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Mass spectra and decay widths of hadrons in the relativistic string model
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A relativistic string model for hadrons is presented. The center-of-mass motion is separated correctly. The
vibrational and rotational motions of the string are solved by using the WKB approximation. Moreover, their
decay widths are calculated by taking into account the pair creation of quarks inside the string. Both the mass
spectra and the decay widths are reproduced fairly well in comparison with experimental data.
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I. INTRODUCTION Il. CLASSICAL THEORY OF THE STRING MOTION

It Il K that had d of K Let us start to present our model of hadron strings. It is
IS well known hat hadrons are composed of quarks an%ssumed that a meson is described by a gluon string whose

antiquarks which are governed by quantum chromodynamlt:ﬁNO ends are occupied by a quark and an antiquark. For a
(QCD). In the hadron structure, gluons also play an impor-yaryan, the antiquark is replaced with a diquark. As a resul,
tant role which is shown in deep inelastic lepton-nucleony|| the hadrons have universal stringlike structure. The ge-

scattering. For example the total momentum of hadrons carsmetry is shown in Fig. 1. The Lagrangian of this system is
not be explained without the degrees of freedom of gluonsgiven by[3]

The string model proposed by Johnson and THairis one

of the models in which the gluon degrees of freedom are 2

incorporated explicitly into the model. According to the L(r T —_ mVl—12— 02—V 21
string picture, mesons are made up of a quark and an anti- (rrio) Z’l ' e @
qguark which are connected by the classical gluon field. The

string mod_el COl,Jld reproduce.rotational excited states Calle%here the first terms represent the kinetic energy of the quark
Regge trajectoriep2]. Then Migdalet al. [3] extended the 4 antiquark(diquark and the last one the energy of the

model to gai‘;yor:‘s which a}re Vi?'wlzd as a quark a”_?ha ‘éli_quaréluon string. We have assumed that the whole system rotates
C?cr:SreeCtv?/as BS/J eesgzde f?ourgnmfn ai;”ﬂ?fﬁ;%giowgve'?ua(mth angular velocityw= 6. Each end of the string has mass

p 199€S . y P . m; and the distance; which is measured from the center of
the treatment if3] is unsatisfactory because the separatio

o X ngravity (i=1,2). The contribution to the Lagrangian from the
of the center-of-mass motion is unclear and the nonrelativisz

! S X ; o gluon flux is given by
tic approximation adopted in the paper is not justified.

It is the purpose of this paper to present a relativistic )
string model for hadrons and calculate the mass spectra and _ ri —
the decay widths of both the vibrational and rotational V(ri’w)_; , AVLmriedr,
modes. Our improved model is fully relativistic and the

center-of-mass motion is eliminated by choosing correctly

the center of mass frame. Moreover, the decay process Cémherea is the energy dgnsity O_f the strir(ggr unit length
be incorporated by taking into account the pair productiorfnd the facto/1—r®»” in the right-hand side comes from
inside the gluon fiux. The rate of pair production is calcu-the Lorentz contraction along the transverse direction of the

lated by analogy with the Schwinger mechanism in QEDSt”ng' The canonical momenta are defined by
[5,6].

This paper is organized as follows. In the next section, a
classical relativistic string model is described and conditions
for choosing the center of mass frame are presented. In Sec.
lll, the dynamical system is transformed into Hamiltonian
form and canonical quantization is applied to the system.
The mass spectra of hadrons are obtained with the use of the
WKB approximation and the decay widths with the use of
the Schwinger mechanism. The numerical results are pre-
sented in Sec. IV. The concluding remarks are given in the
final section. FIG. 1. The schematic picture of our hadron strings.
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wherev?=r2+ w?r2. These quantities denote the radial mo-
menta of each quark and the total orbital angular momentu
respectively.

Now let us discuss the center of mass of our system.

"H(p,I,n)=rp+w—-L=2,
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(9L5. +&L5
—.riri a—riri

sL=>,

£

)=p6<'r1+'rz>+b5<r1+r2>,
(2.9

where the canonical equations of motion and the condition of
relative momentum g=p,=p,) were used. Noting thap
=(dL)/(ar), one can see that the Lagrangian contains only
the relative coordinated,(r,r,6). Therefore the center-of-

mass motion has been eliminated completely from our La-
grangian. Thus the Hamiltonian is given by

m +jri 2 dr)
Vi—v?2 o y1—0%? )
(2.10

Provided that the origin of our coordinate system coincides

with the center of mass, it is proved that the following sub-

sidiary conditions hold:
pP1—pP2=0, (2.5
P1—P.=0. (2.6)

We will show that these conditions are equivalent to th

definition of the center of mass; the total momentum of our

system vanishes. Evidently the first condition H@.5

means that the radial component of the total momentum van-
By using the separation of variablés= ¢(r)expil 4, the an-

ishes because the gluon field does not have the radial co

e

It is evident that the first term means the kinetic energy of a
quark or an antiquarkdiquark at each end and the second
the energy of the string.

Ill. QUANTUM THEORY OF THE STRING MOTION

Now we will go over the quantum theory of our system.
The excited states of hadrons are described by the Schro
dinger equation,

H(p,T,r)¢(r,0)=Ey(r,0). (3.1

ponent of the momentum. On the other hand the transvers!jmar momentum is quantized as follows:0,1,2,3 . . . . In-

component is given by
+fr1 awr q jrz awr q
=r.p;—r ————dr— | ———=dr
Po=taPitobe™ | oz o Jimon?
mlwzrl m2w2r2
-0} V103
+a\/1—w2r§>

E

with the help of Eq.(2.1). By using the Lagrange equation
for r,, the second condition Eq2.6) is rewritten as

1

w

—ay1l-w’?

1

(O]

L dL

oy ar,

(2.7

L dL _

a0 2.9

Thus it is shown that the our new conditions E(&5) and
(2.6) is equivalent to the definition of the center of mass.

It should be noted that the center of mass motion has been

completely eliminated due to the conditio(&5) and(2.6).

In order to show this sfact, we will show that our Lagrangian
is described by only the relative coordinater ;+r,. In fact

let us consider any variation,—r; + or; with using the two
conditions. Then the variation @&f is written as

troducing a new function byp(r)= x(r)/r, the Schrdinger
equation is rewritten as

H(—ih%,l,r)x(r)=Ex(r). (3.2

[Note thatrp(1/r)=—ia/dr.] Let us use the WKB approxi-
mation following Sec. 31 if7]; Substituting the expression,

x(r)=A(r)exp(iS(r)/#) into Eq.(3.2), we obtain(up to the
second order ofi)

H aSl =E 3.3
[?_rl lr Bt ] (')
d (dH +(9H(7A_0 3.4
ar\ap o ar O (3.9

whereA(r) and S(r) are real unknown functions. The first
equation with the following quantization condition is de-
voted to the determination of the ener§yand the phase
function S(r), that is,

1
n+ -

2h’

n=0,12...,
(3.5

wherea andb are the turning points and means the quan-
tum number for the vibrational mode. This condition, how-
ever, does not hold in the caselef0 where the particle can
come to the origin §=0). In this case one should take the

é pdr=2J':p(r)dr=(
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FIG. 2. The vibrational excited states of mesons. The quantum FIG. 4. The rotational excited states of mesons. The orbital an-
number of the vibrational motion is denoted hy The filled and gular t”;gme”‘””? 'S dter|10te3 ?hy Th?. flllled ?nd open C|rtgle|s rep-
open circles represent the experimental and theoretical values, rEgsent the expenmental and theoretical values, respectively.
spectively.
2 ® 2
a 1 nzTm
_ _ q
boundary condition, y(0)=0 from the definition ¢(r) W=-"3 > Z —e&X - 39
. r 47° q n=1n a
=x(r)/r. Thus we have two solutionsy(r)~cos([ypdr
—m/2) and x(r)~cos(,pdr—=/4). Since these two solu- . . .
tioTrns )coincic)J(e(z k))etwee({albgr<g t%e right-hand side of Eq. Here =, indicates a summation over all quark flavors with

3 . . massm, (gq=u,d,s). The probability of the decdpair pro-
g\-/?ritigr?lgg be replaced byntr z)h [8]. Equation(3.4) is duction in the time intervaldt is given by

d (dH
—(—A2)=0—>A2:C

gH| ™t dW= | |(r)|2wV(r)r2drdt, 3.9
ar | ap _) (3.6 f

ap

and gives the wave functiof(r). The factorC on the right yvhe_reV(r) denotes the volume of the s_;tr_ing _when its length
hand side is the normalization constant which is determine® " ' the center of mass system and it is given by

by

) vin=3 f” 1—o2risdr. (3.10
fA(r)Zdrzl. 3.7 -
0

In the right-hand side$, denotes the area of the cross sec-
Thus we obtain a relativistic hadron string model in whichtion of the tube which is not moving along the transverse
the center-of-mass motion is completely eliminated. direction. The decay width of the hadron is given by
Finally we discuss the decay process in the frameviork of
our model. The decay is viewed as a pair production gf q _ d_VV_ 2
inside the flux tube which is known as Schwinger mecha- I'= dt A(r)"wV(r)dr. (3.1
nism. According td 6], the probability of the pair production

in a unit space-time volume in the tube is given by This formula gives the decay widths of the excited hadrons

and is one of main results of this paper.
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FIG. 3. The vibrational excited states of baryons. The quantum
number of the vibrational motion is denoted hy The filled and FIG. 5. The rotational excited states of baryons. The orbital
open circles represent the experimental and theoretical values, rangular momentum is denoted lhy The filled and open circles
spectively. represent the experimental and theoretical values, respectively.
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TABLE |. Decay widths of vibrational excited states of hadrons. The experimental and theoretical values
are denoted by ¢, andI'eo,, respectively.

Meson Texp (MeV) Ciheor (MeV) Baryon TCexp (MeV) Ciheor (MeV)
p(770) 151 151 P,,(939)
p(1450) 310-60 236 P,,(1440) 250-450 227
p(1700) 235 50 296 P,,(1710) 50-250 288
p(2150) 36250 345 P,,(2100) 160-360 338
p(2212) 28680 389
K*(892) 50 149 P,y(1232) 115-125 136
K*(1412) 22722 232 P45(1600) 250-450 215
K*(1714) 323110 294 P,4(1920) 150300 269
IV. NUMERICAL RESULTS resonances anahy=350 MeV for A resonances. Moreover

We have calculated the mass spectra and the decay widtie masses of t_he excited states that lie on the corresponding
of hadrons by using our string model. Since the string isR€99€ trajectories are calculated and the results'are shown in
made up of the gluon field, the gluon degrees of freedom arEigs. 4 and 5 for mesons and baryons respectively. The
incorporated into our model explicitly. The current quark means the orbital angular momentum. The total angular mo-
masses are determined ams,=my=10 MeV and mq mentum is given by the additive sum of the orbital and spin
=150 MeV by fitting to the masses of the ground state hadangular momentaJ=L+S. Our model reproduces the ob-
rons. Thus there are only two parametersaind S,. The  served mass spectfaQ] fairly well.

former determines the mass spectiiae Regge slopeand Next let us calculate the decay width by using E3j11).

the latter the decay width. We take=0.15 Ge\f in order  There remains one paramet8g. Its value should be the

to reproduce the observed Regge slope. same for all the hadrons because the color charge of each end
Now let us calculate the mass spectra by using(Bdy). is the same for all the hadrons considered in this paper. For

The excited states are classified into two categories; the vieonvenience, we take the value so as to reproduce the decay
brational modethe yo-yo moddg9]) and the rotational one width of p(770):151MeV. The calculated decay widths are
(the leading Regge trajectorje€onsider first the vibrational shown in Tables | and II. It is found that the predictions by
excited states. The mass spectra are shown in Fig. 2,for our model are consistent with the experimental valley

K* and¢ mesons. In the same way, the mass spectRy,of  although the agreement is not always satisfactory. The en-
P13, andA baryons are shown in Fig. 3. The diquark mass ishancement of the decay widths at higher excited states is
taken so as to reproduce the lowest mass for each ogse: explained by the elongation of the string. The smallness of
=210 MeV for P;; resonancesmy=550 MeV for P33  the width of K* (890) may be due to the small phase space

TABLE II. Decay widths of rotational excited states of hadrons. The experimental and theoretical values
are denoted by ¢, andT o, respectively.

Meson [exp (MeV) iheor (MeV) Baryon Iexp (MeV) Iiheor (MeV)
p(770) 151 151 P14(939)
p(1318) 106 247 P1,(1520) 110-135 258
p(1691) 16G:10 318 P,1(1680) 120-140 287
p(2037) 427120 358 P,,(2190) 350-550 343
p(2330) 400100 401 P1,(2220) 320-550 395
p(2450) 400- 250 436 P1,(2600) 500-800 450
P1,(2700) 350-900 459
K*(892) 50 148 P33(1232) 115-125 133
K*(1430) 98-109 237 P33(1930) 250-450 216
K*(1770) 164-17 304 P33(1950) 290-350 307
K* (2045) 19830 371 P33(2400) 330-480 331
K*(2380) 178:37 400 P33(2420) 300-500 348
P43(2750) 350-500 412
P43(2950) 330-700 443
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volume which is not taken into account in our treatment: The V. SUMMARY
threshold energy oK* —K+ 7 is near the mass oK*.

There is a tendency that the observed decay widths of the Inconclusion, we have developed a relativistic string

. : model for hadrons. It is characteristic of our model that the
second excited resonances are larger than the predicted ones

in general. This deviation seems to come from other decacenter-of—mass motion is eliminated completely in fully rela-
9 ’ tivistic manner. Moreover the decay process is incorporated

modes besides the one pair productiorﬁqf Lo . L=
Lastly some comments are in order. The velocity of theby taking into account the pair production gfi. Generally

quark is near the light velocity in the vibrational motion as the decay widths are enhanced by the elongation of the string

well as in the rotational one. This fact means that the relap utin the rotational cases they are suppressed by the Lorentz

tivistic treatment is necessary for the description of hadronscomr&mtlon along the transverse direction. Although our

) _ model is so simple, the mass spectra and the decay widths
The value ofS, was determined from the width p{770). If have been reproduced fairly well. We would like to note that

our string is described by the elongated MIT bag, the stringpe gting model is also useful to describe the gluon compo-

tensiona is equal to BS thre B isl/ihe bag constant. pent of the structure functions of hadrofid,17 and mul-
Consequently we ge%=3 fm" andB*"=178 MeV, the tjple production in hadron or nuclear collisions at high ener-

latter is consistent with the usual value. gies.
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