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Abstrac t: The heavy baryon spectraw ere studied in the fram ew ork of quark m ode .l The three-body Schrod inger equation

w as solved nume rica lly by emp loy ing theGaussian Expansion M ethod. The results show ed tha t the heavy ba ryons can be

descr ibed w ell in the constituent quark m ode ls. The present w ork is lim ited to the heavy baryon w ith one heavy flavor

quark.
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重重子的夸克模型研究
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[摘要 ]  在夸克模型的框架下研究了重重子谱, 通过高斯展开方法解薛定谔方程求得重重子的夸克模型研究.

结果充分说明了重重子可以用组分夸克模型来描述.这篇文章的工作仅限于含一个重味夸克的重重子.
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  In the past years continuous progress has been m ade in the field of heavy baryons. The heavy baryons:

charm ed and bottom ed baryons consist of a heavy quark ( c and b) and tw o light quarks ( double charm ed bary-

ons w ith tw o charm quarks and one light quark are also discovered) . M ost of the ground state heavy baryons have

been found experim en tally
[ 1]

and several new excited charm ed baryon states have been observed recently by

BaBar, B elle and CLEO co llaborations
[ 2]

. The heavy baryons provide an excellentw ay o f testing our understand-

ing of quantum chrom odynam ics (QCD) , the flavor independence o f confinem ent force, the e ffect o f one-g luon

exchange and so on. It allow s us to study how the interaction be tw een quarks evo lves from light to heavy system,

and it is a good laboratory for testing the pred ictions of d ifferen t theoretical approaches. There arem any approa-

ches or m odels used to study the heavy baryons. QCD sum rulesm ethod w ithin the fram e of heavy quark effective

theory (HQET)
[ 3, 4]

ca lculated the m asses o f p-w ave excited heavy baryons, to the 1 /mQ o rder. The so ca lled

re lativ istic three-quark m odels
[ 5 ]

w ere used to study the properties of heavy baryons. Lattice QCD w as also ap-

plied to study the spectroscopy o f heavy baryons
[ 6]

. H ow ever, to our know ledge, only the constituent quark m od-

el is pursuing to describe hadron properties
[ 7-9]

and hadron-hadron interactions
[ 10, 11]

sim u ltaneously so far, and a

lot o f successes have been ach ieved. The heavy baryons shou ld be described better than the light baryons in con-

st ituen t quark m odels
[ 12]

, because the appearance o f heavy quark reduces the relat iv istic effect greatly. The pres-

entw ork is to study the heavy baryons in the fram ew ork o f constituent quark m odel by using theG aussian Expan-

sion M ethod ( GEM )
[ 13]

, wh ich d iffers from o ther w ork, to so lve the three-body Schrodinger equat ion.

1 Constituent Quark M odel

Them ode l used has been successfully app lied to describe hadron properties and baryon-baryon interact ions.
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The detail o f them ode l can be found in Re.f [ 7, 10]. H ere on ly theH am ilton ian and the construct ion of w ave-

functions are g iven. TheH am ilton ian is
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w here all the sym bo ls have their usualm eaning. To so lve the three-body SchrÊdinger equation, the de lta funct ion

in the one-g luon exchange po tent ia lmust be regu larized
[ 9 ]

D( rij ) = (B
2
P)

-
3
2 e

-
r ij2

B2 . ( 4)

To take into account o f the sca le-dependence of strong coup ling constan,t an effective coupling constant is w ritten

by
[ 9]

As =
As0
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L

2
+ L0

2

+ 0
2

, ( 5)

w here L is the reduced m ass of the interacting quark-pa ir. The construction of w avefunctions are g iven below.

There are tw o different cases for the stud ied heavy baryons: ( q sQ ) and ( qqQ ) , w here q denotes u or d quark, s

quark for 8
-
Q , and Q m eans b or c quark. So . Q and .

*
Q be long to the form er case ( qsQ ), and +Q , 2Q, 2

*
Q

and 8
-

Q belong to the la tter case ( qqQ ).

( 1) W ave functions of . Q and .
*
Q : In th is case, w e consider three sets o f rearrangem ent Jacob in coo rd-i

nates ( see Fig. 1) and refer them as a-type, b-type and c-type.

The three quarks are all d ifferen,t m ake the defin ing:

rk = x i - xj,  Rk = xk - (xi + x j ) /2,  i, j, k= 1, 2, 3 ( cyclicing), ( 6)

w e can construct three-body basis funct ions for the color-sing le,t tota l sp in and its z-com ponent J, M and to tal

isospin and its z-com ponentT, T z concretely as the fo llow ing

5
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W here the quantum number se:t N= { s, S, l, L, I, t } are m idd le quantum num bers, [ ] m eans C lebsh-Gordan

coupling, GSSz ( i), V1
2
m ( i ) are the isospin and the sp in function of the i-th quark, and <l and WL are the tw o re-l

ativem ot ion w ave funct ions. The baryon w ave function should be the superposition o f these basis functions:
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( 2) W ave functions of +Q , 2Q, 2
*
Q and 8

-
Q : In this case, there is a d ifferent quark w hich is deno ted by
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num ber -1. , the wh ite circ le in the F ig. 2.

The three basis functions are the sam e as before. Because there are tw o ident ica l quarks, the tota l w ave

function should be antisymm etrized under the exchange of the two ident ical quarks. Defining

5
(A )

JMTT z, N= 5
( a)

JMTT z, N,  5
(B )

JMTT z, N= 5
( b)

JM TT z, N+ 5
( c )

JMTT z, N, (11)

the baryon w avefunction can be w ritten as

7 JMTT z
= E

N
AN5

(A )

JMTT z, N + E
Nc

B
(B )

Nc 5 JM TT z, Nc. ( 12)

Them ass o f baryon, the tw o re lative w avefunctions and the coeffic ientsAN and BNc( or the coefficients aN, bNc and

cNd in the first case) are to be determ ined by so lv ing the SchrÊd inger equation

(H - E )7 JMTT z
= 0. (13)

w ith the Ray leigh-Litz variational principle.

2 M ethod of Ca lculation

To so lve the above SchrÊdinger equation is very diff icul.t H ere w e em ploy the Gaussian expansion m ethod

( GEM ), wh ich deve loped byH iyam a. et al
[ 13]

, to so lve the equation. In GEM, the re lat ive m otion w ave func-

t ion is expanded by a series of Gaussians w ith range param eters chosen to lie in a geom etrica l progression:
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the norm alization constant is
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fn, n= 1, ,, nmax are variational param eters determ ined by the Eq. ( 13), too. nmax, r1, a ( or rm ax = r1a
n

m ax
- 1

)

are chosen to stabilized the results.

The calcu lation o f m atrix e lem ents o f co lor, sp in and flavor part are sim ple and stra igh,t wh ich om itted

here. The fo llow ing is devoted to the evaluat ion o fm atrix elem ents o f spat ia l par.t For an arb itrary shape of V

( rc ), its m atrix e lem ents can be w ritten as follow s:
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w here the ke-t and bra-vecto rs are from d ifferent sets o f Jacobian coo rd inators a- type and b- type. So w e have to

m ake coord inate transform at ions ( ra, Ra ), ( rb, R b ) y ( rc, R c )

ra = Aac rc + Ba cRc,  Ra = Cac rc + DacRc,  rb = Abc rc + BbcR c,  R b = Cbc rc + DbcR c, (18)

and using the form ula
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the ke-t vector,
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W e have sim ilar expression for the bra-vectors in b- type.

The transfo rm ation coefficients 3la La J | lc L c K J 4a y c and 3lb Lb J | lc L c K J4b y c can be calcu lated and

sto red prior to the com putat ion. Introduce them odified Bessel function Il ( z ) = ( - i)
l
jl ( iz), then
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Com bining all these equations, and perform the integration over rc and Rc, then them atrix elem ents can be

w orked ou.t The calcu lation of the overlap and them atrix elem ents of k inetic-energy operators is sim p ler than the

above, only the coo rd inate transform at ion ( ra, R a ) y ( rb, R b ) is needed.

3 Result and D iscussion

The param eters in H am iltonian are determ ined by fitting the experim en talm asses of light and heavy baryons

and are listed in Tab le 1. The calcu lated m asses o fheavy baryons for ground states and exc ited states are g iven in

Table 2 and Tab le 3 respect ive ly, com pared w ith other theo retica l predictions and the experim en tal values. The

experim ental data are taken from PDG
[ 1]

.

Table 1 The param eters of the constituent quark m odel

Quark masses m u = m d = 313M eV m s = 501M eV

m c = 1 729M eV m b = 5 073 M eV

Con fin em en t ac = 27. 75 M eV fm- 2

OGE As0 = 4. 965 + 0 = 0. 113 fm - 1

L
0
= 36. 976M eV B= 0. 206

  From Tab le 2, one can see that our ca lculat ions are in good agreem entw ith exper im ents, sim ilar to the est-i

m at ion o f re.f [ 14] . The good agreem en t a lsom eans that the co lor con finem ent is indeed flavor independen,t be-

cause the sam e confining in teract ion is used for light baryons and heavy baryons. Com ing to the excited states

( negative-parity states) , our theoret ical results a lw ays are low er than the exper im enta l va lues, although a reason-

able agreem ent is obtained. W e should keep in m ind that there is a problem is still pre lim inary. Perhaps som e

inev itable deficiency w ith them ode l to calcu late it or o ther reasons.
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Table 2 M asses spectra o f the ground sa tes of heavy baryons ( in M eV ).

Baryon Qu ark conten t T (JP ) Ou rw ork [ Eb ert] Exp.

+ c udc 0
1
2

+

2 285 2 297 2 284. 9( 6 )

2 c uu c 1
1
2

+

2 471 2 439 2 451. 3( 7 )

2 *
c uu c 1

3
2

+

2 512 2 518 2 515. 9( 2. 4 )

. c
c usc

1
2

1

2

+

2 531 2 578 2 574. 1( 3. 3 )

. *
c usc

1

2

3

2

+

2 630 2 654 2 647. 4( 2. 0 )

8 c ssc 0
1

2

+

2 698 2 698 2 697. 5( 2. 6 )

8 *
c ssc 0

3

2

+

2 743 2 768 )

+ b udb 0
1

2

+

5 610 5 622 5 624( 9 )

2 b uub 1
1
2

+

5 816 5 805 5 807. 8 ? 2. 0 ? 1. 7 ( CDF)

2 *
b uub 1

3
2

+

5 830 5 834 5 829 ? 1. 8 ? 1. 8 ( CDF)

. c
b usb

1
2

1
2

+

5858 5937 )

. *
b usb

1
2

3

2

+

5943 5963 )

8 b ssb 0
1

2

+

6034 6065 )

8 *
b ssb 0

3

2

+

6051 6088 )

  Them asses of the ground state and exc ited state heavy baryons consisting o f tw o light ( u, d, s) quarks and

one heavy ( c, b ) quark are ca lculated in th isw ork. For finite experim ent data o f exc ited state, herew e only ou-t

line som e results. W ew ill do som e further work in this fie ld in the future.

Table 3 M asses spectra of the ex cited sates o f heavy baryons ( inM eV).

B aryon Quark con tent T ( JP ) Our w ork E xp.

+ c ud c 0
1
2

-

2 505 2 595. 4

+ c ud c 0
3
2

-

2 505 2 628. 1

+ c ud c 0
5

2

-

2 783 )

2 c uu c 1
1

2

-

2 695 2 766

2 c uu c 1
3

2

-

2 695 )

2 c uu c 1
5

2

-

2 715 )

. c usc
1

2

1
2

-

2 730 2 789. 2

. c usc
1

2

3
2

-

2 730 2 816. 5

. c usc
1
2

5
2

-

2 830 )

8 c ssc 0
1
2

-

2 927 )

8 c ssc 0
3

2

-

2 927 )

8 c ssc 0
5

2

-

2 946 )
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