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On the Quantum M echanical State of the A** Baryon
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The A** and theQ~ baryons have been used as the original reason for the cotigtru
of the Quantum Chromodynamics theory of Strong Interastiolmhe present analy-
sis relies on the multiconfiguration structure of statesciwldre made of several Dirac
particles. It is shown that this property, together with Yeey strong spin-dependent
interactions of quarks provide an acceptable explanatiothe states of these baryons
and remove the classical reason for the invention of colthiwiQuantum Chromody-
namics. This explanation is supported by several examp&show a Quantum Chro-
modynamics’ inconsistency with experimental results. $&me arguments provide an
explanation for the problem called the proton spin crisis.

1 Introduction gebra. Itis proved in the third section that ordinary laws of
] N . uantum mechanics explain why the states of Atig, A~

It is well known that writing an atomic state as a sum Qfnd- baryons are consistent with the Pauli exclusion prin-

terms, each of which belongs to a specific configurationdge. This outcome is used in the fourth section for show-

a useful tool for calculating electronic properties of tlys-s ing that QCD does not provide the right solution for hadronic

tem. This issue has already been recognized in the early dg¥ses. The problem called “proton spin crisis” is expldine

of quantum mechanics [1]. For this purpose, mathemati¢akne fifth section. The last section contains concluding re
tools (called angular momentum algebra) have been deyglks.

oped mainly by Wigner and Racah [2]. Actual calculations
have been carried out since the early days of electronic cofn- Some Features of Angular Momentum Algebra

puters [3]. Many specific properties of atomic states ha&e nsider the problem of a bound stateNDirac particles.

23; r,:i5;?;;\/2{3E‘Sceegalﬁlégfsnzl'ndmcgﬁ.r:gtﬂgé t?:s’eer ﬁryonic states are extremely relativistic. Thereforegla
> rep 9 . Jec g daflvistic formulation is adopted from the beginning.) This
the mathematical form of atomic states by evidence based on . . : . o
2 solid mathematical basis. In this work. a special emoh S éstem is described as an eigenfunction of the Hamiltonian.
is aiven to the followin is.sue' Contrar’ o 2 naive ef ol us, the time variable is removed and one obtains a problem
9 9 ) rary . SXPEG 3N spatial variables for each of the four components of a
tation, even the ground state of a simple atom is written Qisrac wave function. It is shown here how angular momen-

asum .Of more than one configuration. Thus, the appare % algebra can be used for obtaining a dramatic simplifica-
quite simple closed shell ground state of the two electron 1§n of the problem

& . : )
atom, havingl” = 07, disagreeswith the naive expectation The required solution is constructed as a sum of terms,

Where the_two electrons are justin the state. Inqeed, Othereach of which depends on all the independent variables men-
conﬂguraﬂonswherg mdmdugl electrons take h'gher.@gutioned above. Now angular momentum is a good quantum
e o e oo TS a losed sysem and ary s 900
scription of the ground state of tﬁe He atom proves that sk{é‘ﬁr for sygtems who'se state is determined by strong or elep-
model notation of state is far from being complete. Not romagnetic interactions. Thus, one takes gdvantage of thi
: act and uses only terms that have the required angular mo-

tion of this model can be regarded as an anchor conflgurat}ﬁgmum and parity, denoted . (Later, the lower casg"

T e i oo Senoes properies o abound sl paricle)
parity gie-p The next step is to write each term as a produdti ain-

angular momentum must be coupled to the sdme . . . . .
gle particle Dirac functions, each of which has a well defined
This paper discusses some significant elements of this %‘nglar momentum and parity. The upper and lower parts of
entific knowledge and explains its crucial role in a quantufpirac function have opposite parity [4, see p.53]. The an-
mechanical description of the states of fffe,, theA™ and the gyjar coordinates of the two upper components of the Dirac
Q- baryons. In particular, it is proved that these baryons aﬁhction have angular momenturand they are coupled with
not require the introduction of new structures (like 816(3) the spin to an overall angular momentgra | + 1/2 (j > 0).
color) into quantum mechanics. A by-product of this anaysine two lower components have angular momentusaij >
is the settlement of the “proton spin crisis” problem. 0 and together with the spin, they are coupled to the same
The paper is organized as follows. The second sectipnThe spatial angular momentum eigenfunctions having an
describes briefly some properties of angular momentum eignevaluel, make a set of (2+ 1) members denoted by
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Yim(6, ¢), whered, ¢ denote the angular coordinates afick
m<|[2].

It is shown below how configurations can be used for de-
scribing a required state whose parity and overall spin are
known.

3 TheA*t State

The purpose of this section is to describe how the state of
each of the four baryons can be constructed in a way that
abides by ordinary quantum mechanics of a system of three
fermions. Since tha**(1232) baryon has 3 valence quarks
of the u flavor, the isospil = 3/2 of all four A baryons is
fully symmetric. Therefore, the space-spin components of
the 3-particle terms must be antisymmetric. (An example of
relevant nuclear states is presented at the end of thioaéecti
Obviously, each of the 3-particle terms must have a total spi
J = 3/2 and an even parity. For writing down wave functions
of this kind, single particle wave functions having a deénit
j* and appropriate radial functions are used. A product of
n specificj™ functions is called a configuration and the total
wave function takes the form of a sum of terms, each of which
is associated with a configuration. Here3 and only even
parity configurations are used. Angular momentum algef

overallJ = 3/2 state. In each configuration, every pair of th[fﬁ
A** u quarks must be coupled to an antisymmetric stafe.
denotes the radial coordinate of the jth quark.

Each of the A-D cases described below contains one (;2
figuration and one or several antisymmetric 3-particle ter

C. Inthis example, just one single particle is in an angular

excitation state,

fo(ro) fo(rl)l}o(rz) 1/2+ 1/2+ 3/2+ (3)

Here we have two /2" single particle functions hav-

ing the same non-excited radial function. These spins
are coupled antisymmetrically to a spin zero two parti-
cle state. These spins have the same non-excited radial
function. The third particle yields the totdl = 3/2
state. The full expression can be antisymmetrized.

D. Here all the three single partic|é states take dierent

values. Therefore, the radial functions are free to take
the lowest level,

fo(ro)go(ra)ho(r2) 1/2° 1/2° 3/2". (4)

Due to the diferent single particle spins, the antisym-
metrization task of the spin coordinates can easily be
done. (The spins can be coupled to a tatak 3/2
state in two diferent ways. Hence, twoftierent terms
belong to this configuration.)

The examples A-D show how a Hilbert space basis for

. ) : . . ) f2 = = 3/2* state can be constructed for three identical
is applied to the single particle wave functions and yielals formions Obviously

more configurations can be added and

e problem can be solved by ordinary spectroscopic meth-
ods. It should be noted that unlike atomic states, the very
strong spin dependent interactions of hadrons are exptxted
{¥1d a higher configuration mixture.

It is interesting to note that a similar situation is found in

The radial functions of these examples are adapted to eﬁﬁglear physics. Like the,d quarks, the proton and the neu-

case.
Notation: fi(rj), gi(rj), hi(r;) andui(r;) denote radial

functions of Dirac single particle/2*, 1/2-, 3/2~ and 32*

states, respectively. The indéexienotes the excitation Ievelf

tron are spin- fermions belonging to an isospin doublet.

This is the basis for the common symmetry of isospin states
described below. Table 1 shows energy levels of each of the
our A=31 nuclei examined [5, see p.357]. Each of these

of these functions. Each of these radial functions is a tWQ; i has 14 protons and 14 neutrons that occupy a set of in-

componentfunction, one for the upper 2_-component spin arﬂgr closed shells and three nucleons outside these shdiks. (
the other for the lower 2-component spin that belong to acﬂbsed shells are/2*, 3/2-, 1/2-.and §2*. The nextshells

component Dirac spinor.
A. Inthe first example all three particles have the sgfe

fo(ro) fu(ra) fa(r2) 1/2" 1/27 1/2". 1)

Here the spin part is fully symmetric and yields a total
spin of 32. The spatial state is fully antisymmetric. It
is obtained from the 6 permutations of the three orthog-
onal fi(r;) functions divided byV6. This configuration

is regarded as the anchor configuration of the state.

B. A different combination of; = 1/2 can be used,
fo(ro)go(ri)ga(r2) 1/2° 1/27 1/2°. (2

Here, the two single particle/2~ spin states are cou-
pled symmetrically to$1 and they have two orthogo-
nal radial functiong;. The full expression can be anti-
symmetrized.

are the 12* that can take 2 nucleons of each type and the

Table 1. Nuclear A31 Isospin State Energy levels (MeV)

J | 1ma|si| 3p | sig | 3icp
/27| 1/2 — 0 0 —
3/2% | 3/2 0 [638|627| O
1/2* | 3/2 | 0.75|7.14| 7.00| —

a1,T denote isospin in particle physics
and nuclear physics, respectively.
b The3'Cl data is taken from [6].
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3/2* shell that is higher than the/2* shell. [7, See p. 245]. 3/2 ground state.The data of table 1 are well known in nu-
The state is characterized by these three nucleons thaedefiaar physics.

the values of total spin, parity and isospin. The first line of A last remark should be made before the end of this sec-
table 1 contains data of the ground states ofltae1/2 3P tion. As explained in the next section, everything said @ov
and®!S nuclei. The second line contains data of the lowest the isospin quartel” = 3/2* states of the threed quark
level of thel = 3/2 state of the four nuclei. The quite smalflavor that make the fouk baryons, holds for the full decu-
energy diference between tiéP and®'S excited states illus- plet of the threaidsquarks, where, for example, ik state
trates the quite good accuracy of the isospin approximatigdetermined by the thresssquarks. In particular, like the
The third line of the table shows the first excited= 3/2 A** and theA™, theQ~ baryon is the ground state of the three
state of each of the four nuclei. The gap between statessef quarks and each of the baryons of the decuplet has an an-
the third and the second lines is nearly, but not preciskéy, tisymmetric space-spin wave function.

same. It provides another example of the relative goodrfess o

the isospin approximation. 4 Discussion

The nuclear states described in the first and the sec?nd . . . .
. t IS mentioned above that spin-dependent interactions are
lines of table 1 are relevant to the nucleons andtaryons

of particle physics. Indeed, the states of both systems g]htéch stronger in hadronic states than in electronic states.

: . : is point is illustrated by a comparison of the singlet and
characterized by three fermions that may belong to tWiedi riplet states of the positronium [8] with thd andp® mesons

entkinds and where isospin is a useful quantum number. H?E The data are given in table 2. The fourth column of the
a

the neutron and the proton correspond to the ground stat fle shows energy fierence between each of thé = 1-

31 31 ; -
P and™’s, respectively, whereas energy states of the S&fates and the correspondidy= 0~ state. The last column

ond line of the table correspond to the faubaryons. Every shows the ratio between thisfidirence and the energy of the
nuclear energy state of table 1 has a corresponding barggn: 0 state

that has the same spin, parity, isospin andl ghigospin com- Both electrons and quarks are spif2-pointlike particles.

ponent. Obviously, the dynamics of the nuclear energy Ief{ﬁe values of the last column demonstrate a clefieidince

els is completely dferent from hadronic dynamics. Indee . .
the nucleons are composite spifparticles whose state igkf&etween electrically charged electrons and quarks thétpar

determined by the strong nuclear force. This is a residt te in strong interactions. Indeed, the split betweenioe

. . - . electronic states igery small This is the reason for the no-
force characterized by a rapidly decaying attractive farce tion of fine structurefor the spin dependent split between
the vicinity of the nucleon size and a strong repulsive for& . pin dep P
at a smaller distance [7, see p.97]. On the other hand ctronic states of the same excitation level [10, see. 22

baryonic quarks are elementary pointlike spj@-particles a Ie.2 shows that the corresponding S|tuat|oq in quark sys-
whose dynamics éiers completely from that of the stroniems is larger by more than 9 orders of magnitude. Hence,

nuclear force. However, both systems are made of fermioma. dependent interactions in hadrons are very strong and

and the spin, parity and isospin analogy demonstratei;l"tlaatmakNe an |r|np<t)rtar1t conttr|but|_on io the St?t? Stﬁ ne|_:gy. d's rul
two systems have the same internal symmetry. ow, electronic systéms in atoms sausly th€ Hunds rules

The following property of the second line of table 1 is in[lo’ See p. 226]. This rule says that in a configuratic_)n, th?
teresting and important. Thus, all nuclear states of this jState having the highest spin is bound stronger. Using this

have the sameymmetric 1= 3/2 state. Hence, due to the(ule andthe very strong spin-dependent hadronic interaction
Pauli exclusion principle, all of them héve the s, sisym- which is demonstrated in the last column of table 2, one con-

metric space-spin staté&ow, for the3'P and®!S nuclei, this
state is an excited state because they have lower stategghavi
| = 1/2. However, thé'Si and3'Cl nuclei have nd = 1/2 Table 2: Positronium and meson energy (MeV)
state, because thdiy = 3/2. Hence, the second line of table
1 showsthe ground state of the I= 3/2 nuclei It will be
shown later that this conclusion is crucial for having a good
understanding of an analogous quark system. Therefore if]
calledConclusion A

Now, the3!Si has three neutrons outside the 28 nucleon
closed shells and th&Cl has three protons outside thesg
shells. Hence, the outer shell of these two nuclear states
consists of three identical fermions which make the requirg 7™
ground state. Relying on this nuclear physics example, one
deduces thahe Pauli exclusion principle is completely con-|  °
sistent with three identical fermions in & & 3/2* and | =

Particle| J* | Mass | M(17)-M(07) | AM/M(07)

ete” 0 | ~1.022 — —

S

ee” 1~ | ~1.022 8.4x10710 8.2x10°10

0 0 135 — —

0 1~ 775 640 4.7
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cludes that the anchor configuration A of the previous sectio 1. The interaction of hard real photons with a proton is

really describes a very strongly bound state ofAhebaryon.
In particular, the isospin doubldf = 1/2* state of the neu-
tron and the proton correspond to the saifie- 1/2* of the

practically the same as its interaction with a neutron
[13]. This dfect cannot be explained by the photon
interaction with the nucleons’ charge constituents, be-

cause these constituents takéetient values for the
proton and the neutron. The attempt to recruit Vector
Meson Dominance (VMD) for providing an explana-

ground state of thé = 31 nuclei displayed in the first line of
table 1. The isospin quartet of tebaryons correspond to
the isospin quartet of the four nuclear states displayetén t
second line of table 1. tion is unacceptable. Indeed, Wigner’s analysis of the
Here the significance of Conclusion A of the previous sec- irreducible representations of the Poincare group [14]
tion becomes clear. Indeed, an analogy is found between the and [15, pp. 44-53] proves that VMD, which mixes a
two nuclear states of the= 3/2 andl, = +1/2, namely the massive meson with a massless photon, is incompatible
31p and the’'s areexcited statesf these nuclei whereas the with Special relativity. Other reasons of this kind also
| = 3/2 andl, = +3/2, namely thé'Si and the’1Cl states are have been published [16].

theground statesf these nuclei. The same patternis foundin o QCD experts have predicted the existence of strongly
the particle physics analogue. Thé and theA? areexcited bound pentaquarks [17, 18]. In spite of a long search,
statesof the proton and the neutron, respectively. This state- e existence of pentaquarks has not been confirmed
ment relies on the fact that both the proton andAhestates [19]. By contrast, correct physical ideas used for pre-
are determined by theud_quarks. Similarly, the neutron and dicting genuine particles, like the positron and e
the A° states are determined by tbdldquarks: On the other have been validated by experiment after very few years
hand, in the case of ti8Si and the*'Cl nuclei, thel = 3/2 (and with a technology which is very very poor with
andJ* = 3/2* states are thground statef these nuclei. respect to that used in contemporary facilities).

The same property holds for the* and theA~, which are . :

3. QCD experts have predicted the existence of chunks of
h f th k m - ;
the ground state®f the uuuandddd quark systems, respec Strange Quark Matter (SQM) [20]. In spite of a long

tively. . )
The relationship between members of the lowest energy [s;Srch, the existence of SQM has not been confirmed

J* = 1/2* baryonic octet and members of tiié = 3/2*+
baryonic decuplet can be described as follows. There are4. QCD experts have predicted the existence of glueballs
7 members of the decuplet that are excited states of corre- [22]. In spite of along search, the existence of glueballs
sponding members of the octet. Members of each pair are has not been confirmed [9].
made of the same specific combination oftlilsquarks. The 5. Foravery high energy, the proton-protprtotal and
A™*, A~ andQ~ baryons have no counterpart in the octet.  elastic cross section increase with collision energy [9]
Thus, in spite of being a part of the decuplet whose members  and the ratio of the elastic cross section to the total
have space-spin antisymmetric states, these three baay@ns  cross section is nearly a constant which equals about
theground stateof theuuu, dddandsssquarks, respectively. 1/6. This relationship between th#p cross sections

This discussion can be concluded by the following state-  is completely dferent from the high energy electron-
ments:The well known laws of quantum mechanics of identi- proton €p) scattering data where the total cross section
cal fermions provide an interpretation of tae*, A~ andQ~ decreases for an increasing collision energy and the
baryons, whose state is characterized by three uuu, ddd and  elastic cross section’s portion becomes negligible [23].
sss quarks, respectively. There is no need for any fundamen- This efect proves that the proton contains a quite solid
tal change in physics in general and for the invention of colo component that can take the heavy blow of the high en-
in particular. Like all members of the decuplet, the states o ergy collision and keep the entire proton intact. This
these baryons abide by the Pauli exclusion principlence, object cannot be a quark, because in energgticat-
one wonders why particle physics textbooks regard precisel  tering, the electron strikes a single quark and the rel-
the same situation of the four baryons as a fiasco of the ative part of elastic events is negligible. QCD has no
Fermi-Dirac statistics [11, see p. 5]. explanation for thgp cross section data [24].

The historic reasons for the QCD creation are the states
of theA** and theQ™ baryons. These baryons, each of whic : .
has three quarks of the same flavor, are regarded atatbs- g The Proton Spin Cris's
cal reasonfor the QCD invention [12, see p. 338]. The anaAnother problem which is settled by the physical evidence
ysis presented above shows that this argument does not ligscribed above is callede proton spin crisi$25, 26]. Here
water. For this reason, one wonders whether QCD is reallp@arized muons have been scattered by polarized protons.
correct theory. This pointis supported by the followingmxa The results prove that the instantaneous quark spin sums up
ples which show that QCD is inconsistent with experimental a very small portion of the entire proton’s spin. This out-
results. come, which has been regarded as a surprise [26], was later

78 Eliahu Comay. On the Quantum Mechanical State ofAheBaryon



January, 2011 PROGRESS IN PHYSICS Volume 1

supported by other experiments. The following lines cantathanical state of more than one Dirac particle. Thiea is
a straightforward explanation of this phenomenon. much stronger in baryons. where, as shown in table 2, spin-

The four configurations A-D that are a part of the Hilbeflependent strong interactions are very strong indeed. This
space of th&** baryon are used as an illustration of the prolsffect and the multiconfiguration basis of hadronic states do
lem. Thus, in configuration A, all single particle spins axplain the isospin quartet of the= 3/2* A baryons. Here
parallel to the overall spin. The situation in configuratidis theA® and theA™ areexcited statesf the neutron and the pro-
different. Here the single particle functigh= 1/2" is a cou- ton, respectively whereas their isospin counterpartsAttie
pling of | = 1 ands = 1/2. This single particle coupling hasand theA™ areground statesf theuuuand thedddquark sys-
two terms whose numerical values are called Clebsh-Gordams, respectively. Analogous conclusions hold for all mem
codficients [2]. In one of the coupling terms, the spin is papers of the] = 3/2* baryonic decuplet that includes ti
allel to the overall single particle angular momentum and lraryon. It is also shown that states of folir= 31 nuclei
the other term it is antiparallel to it. This is an example of ére analogous to the nucleons and Alseisospin quartet (see
internal partial cancellation of the contribution of thagle table 1).
particle spin to the overall angular momentum. (As a matter The discussion presented above shows that there is no
of fact, this argument also holds for the lower pair of commeed for introducing a new degree of freedom (like color) in
ponents of each of Dirac spinor of configuration A. Here tiggder to settle the states af*, A~ andQ~ baryons with the
lower pair of the high relativistic system is quite large d@risl  Pauli exclusion principle. Hence, there is no reason for the
made ofl = 1 s= 1/2 coupled taJ = 1/2.) In configuration QCD invention. Several inconsistencies of QCD with experi-
C one finds the samefect. Spins of the first and the seconthental data support this conclusion.
particles are coupled tgn; = O and cancel each other. In Another aspect of recognizing implications of the multi-
the third particle thé = 2 spatial angular momentum is coueonfiguration structure of hadrons is that the proton spsiscr
pled with the spin tg = 3/2. Here one also finds two termsxperiment, which shows that instantaneous spins of quarks
and the contribution of their single-particle spir2 partially make a little contribution to the proton’s spin [25], cresaite
cancels. The same conclusion is obtained from an analogoeiher a surprise nor a crisis.
analysis of the spins of configuration D.

It should be pointed out that the very large hadronic spin-
dependent interaction which is demonstrated by the datargfferences
tgble 2 proves that in hadronic states, one _needs many COP.’Wong S.S. M. Nuclear Physics. Wiley, New York, 1998.
figurations in order to construct a useful basis for the Hilbe ) .

. . . 2. de-Shalit A. and Talmi I. Nuclear Shell Theory. AcadenNew York,
space of a baryon. It follows that in hadrons the internal sin™" ;g¢3
gle Parti‘?'e cancellation Seen,in configurations of the joresy 3. Weiss A.W. Configuration Interaction in Simple Atomic &yss.
section, is expected to be quite large. Physcal Reviewl961, v. 122, 1826-1836.

Obviously, the configuration structure of the proton reliess. Bjorken J.D. and Drell S.D. Relativistic Quantum MecleaniMc-
on the same principles. Here too, many configurations, each Graw, New York, 1964.
of which has the quantum numbe¥s= 1/2*, are needed for 5. Endt P.M. ENERGY LEVELS OF A: 21-44 NUCLEI (VII). Nuclear
the Hilbert space. Thus, a large single particle spin cémcel ~ Physics A1990, v.521, 1-830.
tion is obtained. Therefore, the result of [25] is obvious. | 8- Kankainen A. etal. Excited states¥8 studied via beta decay #fCl.

. .. . The European Physical Journal A - Hadrons and Nucg$06, v. 27,
should make neither a crisis nor a surprise. 67-75.

_ On top of wha_t is _said_ above, the fo_IIowing argumentin-, Wong S. S. M. Nuclear Physics. Wiley, New York, 1998.

dicates that the Sltu_atlon !S mo_re complicated and the n_umbg. Berko S. and Pendleton H. N. Positroniutmnual Review of Nuclear
of meaningful configurations is even larger. Indeed, it has and Particle Science1980, v. 30, 543-581.
been shown that beside the three valence quarks, the prot@nnakamura K. et al. (Particle Data Group), Review of PartRhysics
contains additional quark-antiquark pair(s) whose pridbab  075021.Journal of Physics G: Nuclear and Particle Physi010,
ity is about ¥2 pair [23, see p.282]. Itis very reasonable to V-37.1-1422. (URL: hitp/pdg.lbl.gov)
assume that all baryons share this property. The additiod8l LandauL.D.and Lifshitz E.M. Quantum Mechanics. Pergani.on-
qguark-antiquark pair(s) increase the number of useful genfi don, 1958.
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