! is different from the one
introduced in the heavy hadron chiral perturbation the
~HHCPT! which is related to the scalar component of t
axial vector current. The matrix elements, Eqs.~7!–~10!, can
be transformed into their equivalent effective chiral amp
tudes @2,5–7# by replacing the pion momentumqm by
2]mp with the spinorsu(p), un(p), and ū(p) being re-
placed by the corresponding heavy baryon fields. The c
plings gScLcp , which is equal togS

c* Lcp in the heavy quark

limit, f Lc1Scp , and f L
c1* Scp are related, respectively, tog2 ,

h2 , andh8 defined in the HHCPT@2,5,8# such thatgScLcp

5A3g2 /A2 f p , f Lc1Scp5(A2h2 / f p)Ep , and f L
c1* Scp

56h8 /A5 f p with f p50.093 GeV.
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The single-pion decay rates are calculated using the g
eral formula

G5
1

2J111

uqW u

8pMBQ

2 (
spins

uMpu2, ~11!

with uqW u being the pion momentum in the rest frame of t
decaying baryon. Using Eqs.~7!–~10! and ~11!, we get

G~Sc→Lcp!5G~Sc*→Lcp!5g
S

c
~* !Lp

2
I 1

2uqW u3

6p

MLc

MS
c
~* !

,

~12!

G~Lc1→Scp!5 f Lc1Sp
2 I 3

2 uqW u
4p

MSc

MLc1

, ~13!

G~Lc1* →Scp!5 f
L

c1* Sp
2

I 3
2 uqW u5

36p

MSc

ML
c1*

. ~14!

Assuming that the width ofSc , Lc1 , andLc1* are saturated
by strong decay channels one can estimate the values o
three couplings using the experimental decay ra
Taking GS

c*
11→L

c
1p1517.923.2

13.8 MeV, GS
c*

0→L
c
1p2

513.023.0
13.7 MeV reported by CLEO@3#, Eq. ~12! can be

used to determine2 the couplinggScLcp . One, therefore, re-
spectively, gets

gScLcp58.0321.92
11.97 GeV21 ~15!

and

gScLcp56.9721.74
11.84 GeV21. ~16!

These values, in return, give the analogous HHCPT coup
g250.6120.14

10.15 andg250.5320.13
10.14 defined in@2,5#.

To estimatef Lc1Sp we use the Particle Data Group@9#

average value forLc1
(2593) width which is GLc1

(2593)

53.621.3
12.0 MeV and Eq.~13! to obtain

f Lc1Sp51.1120.20
10.31. ~17!

The corresponding HHCPT coupling constanth2 is calcu-
lated to beh250.7320.13

10.20.
Finally, taking the upper bound on theLc1

1 (2625) width

obtained by CLEO@3# (GL
c1

1 (2625),1.9 MeV), Eq. ~14!

gives

f L
c1* Sp51.6631024 MeV22. ~18!

2Numerical values for the masses will be taken from Table I
@8#. In this analysis, which is similar to those done in@2,5,8#, we use
the updated data reported by the Particle Data Group@9#.
0-2
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CHARMED BARYON STRONG COUPLING CONSTANTS IN . . . PHYSICAL REVIEW D58 054010
The value of the HHCPTD-wave couplingh8 is determined
to be h855.7531023 MeV21. The uncertainty in the val-
ues of the couplings is dominated by the experimental er
in the decay rates and in the baryons masses.

Theoretically, to calculate the three couplings one ne
to evaluate the matrix elements ofj p(q) in Eqs.~7!, ~9!, and
~10! at q¢250 in an appropriate frame of reference. The ligh
front ~LF! formalism @10# provides a consistent relativisti
theory for composite systems with a fixed number of co
stituent. The other essential fact is that the Melosh rota
@11# is already included in the LF spinors which is importa
when calculating form factors. Therefore, we shall emp
~LF! wave functions to describe the initial and final hea
baryons.

Without loss of generality, we choose to work in a Dre
Yan frame where the initial baryon momentu
Pm5(P1,M2/P1,0') and the pion momentumqm

5(0,M22M 822q'
2 /P1,q'). With the aid of the light-front

spinors and matrix elements of the appropriateg matrices
defined in the Appendix, which become even simpler sin
more elements will vanish in this frame, the three indep
dent couplings are given by

gScLcp52
2A3MLc

MSc

~MSc

2 2MLc

2 !
^L~P8,↑ !u ĵ p~0!uS~P,↑ !&,

~19!

f Lc1Scp5^S~P8,↑ !u ĵ p~0!uLc1~P,↑ !&, ~20!

and

f L
c1* Scp5

3A2

~ML
c1*

2MS!2

M
L

c1*
2

~M
L

c1*
2

2MSc

2 !

3 K S~P8,↑ !U ĵ p~0!ULc1* S P,
1

2D L . ~21!

The LF matrix elements of the strong transition curre
ĵ p(q) between heavy baryon states are given by

^B8~P8,l8!u ĵ p~q!uB~P,l!&

5E @dxi #@d2p' i # (
l i ,l i8

cB8
†

~xi8 ,p' i8 ,l i8 ;l8!

3S (
j 51,2

ū~pj8 ,l j8! ĵ p~q!u~pj ,l j ! DcB~xi ,p' i ,l i ;l!,

~22!

wherecB(xi ,p' i ,l i ;l) andcB8
† (xi8 ,p' i8 ,l i8 ;l8) are the ini-

tial and final heavy baryon wave functions explicitly given
Eq. ~24! below. In the constituent quark model the pion
assumed to be emitted by each of the light quarks and
heavy quark is not affected. Therefore, the strong curren
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resolved into constituent quark transitions and its appropr
operatorĵ p(q) can be written as

~ ĵ p!a8b8
ab

5
1

2
@~g5!a8

a db8
b

1da8
a

~g5!b8
b

#. ~23!

The most difficult part in calculating these form factor
however, is related to the choice of the form of initial an
final baryon wave functions. One of the advantages of lig
front ~LF! formalism @10# is that all Fock-state wave func
tionsC(xi ,p' i ,l i ;l), with helicity l and constituent trans
verse momentap' i , tend to vanish when the LF energye
becomes infinitely large. This feature, is very much simi
to the so-called ‘‘valence’’ constituent quark model whe
the dynamics are dominated by the valence quark struct

In the LF formalism the total baryon spin-momentum d
tribution function can be written in the following gener
form:

C~xi ,p' i ,l i ;l!5x~xi ,p' i ,l i ;l!c~xi ,p' i !. ~24!

Here,x(xi ,p' i ,l i ;l) andc(xi ,p' i) represent the spin an
momentum distribution functions, respectively, and t
longitudinal-momentum fraction

xi5
pi

1

P1
with (

i 51

3

xi51. ~25!

These functions are normalized such that

E @dxi #@d2p' i #(
l i

cB8
l8†

~xi ,p' i ;l i !cB
l~xi ,p' i ;l i !5dll8 ,

~26!

with

@dxi #5)
i

dxidS 12(
i

xi D ,

@d2p' i #5)
i

d2p' i16p3d2S (
i

p' i D . ~27!

Assuming factorization of the longitudinalf(xi) and trans-
verse momentum distribution functions,c(xi ,p' i) can be
written as

c~xi ,p' i !5f~xi !expF2
k¢2

2ar
2

2
K¢ 2

2al
2G . ~28!

The transverse component of the momentum distribution
assumed to be harmonic-oscillator eigenfunctions withar

and al controlling the confinement of quarks in the hea
baryon. The momentak¢ andK¢ , corresponding to the nonrel
ativistic three-body momentakr and kl , are the transverse
component of the covariant vectors

k5
1

A2
~p12p2!, K5

1

A6
~p11p222p3!. ~29!
0-3
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SALAM TAWFIQ, PATRICK J. O’DONNELL, AND J. G. KÖRNER PHYSICAL REVIEW D58 054010
These harmonic-oscillator functions were used success
in @12# to predict masses and decay rates of ground-state
excited charmed baryons. They were also employed to
culate baryon magnetic moments@13# and to calculate the
Isgur-Wise function forLQ semileptonic decay@14# in a
relativistic quark model. The choice of the relative mome
k and K are also convenient for keeping track of the e
change symmetry for the light degrees of freedom spin-w
functions. They will be used later on to write down an e
plicit form for heavy baryonP-wave spin functions.

In the heavy quark limit, the heavy baryon longitudin
momentum distribution functionsf(xi) are expected to hav
most of their strength in the neighborhood of the mean v
ues x̄Q5mQ /M . In the weak binding@15# or valence ap-
proximation@16# the longitudinal velocity of the constituen
quarks are the same. One therefore expects that also fo
light quarks the distribution is peaked fairly sharply arou
the equal velocity pointx̄i5mi /M with i 51 and 2. There-
fore, we can assume

f~xi !5)
i 51

3

d~xi2 x̄i !. ~30!

In the equal velocity assumption@15,16# one may use the
two projection operators@x0#ab and @x1,m#ab , defined ear-
lier, to write down the spin-dependent functions. T
LQ-like baryons spin-wave functionxLQ

(xi ,p' i ,l i ;l)
must be antisymmetric when interchanging the light qu
indices and is given by

xLQ
~xi ,p' i ,l i ;l!

5ūa1~p1 ,l1!ūa2~p2 ,l2!ūa3~p3 ,l3!@x0#a1a2
ua3

~P,l!,

~31!

here, the LF spinorsua i(pi ,l i) describe the constituen
quarks with momentumpi and helicityl i and ua(P,l) re-
fers to theLQ-like baryon with momentumP and helicityl.
xLQ

(xi ,p' i ,l i ;l) can be rewritten in a more convenie
form

xLQ
~xi ,p' i ,l i ;l!

5ū~p1 ,l1!@~P” 1ML!g5#n~p2 ,l2!ū~p3 ,l3!u~P,l!.

~32!

For theSQ-like baryon, the spin-wave functions are symm
ric in the light quark indices and have the form

xSQ
~xi ,p' i ,l i ;l!5ū~p1 ,l1!@~P” 1ML!g'

m#n~p2 ,l2!

3ū~p3 ,l3!g'mg5u~P,l!, ~33!

The two relative momentak andK can be used to specify th
spin-wave functions for heavy baryon resonances. The
cited statesLQ1 , with JP5 1

2
2, and LQ1* , with JP5 3

2
2,

have spin functions of the following forms:
05401
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xLQK1
~xi ,p' i ,l i ;l!5ū~p1 ,l1!@~P” 1MLc1

!g5#n~p2 ,l2!

3ū~p3 ,l3!K” g5u~P,l!, ~34!

and

xL
QK1* ~xi ,p' i ,l i ;l!5ū~p1 ,l1!@~P” 1ML

c1*
!g5#n~p2 ,l2!

3ū~p3 ,l3!Kmum~P,l!. ~35!

One can obtain the spin-wave functions for the correspo
ing antisymmetric excited states by replacingK with k. Ex-
plicit forms for the spinorsu(p,l) and um(p,l) and anti-
spinorsn(p,l) in the LF formalism are given in the Appen
dix.

Since there are two free parameters in our model, nam
the oscillator couplingsar and al one, therefore, expect
that the predictions made will depend mainly on these t
parameters. The numerical values for the constituent qu
masses are taken to bemu5md50.33 GeV, mc
51.51 GeV and those forar andal arear50.40 GeV/c
and al50.52 GeV/c. The same values for the oscillato
couplings were chosen to fit theL baryon masses@14#. How-
ever, one would expect that these values might sligh
change for theJ baryons since the constituent quarks are
the same as those in theL andS baryons. We shall postpon
the study of the effect of these parameters for a future w
since the sensitivity of the decay rates to thea values is such
that a 10% increase results in about~5–8! % change in the
calculated decay rates.

To evaluate the integrals in Eqs.~19!,~20! we introduce
the relative momentum variables

z'5
x2p'12x1p'2

x11x2
, h'5~x11x2!p'32x3~p'11p'2!.

~36!

These variables have the crucial property of being space
four vectors because of the vanishing of the invariant1
component (z15h150). The momentum conservation re
lations are

xiM5xi8M 8, ~37!

and if the pion is emitted by quark number 1, we also ha

z'8 5z'2
x1

x11x2
q' and h'8 5h'2x3q' . ~38!

Using Eqs.~28!, ~30!, and~32!–~35! the three charmed bary
ons strong couplingsgScLcp , f Lc1Scp , and f L

c1* Scp are cal-

culated to be

gScLcp56.81 GeV21, f Lc1Scp51.16,

f L
c1* Scp50.9631024 MeV22. ~39!
0-4
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CHARMED BARYON STRONG COUPLING CONSTANTS IN . . . PHYSICAL REVIEW D58 054010
These are in nice agreement with our earlier fit to the
graded CLEO measurements forGS

c*→Lc
, GLc1

(2593)→Sc
, and

GL
c1
* (2593)→Sc

strong decay rates. The corresponding HHC

couplings are determined using the values in Eq.~39!;

g250.52, h250.54, h853.3331023 MeV21.
~40!

Having the three independent couplings in hand, we are n
in a position to predict charmed baryons strong decay ra
Ground-state transitions are saturated byP-wave transitions
which can be calculated using the value ofgScLcp and Eq.
~12!. On the other hand, transitions from the first excit
states areS-wave orD-wave transitions and their decay rat
are predicted using Eqs.~13! and ~14!, respectively. These
decay rates are summarized in Table I as well as the exp
mental values presented in the updated version of the Par
Data Group@9#.

From Table I, one notes that the strong width ofSc* is
about seven to eight times larger than the width of its spi1

2

partnerSc . These values are within the range of the CLE
measurements. TheJc*

0 and Jc*
1 strong decay width are

within the current upper bound obtained by CLEO.

TABLE I. Decay rates for charmed baryon states.

BQ→BQ8 p G (MeV) Gexpt (MeV)
P-wave transitions

Sc
1→Lcp

0 1.70
Sc

0→Lcp
2 1.57

Sc
11→Lcp

1 1.64

Sc*
0→Lcp

2 12.40 13.023.0
13.7

Sc*
11→Lcp

1 12.84 17.923.2
13.8

Jc*
0→Jc

0p0 0.72 ,5.5
Jc*

0→Jc
1p2 1.16

Jc*
1→Jc

0p1 1.12 ,3.1
Jc*

1→Jc
1p0 0.69

S-wave transitions

Lc1(2593)→Sc
0p1 2.61

Lc1(2593)→Sc
1p0 1.73 3.621.3

12.0

Lc1(2593)→Sc
11p2 2.15

Jc1* (2815)→Jc*
0p1 4.84 GJ

c1*
,2.4

Jc1* (2815)→Jc*
1p0 2.38

D-wave transitions

Lc1* (2625)→Sc
0p1 0.77

Lc1* (2625)→Sc
1p0 0.69 GL

c1*
,1.9

Lc1* (2625)→Sc
11p2 0.73

Jc1* (2815)→Jc
0p1 0.30

Jc1* (2815)→Jc
1p0 0.15
05401
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The Lc1(2593) decay width receives contributions fro
both its single-pion decay toSc and from decaying toLc via
a two-pion transition. The two-pion contribution was com
puted in @6,7# with the resultGLc1(2593)→Lcpp52.5 MeV.

Hence, the total decay rate isGLc1(2593)56.49 MeV which is

still consistent with the CLEO result GLc1(2593)

53.621.3
12.0 MeV. Actually, there is also a negligibleD-wave

single-pion contribution to theLc1(2593) width.
We also predict the S-wave branching ratios o

Jc1(2815)→Jc*
0p1 to Jc1(2815)→Jc*

1p0 to be 67 and
33 %, respectively. TheS-waveJc1(2815) decay width re-
ceives an extra 2% contribution fromD-wave modes giving
a total width GJc1(2815)57.67 MeV. This value is abou

three times higher than the upper bound obtained by CL
GJc1(2815),2.4 MeV.

Finally, the strong decay width ofLc1* (2625), the spin-32
partner ofLc1(2593), is saturated byD-wave transitions to
Sc and by two-pion decay toLc . Adding the contribution
from two-pion decayGL

c1* (2625)→Lcpp50.035 MeV, calcu-

lated in@7#, one getsGL
c1* (2625)52.19 MeV which is close to

the upper limit obtained by CLEOGL
c1* (2625),1.9 MeV.

To summarize, we constructed light-front~LF! quark
model functions with a factorized harmonic-oscillator tran
verse momentum component and a longitudinal compon
given by Diracd functions. The spin-wave functions are th
LF generalization of the conventional constituent qua
model spin-isospin functions. These bound-state distribu
functions were used to calculate the strong couplings
Sc→Lcp, Lc1→Scp, andLc1* →Scp decay modes which
correspond toP-wave, S-wave, andD-wave transitions, re-
spectively. The LF quark model predictions for the nume
cal values of these couplings Eq.~39! are in good agreemen
with estimates obtained using the available experimental d
Eqs. ~15!–~18!. Like other models, our results will mainly
depend on the choice of the free parameters which are
harmonic-oscillator constantsar and al . The decay rates
are also sensitive to the numerical values of the masses o
heavy baryon states and some of these masses have not
measured with high accuracy. We hope in the near future
results will be confirmed by the new experimental data.

S. T. would like to thank Patrick J. O’Donnell and th
Department of Physics, University of Toronto for hospitalit
This research was supported in part by the National Scien
and Engineering Research Council of Canada.

APPENDIX

In this appendix explicit forms for Dirac spinorsu(p,l)
and Rarita-Schwinger spinorsum(p,l) in the light-front~LF!
formalism are presented. Previously, the spin-3

2 wave func-
tions have only been given in the canonical form@17#. We
shall, also, give matrix elements of some usefulg matrices
between LF spinors. The standard representation ofg matri-
ces is used:
0-5
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TABLE II. Spin-3
2 helicity eigenstates in the light-front formalism withul(p,l)5u1(p,l)2 iu2(p,l)

andur(p,l)5u1(p,l)1 iu2(p,l).

um(p,l) u1(p,l) u2(p,l) ur(p,l) ul(p,l)
l

3

2
0 0 0 u(p,↑)

1

2
2

1

A3

p1

m
u~p,↑ !

1

A3

p2

m
u~p,↑ ! 0

1

A3
u~p,↓ !

2
1

2
2

1

A3

p1

m
u~p,↓ !

1

A3

p2

m
u~p,↓ ! 2

1

A3
u~p,↑ ! 0

2
3

2
0 0 2u(p,↓) 0

TABLE III. The ū(p8,l8)Gu(p,l), with G5I , g1, g5 , andg1g5 , matrix elements. They are in unit

of Ap1p81/mm8.

G ū(p8,↑)Gu(p,↑) ū(p8,↓)Gu(p,↓) ū(p8,↓)Gu(p,↑) ū(p8,↑)Gu(p,↓)

I
1

2

m8p11mp81

p1p81

1

2

m8p11mp18

p1p18 2
1
2

p1p8 r2p18pr

p1p81

1

2

p1p8l2p81pl

p1p81

g1 1 1 0 0

g5
1

2

m8p12mp18

p1p18 2
1
2

m8p12mp81

p1p18
2

1
2

p1p8r2p81pr

p1p81

2
1
2

p1p8 l2p81pl

p1p81

g1g5 1 21 0 0

TABLE IV. The ū(p8,l8)Gum(p,l) matrix elements. The lower sign is forG5g1 and the upper sign is

for G5g1g5 . They are in units ofAp1p81/mm8.

ū(p8,↑)Gu1(p,l) ū(p8,↑)Gu2(p,l) ū(p8,↑)Gur(p,l) ū(p8,↑)Gul(p,l)

ū(p8,↓)Gu1(p,l) ū(p8,↓)Gu2(p,l) ū(p8,↓)Gur(p,l) ū(p8,↓)Gul(p,l)

l5
3
2

0 0 0 6A2

0 0 0 0

l5
1
2

2A2
3

p1

m
1A2

3
p2

m
0 0

0 0 0 7A2
3

l52
1
2

0 0 6A2
3

0

2A2
3

p1

m
1A2

3
p2

m
0 0

l52
3
2

0 0 0 0

0 0 6A2 0
054010-6
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TABLE V. Same as Table IV but forū(p8,l8)um(p,l) matrix elements.

ū(p8,↑)u1(p,l) ū(p8,↑)u2(p,l) ū(p8,↑)ur(p,l) ū(p8,↑)ul(p,l)

ū(p8,↓)u1(p,l) ū(p8,↓)u2(p,l) ū(p8,↓)ur(p,l) ū(p8,↓)ul(p,l)

l5
3
2

0 0 0 1

A2

m8p11mp81

p1p81

0 0 0 1

A2

prp812p8rp1

p1p81

l5
1
2 2

1

A6

m8p11mp81

mp81

1

A6

p2

p1

m8p11mp81

mp81

0 1

A6

p1p8 l2p81pl

p1p81

1

A6

p1p8r2p81pr

mp81

1

A6

p2

p1

p81pr2p1p8r

mp81

0 1

A6

m8p11mp81

p1p81

l52
1
2

1

A6

plp812p8 lp1

mp81

1

A6

p2

p1

p8 lp12plp81

mp81

2
1

A6

m8p11mp81

p1p81

0

2
1

A6

m8p11mp81

mp81

1

A6

p2

p1

m8p11mp81

mp81

1

A6

p1p8r2p81pr

p1p81

0

l52
3
2

0 0
1

A2

p81pl2p1p8 l

p1p81

0

0 0 2
1

A2

m8p11mp81

p1p81

0

0

2I G , g i5F 0 s i

2s i 0 G , g55F 0 I

I 0G ,
2pl

p12m
~A1!

wheres i being the usual Pauli matrices.
The spin-12 LF spinors ul(p) with four momentum

p5(p1,p2,p') and helicity l5(↑or↓) are given by
@16,18#

u~p,↑ !5
1

2Amp1F p11m

pr

p12m

pr
G ,

u~p,↓ !5
1

2Amp1F 2pl

p11m

pl

2~p12m!
G , ~A2!

here, we have definedpl5px2 ipy and pr5px1 ipy . Simi-
larly, the antispinorsnl(p) have the form
05401
n~p,↑ !5
1

2Amp1F pl

2~p11m!
G ,

n~p,↓ !5
1

2Amp1F p12m

pr

p11m

pr
G . ~A3!

They are normalized such that

ū~p,l!u~p,l8!52 n̄~p,l!n~p,l8!5dll8 . ~A4!

The spin-12 projection operator is given by

(
l

u~p,l!ū~p,l!5
~p”1m!

2m
. ~A5!
0-7
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TABLE VI. Same as Table IV but forū(p8,l8)g5um(p,l) matrix elements.

ū(p8,↑)g5u1(p,l) ū(p8,↑)g5u2(p,l) ū(p8,↑)g5ur(p,l) ū(p8,↑)g5ul(p,l)

ū(p8,↓)g5u1(p,l) ū(p8,↓)g5u2(p,l) ū(p8,↓)g5ur(p,l) ū(p8,↓)g5ul(p,l)

l5
3
2

0 0 0
1

A2

m8p12mp81

p1p81

0 0 0
1

A2

prp812p8rp1

p1p81

l5
1
2

2
1

A6

m8p12mp81

mp81

1

A6

p2

p1

m8p12mp81

mp81

0 2
1

A6

p1p8 l2p81pl

p1p81

1

A6

p1p8r2p81pr

mp81

1

A6

p2

p1

p81pr2p1p8r

mp81

0 2
1

A6

m8p12mp81

p1p81

l52
1
2

2
1

A6

plp812p8 lp1

mp81

2
1

A6

p2

p1

p8 lp12plp81

mp81

2
1

A6

m8p12mp81

p1p81

0

1

A6

m8p12mp81

mp81

2
1

A6

p2

p1

m8p12mp81

mp81

1

A6

p81pr

p1p812p1p8r
0

l52
3
2

0 0 2
1

A2

p81pl2p1p8 l

p1p81

0

0 0
1

A2

m8p12mp81

p1p81

0

y

h

These LF spinors are related to the canonical spinors b
Melosh transformations. The spin-3

2 helicity eigenstates
um(p,l) are given in Table II which are normalized suc
that

ūm~p,l!um~p,l8!52dll8 . ~A6!

The spin-32 projection operator has the form
t,

05401
a
(
l

um~p,l!ūn~p,l!5
~p”1m!

2m H 2gmn1
2

3
vmvn1

1

3
gmgn

1
1

3
~gmvn2gnvm!J . ~A7!

Table III contains matrix elementsū(p8,l8)Gu(p,l) with
(G5$I ,g1,g5 andg1g5%). In Tables IV, V, and VI matrix
elementsū(p8,l8)Gum(p,l) with (G5$I ,g1andg5%), re-
spectively, are presented.
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