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Ground-state scalar q̄q nonet: SU„3… mass splittings and strong, electromagnetic,
and weak decay rates
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By comparing SU~3!-breaking scales of linear mass formulas, it is shown that the lowest vector and scalar

mesons all have aq̄q configuration, while the ground-state octet and decuplet baryons areqqq. Also, the

quark-level linears model is employed to predict similarq̄q and qqq states. Furthermore, the approximate
mass degeneracy of the scalara0(985) andf 0(980) mesons is demonstrated to be accidental. Finally, it is
shown that various strong, electromagnetic, and weak mesonic decay rates are successfully explained within
the framework of the quark-level linears model.
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I. INTRODUCTION

In the quark model, one usually assumes that pseu

scalar (P) and vector (V) mesons areq̄q, whereas octet (O)
and decuplet (D) baryons areqqqstates. However, it is now

argued@1# that the light scalar (S) mesons are non-q̄q can-
didates, in view of their low masses and broad widths. In t
paper, we shall show that the ground-state meson nonetP,

S, andV areall q̄q, hence including the light scalars, whi
the lowestO andD baryons areqqq states.

In Sec. II, SU~3! mass splittings for loosely boundV and
S states are shown to have symmetry-breaking scale
13% and 18%, respectively, using linear mass formulas.
apply the latter formulas toqqq O andD states in Sec. III,
leading to SU~3!-breaking scales of 13% and 12%, respe
tively. Then in Sec. IV, we employ the quark-level linears

model~LsM! to predict similarq̄q andqqqstates as in Secs

II and III. Next in Sec. V, we study theS q̄q states and argue
why theV states have slightly higher masses, on the basi
the nonrelativistic quark model. Moreover, the approxim
mass degeneracy of theS a0(985) and f 0(980) mesons is
shown to be just accidental. Finally, in Secs. VI, VII, an
VIII we successfully determine, in an LsM framework, me-
sonic decay rates for strong, electromagnetic, and weak
cesses, respectively. In Sec. IX we summarize our results
draw some conclusions.
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II. MASS SPLITTINGS FOR U „3…ÃU„3… V AND S q̄q
MESONS

Although meson masses are expected to appearquadrati-
cally in model Lagrangians, while they must appear so
P states@2#, for V andS states a Taylor-series linear form
for SU~3! mass splittings is also possible. Thus, conside
Hamiltonian densityH5H(l0)1Hss(l8) using Gell-Mann
matrices. Then the vector-meson-nonet massesmV
5A2/3mV

02dī 8idmV are1

mr,v5A2

3
mV

02
1

A3
dmV'776 MeV,

mK* 5A2

3
mV

01
1

2A3
dmV'894 MeV, ~1!

mf5A2

3
mV

01
2

A3
dmV'1020 MeV,

with f' s̄s. Measured vector masses@1# suggest average
mass splittings

mV
0'1048 MeV, dmV'141 MeV, ~2!

giving an SU~3!-breaking scale ofdmV /mV
0'13%.

Such considerations can be repeated for axial-vector
sons as well, even though it is now hard to draw any decis
conclusions, also in view of the experimental situation. T
is why regarding these mesons we limit ourselves to the
lowing observations. In the case of axial-vectora1 states, we

1Recall that d0i j 5A2/3d i j , dn̄8n51/A3, ds̄8n5dK8K5

21/(2A3), andds̄8s522/A3.
©2004 The American Physical Society10-1
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assume thef 1(1420) is mostlys̄s, because the Particle Dat
Group ~PDG! @1# reports f 1(1420)→KKp, K* K as domi-
nant, whilef 1(1285)→KKp, K* K are almost absent. Thus
f 1(1285) is mostlyn̄n, like the nonstrangea1(1260) @with
a1→sp seen, buta1→ f 0(980)p not seen, becausef 0(980)
is mostly s̄s].

Also the scalar masses~not incompatible with Ref.@1#!
predicted from the LsM discussed in Sec. IV obey th
mass-splitting pattern@for the chiral limit ~CL! in SU~2! and
SU~3!, see Refs.@3# and @4#, respectively#

msn
5A2

3
mS

02
1

A3
dmS →

CL

2m̂CL5650 MeV,

mk5A2

3
mS

01
1

2A3
dmS →

CL

2Am̂CLms,CL

5780 MeV, ~3!

mss
5A2

3
mS

01
2

A3
dmS →

CL

2ms,CL5940 MeV.

Here,msn(650) is near the PDG average@1# mf 0(600) , mk(780)

is near the E791 value@5# 797619 MeV, andmss(940) is

near the PDG valuemf 0(980) , which is thus mostlys̄s. The
masses from Eqs.~3! then give the CL average mass spl
tings

mS
0 →

CL

922 MeV,

dmS →
CL

167 MeV, ~4!

dmS
mS

0
→
CL

18%.

The fact that theq̄q scalars have an SU~3!-breaking CL
scale of 18%, larger than the 13% scale ofV ground states,
further suggests that, whereas theV are q̄q loosely bound
states, theq̄q S states@with quarks touching in the Nambu
Jona-Lasinio~NJL! scheme@6## are ‘‘barely’’ elementary-
particle partners of the tightly boundP states~discussed in
Sec. IV!.

III. LOOSELY BOUND qqq BARYONS

In this same Taylor-series spirit, the octet (O) baryon
SU~3! mass splitting mO5mO

0 2dmO(dssd
ī 8i1 f ssi f

ī 8i),
with dss1 f ss51, predicts~the indexssmeans semistrong!

mN5mO
0 2

dmO
2A3

~2dss13 f ss!'939 MeV,
01401
mL5mO
0 1

dmO
A3

dss'1116 MeV,

mS5mO
0 2

dmO
A3

dss'1193 MeV, ~5!

mJ5mO
0 1

dmO
2A3

~dss13 f ss!'1318 MeV.

The (d/ f )ss ratio can be found from Eqs.~5! as

S d

f D
ss

52
3

2

mS2mL

mJ2mN
'20.305, dss'20.44,

f ss'1.44. ~6!

Thus, Eqs.~5! predict the average mass splittings

mO
0 '1151 MeV, dmO'150 MeV,

dmO
mO

0
'13%.

~7!

The SU~3! D baryon massesmD5mD
0 1dmD have mD

0

weighted by wave functions

C̄ (abc)C (abc)5D̄D1S̄* S* 1J̄* J* 1V̄V, ~8!

anddmD is weighted by

3C̄ (ab3)C (ab3)5S̄* S* 12J̄* J* 13V̄V. ~9!

Then the SU~3! D masses are predicted~in MeV! to be

mD5mD
0 '1232,

mS* 5mD
0 1dmD'1385, with dmD'153,

mJ* 5mD
0 12dmD'1533, with dmD'151, ~10!

mV5mD
0 13dmD'1672, with dmD'147.

This corresponds to average mass splittings

mD
0 '1232 MeV, dmD'150 MeV,

dmD
mD

0
'12%.

~11!

It is interesting that both loosely boundqqq O and
D symmetry-breaking scales of about 150 MeV are near
q̄q V, S mean mass-splitting scale ofdm5141 MeV, 167
MeV. However, the CL SU(3)-breaking scale of 18% fo
scalars is about 50% greater than the 12–13 % scales oV,
O, D states. This suggests thatV, O, D q̄q or qqqstates are
all loosely bound, in contrast with the elementary-particleq̄q
S and, of course, theP states~see above!. In fact, the latter
0-2
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GROUND-STATE SCALARq̄q NONET: SU~3! MASS . . . PHYSICAL REVIEW D 69, 014010 ~2004!
Nambu-GoldstoneP states are massless in the CLp25mp
2

50, p25mK
2 50, as the tightly bound measured@1# p1 and

K1 charge radii indicate@7#.

IV. CONSTITUENT QUARKS AND THE QUARK-LEVEL
LsM

Formulating theP and S q̄q states as elementary chir
partners@8#, the Lagrangian density of the SU~2! quark-level
linear s model ~LsM! has ~see Appendices A and B for
more detailed summary of the quark-level LsM!, after the
spontaneous-symmetry-breaking shift, the interacting p
@9# @for f p5(92.4260.27) MeV'93 MeV]

L LsM
int 5gc̄~s1 ig5tW•pW !c1g8s~s21p2!2

l

4
~s21p2!2

2 f pgc̄c, ~12!

with tree-order CL couplings related as (f p
CL→90 MeV)

g5
mq

f p
, g85

ms
2

2 f p
5l f p . ~13!

The SU~2! and SU~3! chiral Goldberger-Treiman relation
~GTRs! are

f pg5m̂5
1

2
~mu1md!, f Kg5

1

2
~ms1m̂!. ~14!

Since f K / f p'1.22 @1#, the constituent-quark-mass rat
from Eq. ~14! becomes

1.22'
f K

f p
5

1

2 S 11
ms

m̂
D⇒ ms

m̂
'1.44, ~15!

which is independent of the value ofg. In loop order, Eqs.
~13! are recovered, along with@3,7#

ms52mq , g5
2p

ANc

, for Nc53. ~16!

Here, the first equation is the NJL relation@6#, now true for
the LsM as well. The second equation in Eqs.~16! was first
found via theZ50 compositeness relation@10#, separating
the elementaryp ands particles from the bound statesr, v,
anda1.

We first estimate the nonstrange and strange constit
quark masses from the GTRs~14!, together with the
LsM loop-order result~16!:2

m̂'g fp'
2p

A3
~93 MeV!'337 MeV →

CL

325 MeV,

2The resulting quark masses are well in agreement with the va
obtained on the basis of the magnetic moments of the respe
baryons ~see, e.g., Ref.@11#!. The proton magnetic momentmp

.2.7928, e.g., yieldsm̂5mp /mp5336 MeV.
01401
rt

nt

ms5S ms

m̂
D m̂'1.44m̂'485 MeV→

CL
470 MeV. ~17!

These quark-mass scales in turn confirm the mass-split
scales found in Secs. II and III,

dmV'dmS'dmO'dmD'~4852337! MeV5148 MeV

→
CL

~4702325! MeV5145 MeV,

~18!

near 141, 167, 150, 150 MeV, respectively. Also the SU~3!
nonvanishing masses are predicted as

mV
0'A3

2
~ms1m̂!'1007 MeV,

mO
0 5mD

0 'ms12m̂'1160 MeV, ~19!

near the 1048, 1151, and 1232 MeVm0 masses in Secs. I
and III.

To verify that the pion and kaon are tightly boundq̄q
mesons, we compute thep1 andK1 charge radii as@7# r p

51/m̂CL50.61 fm and r K52/(ms1m̂)CL50.50 fm, near
data@1# 0.67260.008 fm and 0.56060.031 fm, respectively.
Likewise, to verify that the proton is aqqq touching pyra-
mid, we estimate the proton charge radius asRp5(1
1sin 30°)r p'0.9 fm, near data@1# 0.87060.008 fm.

V. S SCALARS AND ACCIDENTAL DEGENERACIES

We begin with the non-CL NJL-LsM scalar masses

msn
52m̂5674 MeV, mk52Am̂ms5809 MeV, and mss

52ms5970 MeV.
An almost degenerate case in the nonrelativistic qu

model ~NRQM! is @12#, in the context of QCD,3

mS'mV1
2as

mdyn
2 S LW •SW

r 3 D 5780 MeV2140 MeV5640 MeV,

~20!

where the ground-state vector mesons haveL50 and so no
spin-orbit contribution to the mass. This corresponds
ms(650)'mv(782)2140 MeV5642 MeV. Equivalently, in-
voking theI 51/2 CGC of 1/2, one predicts via the NRQM
mk(800)'mK* (892)270 MeV5822 MeV. Or invoking in-
stead the s̄s CGC of 1/3, one getsmss(970)'mf(1020)

247 MeV5973 MeV. In a similar way we obtain also
ma0(985)5mr(770)1(3/2)140 MeV5980 MeV.

es
ve

3Note that we follow Ref.@12#, and useas(ms
2).p/4 ~see also

Ref. @13#!, LW •SW 522, mdyn5315 MeV, while^r 23&54b3/(3Ap)
is obtained employing harmonic-oscillator wave functions withb
.180 MeV.
0-3
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As an alternative way to examine the latter, in the case
the elementary-particleP and S states, one should invok
the infinite-momentum-frame~IMF, see Appendix C! scalar-
pseudoscalar SU~3! equal-splitting laws~ESLs!, reading@14#

ms
22mp

2 'mk
22mK

2 'ma0

2 2mhavg

2 '0.40 GeV2, ~21!

where mhavg
is the averageh, h8 mass 753 MeV. These

ESLs hold for the non-CL NJL-LsM scalar mass values
Using the ESLs~21! to predict thea0 mass, one finds

ma0
5A0.40 GeV21mhavg

2 '983.4 MeV, ~22!

very close to the PDG value 984.761.2 MeV. Thus, the
nearness of thea0(985) andf 0(980) masses, the latter scal
being mostly s̄s and so near the vectors̄s f(1020) ~see
above!, is indeed an accidental degeneracy. Note that a s
lar ~approximate! degeneracy is found in the dynamical un
tarized quark-meson model of Ref.@15#, where the sameq̄q
assignments are employed as here.

This ground-state scalar 01 nonet @s(650), k(800),
f 0(980), a0(985)] is about 500–700 MeV below the 01

nonet @1,16# @ f 0(1370), K0* (1430), f 0(1500), a0(1450)],
just as the ground-state 12 vector nonet@r(770), v(782),
K* (892), f(1020)] is about 600–800 MeV below the 12

nonet@1# @r(1450), v(1420), K* (1680), f(1680)].

VI. STRONG-INTERACTION SCALAR-MESON DECAY
RATES

Given the above scalar-meson nonets(650), k(800),
f 0(980), a0(985), compatible with present data and al
with the SU~3! mass splittings in Secs. II, III, V and th
quark-level LsM in Sec. IV, we now predict LsM decay
rates based on the SU~3! Lagrangian densityL LsM

int

5gsppdi jkSi Pj Pk , with LsM coupling gspp5(ms
2

2mp
2 )/(2 f p)'2.18 GeV, where f p5(92.4260.27) MeV

and ms'650 MeV ~the latter stems from the CLmq
'325 MeV @3#!. Thus, the s→2p decay rate, forpcm
5294 MeV andfs5618°,4 becomes

Gspp5
pcm

8pms
2 S 3

2D @2gspp cosfs#
2'714 MeV. ~23!

Here the factor of 2 is due to Bose statistics~see, e.g., Ref.
@17#!, and this broad widthGs.ms is expected from data
@18# and from phenomenology@19#.

Next, thea0(985)→hp width for pcm5321 MeV is

Ga0hp5
pcm

8pma0

2 @2gspp cosfps#
2'138 MeV, ~24!

4For convenience, we use here the same value of the mixing a
fs as in Ref.@16#, i.e., fs5618°.
01401
f

i-

wherefps'42° is in the quark nonstrange(n̄n) –strange(s̄s)
basis @20#. This predicted LsM width is not incompatible
with the high-statistics decay rate@21# Ga0hp5(95

614) MeV.
Furthermore, thek→Kp decay rate, forpcm5218 MeV

andmk5800 MeV, is

GkKp5
pcm

8pmk
2 S 3

4D @2gspp#2'193 MeV, ~25!

which is of the same order as the E791 data@5#

GkKp
E7915~410643687! MeV,

mk5~797619643! MeV, ~26!

and especially the very recent data of the BES Collabora
@22#

GkKp
BES5~220 2169

1225697! MeV,

mk5~771 2221
1164655! MeV. ~27!

Last, we estimate~see, e.g., Ref.@16#! the f 0(980)→pp

rate, assuming again that thef 0(980) is mostlys̄s, with mix-
ing angle 618° in the quark basis@23#, for pcm
5470 MeV,

G f 02p5
pcm

8pmf 0

2 S 3

2D @2gspp sinfs#
2'53 MeV, ~28!

not too distant from the recent E791 measurement@5#

G f 02p
E7915~446262! MeV, mf 0

5~9776362! MeV.

~29!

VII. ELECTROMAGNETIC MESON DECAY RATES
INVOLVING q̄q SCALARS

Next we study the five electromagnetic meson decays
→2g, a0→2g, f 0→2g, f→ f 0g, andf→a0g. Again as-
sumingms'650 MeV ~becausem̂'325 MeV.mN/3 in the
CL, so that the NJL-LsM scalar mass isms52m̂
'650 MeV), the quark-loop amplitude magnitude is, f
f p5(92.4260.27) MeV @20# @see, e.g., Eq.~11a! in Ref.
@24#, and the considerations in Ref.@16##

uM ~s→2g!u'
5

3

a

p f p
1

1

3

a

p f p
'5.031022 GeV21.

~30!

Here, the first term is due to the nonstrange quark trian
while the second term stems from the charged-kaon
-pion triangle graphs. This result~30! is compatible with the
data estimate@25#

Gs2g5
ms

3

64p
uM ~s→2g!u25~3.861.5! keV, ~31!le
0-4
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or ~for ms.650 MeV)

uM ~s→2g!u.~5.361.0!31022 GeV21. ~32!

Now we examinea0(985)→2g. A nonstrange-quark tri-
angle loop predicts the gauge-invariant induced amplit
magnitude@26# @for ma0

.(984.761.2) MeV]

uM ~a0→2g!uquark-loop5U2j@21~124j!I ~j!#
a

p f p
U

5u2.0360.071 i ~1.8960.03!u

31022 GeV21

5~2.7860.06!31022 GeV21,
~33!

for j5m̂2/ma0

2 '0.10960.004,1/4 in the CL, with ~see,

e.g., Ref.@16#!

I ~j!5E
0

1

dyE
0

1

dx
y

j2xy~12y!

5
j,1/4 p2

2
22 ln2F 1

A4j
1A 1

4j
21G

12p i lnF 1

A4j
1A 1

4j
21G

53.0360.081 i ~6.1360.13!. ~34!

However, adding to Eq.~33! the charged-kaon-loop ampl
tude @26# 0.9731022 GeV21 ~as required by the LsM),
which has the opposite sign as compared to the fermio
quark-loop amplitude, in turn predicts@27#

uM ~a0→2g!u'uM ~a0→2g!quark-loop1M ~a0→2g!kaon-loopu

5u1.0760.441 i ~1.8960.03!u31022 GeV21

5~2.1760.22!31022 GeV21. ~35!

The latter result is too large as compared to data, assum
a0→hp is dominant@1#,

Ga02g5
ma0

3

64p
uM ~a0→2g!u25~0.2460.08! keV ~36!

or

uM ~a0→2g!u5~0.760.2!31022 GeV21. ~37!

However, upon disregarding the imaginary part of the qua
loop amplitude, which is reasonable in view of quark co
finement, we come much closer to the data, as

Re@M ~a0→2g!quark-loop1M ~a0→2g!kaon-loop#

5~1.0760.44!31022 GeV21. ~38!
01401
e

ic

ng

-
-

Next we studyf 0→2g. Assuming for the moment tha
f 0(980) is purelys̄s, the strange-quark loop gives, forNc
53 @28# ~see also Ref.@16#!,

uM ~ f 0→2g!uquark-loop5
aNcgf 0SS

9pms
.8.1931023 GeV21,

~39!

taking the LsM valuems5485 MeV from Eq.~17!, with the
LsM coupling gf 0SS52pA2/3'5.13. In fact, Eq.~39! is
surprisingly near the observed amplitude@1#

G f 02g5
mf 0

3

64p
uM ~ f 0→2g!u25~0.3960.12! keV, ~40!

or @with mf 0
.(980610) MeV]

uM ~ f 0→2g!u5~9.161.5!31023 GeV21. ~41!

Nevertheless, a more detailed analysis based on kaon
pion loops, and allowing a smalln̄n admixture in the
f 0(980), essentially confirms this nice result@16#.

Let us now analyze the decayf(1020)→ f 0(980)g. Since
the f(1020) is known to be dominantlys̄s, just as we as-
sume thef 0(980) to be, thes-quark loop gives~with gf

513.43 fromGfee ande5A4pa50.302 82•••)

uM ~f→ f 0g!uquark-loop5
2gfegf 0SS

4p2ms

cosfs.2.07 GeV21.

~42!

However, the charged-kaon loop is known to give the r
@29#

Gf f 0gukaon-loop58.5931024 MeV ~43!

or

uM ~f→ f 0g!ukaon-loop50.75 GeV21. ~44!

Subtracting this kaon-loop amplitude~44! from the quark-
loop amplitude~42! predicts in turn

uM ~f→ f 0g!u'2.07 GeV2120.75 GeV2151.32 GeV21,

~45!

near the recent KLOE data@30#, for pcm.(38.69
69.62) MeV,

Gf f 0guKLOE5
pcm

3

12p
uM ~f→ f 0g!u2'~1961!31024 MeV

~46!

or

uM ~f→ f 0g!u'~1.1160.42! GeV21, ~47!

as the branching rate forf→ f 0g is (4.4760.21)31024.
Last we note that the KLOE observed branching ra

~BR! is @31#
0-5
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BR~f→ f 0g/a0g!56.160.6. ~48!

Because we know thatf is dominantlys̄s, this BR Eq.~48!
being much greater than unity strongly suggests thata0(985)
is mostlyn̄n and f 0(980) is mostlys̄s. The latter assumption
we have continually made throughout this paper, while it h
been a conclusion of Ref.@16# ~see also Ref.@32#!.

VIII. W-EMISSION WEAK DECAY RATES

In this section we study the five weak decaysK1

→p0p1, D1→K̄0p1, D1→sp1, D1→p0p1, and Ds
→ f 0(980)p1, via tree-levelW-emission graphs. Recallin
from Refs.@16# and @32#, the amplitudes due toW emission
are,5 for f p5(92.4260.27) MeV,

uM ~K1→p0p1!u5
GFuVuduuVusu

2A2
f p~mK1

2
2mp0

2
!

5~1.83760.020!31028 GeV,
~49!

near data@1# (1.83260.007)31028 GeV,

uM ~D1→K̄0p1!u5
GFuVuduuVcsu

2
f p~mD1

2
2mK̄0

2
!

5~177627!31028 GeV,
~50!

near data@1# (13666)31028 GeV, and

uM ~Ds
1→ f 0p1!u5

GFuVuduuVcsu
2

f p~mD
s
1

2
2mf 0

2 !

5~159625!31028 GeV,
~51!

near data@1# (178640)31028 GeV. In the latter case we
have assumed thatf 0(980) is all s̄s.

Now we also considerD→p0p1 and D→sp1 ~with
ms5650 MeV), again in thisW-emission scheme, predic
ing

uM ~D1→p0p1!u5
GFuVuduuVcdu

2A2
f p~mD1

2
2mp0

2
!

5~28.962.1!31028 GeV, ~52!

near data@1# (38.665.4)31028 GeV ~also see Ref.@33#,
with pcm5925 MeV), and

5We use hereGF51.166 39(1)31025 GeV22, uVudu50.9735
60.0008, uVusu50.219660.0023, uVcdu50.22460.016, uVcsu
51.0460.16, mD15(1869.460.5) MeV, and mD

s
15(1969.0

61.4) MeV.
01401
d

uM ~D1→sp1!u5
GFuVuduuVcdu

2A2
f p~mD1

2
2ms

2 !

.25.531028 GeV, ~53!

near6 recent data@1# (37.664.5)31028 GeV. This latter
amplitude follows from the decay rate~with pcm
5815 MeV, t51051310215 s)

GD1sp15
pcm

8pmD1
2 uM ~D1→sp1!u2

5
h

2pt
~2.160.5!31023

5~1.3260.31!310215 GeV. ~54!

Not only are the aboveD1→p0p1 and D1→sp1

W-emission amplitudes near data, they are even of abou
same magnitude. This is another example of thes and p
being chiral partners@8#.

IX. SUMMARY AND CONCLUSIONS

Throughout this paper we have dealt with all ground-st
mesons asq̄q nonets in the context of the LsM. In Sec. II
we studied SU~3! mass splittings forV and S q̄q mesons,
with V loosely bound states, andP, S tighter q̄q elementary
particles. In Sec. III we reviewedqqq octet and decuple
baryons. In Sec. IV we briefly summarized the quark-le
LsM theory, while in Sec. V we explained the acciden
degeneracy of thea0(985) andf 0(980) scalars. In Sec. V
we computed a few strong scalar-meson decay widths, w
in Sec. VII we performed a similar analysis for some ele
tromagnetic decays involving scalar mesons. Finally, in S
VIII we employed W-emission graphs to describe seve
hadronic weak-decay processes.

The usual field-theory picture is that meson masses sh
appear quadratically and baryon masses linearly in Lagra
ian models based on the Klein-Gordon and Dirac equatio
However, in Secs. II and III we studied both mesons a
baryons in a linear-mass SU~3!-symmetry Taylor-series
sense. Instead, in Sec. V we studied symmetry breakin
the IMF, with E5@p21m2#1/2'p@11m2/2p21•••#. Here,
between brackets, the 1 indicates the symmetry limit, and
quadratic mass term means that both meson and bar
masses aresquared in the mass-breaking IMF forDS51
ESLs. While the former mass-splitting approach~with linear
masses! fits all V, S, O, and D ground-state SU~3!-flavor
multiplets, so does the latter~with quadratic masses! for the
IMF-ESLs. Nevertheless, Nambu-Goldstone pseudosca
P always involve quadratic masses. Both approaches su
gest that all ground-state mesons (P, S, V) are q̄q states,
while baryons (O, D) areqqqstates. This picture is manifes

6At this point we should keep in mind that the uncertainty inms

is of the order ofms!
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in the quark-level LsM of Sec. IV. The accidental scala
degeneracy between thes̄s f0(980) and then̄n a0(985) was
explained in Sec. V, via the IMF quadratic-mass ESLs—a
compatible with mesons beingq̄q and baryonsqqq states.

Concerning the mass splittings in general, we obser
the remarkable feature that the real parts of masses of r
nances in mesonic and baryonic ground-state multip
nicely follow an SU~3! splitting pattern, despite the eno
mous disparities in decay widths and thus in the imagin
parts. This may be understood in the unitarized picture
Ref. @15#, in which both real and virtual decay channels co
tribute to the physical masses of, e.g., the scalar meson
dressedq̄q states. We also verified in Secs. VI, VII, and VI
that mesonic decay rates can be simply explained on
basis of the flavor and chiral symmetry underlying the qua
level LsM. This is another indication that the lowest lyin
mesons are allq̄q, while the considered baryons areqqq.

So far we have taken the mass and coupling paramete
the quark-level LsM—in particularms—to be real numbers
~‘‘narrow-width approximation’’!. A recently developed for-
malism @34# may allow us to go beyond this approximatio
in the near future.
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APPENDIX A: BOOTSTRAPPING Gspp\G8
AND lbox\l tree

The spp or sss u,d quark triangle graphs@3,35# in-
duced byL LsM

int in Eq. ~12! implies in the CL

gspp528ig3NcmqE d 4p@p22m̂2#2252gmq ,

~A1!

due to the logarithmically divergent gap equation~LDGE!
@36,37#

1524ig2NcE d 4p@p22m̂2#22. ~A2!

Then the GTR Eq.~14!, together withms52mq , reduces
Eq. ~A1! to

gspp52gmq5
ms

2

2 f p
5g8, ~A3!

the tree-level cubic meson LsM coupling in Eq.~13!. Also
thepppp ~or ssss, ppss) quark box graph@3,35# gen-
erates in the CL
01401
o

d
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ts
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.

lbox528ig4NcE d 4p@p22m̂2#2252g25
g8

f p
5l tree,

~A4!

again due to the LDGE~A2!. Note that the cubic and quarti
LsM tree couplings in Eq.~13! are dynamically loop-
generated in Eqs.~A1! and~A4!, respectively. Both are ana
lytic, nonperturbative bootstrap procedures@3#.

APPENDIX B: DIM-REG LEMMA GENERATING QUARK
AND s MASS

The Nambudmq5mq ~constituent-! quark mass-gap tad
pole graph@3,35# generates quark mass. However, this qu
dratically divergent term, subtracted from the LDGE~A2!, in
fact scales to quark massindependentlyof quadratically di-
vergent terms, by virtue of the dimensional-regularizati
~dim-reg! lemma@3#

I 5E d 4pF m2

~p22m2!2
2

1

p22m2G
5 lim

,→2

im2,22

~4p!,
@G~22, !1G~12, !#52 im2~4p!22,

~B1!

due to the gamma-functionidentity G(22,)1G(12,)
5G(32,)/(12,)→21 as ,→2. To reconfirm this dim-
reg-lemma ‘‘trick’’ ~B1!, we invoke the partial-fraction
identity

m2

~p22m2!2
2

1

p22m2
5

1

p2 F m4

~p22m2!2
21G , ~B2!

integrated via*d 4p as in theI integral on the left-hand side
of Eq. ~B1!. Then dropping the massless-tadpole integ
*d 4p/p250 ~as done in dimensional, analytic, zet
function, and Pauli-Villars regularizations@3,38#!, and Wick
rotatingd4p5 ip2pE

2dpE
2 , the Euclidean integral becomes

I 52
im4

~4p!2E0

` dpE
2

~pE
21m2!2

52
im2

~4p!2
, ~B3!

identical to the right-hand side of Eq.~B1!.
In order to further justify the neglect of*d 4p/p2, we

invoke the Karlson trick@39# ~long advocated by Schwinger!

d

dm2E d4p

p22m2
5E d4p

~p22m2!2
, ~B4!

and compute@40#

~2p!4
dI

dm2
5E d4p

~p22m2!2
12m2E d4p

~p22m2!3

2
d

dm2E d4p

p22m2
, ~B5!
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with the first and third terms cancelling due to Eq.~B4!.
Then the remaining, finite second term in Eq.~B5! gives

~2p!4
dI

dm2
52m2S 2

ip2

2m2D 52 ip2, ~B6!

which is thesameresult as differentiating the dim-reg lemm
~B1!:

~2p!4
dI

dm2
5~2 ip2!

dm2

dm2
52 ip2. ~B7!

So far we have only assumed*d 4p/p2 is independent of
m2, so that (d/dm2)*d 4p/p250.

But to demonstrate that the*dm2 integration constan
vanishes, i.e., *d4p/p25L250, we invoke the implied
dimensional-analysis relations

E d4p

p2
50, E d4p

p22m2
}m2, E d4p

p22ms
2

}ms
2

~B8!

to solve Lee’s null-tadpole sum@41#, which characterizes the
true vacuum forNf52 as@3#

~2mq!4Nc53ms
4 ~B9!

~with the factor of 3 due tos-s-s combinatorics! in the CL
mp50, meaningNc53 whenms52mq . Thus,*d4p/p2 in-
deed vanishes as suggested@3,38#.

APPENDIX C: KINEMATIC INFINITE-MOMENTUM
FRAME

The infinite-momentum frame~IMF! has two virtues:~i!
E5@p21m2#1/2'p1m2/2p1•••, for p→`, requires
squaredmasses when the lead termp is eliminated, using
SU~3! formulas with coefficients 1135212, as, e.g., the
Gell-Mann–Okubo linear mass formulaS13L52N12J,
valid to 3%; ~ii ! whenp→`, dynamical tadpole graphs ar
suppressed@42#. In fact, S213L252N212J2 is also valid
empirically to 3%. This squaredqqq baryon mass formula
can be interpreted as aDS51 ESL, which holds for both
O andD baryons@14#,
d

01401
SL2N2'J22SL'
1

2
~J22N2!'0.43 GeV2,

S* 22D2'J* 22S* 2'V22J* 2'
1

2
~V22S* 2!

'0.43 GeV2. ~C1!

However, theq̄q pseudoscalar and vectorDS51 ESLs have
about one-half this scale~also empirically valid to 3%!, viz.

mK
2 2mp

2 'mK*
2

2mr
2'mf

2 2mK*
2 '

1

2
~mf

2 2mr
2!

'0.22 GeV2, ~C2!

as roughly do theq̄q scalars found in Sec. II, i.e.,

mk(800)
2 2msn(650)

2 'mss(940)
2 2mk(800)

2

'0.22•••0.24 GeV2. ~C3!

This approximate factor of 2 between Eqs.~C1! and Eqs.
~C2! and ~C3! is because there are twoDS51 qqq transi-
tions, whereas there is only oneDS51 transition for q̄q
configurations.

So if we take Eq.~B3! as physically meaningful, we ma
write

2mk
2'ms(600)

2 1mf 0(980)
2 'msn(650)

2 1mss(940)
2

'1.31•••1.32 GeV2, ~C4!

yielding mk'811 MeV close to experiment, which aga
suggests these scalars areq̄q states.

These IMF quadratic mass schemes, along with

non-CL NJL-LsM k massmk(809)52Am̂ms5809 MeV or
the averaged7 mass value of 800 MeV, again suggest@as do
the empirical scales of Eqs.~C2! and~C3! vs Eqs.~C1!# that
all ground-state meson nonets areq̄q, whereas the baryon
octet and decuplet areqqq states.

7We average here approximately between the non-CL N
LsM mass value and the respective value in the CL.
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