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@ Several models for describing the baryon mass spectrum:

-The SU(6) model

-The Bag model ba ryon
-The Skyrme model -

-The quark model f’l“\\
-The large N. baryon model \._‘_l_:{j‘
-The chiral dynamical model

-The lattice QCD
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@ The quark model still remains a basic and indispensable tool
in understanding hadron spectroscopy for its intuition and
simplicity as a guide-line to other approaches. The quark
model has been proved quite fruitful on the study of baryon

spectrum, decays, and moments.
S. Capstick and W. Roberts, Prog. Part. Nucl. Phys. 45, 241 (2000).

@ Quark-quark potential describes the strong interaction
-the long range potential (the confinement potential)

-the short range potential from one-gluon exchange
(the perturbation term of as order, spin-dependent)
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@ The short range potential includes:
-a Coulomb term
-the hyperfine interactions
-the spin-orbit interactions
@ The hyperfine interactions are important
A-N mass split, L=0, A°(udd)(1232) S=3/2, n(udd)(939) S=1/2
A. De Rijula, H. Georgi, and S. L. Glashow, PRD 12, 147, (1975)
o Little experimental evidence for spin-orbit interaction. For
example, consider some states...
L=1, S=3/2,different J, N3/,5-(1675), Ns,»-(1670)...
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@ The hyperfine interactions bring mainly baryon (with same
flavors) mass split

@ Before, the hyperfine interactions consider one-gluon exchange

@ What about baryon masses with higher order hyperfine
interactions?
- 7 masses better if considering higher order (a2) from

two-gluon exchange
S. N. Gupta and S. F. Radford, PRD 24,2309,(1981)
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The quark model with higher order interactions

@ The baryon Hamiltonian in the nonrelativistic quark model is
N. Isgur and G. Karl, PRD 19, 2653,(1979)

Z m; + Ho + Hyyp, (1)

i

HO = Z2m’+z si? (2)

1<J

thp — Z Hgypa (3)
i<j
—VU' the spin-independent potential

_ u
thp

the hyperfine interaction, spin-dependent
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@ The potential VS'{ has the form: V".j = 20‘5 + bLmin + ¢, in
practice, Vs'{ is usually written: Vcénf = lKr,-j + U(ry),
-a harmonic-oscillator potential 4+ an unspecified term

@ The hyperfine interaction H}'fyp is

HY = H!

hyp hyp(as) + H}’{yp( 3)7 (4)

-we add the higher order a2 interaction in the usual hyperfine
interaction.
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The quark model with Higher order interactions

@ The hyperfine interaction of «s order derived from the
one-gluon exchange process is

i 20 87rﬂ = 3, 1 35 r,S i = =
Hio(0n) = o505 50(0) + (22T -5 5 (9)

U] y

-where m; is the constituent quark mass of the ith quark, Si is the spin,
and Fj = fj — ij is the separation distance between a pair of quarks.
The first term is called the Fermi contact term, and the second term is
called the tensor term.

A. De Rijula, H. Georgi, and S. L. Glashow, PRD 12, 147, (1975)
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The quark model with Higher order interactions

° H}'{yp( 2) derived from two-gluon exchange is

S. N. Gupta and S. F. Radford, PRD 24,2309,(1981)

167 as

i 2y " 3
Hcontact(as) - 9m,-mjs S{[ (26+9|n2)]6 (rU)
_as _ =2 |n(MGRfij)+’7E 2las =, In(y/mim;jri) + vE
2472 (33— 20) V7 i I+ 162 V' i It
205 1 3(5 %S F) = =  Aas
ij 2y y v _¢..G6.].
Htcnsor(as) 3ml mj r,? r,'j2‘ S’ SJ] { 37T +

3as

2 (33— 2n)In(ucry) + 75 — 31— o> lIn(yAAT) + 75 — 31}, (6)

- where pgr is a renormalization scale, the subscript GR refers to the
renormalization scheme and nr is the number of effective quark flavors.
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@ Calculate the baryon masses
Solve the equation

HIV) = E|V) (7)

-stepl. Approximate solutions, W

-step2. Calculate (a|H|53)

-step3. Diagonalize the complete hamiltonian matrices to
obtain masses
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@ A baryon wave function is described in terms of a totally
antisymmetric color wave function Cp, multiplying a
symmetric combination of flavor ®4,,.,, space functions
Yspace and spin wave functions X gpin-

o >=Ca Y _ Oy = Ca¥° (8)

W3 is SU(6) ® O(3) symmetric.
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° ng , the spin wave functions, from coupling three spins,
3 1 1

30305 =0180)®3 = (3s®[3],) ® [

° OF, the flavor wave functions found from coupling three
flavors 3®3®3 =105 ® 8, D8\ D 14

® ... (p,A), the spatial wave functions, the harmonic
oscillator eigenfunctions

@ where, 0 = 5, A is totally symmetric and antisymmetric,
o = p, A is antisymmetric and symmetric under interchange of
the first two quarks respectively.
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@ Using the following rules for combining Ca, x7, 7, ¥° to
obtain the baryon states function.

1 A g\ 1 by A
S = (M°MP MM, A= —— (MM — M*M?), (9
ﬂ( ) f( ), (9)
me = L — (MM + M*M?), M (M”M”—M*M*). (10)
f \/7
e.g. |N32551+) = CAL(X&V +X;\¢A)¢go7 (11)
2 V2

The states are labeled by |XN325+1LGJP>, where X = baryons, S is the
total quark spin, L =S, P, D... is the total orbital angular momentum,
o =S, M or A is the permutational symmetry (symmetric, mixed
symmetry, or antisymmetric respectively) , and J” is the state's total
angular momentum J = L + S and parity.
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Calculate (a|H|3)

e U and Hyy, differ from zero

H = Hsi + Hsg, (12)

where
Hi = Y (m; Z Kr + U(ry)), (13)
HSd = Z(H}I{yp Hgyp( ))7 (14)

o Calculate Hop = (a|H|B) = (a|Hsi|B) + (a|Hsq|3)
-calculate (a|Hsi|3), spin-independent.
-calculate (a|Hs4|3), spin-dependent, baryon state mixing.
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Calculate (a|H|3)

o The (a|H|B3) and (a|HY (as)|B) have been obtained.
N. Isgur and G. Karl, PRD, 20, 1191, (1979)
N. Isgur and G. Karl, PRD 19, 2653,(1979)
K.-T. Chao, N. Isgur, and G. Karl, PRD,23,155,(1981)
o We calculate {a|Hy (a3)]5).
Calculation methods from
S. Capstick and N. Isgur, PRD, 34, 2809, (1986)
S. N. Gupta and S. F. Radford, PRD 24,2309,(1981)
S. N. Gupta and S. F. Radford, PRD, 25, 3430, (1982)
J. Eiglsperger, arXiv:0707.1269 [hep-ph]
D. M. Brink and G. R. Satchler, Angular Monmentum (Oxford
Univ. Press, London, England, 1962); D. A. Varshalovich, A.
N. Moskalev, and V. K. Khersonskii, Quantum Theory of
Angular Momentum (World Scientific, Singapore, 1988)
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Calculate (a|Hyyp|0)

@ The method of calculation <a]H}'{yp( a2)|B).
-In the § = 0 and S = —3 sectors, the states are completely
symmetric in flavor, spin, and space under interchange of any
two quarks

(| Huyp| B) = 3{cr| iy | 8), (15)

-Inthe S = —1 and § = —2 sectors, m; = my = my,
m3 = ms, the states are always symmetric under exchanger of
quarks one and two

m
alHE = (a|HZ3 y
. < ‘ hyp|ﬁ> < | hyp|/8>7 i B
and the hyperfine matrix elements become ”
h :

(alHuyp|B) = (alHig, + 2Hi3,15)
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Calculate (a|Hyyp|0)

e The Hﬁip(rlg) matrix elements are straight-forward
n2 = V2p.
e The Hﬁsp(rlg,) matrix elements, change variables

. 1 I 1 . o
/= h BN = it s —20) (18)

(alHigplB) = D {ala’) o [His, 18" (6'15), (19)
o B!

-the calculation of the H'3 part is identical to the H'?
calculation.

-the matrix T, = (a]a’) gives us the transformation
between the two bases.
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Calculate (a|Hyyp|0)

@ Object: study the ground-state baryons
-take into account effects in Hy,, by calculating the mixing
between the ground states N=0 and the positive-parity
excited states N=2.

@ Spatial wave function used:
-N=0, spatial wave function: Sgs;
-N=2, spatial wave function: 5’5, Sm, Ds, Dy, Pa.

@ Parameters: the values as = 0.7, x = 0.616, o = 0.38,
mg = 0.275 GeV, pgor = 0.333 GeV, and § = 270 MeV.

- 3 .
(0 3*;‘ >, compare with the one-gloun exchange
V2mmy

as = 7/2, mg = 0.33 GeV, =260 MeV or 300 MeV)




The calculated masses
Our results Corrections

The calculated ground-state masses

o Diagonalize the complete hamiltonian matrices to obtain the
baryon masses. The calculated ground-state masses:

Table: The ground-state baryons (in units of MeV).

State (J¥) Mass Mass* Moy AM AM*

NL1T 939 940 939 0 -1
ALT 1113 1110 1116 3 6
1" 1192 1190 1193 1 3
=1t 1317 1325 1318 -1 -7
A" 1231 1240 1232 1 -8
¥*3* 1383 1390 1385 2 -5
=*3* 1526 1530 1530 4 0
Q3" 1673 1675 1672 -1 -3

AM = Mass — Mexp, S(AM)? =33 MeV? and 193 MeV? in Ref.*.
*N. Isgur and G. Karl, PRD,20,1191,(1979)
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Corrections

@ The corrections to the Gell-Mann—Okubo mass formula
(GMO) and Gell-Mann's equal spacing rule (GME).

My + M= 3Mp + M
M MV e (@)
Mss — Mpx = M=+« — Mg« + damEr
= Mq — M=« + dgmE2, (21)

-When dgmo = dgmer = dgmiz = 0, equations (20) and (21)
are the standard mass formulas which do not consider the
Hhyyp, term.

- However, in the real world, dgnio = —6.75 MeV, dagmer = 8
MeV and dcyvre = 11 MeV.
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Corrections

Table: The corrections to GMO and GME in MeV.

daMo  OGME1  OGME2

boxp 675 8 11
§* 25 10 5
Sour 475 9 5

@ the corrections to the GMO improve significantly.

@ the correction to the Gell-Mann's equal spacing rule is getting
better slightly. (the calculated =* mass is not very good)

@ It implies that the correction to the GMO is mainly due to the
hyperfine interactions of a2 order.
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Taking into account the higher order hyperfine interactions

@ The predicted ground-state masses are closer to the
experimental data.

@ The correction to the Gell-Mann—Okubo mass formula for the
baryon-octet is distinctly improved.

@ The effects from higher order hyperfine interaction shoule be
considered in the quark model.
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Discussion

@ However, the values of the order ag matrix elements are in the
range 0.4 — 10 MeV, which are one order less than those
matrix elements 2 — 170 MeV obtained by leading order
O(as). After diagonalizing the complete hamiltonian
matrices, the order O(a?2) produces the calculated ground
state mass shifts of 7 — 10 MeV compared with that of the
order 60 — 200 MeV.

Is the change value of few MeV reasonable and real? And how
to understand?

@ The higher order hyperfine interaction may be applied in
heavy-quark baryon.
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Appendix

The light baryons belong to the soft regime. It has been shown,
through a solution of Schwinger-Dyson equation, that when
decreasing Q?, as does not increase continuously but instead it
saturates at a critical value a5(0) ~ 0.7 £ 0.3. In our study regime,
we assume as = 0.7. The effective mass range of the constituent
quark is mg >~ 200 — 350 MeV, and we suppose my = 0.275 GeV
here and the parameter a = 0.38 to satisfy the value § = 270
MeV. By the similar relation that ucqr o< me for charmonium, we
suppose that the renormalization scale pggR v
=0.333 GeV for baryons with my = my = my, * :

|

; |

and psgr = 0.333/x GeV for baryons with "IN |
my = my = ms, where we take x = 0.616. Th L |
number of effective quark flavors is nf = 2, H

which is the number of quarks with mass less
than the energy scale ugr.

o0
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