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Because of the nonperturbative contribution to the hyperfine splitting the mass wfRhestate is strongly
correlated with the center of gravityl ;of(n*P;) of the n3P; multiplet: M(n*P,) is less tharM ,,(n*P;) by
about 40 MeV(20 MeV) for the 1P(2P) state. Fob;(1235) the agreement with experiment is reached only
if a,(980) belongs to the ®P; multiplet. The predicted mass of (2'P,) is ~1620 MeV. For the isoscalar
meson a correlation between the masbhfL170)[ h,(1380)] anndog(l?’PJ) composed from lightstrange
quarks also takes place.
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. INTRODUCTION antiquark,uo(1P)~0.40 GeV anduq(2P)~0.52 GeV and

_ _ _ wo(1P) =454 MeV anduq(2P) =566 MeV for thenP ss
Since the discovery of thé, meson[1] the hyperfine giates.

(HF) splittings of theP-wave states in heavy quarkonia have o the isovector P mesong b;(1235) and the ground
been investigated in many pap¢es-6]. In Refs.[5] and[6]  gtates of thea, mesong the calculatedA j(1P) is 39(19)
it was clarified why the HF shift of thé. meson with re- ey for two different vacuum gluonic correlation lengths:

H 3
spect to the center of gravitylc,{°P,) of the y. mesons T,=0.3(0.2) fm, and with the use of the experimental mass
turns out to be smallyye(h) =—0.87+0.24 MeV[7]. Itis ¢ b,(1235) we obtain that

due to a cancellation of the perturbative and nonperturbative

contributions, which are both small and have opposite signs: Mcog(13PJ |=1)=1258+10 MeV (1.2
Abr(cc)=—1.7+0.3 MeV andAlF(cc)~1 MeV. Here the
total HF shiftA g is defined in the following way: where the theoretical error comes from the uncertainty in the

value of the gluonic lengtfi, . From this result an important
consequence follows, namely, the numikp) is compatible
with the experimental masses of tag mesons (=1) only

if a5(980) [but notay(1450)] belongs to the isovector’P,

For light mesons the HF splittings of tHewave states Multiplet, i.e.,a0(980) is a usuafiq state.
are of special interest, since for them the perturbative spin- FOr the b;(2P) meson the massM(by(2P))
spin interaction is suppressed as for &ny1 state, while the ~1620 MeV is predicted. _The situation with the isoscalar
nonperturbative HF interaction is expected to become largef-Wave mesonst; andf;) is also discussed and a ;:orrela-
In our study it will be shown that the nonperturbative con-tion between the masses ¢f;(1170) and Mcg(1°P))
tribution ANP | defined through the vacuum correlators, does= 1245 MeV for f4(980), f1(1285), f5(1270), as w;ell as
dominate and\,(1P) is about 30 MeV. Although the mag- Petween the mass 0fh,(1380) and Mcf1°P;)
nitude of the splitting depends on such vacuum characteris= 1420 MeV for f0(1,370)' f1(1420), andf,(1430) [or
tics as the gluon condensaB and the gluonic correlation Mecog=1470 MeV if f;(1525) belongs to a multiplet com-
length T, the totalAp=(nNP) turns out to be positive in all Posed of a strange quark and antiqyarlin also be inter-
cases considered. preted as a manifestation of a positive 30 MeV) nonper-
In our calculations of the HF splittings we shall follow the turbative HF splitting.
approach developed in Refig] where the spin-dependent
interaction is considered as a perturbation and averaging the |I. NONPERTURBATIVE HYPERFINE INTERACTION
spin factors in a meson Green'’s function is performed with- o o
out the expansion in inverse powers of quark masses, used jn 1he HF splitting of theP-wave mesons originates both
the usual treatmenf9]. Therefore the spin-spin potential from perturbative and nonperturbative interactions:
from Ref.[8] can be used for massless quarks and the HF
splittings appear to be proportional fao(nL)] 2, where Ape(NP) = Af(NP) +AJE(NP), 2.
mo(nL) is the effective dynamical mass of a light quark,
which is defined by the extremum of the Hamiltonian de-where the perturbative term fdar=1 exists only in second
duced from the QCD Lagrangian. It is essential thgfnL) order of s and will be discussed in Sec. V. The quanti}j®
depends on the quantum numbers of the state considered aisddefined by the nonperturbative spin-spin potential, which
is not small; for thenP meson containing a light quark and is usually presented in the form

Apr=Mog °P3) =M (n'Py). 1.9

0556-2821/2001/641)/11401@9)/$20.00 64 114010-1 ©2001 The American Physical Society


https://core.ac.uk/display/15451908?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

A. M. BADALIAN AND B. L. G. BAKKER PHYSICAL REVIEW D 64 114010

1 Then from Eq.(2.3) the potentialV}™(r) is given by the
ViR = = Vi7(r). (2.2 expression
3my

* N r
As was shown in Ref[8] the spin-spin potentiaW/y~(r) Vyp(f)=6dJ ex;{ - dV:GdrKl(T—),
appears to be the same for heavy and light mesirthe 0 9 g
spin-dependent interaction is considered as a perturbation
and can be expressed through the vacuum correl&¢x3
andD(x) which were introduced in Ref10] and calculated
in lattice QCD[11,12:

d=D(0). (2.9
The string tensionr is defined in the general case as

aD4(r,v) UZZJOdef:d)\D(\/)\Z—F V), (2.10

3D(r,v)+3D4(r,v)+2r2 5
ar

vQ‘F’(r)=2f dv
0

and forD(x) taken as an exponential at all distances it re-
(2.3 .
duces to the relation
By definition, at the origin X=0) these correlators are re-

lated to the gluon condensa® = as/7(F2 (0)F2 (0)): o 180
g % g 7T< ,lLV( ) ,u.v( )> U:WdTé or d= -, GZ% —. (21])
2 Tlg Ty
D(0)+D (O)=7T—G (2.4
! 182 ' If o is fixed and not large ¢~0.14 Ge\f) then for the
_ _ gluon condensate a reasonable value 0.036%G@yf Ty
where the physical value @,=0.04+0.02 GeVtis usually ~ =0.3 fm) follows. In this case the nonperturbative HF split-
taken. ting is
In lattice calculations it was found th&t(x) and D(x)
can be parametrized as exponentials at separations P 2d 20
=0.2 fm[11-13: ARR(NP) = —(rK1(r/Tg))np=——5—=(rK1(r/Tg))np-
my mTgmg
X (2.12
D(X)=deXp(——), . - .
Tq For light mesons the HF shift in the form of the relation

(2.12 gives a dominant contribution also in cases when
X D(x) cannot be interpolated up to the origin, see below. The
D1(X):dlexp( - m) ; matrix elements in Eq2.12 will be calculated in our paper
9 with the use of the solutions of the spinless Salpeter equation
and the definition of the effective masg, of a light quark
will be discussed in Sec. lII.
Here we would like to notice that the potenti)™(r) in
Eq. (2.9), corresponding to the exponential correlator from
Ref.[12], has an essential shortcoming. From our calcula-
tions it follows that this term gives a rather large nonpertur-
bative shift in charmonium,

(x>0.2 fm), (2.5

with the gluonic correlation lengtty and T{", which turn
out to be different in the quenched approximation and full
QCD. In the general case the parametkendd,, obtained
in lattice measurements, differ from(0) andD,(0).

In full QCD with dynamical fermionsif;=4) the corre-
lation length was found to be relatively large and the NP N _
correlator is small and can be neglected in some ciisgs AjE(1P, cc)=5.0 MeV, (T3=03 fm), (2.13

so that the total splitting2.1) turns out to be positive fon.

~ id (n;=4) (2.6) in contradiction with the experimental negative number.

107 f ' ' Therefore, to explain the HF splitting of the 1P state in char-

monium, one needs to kno®(x) in detail at small dis-

It was shown in Ref[12] that in this case the correlator tances, since the HF splitting in heavy quarkonia appears to
D(x) can be taken as an exponential over all distances, i.epe very sensitive to the behavior of the correlai(x) and
d=D(0), D,(x) at short distanceghis problem will be considered in
another paper However, for the lightP-wave mesons the
behavior of the correlator®(x) and D4(x) at short dis-
tances was found to be inessential, and for them the potential
ViF(r) in the form of Eq.(2.9) can be used with 5%-10%
and from Eq.(2.4) in this case accuracy.

Nevertheless, for completeness we give below expres-
sions for the correlatob (x) and forVy™(r), modified such
as to make clear that there exists the opportunity to combine

T,~0.3 fm, d;

D(x)zD(O)exp(—Ti), (Tg~0.3 fm)  (2.7)
¢]

77_2
D(0)~75G>=0.55 Go. (2.9
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a small, “physical” value of the gluonic condensdgs and For light mesons in Eq3.1) the current mass is taken to
a small correlation lengtfiy. Otherwise the values fitted in be zero and the static potenthj(r) is taken in the form of
lattice calculationgquenched approximationT4~0.2 fmin  the Cornell potential,
Ref. [11] and T4~0.12 fm in Ref.[13], give rise\;o very A
large “unphysical” values of G,, =~0.14 GeVV and B Qeff
0.23 Ge\#, respectively. Vo) ==3 7~ tor+Co, (32
To this endD(x) is supposed to be a constantxat X,
which differs from the coefficiend in Eq. (2.5 and can be whereag is an effective Coulomb constant. One can expect

taken as that for light mesons, which have the rather large dize
=1 fm, (R=/(r?)), the value ofa4 will probably be close
Xo to the so-called freezing value;, = a(r — ) which was
= - — = ~0. . T eff
D(x)=const=d exp{ Tg)’ X=X, X%~0.2 fm, found in Refs[16,17, and has the value

(2.19

while atx=x,, D(x) is given by the exponentidR.7) as it

was observed in lattice measurements. Then even for verj the screening effects are neglected. However, even for
small T,=0.6 GeV '=0.12 fm, the small valueG, such a larger.s, at long distances,=6 GeV ?, the Cou-
~0.02 GeV can be obtained for the gluon condensate. Folomb interaction is small compared to the linear confining
the modified correlatob(x), Eq. (2.14), the modified non- potential and in most cases can be neglected. Therefore, we

ay=0.50+0.05, (3.3

perturbative spin-spin potential is consider here two variants:
- a.s=0 (case A, «a.,s=0.45 (caseB. 3.4
VZIP(I')=6d e,(xo)/-rg\/p eff ( A eff ( B (

To fix the string tensionr in the static potentia(3.2) one

o Jr2+ 2 needs to take into account that although the Salpeter equation
+f\/2_2dv ex;{ I ) O(Xg—T) with a linear potentiabr provides a linear Regge trajectory,
%o~ T 9 however, as shown in Ref§l5], the slope of the Regge
r trajectory for the Salpeter equation
+6drK1(—) O(r —Xop). (2.19
Tq 1
a'=g- (3.5

For theP-wave light mesons the difference in the nonper-

turbative HF shift for the potential}"(r) andV}"(r) does

' differs from the slopex., in the string picture where
not exceed 10% and therefore the simpler poteml}‘:ﬂ(r), ! P&st ! g picture W

defined by Eq(2.9), can be used. Still for the, meson in 1
charmonium such a modification of the spin-spin potential is agtzz—, (3.6
important. TOst

with the standard value of~0.182 Ge\?. Therefore, to
provide the experimentally observed slope, the value of

The fine structure and HF splittings in light mesons, withthe Salpeter equation should be taken smaller than
the exception ofr and K, are typically much smaller than
the differences between the unperturbed leVdg and T _
therefore the spin-dependent interaction can be considered as 0= 790143 GeV. @7
a perturbation. Then the choice of an unperturbed Hamil-
tonian is of great importance and here the unperturbed agh most of our calculations just this number will be taken,
proximation is formulated with the help of the spinless Sal-but in some cases the value= o~0.18 GeVf will be also
peter equation, used for comparison. Thus in case A the static interaction is
characterized by the parameteronly, with its value given
{2p%+ M2+ Vo (1)} o (1) =Enq b (1), (3.1) by the number3.7). With this smaller value oé the masses
of the excited states in our calculations will be lower than in
wheremis the current mass of a quark avig(r) is the static  Ref.[17] (where the same Salpeter equation was solved with

potential. We have chosen this equation since under somg,=0.18 Ge\?) and closer to the experimental meson
assumptions it can be deduced from the QCD Lagrangian. Imasses for the excited states.

particular, if in the Feynman-Schwinger representation
[13,14] the backward trajectories are neglected, thenLfor
=0 the QCD Hamiltonian for the spinless quagatiquark
coincides with Eq(3.1) and forL=1 the correction to the In Refs.[8] a relativistic HamiltonianHg was derived
equation(3.1) is not large[15]. Therefore we can use the from the meson Green’s function in the Feynman-Schwinger
Salpeter equation for the-wave states. representation with the use of the auxiliary figkinbein

IIl. SPECTRUM AND MATRIX ELEMENTS

IV. DYNAMICAL MASSES OF LIGHT QUARKS
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TABLE I. The dynamical massesq(nL) (in MeV) for different light mesongthe current masm=0).

1S 2S 3S 4S 1P 2P 1D
Set A
0=0.143 GeV 298 445 557 650 399 516 480
aeg=0
SetB
0=0.143 GeV 375 513 616 703 436 551 508
aer=0.45
Set C
0=0.18 GeV 335 500 625 729 448 579 539
aei=0
approach. FoL.=0 and a spinless quarlantiquark Hg is As seen from the definitiotd.5) the dynamical mass of a
given by the operator light quarkuq(nL) appears to coincide with half the average
of the kinetic-energy operator:
p?+ m? gr1dg 11
R A7 R LT po(nL) = FEn(nL). 4.6
(4.1

In Table | the values of.q(nL) are given for different sets of
whereuw(7) andv(B) are the auxiliary operators apd 7) is  the parameters of the static potentig(r). From Table | one

defined in the following way: can see that the influence of the Coulomb interaction is
rather weak even for an.; as large asv.= 0.45, except for
1 dt the 1S case, where it changes the dynamical mass by roughly
p(7)= 2dr (420 250, This happens because the sizes of the light mesons are

large, e.g., the root-mean-square r&{inL) for the different

In the definition(4.2) = is the proper time antlis the actual ~States are as follows:
time. With the use of the steepest descent method the ex-
tremal valuesuq,(7) = ug and vq(B) = vy can be obtained
with the following result:

R(1S)=0.8-0.9 fm; R(2S)=1.3-1.4 fm;

R(3S)=1.6-1.8 fm; R(4S)=1.9-2.1 fm;

wo=\p>+m?,  vy=or. (4.3
R(1P)=1.0-1.2 fm; R(2P)=1.4-1.6 fm;
Then the relativistic Hamiltoniahlg in Eq. (4.1) reduces to
the spinless Salpeter operator R(1D)=1.3-1.4 fm; R(2D)=1.6-1.8 fm.
4.7
- p*m? .
Hr= M +motor—2yp+m+or. (44 At such long distances the Coulomb interaction is small,
0

only =10% compared to the linear terar. Moreover one
cannot exclude that at=1.2 fm the screening of the Cou-

In what follows the extremal valug,, which is an operator, . X :
will be replaced by the average of this operator, which Ole_Iomb interaction may be important and therefore the Cou-

pends on the quantum numberk of the state considered, lomb term in 'ghe gtatlc potential is even smaller and can be
e neglected, being important only for th&syround state.

To illustrate our results, the spin-averaged masses of the
low-lying mesons are presented in Table Il and compared to

— /. /n2 2
po(NL)=(yp=+m%),_ for m#0, the experimental valugssovector and isoscalar mesgmasd
. also to the masses from the paper by Godfrey and Isgdr
po(NL)=(Vp?)n.  if m=0, (4.5  where the same Salpeter equation is solved for a different set

of parameters:
wherem is the current mass of a quatkntiquark and for

light quarks we taken=0, while for the strange quanig 0=0.18 GeV, ag(r)<a.=0.60,
=170 MeV will be used.
The definition(4.5) of the effective mass of a light quark Co=-253 MeV, m=220 MeV. 4.9

was already discussed in R¢L8] where it was shown that

the expectation value dfi; in Eq. (4.4) coincides with that As seen from Eq(4.8) in [17] a rather large value was taken
for the nonrelativistic Schidinger Hamiltonian, if the effec- for the current masm of a light quark, while in our calcu-
tive mass is defined as in E@.5). lations the best fit was obtained with Set A:
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TABLE Il. The spin-averaged mass#b.,{nL) (in MeV) of the low-lying light mesons.

State 5 3S 1P 2P
This paper

0=0.143 GeV 1424 1870 1241 1707
Qpff— O

Co=—357 MeV fit

Ref.[17] 1420 1970 1260 1820
Experiment 1424 >1800 1257 1632°
(1=1) 44 1306° 1683¢

&This value ofM cod 1P) is obtained ifag(980) belongs to the °P, multiplet.
®This value ofM cof 1P) is obtained ifag(1450) belongs to the®P; multiplet.
°This value ofM{2°P;) is obtained ifa,(1660) belongs to the®P; multiplet.

9This value ofM Cog(23PJ) corresponds to the case whas(1750) belongs to the®P; multiplet.

0=0.143 GeV, a=0, m=0, C,=-357 MeV.

4.9

The constantC, in Eqg. (4.9 was chosen to fiM cog(23‘53)
=1424 MeV.

and P-wave light mesons are given in Table Il for two val-
ues of the correlation lengtffiy=0.5 fm andT 4= 0.2 fm (in
both casesr=0.143 GeV, a4=0).

As seen from Table Il the nonperturbative HF shift is
large, ~100 MeV, for the 5 ground state; for other states

In Table Il the experimental numbers refer to the isovectokhe numbers weakly depend on the value Tgf with the

mesons, which are not mixed witis and are expected not to

exception of the P state for whichA}f is different for T,

have a large hadronic shift. From this table one can see that0.3 fm andT4~0.2 fm, which are taken from the lattice
(i) a better agreement with the experimental masses is obmeasurements of the gluonic correlatgfsl,12. In most

tained if ag(980) is a member of the®P; multiplet; (ii) in
our calculations the masses of th8 &nd 2P states lie about

100 MeV lower than if17] and are closer to the experimen-

tal numbers foM,(2a;) and 7(1800).
With the use of the dynamical masseg(nL)=my, pre-

cases the magnitude of HF splitting is between 20—-50 MeV.
We consider also thé>-wave mesons composed of a
strange quark and antiquark taking for the current mass of a
strange quarkng=170 MeV. Then the dynamical mass of
the s quark for differentnL states turns out to be about 50

sented in Table I, the nonperturbative HF splitting can beMeV higher than for a light quarkcf. Table ); in particular,

calculated, since from E@2.3) we obtain

d
ANP(nL) = (J 13 ) 4.1
pe(nL) MS(”L) 1t 472 (4.10

where we have taken into account the second correlator . )
¢ Correspondingly, the spin-averaged masses oftmesons

D,(x) in Eq. (4) to have the opportunity to vary the values o
the correlation lengtily. In particular forT;=0.2 fm the
ratio d, /d~1/3 was found in Ref[11].

In Eq. (4.10,

J1:<rK1(r/Tg)>nL;
1
J2=<rK1(r/Tg)>—3—_|_g<r2K0(TLg)>. (4.11)

Here it is assumed that the gluonic correlation lengthand

wo(2S,55 =505 MeV, uo(1P,ss)=454 MeV,

wo(2P,s5)=566 MeV. (4.13

appear to be about 170 MeV higher than those for light me-
sons; e.g., taking the sét of the parameter$3.4) and the
constantCy= — 250 MeV, defined from a fit to the spin-
averaged mass of theSXstated ¢(1680) and»y(1440)], we
have obtained that

Mcog 1P,59)=1424 MeV, M 2P,s9=1885 MeV.
(4.14

At this point it is of interest to note themcog(lP,sg) coin-

Tgl) in Eq. (2.3 are equal, as it was observed in lattice mea-cides with the center of gravity of the multiplefty(1370),

surements oD(x) and D4(x) for n;=0 [11,13. We shall
also fix the string tensionr and from the definition Eq.
(2.10 the parameted is

g

f,1(1420), andf,(1430) which are expected to have a large

TABLE Ill. The nonperturbative HF splittinggAjr(nL) (in
MeV) for light mesons.

d=—;. (412 state B 2S 3S 1P 2P
77'Tg
T4=0.3 fm 125 56 30 44 27
We estimate the accuracy of the calculated numbers to beg:og fm 96 48 25 24 20

about 10%. The nonperturbative HF splittings of Sheave
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TABLE IV. The hyperfine splittings of th&wave light mesongin MeV) with aps=0.31.

1S 2S 3S 4S
Afe 194 125 94 760)
Ape(total), T;=0.3 fm 329 185 144 96
Ape(total), T;=0.2 fm 290 173 119 95
Experiment 165100

ssadmixture, but it is 50 MeV smaller if,(2P,ss) is iden- ~ Since the scalg. coincides with the masl , of the  lepton
tified with the f5(1525) meson. we take herexg(u)=0.31. _
For the 1P ssstate the nonperturbative HF shift can be The wave function at the origin entering £§.2 cannot
calculated from expressiof2.12 for T,=0.3 fm and Eq be precisely defined for the Salpeter equation, since the ex-
. g_ . .

_ : . ) pansion of the wave functio#, (r) (18) in a basigwhich is
(4.10 for T4=0.2 fm with the following result used here for the numerical calculations as suggested in Ref.

[19]) is diverging at the point =0. Therefore, we define
Rn0(0)=¢(nSr=0) as in the einbein approag8 also tak-

ing into account the Coulomb interaction that gives a correc-
tion of about 10%—20% and the largest one is for the ground
state &30%). ThenR,o(0) can be presented in the form

Rno(0)=Vuog(nScé(nS), (5.9
From experiment it is known that the HF and fine- ol Ho 3

structure splittings are practically small for all light mesonswhere the coefficientsé(nS) are the following: @

(with the exception of ther and K mesong compared to =0.39), &(1S5)=1.31, £&(25)=1.20, £(3S)=1.16, and

their masses and therefore the spin-dependent effects can bg4S)=1.14 and the values of the wave function at the ori-

considered as a perturbation. Then, as was shown if&ef. gin are

the spin-dependent potentials can be derived by averaging

the spin factors, which are present inside the meson Green’s  R;(0)=0.294 GeV?,  Ry(0)=0.30 GeV}?,

function defined in a gauge invariant way. In this approach

the expansion in inverse quark masses is not used and in Ref.  Rs(0)=0.325 GeW?, R,(0)=0.34 Ge\f2

[8] it was deduced that to ordet, all perturbative spin- (5.9

dependent potentialg;(r) (i=1,2,3,4) for light mesons co-

incide with those in heavy quarkonia, the only difference is

that the pole mass of a quark should be replaced by th

dynamical masg.o(nL) of a light quark[for a hea uark

M}(/)(nl-) coincidzs()(wita the cgurreqnt mgss to or;gg? In Th_e val_ues of the perturbative splittings for th& states

particular, the perturbative spin-spin potential between &€ given in Table IV fys=as=0.31). If one neglectspthe

light quark and a light antiquark is defined as C_oulomb correction in the wave functidr,o(0) thenAHF
will be about 30%—-50% smaller. To check our choice of

- 37 MeV, T4=0.3 fm,
ANK(1P,s9) = (4.15
20 MeV, T4=0.2 fm.

V. PERTURBATIVE HYPERFINE SPLITTINGS

From these numbers one can see that the wave function at
e origin is almost constant, but slowly growing because of
the increase of the dynamical masg(nS) with n.

VR(r) Rn0(0) one can calculate the leptonic width @f770):
4
VRN = ———. 5. 2 2
3ug(nl) 2a%|Ry(0)] 16
Fe+e7: T 1- Qas y (56)
Then for theSwave mesons the perturbative HF splitting is P
given by the well-known expression: which gives the following value for the leptonic width
(as=0.31;,0=1/137)
AP (g 28 ) , ,
He(NS) =g — —[Rno(0)[%, (5.2) Fete-[p(770]=7.36 keV, (5.7)
H1o(nS)

that turns out to be in good agreement with the experimental
whereag(u) is the strong coupling in the modified minimal numberT .+, (exp)=6.77+0.32 keV[8] (for as=0.33 the
subtraction #1S) renormalization scheme. In Rdfl7] the leptonic width isI'¢+.- =6.8 keV).
spin-spin interaction was modified with a smearing function From the number(5.5 for R,, one can expect that
with a characteristic momentum scale of about 1.8 GeVI'.+.-[p(1450)]~1.7 keV and the fractiol g+ - /T o fOr
Consequently we can write in E¢6.2) for the Swave me-  p(1450) is seven times smaller than {@(770).
sons From the comparison of the nonperturbative and pertur-
bative spin-spin splittings in Tables Ill and IV one can see
as(u)~ay (1.8 MeV)=a(M,)~0.31-0.33. (5.3) that for all nS states (+#1) the perturbative splitting
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TABLE V. The predicted masses of tf&wave mesons in MeVTy=0.2 fm).

w(2S) p(29) 7(39) p(39) w(4S) p(4S)
Theory 1294 1467 1781 1900 2170 2265
Ref.[17] 1300 1450 1880 2000
Experiment 1306100 1465-25 1800t 13 2149+ 17

@The mixing of £S; and 2D, states is not taken into account.

AFL(nS) turns out to be about two times larger thafi?, ~ This short-range spin-spin potential has a characteristic size
while for the 1S state the nonperturbative contribution is Rur, Which can be estimated from the value of the matrix

larger; about 60% ofAR-(1S). element(r ~°)p:
Knowing the HF splittings we can calculate the masses of 3 3
the isovector meson@ee Table Y neglecting the coupling (r=°)1p=0.019 GeV, (r %,;=0.030 GeV.
to the other channels. (6.3

We would like to notice here that all our calculations were Loy a1
done for a massless quatkntiquark with only two param- ' Rue(NP)=((r"“);p) "~ then Ryz(1P)~0.75 fm and
eters: the string tensiomr=0.143 GeV [which defines the Rnr(2P)~0.65 fm are rather large. From these estimates
dynamical mass of the quartantiquark uo(nS) and the One can conclude that for th&-wave statesR,r(nP)
spin-averaged spectrymand the value ays~ ays(M ) ~0.65 f_m appears to _be much .Iarger than for n&statels,
~0.31 suggesting that the characteristic “smearing radius®here in the smearing functiolR,e(nS)=(1.8 GeV)"
is small as in Ref[17]. Still, in such a simple picture, the ~0.11 fm was taken from Re{17] At the distanceRy
agreement with experiment is reasonably good and ouf0-65 fm, the value ofrjs needs to be taken at the smaller
masses for the S states are about 100 MeV lower than in "énormalization scale and is very close to the freezing value
Ref.[17] and close to the experimental massm(f1800). ayrs(q=0) which is expected to beys(q=0)~0.5. There-
To obtain the masses of theS4tates one needs to take fore, here we takerys(q=0)~0.45. The numbers obtained
into account the mixing of these states with the 2tates from Eq.(6.1)
with M¢,(2D)=1972 MeV (for the same set of parameters o b
A). The mixing will be done elsewhere. Ape(1P)=—5.1 MeV, A{(2P)=-4.8 MEV(6 ”
VI. THE MASSES OF THE b; AND h; MESONS . . . .
are much smaller than the nonperturbative shift given in
For the P-wave state the perturbative HF splitting is of Table Il and have opposite signs. Combining both contribu-
orderag and is expected to be small. To estimate the perturtions, one obtains the total HF splitting,
bative contribution one can use the expres$rey
39 MeV if T4=0.3 fm,

2
AP _8 %us E—En (3 Ape(1P)= _ (6.5
HE79 " m2|4 3 nP 19 MeV, if Tg=0.2 fm,
2 “fn_s or the average numbeh,=29+10 MeV. Knowing the

e (r % ,p, (n;=3). 6.1)  mass ofb,(1235),

3 77,u.§(nP)< >nP ( f ) ( ) 1
This perturbative HF shift is negative and in E§.1) m, is MLb,(1P)]=1229.5-3.2 MeV, ©.6
repaced by the dynamical mass of a light quark. This is al- . .
lowed since the>-wave HF potentiaVZ(r) neither depends :he;e;:re#jlcitgdsr?gss_sfor the center of gravity of &g mul-
on the renormalization scale or on the mass of a quank iplet (T4 =0. )|
tiquark). This expression follows from the perturbative spin-

spin potential for #0 [21]: Mcog 13P;) =1258+ 3. exp = 10(th) MeV. (6.7)
o 1, The number o_btained fawv! Cog(_13PJ) is in surprisingly good
Vie(r) = —— Va(r), agreement with the experimental maM;cog(13PJ ,exp)
3my =1252 MeV, ifag(980) belongs to the *P; multiplet, and
does not agree witM Cog(13PJ) =1306 MeV obtained in the
VE(r) = iaz_(ln _ E)Vzloﬂ case thatay(1450) belongs to the *P; multiplet. Thus a
4 37 MS|37 4 r strong correlation between the massesl\bg‘og(13PJ) and
b,(1235) follows from our analysis and to fit the experimen-
_ iaz_(l_ En )i 6.2) tal data one must assume tregi(980) belongs to the P,
3w MSl4 37)pe ' multiplet and is aqq state.
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Then ag(1450) can be considered as a member of thehe mass oh;(1380) appears to be largé&bout 80 MeV
2%P;, multiplet with Mcof(2P)=1633 MeV from Table Il than in our calculations.
and, therefore, with the use of the total HF shift, we predict

for the mass ob4(2P) VIl. CONCLUSIONS
M(b,(2P))=1610-1618 MeV, (6.9 We investigated the nonperturbative spin-spin interaction
in light mesons and established the following.
since thetotal HF shift from Table Il and Eq(6.4) is (1) For the 1S state the HF shift due to the nonperturba-

tive effects is rather large, because the dynamical mass is
22 MeV, T4=0.3 fm, relatively small, so thatN\o~0.4 A=(1S, total), while for
Ayr(2P)= (6.9 the excitednS states it is only about 15% of the total shift.
15 MeV, T¢=0.2 fm. (2) Because of the positive sign of the nonperturbative HF

In the approximation of closed channels used here the Héplitting, the mass of tha'P, state is strongly correlated

shift of h,(1170) andb,(1235) should be the same, see E .W'th Mcog(n3PJ) being .30t 1.0 MeV ~smaller - than .
(6.9. H0\1/\Eever, )forhl(%L(170) zhe experimental value of thg MCOQ(nB.PJ)' The value of this shift depends on the gluonic
HF shift is larger, 7319 MeV, and therefore one cannot correlatlpn length adopted. .
exclude thath;(1170) has a small hadronic shif\M.q (3) With thesuse of thg mass df,(1235) our pfed":ted
=35+ 20 MeV [note thath;(1170) has a much larger width, mass O.fM cof 1Py | :1? Is 1258-10 MeV and this num-
T'(hy)~360 MeV, thanb,(1235)]. There also exists the ber is in agreement_ with the experimental masses of the
stateh,(1380) withM (1P,) = 1386+ 19 MeV. It is assumed 2(1P) mesons only ifa,(980) belongs to the P, multip-

that h;(1380) is mostly composed of a strange quark andet'
antiquark. Then from the calculatel, ~(total)~35 MeV
(Tg=0.3 fm andA[-=4 MeV) one can obtain the center of

(4) For by(2P) we predict the massM[b;(2P)]
~1.62 GeV.
(5) Our analysis can be applied also to the isoscalar me-

gravity of the P, multiplet of ss mesons: sons wherér;(1170) andV o, 13P;) = 1245 MeV lie rather
3 — 1 close to each other if,(980) is a member of the*P; mul-
Mcog 1°P;,89)~M(1°P1)+35 MeV~1425-19 MeV. tiplet.
(6.10 (6) In the approximation wherh;(1380), f,(1370),

This number can be compared Wmcog(lsp.]) obtained in fl(_1420), andf,(1430) are consid_ered to be _composed
the case iff ,(1370), f,(1426), an_df2(1430) are members Mainly of a strange quark and antiquark, the differedce

_ 3 RN . .
of the 1P, multiplet and mostlyss states: =Mcof1°P;,88 —M(h,(1380))~=35 MeV is in full agree-
ment with our estimate of the nonperturbative HF shift,
MY 13P;)~1422 MeV (6.1)  AJF~35 MeV for the correlation lengtfiy=0.3 fm.

(7) The preferable value of the gluonic correlation length
and this experimental mass is in good agreement with thg =0.3 fm was obtained from our analysis of the HF split-
predicted mas6.10. In the other case, whef}(1525) is a  tings of different mesons in accordance with the lattice data
member of the 3P; multiplet, the “experimental” value of of Ref. [12].
the center of gravity,
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