Journal Heading Year; Vol. (No.): page range
DOI: 10.5923/j.XXX.XXXXXXXX. XX

The Radii of Baryons
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Abstract Considering the model in which the effective interaction between any two quarks of a baryon can be approx-
imately described by a simple harmonic potential, and making use of the expression of the energy obtained in Cartesian
coordinates for the above mentioned model, we find a general expression for the radii of baryons. We then apply the ex-
pression to some baryons and find very consistent values for the radii of baryons and an experimental confirmation for

the ground state of =~

Keywords Radii of baryons, baryon spectroscoy.

1. Introduction

There are various models that deal with the radii of
baryons such as the Skyrme model [1], the 1/ N_ expansion
[2,3], chiral perturbation theory [4-7], lattice QCD [8,9],
meson-baryon dynamics with chiral symmetry [10], chiral
constituent quark model ( y CQM) [11] etc. However, none
of these models has derived a formula for the radii of bary-
ons. On the experimental side there are a couple of im-
portant works that have reported the radii of the ground
states of some baryons [12,13,14].

The present work is an updated version of the pre-print
[15]. It is based on reference [16] which calculated most
energy levels of baryons by means of two simple formulas
(one in Cartesian coordinates and another one in polar cy-
lindrical coordinates) with which we can predict levels yet
to be found. The formulas do not apply to levels resulting
from hadronic molecules. One of the energy levels predict-
ed was the 1% excited state of A, (energy of 5.93 GeV)
which has recently been found by CDF [17] with energy
equal to (5919.5+2.07) MeV.
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2. Derivation of an equation for the radius of a baryon

We make use of Eq. (1) below for the energies of baryons
which was deduced in reference [16]

E.. =ho (n+1)+ho,(m+1)+ho,(1+1) (8]

where n,m,k=0,1,2,3,4,...and hu,,ho,,ho, are the mass-
es of quarks. On the other hand it is well known that the
average potential energy of a harmonic oscillator is half of
the total energy, that is,
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where n=0,1,2,3,... but since the 3 quarks are in a plane

and as there are two spatial degrees of freedom in the plane
for each quark, we have

E,mx =hoy(n+1)+ho,(m+1) +ho, (k +1) =

2>{<% k17712>+<% k2n22>+<%k37732>} = (3)

() +ho (") ks (n)

where 1,2,3 refer to the 3 quarks of the baryons and
n?=&%+&" inwhich j and q are the two orthogonal

directions. Eqg. (1) above was obtained considering three
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independent oscillators. Thus we can make the association

hu, (n+1) =k, (°) (4)

And defining the radius of a baryon as
s = %(\/<7712> + \l<7722 )+ \/<7732 ) ) (5)
we obtain

1 [ho(0+D) | [ho,m+D)  [ho,(+0)
r-nml _3( kl +V kz +\i k3 J (6)

The consistency of Eq. (6) is proven with the calcula-
tion of r . for the ground state of = and its agreement

nml

with the experimental value.

3. Calculation of the radii of baryons

The masses of quarks ho,,hv,,hv, were taken from

Particle Data Group [18] as m,=m, =0.31GeV,
m, =0.5GeV, m, =1.7 GeV, m, =5 GeV, and
m, =174 GeV.

3.1.Baryons N, A™, A™

As shown above E_, =0.31(n+m+1+3), and thus,

as calculated above

N (s N e A R

Using the value hv =0.31GeV and the experimental value
oo = 1o =(0.83+0.02) fm [14] for the proton radius, we
obtain k =(0.45+0.03) GeV/fm’. Therefore, we have

(. :&3002( n+1+\/m+1+\/l+1) (8)

in fermis. We now apply this above formula to all the other
levels.

3.1.1. Thelevel n+m+1=LE_ , =124 GeV

As it is shown on Table 1 this is the first state of A and

has the calculated energy 1.24 GeV and experimental ener-
gy 1.232 GeV. In this case for (n,m,l) there are the 3 possi-
bilities (0,0,1);(0,1,0);(1,0,0) and thus,

2+2

Toor = Tor0 = Moo (0 83+0. 02) [ ] (0 95+0. 02)

3.1.2. The level n+m+1= =1.55 GeV

' nmI

As it is shown on Table 1 there are many states of N
and A. For (n,m,I) there are the possibilities
(2,0,0),(0,2,0),(0,0,2) and (1,1,0),(10,1),(0,1,1). The
corresponding radii are

2+\/_
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Mo = hoy = Ty = (0.83£0.02) x { ] =(1.06+0.02).
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3.1.3. The level n+m+1= =1.86 GeV

We see on Table 1 states of N and A. For
(n,m,l) there are the possibilities (3,0,0), (0,3,0), (0,0,3);
(0,1,2), (0,2,1), (1,0,2), (1,2,0), (2,1,0), (2,01) and (1,1,1).
For the first set we represent the radius by r,,,, and for the
2" setby r.,,. The corresponding radii are

0.83+0.02 =(1.10+0.02);
003 3

I, = (0.83+0. 02)[ = (114+0.02);

1+2+3
3

2

hy = (0.83%0. 02)( J=(1.17i0.02).

Doing the same for the other levels, and summarizing
the results we obtain Table 1 below.
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Table 1. Radii for levels of baryons N and A according to

Mo = %30'02(\% +1+Vm+1+4/l +1) .

State(n,m,1) E.(GeV) (o

0,0,0 0.93(N) Iy =0.83+0.02
n+m+l= 1.24(A) o, =0.95+0.02
n+m+l=2 1.55 I, =1.04+£0.03
n+m+l = 1.55 r,, =1.06+0.03
n+m+1=3 1.86 I =1.10+£0.03
n+m+l=3 1.86 r,, =1.14+0.03
n+m+1=3 1.86 r,, =1.17+0.03
n+m+l = 2.17 I, =1.17£0.03
n+m+l=4 2.17 r,; =1.22+0.03
n+m+l=4 2.17 I, =1.23+0.03
n+m+l= 2.17 r, =1.26+0.03
n+m+l=5 2.48 I =1.23+£0.03
n+m+l=5 2.48 r,, =1.29+£0.03
n+m+l=5 2.48 I, =1.31£0.03
n+m+l=5 2.48 I, =1.34+0.03
n+m+l=5 2.48 I, =1.35+0.03
n+m+l= 2.79 e =1.29+£0.03
n+m+l=6 2.79 r,s =1.35+0.03
n+m+l= 2.79 r,, =1.38+0.03
n+m+l= 2.79 rs; =1.39£0.03
n+m+l=6 2.79 r,, =1.41+£0.03
n+m+l=6 2.79 I, =1.43£0.03
n+m+l=7 3.10 r,, =1.34+£0.03
n+m+l= 3.10 I, =1.40£0.03
n+m+l= 3.10 r, =1.44+0.04
n+m+l=7 3.10 r, =1.45+£0.04
n+m+l= 3.10 . =1.47+0.04
n+m+l= 3.10 r,, =1.48+0.04
n+m+l=7 3.10 I, =1.49+0.04
n+m+l= 3.10 r,, =1.51+0.04

3.2.Baryons ~ and A

As shown above E,, =0.31(n+m+2)+0.50(1+1),

and thus, according to Eq. (6) we have

ho,
rnm,—é[\ﬁ( T JT) ¢ —ﬁJ ©

Using the experimental value 1y, =(0.78+0.02)fm for the
ground state of X [14] and the above value of
k, =(0.45+0.03) GeV/fm?, we obtain from Eq. (9)
k, =(1.08:£0.03) GeV/fm?” Therefore, the equation for the

radii of these baryons is given by

r

nml

(0.68+0.02)+1]

+1+M)+

1
=2 |(083£0.02) VP (10)

3.2.1. Thelevel n+m=11= =1.43 GeV

’ nrnl

The possibilities for (n,m,l) are (0,1,0), (1,0,0), and
thus, Eq. (10) yields

fo10 = loo = Fom = %[(083i002)(1+ \ﬁ)q_

(0.68+0.02) | =0.90+£0.02

3.2.2. The level (0,0,1);E =162 GeV

nml

We have for (n,m,l) the set (0,0,1), and hence, the
radius

oo = %[(0.831 0.02)(1+1)+(0.68:+0.02)4/2 | = 0.87+0.02.

Calculating the other levels in the same way and ordering
the integers of the sets (n,m,l) from smaller to larger, and
arranging the results on a table, we obtain Table 2 below.

3.3. Baryons X

Using Eq. (6) and what was calculated above, we have
that the radii of these baryons are described by

Fom = %[(0.83i 0.0Z)MJ'_
(0.6610.02)(m+ﬁﬂ_

11)

3.3.1. The ground state (0,0,0) ;E_, =1.31 GeV

nml

From Eg. (11) we obtain ry, =(0.73+0.02)fm

which is very close to the experimental value of
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(0.74+0.02) fm [6]. This result confirms the validity of the Table 3. Radii for levels of baryons Z according to

general formula Mo = %[(0.8510.02)@ +(0.68+ o.oz)(M + M)J
i Iz;(\/hul(nﬂ) L [rom=D)  [ho,d +1)J_ State(n, m, ) E.(GeV) r, (fm)
"N ok N kK 0,0,0 131 r, —073+002
Using Eq. (11) we obtain that the other levels of = have 10,0 162 fip =0.85+0.02
the radii summarized on Table 3 below. n=0m+l=1 181 foo, =0:8220.02
2,0,0 1.93 [y =0.93+0.02
n=1m+l=1 2.12 iy, = 0.94+0.02
Table 2. Radii for levels of baryons ¥ and A according to 30,0 2.24 o =1.012:0.02
1 n=0m+l=2 231 Iy, = 0.90+0.02
fos = 5| (0:85£0.02)(V+T+ V1) +(0.67£0.02)1+1]. n=0,m+l=2 231 1, =092+002
4,0,0 2.55 [ =1.07£0.02
State(n, m, 1) E. (GeV) [
0,0,0 1.12 Iy = 0.79%0.02
n+m=11=0 1.43 I, = 0.90+0.02 3.4. Baryons Q
0,0,1 1.62 I,y = 0.87+0.02
n+m=21=0 1.74 Iy = 0.98+0.02 From what was calculated above, and with the use of
n+m=21=0 1.74 fy, =1.0140.02 EQg. (6), we obtain that the radii are described by
n+m=1l=1 1.93 I, = 0.99+0.02
n+m=31=0 2.05 Iy =1.06+0.03 L [(o.GSio.oz) N ﬁ)] 12
n+m=31=0 2.05 I, =1.10+£0.02 3
0,0,2 2.12 Iy, = 0.95+0.02 _ _
We can, thus, predict that the ground state has a radius of
n+m=21=1 2.24 r, =1.08+0.03
n+m=21=1 2.24 r,, =1.10+0.03 about ry, =(0.68+0.02) fm. The calculation of the other
n+m=41=0 2:36 "o =1.122£0.03 levels produce Table 4 below.
n+m=4,1=0 2.36 I, =1.17+0.03
n+m=4,1=0 2.36 r,, =1.19+0.03
n+m=11=2 243 lo, =1.06£0.03 Table 4. Predicted radii for baryons Q according to
m+n=31=1 2.55 r, =1.15+0.03 1
m+n=31=1 255 rf:=1.19¢0.03 fori =§[(0'6810'02)( NI |
0,0,3 2.62 s =1.01+0.02
m+n=6,1=0 2.98 s, =1.24+0.03 State(n,m, I) E.(GeV) r
m+n=6,1=0 2.98 e =1.30+0.03 0,0,0 1.50 I, = 0.68+0.02
m+n=6,1=0 2.98 My =1.33+£0.03 n+m+l=1 2.00 Iy, =0.77+0.02
m+n=6,1=0 2.98 I =1.33+£0.03 n+m+l=2 2.50 ., = 0.85+0.02
m+n=51=1 3.17 e =1.28+0.03 n+m+l=2 2.50 Iy =0.87£0.02
m+n=5,1=1 3.17 f,, =1.33+0.03

m+n=>51=1 3.17 I, =1.35+0.03
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4, Conclusion

Considering that the effective interaction between any
two quarks of a baryon can be approximately described by a
simple harmonic oscillator, we derive a general formula that
describes the energy levels of baryons and using it we can
obtain a general formula for the description of the radii of
baryons. The calculation is very consistent and agrees very
well with the experimental value for the ground state of =~
Since the formula for the radius was deduced from the ex-
pression for the energy in Cartesian coordinates there is not
a way at the moment of identifying the radii in terms of J
and L.
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