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Quark spin coupling in baryons reexamined
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A direct connection can be made between mixing angles in negative parity baryons and the spin coupling of
constituent quarks. The mixing angles do not depend on spectral data. These angles are recalculated for gluon
exchange and pion exchange between quarks. The mixing determined for pion exchange is in disagreement
with a calculation in the literaturfPhys. Rep268 263 (1996, but consistent with the results of another
calculation[Phys. Rev. 85, 045209(2002] and with experiment. The experimental data on mixing are very
similar to those derived from gluon exchange but substantially different from the values obtained for pion
exchange. A preliminary estimate of spin orbit forces is found to give only small changes in these angles.
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I. INTRODUCTION A. One-gluon exchange

. : . ) This effective hyperfine interaction between two quarks in
The spin-spin coupling between two fermions has tWog paryon has the form of the magnetic dipole-dipole interac-

terms: a “tgnsor“ term and a “contact”.term. In'atoms, glec- tion in electrodynamicgwith dipoles produced by current
tron spins interact with the nuclear spin and this explains th‘?oopS' sed9)):

hyperfine structure: the tensor term is the ordinary magnetic
dipole-dipole interaction, and the contact term is part of the _ 2 & > 2 A& A & &5 -3
s:fme intzraction when the dipoles are at the sarr?e point. In oce=A{(87/3)S,-$,5%(5) +(3S1-pS p=S1-Sp)p 7}
nuclei, nucleon spins interact through pion exchange and 1)
there is a similar coupling with a different weight for the . e
contact term. For constituent quarks in baryons there is &1€"€S1,S; are the spins of the two quark@s=r; —ris a
controversy in the literature between “one-gluon exchangeVECtor joining themp=p/|p| is a unit vector, andh is an
(OGB), which mimics the magnetic coupling, and “one-pion ove_rall constant which determines the strength of the inter-
exchange”(OPB. In the early days of constituent quarks action. We do not need the value Afin what follows, since
OGE was applied to ground staf&] and excited baryons we do not engage in fitting specttaut A>0). Nor does it
[2—4] with some success. Pion exchange was also tried, pamatter if the value oA is too large to be interpreted as single
ticularly in the context of bag mode[§]. More recently, it  gluon exchange. The first term is called tffermi contact
has been argued that the entire spin dependent coupling berm and the second is the “tensor” term, but these names
tween constituent quarks is due to Goldstone boson exsbscure the origin of the second term, which is the ordinary
changd 6], a generalization of OPE. This proposal was criti- dipole-dipole interaction for two separated dipoles of spin
cized[7,8]. one-half. Recall that the contact term contributes only when
We deal here with a single issue: the mixing of states inthe two dipoles are in an orbitalwave state l;,=0), while
the lowest mass negative parity nucleons. These negatie tensor term contributes only when the two dipoles are in
parity nucleons have internal orbital angular momentum  an, orbjtal state withy, different from zero(unity here. It is
=1, which couples with an overall quark spin $&1/2 or 450 important to note that these two terms are parts of the

3/2 to give the total angular momentuth The physical game physical interaction. In E€l) one assumes that the
states of)J=1/2 (or 3/2) are mixtures of doublet and quartet 9uarks are pointlike.

spin states, and this mixing can be determined from deca
data. This issue has been discussed alr¢@d]. However, .
we find that the discussion was flawed sif@@ used the B. One-pion exchange

estimates of6] and the estimates ¢6] are based on fitting Here we assume that the two quarks interact by exchang-

the experimental mass spectrum. However, as we show bgyg a massless pseudoscalar, the “pion,” and the coupling
low, these mixing angles are independent of the mass speggkes the forni6]

trum and depend only on the coupling and wave functions.

We reevaluate these angles and find significant changes from Hope= B{(—477/3)§1~ §25€(,3)
those appearing if6,7]. The differences between OPE and L . o
OGE become larger and the data more clearly favors OGE, +(3S1:pS, p— S Sz)p‘3})\fl-)\2, 2

the same coupling as between electrons and n(ickej mag-

netic dipole type hyperfine interactions\ll this will be dis- whereB is another constant arﬁl ,are the eight % 3 Gell-

cussed in detail below, as well as some items in the literaturgy o - SU3) flavor matrices for quarks number 1 and num-
ber 2. If we consider strictly pion exchange we should re-

place these 83 matrices by isospin matrices, ,. For a
Our discussion here follow8], although for the sake of pair of nonstrange quarks the difference between the two is
clarity we repeat some of the material. small (see below. As noted already in the previous section,

II. QUARK-QUARK HYPERFINE INTERACTIONS
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if one is interested only in the mixing angléand not in  computation of these matrix elements is simple but a little
fitting mass spectjahe value of the consta is immate- tedious. We illustrate the computation for the caseJBf
rial, as we shall see. The main difference between (Bp. =3/2 given above, successively for both gluon and pion
and Eq.(2) is the extra factor of\;-\, in Hopg and the — €xchange. Before we start, we comment that the doublet-
coefficient of the contact term relative to the tensor termdoublet matrix elements receive contributions only from the
(87/3 versus—4m/3, a factor of minus one-half in going contact terms, while the doublet-quartet matrix elements
from OGE to OPE It is interesting to note that the coeffi- come only from the tensor terms. The quartet-quartet matrix
cient of (—4/3) in the pion exchange case is the same as foglement receives contributions from both tensor and contact
the interaction of two electric dipole®]. For finite mass terms. Thus the relative size of contact and tensor terms
pions there are corrections to E@) that will be discussed come into play. We find

elsewherd 15]. 3
C. Negative parity eigenstates <4P3/2|HOPEI4P3/2>: E){<XS¢)\|H12|XS¢)\><¢)‘|X1'):2|¢)\>
The low mass negative parity baryons are assigned to a T OSUPTHY v SUPN PN - Mol P
70-plet of SU6), which means that the spatial wave func- OCPIHECPN SN Nl #)
tions have mixed permutational symmetsee[3,4,10). In 5

the notation we usg3], the spatial wave functiogh has two .
components/* and ¢ which transform under permutations Wh_ere the leading fa'ctor. of 3/2 comes from the number of
of the three quarks as a two-dimensional irreducible repreP@irs and the normalization in E¢B). We further take note
sentation. The notation is explained, for example[16].  that
The total wave functio is the sum of products of the .. ..
spatialy, spin x, and flavor¢ wave functions. For spin 3/2, (N1 No|p™y=413 and(@”|\1- Ny )= —8/3. (6)
the spin wave function is totally symmetric under permuta-
tions while for spin 1/2 there are again two states of mixedt is amusing that these flavor matrix elements have coeffi-
symmetryy" and y”. The flavor wave functions for=1/2  cients similar to the contact interaction in pion or gluon ex-
also have mixed symmetry. Ignoring the color wave functionchange, but this is a simple numerical coincidence. We also
(which is antisymmetrig; the total wave function is totally assume harmonic oscillator spatial wave functiatfg; in
symmetric under all permutations, and has the followingcommon with[3,6]. Then there is a further simplification: the
forms: contact term that contains the delta functiét(5) vanishes
in the statey’ and receives a contribution only in the state

. PR SRR oo J*. The tensor term survives only i#*, which has unit

S=3/2: W("P)= EX o +yr oy, (33 orbital angular momenturh,=1. As a result we can write

5 1 N \ HOGE(4P):(3/2){<XS‘//}\|Hégntacb(s’p)\)
= : — P AP 1 P p

N_ NN N
XWX (3D) where for one-gluon exchange

Il COMPUTATIONS O HEEnad ) =AB I3 (1S Solx)
The spin angular momentuB= 1/2,3/2 has to be coupled X (| 8p)| o)
with the orbital angular momentuh=1 to give the total
angular momenturd=L + S. As a result there are two states =(213)Aam 12, (8)

each at)J=1/2 andJ=3/2, namely, spin doublet and spin
quartet states?Py,,, *Pyj, and 2Py, *P3,. The physical Here a is an oscillator parameter; the corresponding tensor
eigenstates are linear combinations of these two states, aterm is
can be obtained by diagonalizing the HamiltonidioGg or
Hopg in this space of states. For example, the=3/2" OCPP HE sl xSP) = (8115 Aas 712, 9)
states are eigenstates of the matrix
Inserting Egs(8), (9) into Eq. (7) we obtain(in agreement
(*PaH[*Pa)  (*P3aH[?Pgp) @ with [3])
(*P3H|*P3n)  (PP3dHI*Pgp) )’

(*PaalHocd Py = (3/2){(2/3) +(8/15)}
whereH is eitherH ggg or Hopg, Which are given in Eq(l) B . . 3 1
or Eq.(2) for a single pair of quarks. The total Hamiltonian =(9/5)  (in units of Aa”m"").
sums over all three quark pairs, and since the wave functions (10
in Eqg. (3) are symmetric under all permutations, we can pick
a single pair of quarksi(*? and multiply the result by 3. The Similarly, for pion exchange one obtains
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(*PajolHopd *Pai) = (3/2{(— 1/2)(2/3)(4/3) + (1)(8/15)

X(—8/3)}=(—14/5)

(in units of Balw 1?),

11
where the factor of—1/2) is the change in the contact term
from Eq. (1) to Eq. (2). There are only two more matrix
elements(for each of the pion and gluon exchangeand
they are

2P ) H 4P :(10)*1/2Aa,3ﬂ_*1/2’ (123)
32lHoce Pa

(®P3Hocd?Pany = —Aadn 12 (12b
(?P3dHopd *Pa) = (—8/3)(10) " ¥Bad7 12, (129
(®P3Hopd?Pa) =(—7/3Ba’m 12 (120

With these matrix elements we find for OGE the Hamiltonian
for J=3/2 to have the form

|

where we have omitted the common unis’7 Y2 We
now find the mixing sirfy=(10"'?)/(14/5)=0.11 corre-
sponding to a mixing angle ofy=6.3°, in agreement with
[3,4]. The definition we follow has the lowest energy state
(“ Ejow=—1.035”) with composition| E ) = — Sin 64*P3.2)

+ c0os64%P5,). This means that the lowest eigenstate of t
matrix  above is |JP=3/27;0GE)=—0.110*P3,)
+0.994?P,,). We emphasize that this mixing is the same
for all possible values of the constaAt®m 2, whether
they fit the masses or not. Similarly fétope we have to
diagonalize the matrix

With this matrix, the mixing angled, is found to befy=
—52.7°. This means that the lowest eigenstatélgfe has
the composition |JP=3/2";0PE) =0.796"P3/,)
+0.6062P5,). This is very different from the composition

100 1/2
-1

9/5

4
P32
10~ 1/2 ) ' (13)

2
Pap

—14/5
—(8/3)10° 12

—(8/3)10" 12
—7/3

4
Psp

14
*Pa, (149
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OPE |E=-3.60=-0.43%P,;,)+0.903%P,,,),

6s=+25.5°. (16)
Reference$6] and[7] quote a mixing angl@,= +13°. The
data[11] support a composition close to OGE and a mixing
angle of—32°. For reference we quote the OPE Hamiltonian
in the 1/2° sector in matrix form(in units of Ba®=~):

8/3

( —7/3)( )

Note that for OPE coupling the lowest lying state is predomi-
nantly (81% spin doublet, while for OGE coupling the
ground state is 72% spin doublet.

2
8/3

4
Pip

2
P

17

IV. SUMMARY AND DISCUSSION

In addition to the spin-spin couplings of Eq4) or (2)
discussed above, spin in the negative parity baryons also
couples to the orbital angular momentum. This is the spin

orbit coupling C §). It is an empirical observation that this
coupling is rather weak in negative parity nucleons, and as a
result it has been neglected in some of the literafGré,6).
There is a great deal of discussion about the physical origin
of this effect[7,8]. If some spin orbit coupling is included it
will contribute to the diagonal matrix elements of th 2
matrices that we diagonalize and will shift the mixing angles.
The inclusion of this effect, however, will negate a
parameter-free determination of the mixing angles. That is,

h€ne must use the spectroscopic mass data in order to find the

relative strengths of the hyperfine interactidgs. (1), (2)]
and the spin orbit interaction. This we have done in a pre-
liminary manner, and we find the changes to the mixing
angles to be small—less than the experimental error of 10°.
The spectroscopic data utilized were the nucleon—délta (
resonanceand theD ;5 (low)-D ;5 mass splitting. With these
splittings, we find that the OGE mixing angle changes from
—32° to —36°, while for OPE the angle changes from 25.5°
to 27.5° (both for theJP=1/2" sector, with similar results
holding for JP=3/27). For more complete results, one
should attempt a reasonable fit to all states in the multiplet
and this has not yet been done.

We summarize in Table | the results quoted in Sec. Ill. We

of the state with OGE coupling, given above. Whereas withemphasize again that these results are independent of spectral
OPE coupling the lowest 372state is about 63% spin quar- fits to the masses of these states. The results depend only on
tet, with OGE it is about 1% spin quartet. The decay datahe couplings and the wave functions assumed. The strength
favor a 1% contaminatiofll]. Furthermore[6,7] quote a  of the coupling(eitherA or B here factorizes from the mix-
mixing angle§3==8° for OPE which differs substantially ing matrices and the same mixing is obtained regardless of
from —53°. Note that had we used the couplifig- 7, in-  this coupling strength. The wave functions were assumed to
stead ofx,- X, the OPE composition would change slightly be of harmonic oscillator type—appropriate for these states
to 0.78*P,) +0.632P3,). since they are the ground states in the negative parity sector.

We give now briefly the corresponding numbers in theMoreover, this assumption is common [®,4] and[6]. We
JP=1/2" sector, referring to the lowest energy states in unitdurther assumed in the couplings for OPE that the pion mass
of Aal7~ 2 (for OGE) andBalw~ Y2 (for OPB): is zero; results for nonzero pion masses will be given else-
where. They do not change significantly the numbers given
in Table 1.

Table | shows a substantial change from the values for
OPE in the literaturg6,7]; this change is relevant since the

OGE: |E=-1.62=0.526%P,,,)+0.892P,,,),

9= —32°, (15)
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TABLE I. Summary of results. only permutation symmetry and $&), with a number of
free parameters, essentially reduced matrix elements. But by
Coupling Reference Mixing angle 9%;  treating the matrix elements corresponding to the contact and
P—32  OPE 6,7] g0 20 tensor terms as independent parameters, one sidesteps the
OPE This paper _g9.70 630,  controversy between vector exchan@E3,4]_ and pseudo-
OGE  [3.4] and this paper +6° 1% sca_lar excha_ngé@]. In addition, as nqted, if one h_a_s well
Expt ’ [11] +10° 3% defined Hamiltonians and wave functions these mixings are
Po1n OPE’ 6.7] 130 S0t mdepengierjt of mass fits. Although not in these precise
- - words, similar conclusions are stated by the authorsl 8f.
OPE This paper +25.5° 19% Finally, one may argu¢14] that both Hamiltoniang1)
OGE  [3,4] and this paper ~ —32° 28%  and(2) contain delta functions and therefore would be illegal

Expt. (11] —32° 28%  in a larger space of functions when one might wish to com-
pute all possible states of the system—since the delta func-
tion leads to a collapse. This criticism is irrelevant, as we do

Lo . not compute anything other than the effect of these Hamilto-
and the preference for the OGE solution is now un"’lmb'gw'nians in the subspace of first excited P-wave states. This is

ous. It has been argu¢fl] that the addition of vector meson very similar to the idea of the Fermi pseudopotential in con-

exchange to pseudoscalar exchange will remedy this IorOkﬂensed matter physics, which is not meant to be a fundamen-

ltﬁm' T_hat may |ntdeed be Fhe %astﬁ, bl#] one shli)uld relc_:all t.h?él interaction, but should be considered only in lowest order.
€ primary controversy 1S wnether the quark coupling Ny e are interested in here is the mixing in this multiplet,

fion unequivocally. One may just as well argue that the%md we find that experiment prefers the so-called OGE solu-

atomic hyperfine interaction—which has the same form a%ln(ig'raﬁtﬁ;nmsllar point of view is taken in atomic hyperfine

Eq. (1)—is really due to the superposition of a pseudoscalar '

and massive vector field, rather than a massless gauge field.

Similar mixings for OPE have also been obtained elsewhere

[12]; however, the emphasis on the independence of spectral

data is new. We would like to thank Professor Victor Novikov for
There have been comments in the literature on the issue @omments on the manuscript. We also thank Masanori Mor-

color versus flavor exchange. In particuldr3] fits the mass ishita and Masaki Arima for pointing out a sign error in the

spectrum in the.=1 sector in a rather ingenious way, using first version of this manuscript.

error of the “experimental” value is of the order of 1021],
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