PHYSICAL REVIEW D 69, 014010(2004

Ground-state scalaraq nonet: SU(3) mass splittings and strong, electromagnetic,
and weak decay rates

Michael D. Scadroh
Physics Department, University of Arizona, Tucson, Arizona 85721, USA

George Ruppand Frieder Kleefeftl
Centro de Fsica das Interagtes Fundamentais, Instituto Superiorchéco, P-1049-001 Lisboa, Portugal

Eef van Bevereh
Departamento de Bica, Universidade de Coimbra, P-3004-516 Coimbra, Portugal
(Received 10 September 2003; published 28 January 2004; corrected 20 February 2004

By comparing SW3)-breaking scales of linear mass formulas, it is shown that the lowest vector and scalar
mesons all have Eq configuration, while the ground-state octet and decuplet baryonsgiggeAlso, the
quark-level lineare model is employed to predict simila?q and qqq states. Furthermore, the approximate
mass degeneracy of the scafgy(985) andf,(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 linear model.
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I. INTRODUCTION Il. MASS SPLITTINGS FOR U (3)XU(3) YV AND Saq
MESONS

In the quark model, one usually assumes that pseudo- Although meson masses are expected to appeadrati-

scalar (P) and vector {) mesons are_|q, whereas octet()) cally in model Lagrangians, while they must appear so for

. — for SU(3) mass splittings is also possible. Thus, consider a
argued[1] that the light scalar§) mesons are nogg can-

. 4 . : . Hamiltonian densityH =H(\g) + Hs{(Ag) using Gell-Mann
didates, in v;\evl\: ofhthelzr:O\tNﬂr]nasses a:jndtb:oad Wldthsalhn :h'smatrices. Then the vector-meson-nonet masses
paper, we shall show that the ground-state meson ndnets _ J273m%— dig; omy, aré

S, andV areall qg, hence including the light scalars, while

the lowest©® andD baryons areyqq states. 2 1
In Sec. ll, SU3) mass splittings for loosely bound and mp.o= \[gm?;—ﬁcSm\ﬁ 776 MeV,
S states are shown to have symmetry-breaking scales of
13% and 18%, respectively, using linear mass formulas. We
apply the latter formulas tqgqq O andD states in Sec. Ill, Mhew = \ﬁmoJriﬁm ~894 MeV 0
leading to SU3)-breaking scales of 13% and 12%, respec- K 3V 23 4 '

tively. Then in Sec. IV, we employ the quark-level linear

Ir:1odeI(LaM) tq predict similamgq andq@states as in Secs. my= \/gm?ﬂrib‘mvw 1020 MeV.
and lll. Next in Sec. V, we study th& qq states and argue 3 \/§

why theV states have slightly higher masses, on the basis of

the nonrelativistic quark model. Moreover, the approximateyith ¢%§s_ Measured vector mass¢$] suggest average

mass degeneracy of th€ay(985) andfy,(980) mesons is mass splittings

shown to be just accidental. Finally, in Secs. VI, VII, and

VIl we successfully determine, in andtM framework, me- m)~1048 MeV, smy~141 MeV, (2

sonic decay rates for strong, electromagnetic, and weak pro-

. . i i 0
cesses, respectively. In Sec. IX we summarize our results arfiving an SU3)-breaking scale obm,,/my~13%.
draw some conclusions. Such considerations can be repeated for axial-vector me-

sons as well, even though it is now hard to draw any decisive
conclusions, also in view of the experimental situation. This
is why regarding these mesons we limit ourselves to the fol-
*Email address: scadron@physics.arizona.edu lowing observations. In the case of axial-vecigrstates, we
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assume thd(1420) is mostlyss, because the Particle Data o oMo

Group (PDG) [1] reportsf(1420)—KK, K*K as domi- My =mp+ sts*ﬂlG MeV,

nant, whilef,(1285)— KK, K*K are almost absent. Thus,

f1(1285) is mostlynn, like the nonstrange;(1260) [with

a;— o seen, but;— f(980) not seen, becaudg(980) ms = m%— %dssmllg:g MeV, (5)

is mostlyss]. V3
Also the scalar massdsot incompatible with Ref[1])

predicted from the &M discussed in Sec. IV obey the o oMo

mass-splitting patterffor the chiral limit(CL) in SU(2) and Mz =my+ m(dsd 3fs9~1318 MeV.

SU(3), see Refs[3] and[4], respectively

The (d/f)¢s ratio can be found from Eqg5) as

2 1 CL R
m, = \ﬁmg__gmsﬂ 2o =650 MeV, d 3mg—m
SS

2 1 cL =
m,= \/;mg‘f'ﬁ 5m5 — 2 V mCLmS‘CL fSS% 1.44. (6)

—780 MeV, 3) Thus, Eqs(5) predict the average mass splittings

ﬁéms — 2mMg . =940 MeV. meo

7
Here,man(65o) is near the PDG averagé] Mt (600): Mi(780) Thg SU3) D baryon massesn,= mOD+ émp have m%
is near the E791 valuf5] 797+ 19 MeV, andm, (e is ~ Weighted by wave functions
near the PDG valumfo(ggo), which is thus mostl)gs. The
masses from Egg3) then give the CL average mass split-
tings and émy, is weighted by

\I_’(abc)q’(abc):KA-l—g*z* +E*E*+00, ®

c WA (0 =3* 3%+ 2E* E* +300. 9
mg — 922 MeV, (2b3) ©

Then the SB) D masses are predictdéoh MeV) to be

CL
Smg — 167 MeV, (4) m,=m%~1232,
smg Ct My« =M+ Smp~ 1385, with smy~153,
Mg M=+ =M+ 28mp~1533, with Smp~151, (10
The fact that theqq scalars have an §B)-breaking CL Mo =m%+36mpy~1672, with Smp~147.

scale of 18%, larger than the 13% scalelbfjround states,

further suggests that, whereas thieare qq loosely bound This corresponds to average mass splittings
states, thejq S stategwith quarks touching in the Nambu—
Jona-Lasinio(NJL) scheme[6]] are “barely” elementary- o omp 0
particle partners of the tightly bourfet states(discussed in mp~1232 MeV, omp~150 MeV, W%mﬁ)'
Sec. |\0 P (11)

Ill. LOOSELY BOUND qqq BARYONS It is interesting that both loosely boundgq O and

) . o D symmetry-breaking scales of about 150 MeV are near the
In this same Taylor-series spirit, the octeD)( baryon —

7 0 8 . Thi gqq V, § mean mass-splitting scale em=141 MeV, 167
SUR) mass  splitting mp=mo— dmo(dsd™ +fsdf™),  Mev. However, the CL S(B)-breaking scale of 18% for
with dgs+ fss=1, predicts(the indexssmeans semistrong  gcglars is about 50% greater than the 12—13 % scalés of
O, D states. This suggests that O, Daq or qqqstates are

My= m%— 5m@( —dgt 3f)~939 MeV, all loosely bound, in contrast with the elementary-partode

2\/§ S and, of course, th@ states(see abovke In fact, the latter
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Nambu-Goldstoné” states are massless in the §E=m?2
=0, p2=mﬁ=0, as the tightly bound measurgt] =+ and
K* charge radii indicatg7].

IV. CONSTITUENT QUARKS AND THE QUARK-LEVEL
LoM

Formulating theP and Sqq states as elementary chiral
partnerd 8], the Lagrangian density of the &) quark-level
linear ¢ model (LaoM) has(see Appendices A and B for a
more detailed summary of the quark-levekM), after the

spontaneous-symmetry-breaking shift, the interacting part

[9] [for f,.=(92.42+0.27) MeV=93 MeV]

int

— - A
LUw=9(o+iysT m)p+g o(o?+ 772)—2(024- m?)?
— .90, (12)
with tree-order CL couplings related a&-f— 90 MeV)
_ My , m; o f 13
9=7 9 =357 =M, (13

The SU2) and SU3) chiral Goldberger-Treiman relations
(GTR9 are

1 1 .
frg=m=5(m,+mg), frg=5(mstm). (14

Since f/f,~1.22 [1], the constituent-quark-mass ratio
from Eq. (14) becomes

mS

m

which is independent of the value gf In loop order, Egs.
(13) are recovered, along witl8,7]

mS
= ——~1.44,
m

(19

122vfK Ly
. NE_E +

m,=2my, g= for N.=3. (16

2
NG
Here, the first equation is the NJL relatip®], now true for
the LoM as well. The second equation in Eq4$6) was first
found via theZ=0 compositeness relatidri0], separating
the elementaryr ando particles from the bound statgs w,
anda;.

PHr'SICAL REVIEW D 69, 014010 (2004

17

m
ms=

~ ~ CL
TS) m~1.44m~485 MeV— 470 MeV.
m

These quark-mass scales in turn confirm the mass-splitting
scales found in Secs. Il and I,

omy~ dMg~ oMy~ dMp~ (485—337) MeV=148 MeV

CL
—(470-325 MeV=145 MeV,
(18

near 141, 167, 150, 150 MeV, respectively. Also the(3U
nonvanishing masses are predicted as

3 .
miy~ \[5( ms+m)~1007 MeV,

m%=m2~m,+2m~1160 MeV, (19

near the 1048, 1151, and 1232 MeW’ masses in Secs. ||
and Il

To verify that the pion and kaon are tightly boung
mesons, we compute the* andK™ charge radii a§7] r

=1/mc =0.61 fm and ry=2/(ms+m)c, =0.50 fm, near
data[1] 0.672+0.008 fm and 0.568 0.031 fm, respectively.
Likewise, to verify that the proton is gqq touching pyra-
mid, we estimate the proton charge radius Rgs=(1
+sin30°) ,~0.9 fm, near dat@dl] 0.870+0.008 fm.

V. & SCALARS AND ACCIDENTAL DEGENERACIES

We begin with the non-CL NJL-&M scalar masses
m, =2m=674 MeV, m,=2ymm,=809 MeV, andm,_
=2mg=970 MeV.

An almost degenerate case in the nonrelativistic quark
model (NRQM) is [12], in the context of QCD,

L-S
—) =780 MeV—140 MeV=640 MeV,

2aq
Ms=My 5| 73
(20)

dyn

where the ground-state vector mesons hiawved and so no
spin-orbit contribution to the mass. This corresponds to

We first estimate the nonstrange and strange constituemg(65o)~ M, (782~ 140 MeV=642 MeV. Equivalently, in-

guark masses from the GTREL4), together with the
LoM loop-order resul(16):2

- 2 CcL
m~gf, ~ 5(93 MeV)~337 MeV — 325 MeV,

voking thel =1/2 CGC of 1/2, one predicts via the NRQM
M, 800y~ Mk+ (g92)— /0 MeV=822 MeV. Or invoking in-
stead thess CGC of 1/3, one getsm, 970y~ Mg (1020)

—47 MeV=973 MeV. In a similar way we obtain also
mao(ggs): mp(770)+ (3/2) 140 Me\=980 MeV.

2The resulting quark masses are well in agreement with the values®Note that we follow Ref[12], and useas(mf,)z w4 (see also
obtained on the basis of the magnetic moments of the respectivkef. [13]), L.S=-2, Mayn= 315 MeV, While(r’3)=4,83/(3\/;)

baryons(see, e.g., Ref[11]). The proton magnetic moment,
=2.7928, e.g., yieldsn=m,/u,=336 MeV.

is obtained employing harmonic-oscillator wave functions wath
=180 MeV.
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As an alternative way to examine the latter, in the case Oflvhereqﬁpsw 42° is in the quark nonstrangeg) —strangegs)
the elementary-particlé® and S states, one should invoke pasis[20]. This predicted kM width is not incompatible

the infinite-momentum-framé@MF, see Appendix Cscalar-
pseudoscalar S3) equal-splitting lawgESLS, reading/ 14|

mi_mfﬁmi—mﬁmmgo—miwg%OAO GeV, (21)

where Mg is the averagen, n' mass 753 MeV. These

ESLs hold for the non-CL NJL-&M scalar mass values.
Using the ESL921) to predict theay mass, one finds

My, = \/0.40 GeVf+ mf?avg~983.4 MeV, (22

very close to the PDG value 984:7.2 MeV. Thus, the

nearness of thay(985) andf,(980) masses, the latter scalar

being mostlyss and so near the vectass $(1020) (see

with the high-statistics decay ratg21] Lagnm=(95
+14) MeV.

Furthermore, thec— K= decay rate, fop.,=218 MeV
andm,=800 MeV, is

PKKW:%G [20,»x]°~193 MeV, (25)
which is of the same order as the E791 dd&h
I &%= (410+43+87) MeV,
m,=(797+19+43) MeV, (26)

and especially the very recent data of the BES Collaboration

above, is indeed an accidental degeneracy. Note that a simi22]

lar (approximate degeneracy is found in the dynamical uni-
tarized quark-meson model of R¢L5], where the samgq
assignments are employed as here.

This ground-state scalar “0 nonet [ o(650), «(800),
f0(980), a,(985)] is about 500—-700 MeV below the™0
nonet[1,16] [f,(1370), K§(1430), f((1500), ag(1450)],
just as the ground-state 1lvector nonef p(770), w(782),
K*(892), ¢(1020)] is about 600—800 MeV below the 1
nonet[1] [ p(1450), w(1420),K* (1680), $(1680)].

VI. STRONG-INTERACTION SCALAR-MESON DECAY
RATES

Given the above scalar-meson nongt650), «(800),

fo(980), ay(985), compatible with present data and also

with the SU3) mass splittings in Secs. Il, Ill, V and the
quark-level loM in Sec. IV, we now predict M decay
rates based on the $B Lagrangian densityZ|™,,
=0,rr0ijkSP;Py, with LoM coupling g,,,=(m’
—me)/(wa)wz.lS GeV, wheref_=(92.42£0.27) MeV
and m,~650 MeV (the latter stems from the Clm,
~325 MeV [3]). Thus, theoc—2#7 decay rate, forpgm
=294 MeV and¢.= +18° % becomes

pcm
2
8mm;

r

ommT

(g) [29, ., COShs|?~T714 MeV. (23

Here the factor of 2 is due to Bose statistisge, e.g., Ref.
[17]), and this broad widtH" ,=m, is expected from data
[18] and from phenomenologyl9].

Next, theay(985)— n= width for p.,=321 MeV is

~ Pem

agnmT
0 87'rm§1
0

(29,77 COSPpsl°~138 MeV, (24)

“4For convenience, we use here the same value of the mixing angle

¢ as in Ref[16], i.e., ps=*=18°.

[ BES_

kK

(220 *223+97) MeV,

(27)

Last, we estimatésee, e.g., Ref[16]) the f;(980)— 7
rate, assuming again that thg980) is mostlyss, with mix-

m,=(771 *351=55) MeV.

ing angle =18° in the quark basis[23], for p¢m
=470 MeV,
_ pcm 3 . 2
l_‘f 2m 2 |9 [290'1777 S|n¢s] ~53 MeV, (28)
0 7Tmf0 2

not too distant from the recent E791 measurenibht

E791_

[E3=(442222) MeV, my =(977=3%2) MeV.

(29

VIl. ELECTROMAGNETIC MESON DECAY RATES
INVOLVING qq SCALARS

Next we study the five electromagnetic meson decays
—27y, ag—2v, fo—2v, ¢—Tfyy, andp—ayy. Again as-
sumingm,~ 650 MeV (becausen~ 325 MeV= my/3 in the

CL, so that the NJL-bM scalar mass ism,=2m
~650 MeV), the quark-loop amplitude magnitude is, for
f.=(92.42+0.27) MeV [20] [see, e.g., Eq(113 in Ref.
[24], and the considerations in R¢fL6]]

5 a
|M(a—>2y)|~§ ——~5.0x10"2 GeV L.

P g
(30)

Here, the first term is due to the nonstrange quark triangle,
while the second term stems from the charged-kaon and
-pion triangle graphs. This resu80) is compatible with the
data estimatg¢25]

3

(o8

Fa’27:%

IM(0c—27)|?=(3.8+1.5) keV, (31

014010-4
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or (for m,=650 MeV)
IM(0—27)|=(5.3+1.00x10°2 GeV 1. (32

Now we examineay(985)—2vy. A nonstrange-quark tri-

angle loop predicts the gauge-invariant induced amplitude

magnitude[ 26] [for m, =(984.7+1.2) MeV]

[M(80—27)|quancoo= | 262+ (1= 401 (8)}

=|2.03+0.07+i(1.89+0.03)|
xX1072 GeVv?!

=(2.78+0.06 X102 GeV !,
(33

for §=ﬁ12/m§0w0.109t0.004<1/4 in the CL, with (see,
e.g., Ref[16])

1 1 y
(&)= fo dyfo (1Y)

1 1
Ww—ﬁl

N i_ll
Jag " Vag

=3.03+0.08+i(6.13+0.13.

£<1/4 22

= 7—2“'12

+2iIn

(34

However, adding to Eq33) the charged-kaon-loop ampli-

tude [26] 0.97x10 2 GeV ! (as required by the &M),

which has the opposite sign as compared to the fermionic

quark-loop amplitude, in turn predicf7]
| M(ap—27) | ~ | M(ap—2 ')’)quark-loop"' M(ap—27) kaon—looA
=[1.07+0.44+i(1.89+0.03|x 10 2 GeV !

=(2.17+0.22 X102 GeV L. (35)
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Next we studyf,—2vy. Assuming for the moment that

fo(980) is purely?s, the strange-quark loop gives, fol,
=3 [28] (see also Refl16]),

aNcGf ss

M (fo_’27)|quark—loop:9ﬂ_—m =~8.19x10° GeV !,
s

(39
taking the loM valuemg=485 MeV from Eq.(17), with the
LoM coupling g ss=2m2/3~5.13. In fact, Eq.(39) is
surprisingly near the observed amplitudg

3
f0

027" B4

m
I'; IM(fo—27%)|?=(0.39+0.12 keV, (40)

or [with my,=(980+10) MeV]

IM(fo—27)|=(9.1+1.5x10 % Gev L. (41)

Nevertheless, a more detailed analysis based on kaon and

pion loops, and allowing a smalhn admixture in the
f,(980), essentially confirms this nice resiis].

Let us now analyze the deca(1020)— f,(980)y. Since
the ¢(1020) is known to be dominantlygs, just as we as-
sume thef,(980) to be, thes-quark loop gives(with g,
=13.43 fromI' ;.. ande= \47a=0.30282 - -)

294€0ss
| M(p—Tfoy) | quark-loop— m

S

cosp=2.07 GeV1.
(42

However, the charged-kaon loop is known to give the rate
[29]
T 41 4yl kaon-toop=8-59X 10~ * MeV (43
or

IM(¢—fo7)lkaontoop=0-75 GeV ™. (44)

Subtracting this kaon-loop amplitudd4) from the quark-
loop amplitude(42) predicts in turn

The latter result is too large as compared to data, assumin®i(¢— f,y)|~2.07 GeV 1-0.75 GeV 1=1.32 GeV}?,

ap— n is dominan{ 1],

m3

a,
Fa02y=W;|M(ao—>27)|2=(0.24t0.08) keV (36)

or

IM(ag—27)|=(0.7-0.2x10 %2 GeVv %  (37)

However, upon disregarding the imaginary part of the quarkOr

loop amplitude, which is reasonable in view of quark con-

finement, we come much closer to the data, as

R M(ag—27) quark-loopt M(a,—27) kaon-loo;;l

=(1.07+0.44 %102 GeV . (39

(45)
near the recent KLOE datd30], for p¢n=(38.69
+9.62) MeV,

p3
cm _
F¢f0y|KLOE:E|M(¢—>f07)|2~(19i 1)X10™* MeV
(46)
IM(¢p—Foy)|~(1.11x0.42 GeV !, (47)

as the branching rate fap— fqy is (4.47-0.21)x 10" .
Last we note that the KLOE observed branching ratio
(BR) is [31]
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BR(¢— foy/agy)=6.1+0.6. (48)

Because we know that is dominantlygs, this BR EQ.(48)
being much greater than unity st@ngly suggests ahed85)

is mostlyﬁn andf(980) is mostlyss. The latter assumption

PHYSICAL REVIEW D 69, 014010(2004

_ GF|Vud||Vcd|
22

~255x10"8 GeV,

IM(D* —omt)| f (M3, —m2)

(53

we have continually made throughout this paper, while it hacheaf recent data[1] (37.6+4.5)x 10 & GeV. This latter

been a conclusion of Reff16] (see also Ref.32)).

VIIl. W-EMISSION WEAK DECAY RATES

In this section we study the five weak decais

-7, DT=K%", DY —on", DT=#%", and Dg

—f,(980)7 ™", via tree-levelW-emission graphs. Recalling
from Refs.[16] and[32], the amplitudes due t@/ emission

are® for f_=(92.42+0.27) MeV,

GF|Vud||Vus| 2 2
MKt —7%7")|= ——————f_(m,—m
| ( )| 2\/5 ( K 770)
=(1.837£0.020 X 10" 8 GeV,
(49
near datg1] (1.832+0.007)x 10 8 GeV,
— Ge|VudlVed
|M(D+_>KO7T+)|:%fﬁ(mé+_m%0)
=(177+27)x 108 GeV,
(50)
near datg1] (136+6)x 10 2 GeV, and
Ge|Vudl|Ved
[M(DS —fom)|= =5 == (m3 . —m})
=(159+25)x10"8 GeV,
(51

near datgd1] (178+40)x10 8 GeV. In the latter case we

have assumed thd(980) is allss.
Now we also consideD— 77" and D—o#m" (with

m,=650 MeV), again in thisA-emission scheme, predict-

ing
GF|Vud||Vcd|

242

=(28.9+2.1)x10 ¢ GeV,

IM(D* — 707%)|= f (M2 —mZ)

(52

near data[1] (38.6+5.4)x 10 8 GeV (also see Ref[33],
with pen=925 MeV), and

SWe use hereGp=1.16639(1x 1075 GeV 2, |V, 4=0.9735
+0.0008, |V,d=0.2196+0.0023, |V.q=0.224+0.016, |V,
=1.04£0.16, mp+=(1869.4-0.5) MeV, and mp:=(1969.0

+1.4) MeV.

amplitude follows from the decay
=815 MeV, r=1051x 10 ¥ s)

rate(with  pem

pcm 2
FD+0w+: 2 |M(D+_)O-7T+)|
7TmD+

h
=-—(2.1£0.5x103
27T

=(1.32£0.3) x 10" %° GeV. (54)

Not only are the aboveD*—#°#% and D*"—om™"

W-emission amplitudes near data, they are even of about the
same magnitude. This is another example of éhand =
being chiral partner§s].

IX. SUMMARY AND CONCLUSIONS

Throughout this paper we have dealt with all ground-state
mesons ag|q nonets in the context of thed.M;In Sec. Il
we studied S(B) mass splittings for’ and Sqgq mesons,

with V loosely bound states, arg] S tightergqg elementary
particles. In Sec. Ill we reviewedqq octet and decuplet
baryons. In Sec. IV we briefly summarized the quark-level
LoM theory, while in Sec. V we explained the accidental
degeneracy of they(985) andfy(980) scalars. In Sec. VI
we computed a few strong scalar-meson decay widths, while
in Sec. VII we performed a similar analysis for some elec-
tromagnetic decays involving scalar mesons. Finally, in Sec.
VIII we employed W-emission graphs to describe several
hadronic weak-decay processes.

The usual field-theory picture is that meson masses should
appear quadratically and baryon masses linearly in Lagrang-
ian models based on the Klein-Gordon and Dirac equations.
However, in Secs. Il and Il we studied both mesons and
baryons in alinear-mass SW3)-symmetry Taylor-series
sense. Instead, in Sec. V we studied symmetry breaking in
the IMF, with E=[p?+m?]Y2~p[1+m?/2p®+ - - -]. Here,
between brackets, the 1 indicates the symmetry limit, and the
guadratic mass term means that both meson and baryon
masses arsquaredin the mass-breaking IMF foAS=1
ESLs. While the former mass-splitting approdetith linear
masseksfits all V, S, O, andD ground-state S(B)-flavor
multiplets, so does the lattéwith quadratic massedor the
IMF-ESLs. Nevertheless, Nambu-Goldstone pseudoscalars
P alwaysinvolve quadratic masses. Both approaches sug-

gest that all ground-state mesoriB, (S, V) are qq states,
while baryons (0, D) areqqqstates. This picture is manifest

8At this point we should keep in mind that the uncertaintyip
is of the order ofm,!

014010-6



GROUND-STATE SCALARaq NONET: SU3) MASS.. ..

in the quark-level oM of Sec. IV. The accidental scalar

degeneracy between tlss f,(980) and then a,(985) was

explained in Sec. V, via the IMF quadratic-mass ESLs—also

compatible with mesons bei@q and baryongjqq states.

PHr'SICAL REVIEW D 69, 014010 (2004

. P g’
kbox=—8lg4ch d“plp?—m’]"?=2¢"=— = Ayee,
(A4)

Concerning the mass splittings in general, we observe@d@in due to the LDGEA2). Note that the cubic and quartic

the remarkable feature that the real parts of masses of res
nances in mesonic and baryonic ground-state multiplet
nicely follow an SU3) splitting pattern, despite the enor-

LoM tree couplings in Eqg.(13) are dynamically loop-
enerated in Eq$Al) and(A4), respectively. Both are ana-
ytic, nonperturbative bootstrap proceduf&$

mous disparities in decay widths and thus in the imaginary
parts. This may be understood in the unitarized picture ofAPPENDIX B: DIM-REG LEMMA GENERATING QUARK

Ref.[15], in which both real and virtual decay channels con-
tribute to the physical masses of, e.g., the scalar mesons as 1, Nambusm
q

AND o MASS

=my (constituenty quark mass-gap tad-

dressed:]q states. We also verified in Secs. VI, VII, and VIII po|e grap}"{?,’gs:l generates quark mass. However, this qua-
that mesonic decay rates can be simply explained on thgratically divergent term, subtracted from the LDGR), in
basis of the flavor and chiral symmetry Underlying the quark-fact scales to quark maMependent|pf quadratica"y di-
level LoM. This is another indication that the lowest lying vergent terms, by virtue of the dimensional-regularization

mesons are atjq, while the considered baryons ayqq

(dim-reg lemma[3]

So far we have taken the mass and coupling parameters of

the quark-level lbM—in particularm,—to be real numbers
(“narrow-width approximation’). A recently developed for-
malism[34] may allow us to go beyond this approximation

in the near future.

ACKNOWLEDGMENTS

One of the authoréM.D.S.)) wishes to thank V. Elias and

m? 1

2

|=fd4p

2¢-2

(pP—m?)?  p?—m

= lim [T(2—€)+T(1—¢€)]=—im2(4m) 2,

02 (4m)"

(B1)

N. Paver for useful discussions. This work was partly sup-due to the gamma-functiondentity I'(2—€¢)+I'(1—¢)

ported by theFunda@o para a Ciecia e a Ecnologiaof the
Ministerio da Ciencia e do Ensino Superiasf Portugal, un-

=I'(3—¢€)/(1-€¢)——1 as{—2. To reconfirm this dim-
reg-lemma “trick” (B1), we invoke the partial-fraction

der Contract No. POCTI/FNU/49555/2002, and Grant No.identity

SFRH/BPD/9480/2002.

APPENDIX A: BOOTSTRAPPING G, ,,—G’
AND Apoy— N yree

The omm or ooo u,d quark triangle graph$3,35] in-
duced byZ™,, in Eq. (12) implies in the CL

Qomn™ _8igsNCmqf d4p[p2_ r’hZ]—Z: ngq ,
(A1)

due to the logarithmically divergent gap equatiQfDGE)
(36,37

1=—4igZch d “p[p?—m?] 2. (A2)

Then the GTR Eq(14), together withm,=2m,, reduces
Eq. (A1) to
m;
glrﬂ'ﬂ':29mq:F:glv (A3)

the tree-level cubic mesondM coupling in Eq.(13). Also
the mmma (or cooo, mmoo) quark box graph3,35] gen-
erates in the CL

m? 1 1 m*

(p?—m??

(p>~m*?  p?~m?  p 11’ o2
integrated viaf d %p as in thel integral on the left-hand side
of Eq. (B1). Then dropping the massless-tadpole integral
fd*p/p?=0 (as done in dimensional, analytic, zeta-
function, and Pauli-Villars regularizatior8,38]), and Wick
rotatingd*p=im2p2dp2, the Euclidean integral becomes

im*

_ foo dp2 - im?
(4m?Jo (pE+m??  (4m)?

(B3)

identical to the right-hand side of E(B1).
In order to further justify the neglect of d *p/p?, we
invoke the Karlson trick39] (long advocated by Schwinger

d d*p d*p
dsz pz_mzzf (p2—m?)2’ (B4)
and computg40]

dl d*p d*p
2m)t— = +2m? f ———
( 77) dm2 (p2_m2)2 (p2_m2)3

d d*p
TG e (BS)

014010-7
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with the first and third terms cancelling due to E®&4).
Then the remaining, finite second term in EB5) gives

i w2 o,
——|=—in?

- (B6)

dl
(277)4F=2m2
m

which is thesameresult as differentiating the dim-reg lemma
(B1):

, di L, dn?
(27) WZ(—MT)WI—I?T. (B?)

So far we have only assumefdi p/p? is independent of
m?, so that @/dm?) [ d *p/p?=0.

But to demonstrate that thédm? integration constant
vanishes i.e., [d*p/p?=A2=0, we invoke the implied

dimensional-analysis relations
4 4 4
[ -0 [ o, [ P
p pT—m pT—m,

(B8)

to solve Lee’s null-tadpole suf@l], which characterizes the
true vacuum folN¢=2 as[3]

(2mg)*N¢=3m;, (B9)
(with the factor of 3 due t@r-o-o combinatoricsin the CL
m, =0, meaningN.=3 whenm,=2mj. Thus,/d*p/p? in-
deed vanishes as sugges{&¢8|.

APPENDIX C: KINEMATIC INFINITE-MOMENTUM
FRAME

The infinite-momentum fram@MF) has two virtuesti)
E=[p?+m?]¥°~p+m?2p+---, for p—o, requires
squaredmasses when the lead tenmis eliminated, using
SU(3) formulas with coefficients £+3=2+2, as, e.g., the
Gell-Mann—Okubo linear mass formula+3A =2N+2Z,
valid to 3%; (i) whenp—oo, dynamical tadpole graphs are
suppressef2]. In fact, 32+ 3A%2=2N?+2=2 is also valid
empirically to 3%. This squaredqq baryon mass formula
can be interpreted as &S=1 ESL, which holds for both
O andD baryons[14],

PHYSICAL REVIEW D 69, 014010(2004

1
SA-N?~E?-3A~7(E?-N?)~0.43 GeV,

f—
= *
f—

E*Z—AZN:*Z—E*Q%QZ— 2%%(92_2*2)

~0.43 Ge\l. (Cy

However, theEq pseudoscalar and vectdiS=1 ESLs have
about one-half this scal@lso empirically valid to 3% viz.

1
2 2 2 2 2 2 2 2
Mg — M7~ My — Mp~ Mg — My, =~ E(m(b—mp)

~0.22 GeV, (C2
as roughly do theTq scalars found in Sec. 11, i.e.,
M3 (800~ m(2rn(650)% mis(940)_ M (s00)
~0.22--0.24 Ge\. (C3)

This approximate factor of 2 between Eq€1) and Egs.
(C2 and (C3) is because there are twhS=1 qqq transi-
tions, whereas there is only onkS=1 transition forqq
configurations.

So if we take Eq(B3) as physically meaningful, we may
write

22 > 2 2
2~ M 600y Mt (980~ M5 (650 My (940)

~1.31--1.32 Gef, (C4)

yielding m,~811 MeV close to experiment, which again
suggests these scalars g states.

These IMF quadratic mass schemes, along with the
non-CL NJL-LoM « massm,gog)=2Vmms=809 MeV or
the averagedmass value of 800 MeV, again sugggas do
the empirical scales of EqéC2) and(C3) vs Eqs.(C1)] that

all ground-state meson nonets aj@, whereas the baryon
octet and decuplet amggq states.

"We average here approximately between the non-CL NJL-
LoM mass value and the respective value in the CL.
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