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Current experimental knowledge of the quantum numbers of baryons

is surveyed, and an attempt is made to systematize this information.
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BARYON SPECTROSCOPY™ '
Arthur H, Rosenfeld

Department of Physics and Lawrence Radiation Laboratory
University of California, Berkeley, California

July 9, 1963

L. INTROD‘UCTION '

At a conference on the structure of the nucleon vs’ome of you may
question the relevence of this talk, or of the next one by D, H. Miller on
meson spectroscbpy. Howcvér, Chew pointed out earlier that nucleons are
merely tbe most accessible 6f. many strongly interacting states, and in

fact I shall spend some time on the question of which of the pion-nucleon
resonances rmay be simply exmted rotational "recurrences' of the
nucleon. To justify survéYing the mesons [ need only point out that
nucleon form factors areoftenparameterized in terms of the masses of the
nonstrange mesons,

Current knowledge aboﬁt béryons has been thoroughiy covered at the
Topical Conference on Recently Discov._eured Resonant i’a,rticles, held at |
Ohio Univeréity., Athené, Ohio, in April 1963, In.pa.rticdlar,. R. H. Dalitz
delivered a paper»on the Systematics of Baryon and Meson States’ [1 1..
which it is p’ointless‘for me to reprodijce hez;e (also impo.s.sible in 25‘
minutes). Since April, the most .sig.nifica'nt results seem to be negative

. — — failure so far to £1nd Q@ (167?) or 21/2(1600), or to establish the
.pa.nty of Y1 (1660), so I shall try to emphasize these pomts, pa.rticularly’
in paragraphs 4,2. |
) This talk is divided into two parts: a short comment on the new

masses for £ and Z° and their relation to the masses of the other eight

stable baryons, followed by a longer part surveying the resonances,
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1I. MASSES OF THE STABLE BARYONS;
NEW MASSES FOR £~ AND x°

The mass of the Tt is obtained by observing the protonic decay of
z e stopped in vemulsion. and thankfully has not changed. The £~ - Z+'
mass difference is then established b>y comparing the ranges of *
produced by.the followihg two reactions resulting from capture of stopped

K~ mesons by protons in nuclear emulsion:

K p=>3%" - or =t a". ()

For years, W. Barkas and [ have iSsuea wallet cards in which this
difference is given as 6.56 MeV, As long as emulsion stacks were too

small to permit one to mea.sui'e the range of the pions produced in

reactions (1), there was no easy check on this mass difference, Btit, with - _
larger stacks, the pion ranges started to suggest a larger mass -diffe'rence,v

_ é.nd in all fairness to us, footnote {n) of the recent editions of‘<l)u_r Table
.points out this anomaly. By now Barkas has convinced hirﬁself that the
trouble is with the range-energy relation for intermediate-velocity, |
negatively -charged particles [v/c for the T in reactions (1) is about
0.15] [2]. He thinks that, as a slow charged particle passes an atom, there
is time for the atom to be polarized. Thus a negatively charged ionizing :
particle has time fo repel the orbit of the atomic eleétrons, and hence'wili
iose less enefgy than a positively charged ionizing particle. All of this
complication has of course been empirically calibrated into the ra{ige;egergy
relation for positive particles, so a correction must now be applied to
negative particles, If we believe the mass difference as calculated from

the ranges of the pions, which are relativistic so that this effect i8 unim=
portant, we find a mass difference of 8,25 MeV, i.e., 1.6 MeV higher than

previbusly. '
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The mass of £% must also be raised 1.6 MeV, since it is calculated
from the £~ masgs via a measurement of the T~ = £% mass differe‘ncé

from the capture of £ 's in hydrogen:

A

= p>Eq, =% L yA.
The present situation is ‘summarized in Fig. 1, which also shows that
when the mass of =% becomes known, there will be another test of SU(3)

using the relation of Coleman and Glashow (3],

Inf-

LB =z -2 - (n - p), | V(Z)

where ‘the. symbols stand for tvh'e masses of each baryon.

With respect to the masses of cascades, sé‘{eral groﬁps have reported
values for the mass of the =  (see Table I), But sincé the number of |
cascades of both charg.es“is by now large, systematic ‘errors in the n'i_a.sa
are much larger than statistical errors, For example, at the Christina.s
1962 American Physical Society Meeting, F. T. Solmitz reported that, on |
a carefully selected sample of 450 = 's, the statistical error was only
0.1 MeV, but the sy.stema'tic error, aé yet unstudiéd, might be fsaveral Mev.
For a .samplev of ~100 %0915, the statistical error was 0.8 and agéin he

could not quote a realistic overall uncertainty. So, for the present,

prediction (2) stands at

.5 :i: ? 2(8‘.3 + 0.5) - (1.3) =7+ 0.5, (3)

We shall not know if it is really satisfied until we have the results of the

careful study of systematic errors now under way.,



Figure 1 illustrates a useful mnemonic, namely that within all the
baryon charge-multiplets the more negative the charge, the larger the
mass, The same rule also applies to the K° - K+ me son doublet; it
cannot, of course, apply to the pion, since -rrJr and w  must have the

same mass,

[II. GENERAL PROPERTIES OF RESONA_NT STATES

3.1. WNatural Units for the Widths of Resonances

If we have an exponentially decaying state, |41 IZ o« e~t/'r,' then its
Fourier transform is a Gaussian with a full width at half maximum T°

given by'

_2/3%x 107! Mev sec W

7 .

S

If this state is moving with a velocity v, it will on the average go a
distance vt before decaying; taking into account time dilation, v becomes

YV =mnc = ri—cc’ and using (4) for 7 we have

4= P_fc _ p 197 MeV Fermi - (5)
mec T mc ™ .

Thus when we read that the p meson has a T of about 100 MeV, we
éee that if its momentum is a few hundred Me'V/c. it has gbne on fhe
average only 1 Fermi before it decayed, Therefore the p generally
decays in the presence of other particles whose amplitudes interfere either
constructively or destructively (depending on the production reaction).
Hence, we should not be surpﬂéed that the p peak position and width

appear to vary from experiment to experiment and has been likened by
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Steinberger to‘a'\;l\obbly lump of jelly. One can; ‘of course, improve the
situation experirﬁentally by using the Brookhavgn altervnating-gradieht
synchrotron or the CERN proton synchrotx;on to produce such resohénﬂ;
states with very high momenta, i.e., moving away very fast., By contrast,
the UCLA grou“p >is just v'_rnailing'a preprint which states that the width of
’E*(IS.‘BO) is 7¢+2 MeV [4]. On the average, then,b it travels pc/1530
times 25 Fermi, so that it really decays in '"outer space-" and shoula '

behave reproducibly.

3.2. Notation: The Symbol-Minded Approach

The figures énd Table VI are the real meat of this talk, but before
we can read them I must introduce .the notation, which has been c_or_\_cocted
by Chew, Gell-Mann, and me. In additibn to having atomic mass number
A =1, baryons can be specified by a mass and four other quantum nurmnbers:
hypercharge Y (or strangeness S); isotopic spin I, and spin and parity
JP. Siﬁce suggestive symbols (N, A, X, =) already exist for tﬁe baryons
| with 1< 3/2, we suggest uéing these four symbols to specify A, Y, and
I. Thus in this '"symbol-minded" approach, N(938) stands for the
nucleon, and N(1512) stands for the 600-MeV pion-nucleon resonance
which is normally written NI*/Z‘(ISIZ)‘. For 1=3/2 (e.g. the original
P3/> 7N isobar N;‘/Z(1238.' 3/2+), we must then invent a new symbol; we
choose A. The isobar then becomes A(1238), and if the 1r+p 1920-MeV
resohance (found at T"+ = 1350 MeV)'really has JP= 7/Z+, then it can be
called a '"recurrence'" of the isobar, and written AH(IC)ZO). Nolte that
the éy.mbols do not include the spin and parity, which are usually the last-
determinéd quantum numbers of a new state, For tha.t reason a newly
‘discovére'.d resonance can usually be assigned a symboi almost as soon as

it is discovered. When Jp_ are finally determined, we suggest specifying
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them with a subscript, These subscripts are listed in footnote 1 to
Table VI (it is called Table VI instead of Table II Because it is Table VI
from the most recent Barkas and Rosenfeld compilation of data for
particle physics [5 ] |

Next a few comments on how spins and parities for soxﬁe of‘ th_e

bafyonrs have been established,

3.3. Spins from Angular Distributions

Most of you are probably familiar with Yang's theorem of maximum
complexity of angular distributions [6]; here I want to generalize it a
little bit, First let me define the complexity n of an angular distribution
as the highest power of cos ¢ present. Then if we are dealing with a
single partial wave "y (J), the theorem states that the maximum complexity
in |¢|2 is given by n € 2J, qualified of course by the condition that n
must be even, since the square of a single partial wa\;e cannot yield terms
odd in cos 8,

But in dealing w}th experimental resonances, we often find

ourselves dealing with a situation

where lpR .
passes through its resonahce value, and \pNR is a large. slowly varying
"backgr‘oun'd" which generally has a smaller value of J than the resoﬁance ‘
under study. "

.In this céee we cannot ,obser‘ve vlq;Rlz, but we can often see the

raj_ﬁi_dly varying cross term \qu}NR' A useful generalization is that the

maximum complexity of this cross term is [7]

(6)

is 2 small resonant term which varies rapidly as the":e‘t_iéi"g‘y o
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qualified of course by the condition that n must be even or odd depending

on whether the parities of the two interfering states are alike or opposite,
Relation (6) illustrates that there are always two possible interfer-

ences that give the same value of n, Thus an odd value of n can come

from Jl+ and J)° or Jl‘ and J2+. This is of course a consequence of

2
the Minami ambiguity, which states that such competing pairs of interfer-
ences yield identical angular distributions (but, thankfully, different
polarizations).

- Often, of course, we do know something about the background, Thus
as Cence has already pointed out, at the 600-MeV =« p resoﬁaﬁce N(1512),
there is a sizeable coefficient a, of coss2 8, implying J=3/2. There is
also a re;pid variation of as, implying opposite~parity interference with
the lower isobar A6(123\8, 3/2+), S0 we guess an assignment Ny(;Sl_Z.
3/27). In fact, the favored P assignments for the whole eéquence of
.wp resonances have been arrived at by keeping track of the interferences
between each resonance and that immediately above and below, This is
discussed further in 4.1, | ’

Perhaps the cleanest example of the determination of Jp via inter-
ference between q;R and llJNR is the case of Ay(ISZO). Here Fe'rro-‘-Luzzi,
Tripp, and Watson [8] were easily able to show that the K™ p and R°n
channels reson;ted in a '3/2'(d3/2) state., The question of whefher the |

Zn channel also was d3/2 or _p3/2 brings us next to the general problem

of parity determinations,

3.4, Parities from Polarizations

Unless one is lucky enough to observe interference with a known

background_,v one cannot determine the parity of a resonant state unless one
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can produce it polarize.d (or at least aligned) and then observé the polari-
zatiqn (or at'least anisotropies) of ifs decay products, The analyses have"
been quite different for the two possible cases of "formation" e;:periments '
vs ''production" ?zxperiments.

By "formation'" I mean just the experiments that we ha§e been
discussing so far: i,e., one can supply the ingredients of A(1238) and
"form" it by giving the pion the correct kinetic energy, oerne can form
A(1520) by sho§ting 395-MeV/c K 's at protons,

| As an exanﬁple of ''production" let me choose Z(1385). Since 1385
MeV is belox.v thé mass of a proton plus a K meson, one coﬁld form
z(1385) onlyv by shooting A at w, or vice versa (neither of these experi-
ménts is feasible).  So instead 6ne must 'produce" 1t in ‘reactio_n‘a.like
K p = X(1385) + w.

A sucééésful' parity analysis in a formation experiment is the work
of Tripp, Watson, and Ferro-Luzzi [9]. As we just mentioned,‘vth'ey
formed AY('ISZO) with 395-MeV/c K™'s on p and observed that its decay
= s were polarized. By observing the energy-dependence of this poi_ari-
zation, they we_re’ able to show that the ZTg state was also d3/2 and not
p3/2, thus proving to the satisfaction of most peoplg ﬁ_hat the. .Z A B
relative parity is even, (By convention, the Ap ré'lati_\?e pé,rity ’isv dgf_i_ngd'
as even,) | | | : |

Recently there have been two successful ﬁarity ana',lys:ves in ﬁro.duction.
‘experimenta, showing that ¥ (1385) - An and =(1530) - En are bo'th‘ p3/z |
decays. [If we then assume that the parity of the = is positive, we can
say that 26(1385) and 536(1530) are both 3/2+ resonances, |

For X (1385), there had been mounting evidence for a cos2 6 term

in'its decay angular distribution, showing that it had J = 3/2. Then
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Shafer et al, [10] were able to produce nea.rly 1000 highly poiarized
=(1385) .eVents, ‘and showed that although a p3/2 .decay fit the data very
well, d3/2 was ruled out, Of course it may gtill be that JP 2 S/ZDL'. but
- it has turned out to be useful in this game of classifyiﬁg states aIv;/ays to
give them tentatively the simplest possible éssigmnent until that is shown
f:o be wvrong. »

For =E(1530), the U; C. L A. group [4] studied its vdecay =¥ ey
and find that the or_lly acceptable agsignments are p3/2 or dS/Z or valueg'
of I27/2. | |

I should point out that both these experiments yielding Jp = 3/2+, took
plaé:e after the speculation by Gell-Mann and others that they both belonged
to the same SU(3) decuplet as A6(1238) because of tile equal -mass - spacing
rule,[11]

In concluding my comments on parity assignments, I should comment.
-on the very nice recent work of Byers and Fenster [12'].. who have derived

very general and comprehensible test functions for all values of J and P,

IV, BARYON SYSTEMATICS

4.1, Pion-Nucleon States

.At a conference on the nucleon, it seems appropriate to vempha'.siz'e ‘.
non‘strangelba'ryons'. Here the most re\cent development is the dis_covery
by Diddens et al, [13] of two more resonances, one in each isospin state,
N(2190) and A(2360). They are shown, along with the four lower reso-
nances, iniFig. 2.

To classify these six resonances it is useful to invoke an old

phenomenological observation [1’4 ], which is illustrated in Table Ila, for
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those baryons Ifor which there is some evidencelas to their spin and parity,
For a given orbital angular momentum there are of course two possible
values of J, The useful observation, first pointed out to me by
J. Helland, is that the lower J seems to resonate in .the lower value of
I, l.e. 1/2, while the higher J seems to resonate as a A, i.e, with
I¥3/2. As Cence mentioned this morning, even the .JP values of Table
Ila are not yet certain, but they seem to be the simplest po_ssible consistent
szt, This rule has been interpreted recently by Kycia and Riley»as an
isospin-dependent spin-orbit coupling {15 ]; and in a recent Phys. Rev,
Letters, Carrethers states that he can support this rule with dynemical
calculations [16].

Now comes the question of where to put the new bumps of Diddens
et al, There are as yet no data. on even the angu1a1 distributxon of elastic
scattering, although Gerald Sm1t11 tomorrow will present some data on the
-ZK channel qf N(2190), which could perhaps be optimistically interpreted
as suggestinga J of 9/2., The simplest argument is that only one series

of A resonance exists, namely A6(1238). 'A6II(1920), and hence the best

I
6

of 11/2%. We have plotted it at - 11/2 in Fig. 3a

home for the new A(2360) is as A
P

the third occurrence of this 6
series with a J

Notice that this makes the Regge trajectory a surpnaingly stra1ght line.

If one. then takes the point of view that third occurrences are found (and o

that they lie on surprisingly straight trajectorles), thenone is tempted toassign *

N(2190) the title Nan[

_ with 75 =9/2%. This is also shown on Fig. 3a.
Two other pairs of alternative assignments have been suggested for
N(2190) and A(2360); they both involve inventing a new loweroenergy’v

resonance, The most obvioﬁs candidate for this is the - "shoulder" in the‘

n+p crods section at a pion kinetic energy of about 850 MeV (invariant
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fnass of about 1640 MeV), I peréonally doubt that this is a r_e-sonance, since
there is no shoulder at all in the elastic -scattering cross section, and the
whole effect is easily explained away as a rapid. rise in the cross section

for the production of an additional pion, Further, the elastic aﬁgular distri-
bution at 1640 has a complexity of n=3, which makes it hard to call it a
resonance with a spin of greater than 3/2. Having said all these qualifica-
tions, I can illustrate in Table IIb the two simplest possible alternate
assignment schemes., The column labeled '"Regge-cholce" is my reluctant
second choice if Table IIa turns out to hinge on a wrong guess; it simply
crowds states into the lowest possible vacancies of Table Ila, The trz'x\.jec-
tories corresponding to this "Regge-cholce" are drawn in Fig., 3b, The
column of Table IIb labeled "Kycia-Riley" is motivated by their isospin-
dependent spin~orbit coupling; It is unpleasant to extreme Regge-ists, '
because the trajectory would have to start "above sea-level" at J =5/2

rather than at J=1/2,

1'
4,2, General Baryon Systematics

We saw in the last section that even the sykstematic:s of nonstrange
bar.yons.ie poorly understood, But now things are going to get worée. We
have g:ofne to the part of this talk that is the most difficult to giVe; and .
will have the ‘most transient time value; this is to try to survey a large
number of experimental facts {many of which are not well established) in
terms of some ideas about Regge trajectories and unitary symmetry (both
of which are alé'o not established). If I could wait a year, crucial develop-
ments (both experimental and theoretical) would surely change any

| conclusions of this survey, but since the conference is taking place now,

I must proceed to gather up what is known and present it in Fig. 3a, whi‘ch_
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is_a.scavtter diagram of mé.sses of the known baryons va the simplest
possible Jp assignments. The axes are reversed frém those of the
conventional Chew-Frautschi diagram, so that the masses may be plotted
vertically, as in a conventional energy-level diagram. In fact, we see
. nestled m the Llower left corner the same diagram for the eight gtable
baryons that was presented in Fig. 1. Here they .are' called the 'o;. (;ctet
“to signify that they all probably have .IP = l/2+. The vertical scale is
actually linear in m’ instead of m. I drew it that way at a time when I
thought wrongly that there was some .reason to prefer mz, h;)wever the

~ lines joining the various excited states (that iseeni to recur with their
angular momentun; increased modulo two) are so strikingly étraight that
I shall continue to use an m? scale,

'In Section 4.1 we discussed the fact that the two. positive-parity
pion-nucleon states may feCur twiée or even three times. In addition we
see that A may well recur as the Au(1815) resonance, No other recur-
rence are yet known, but we have drawn in hopeful open circles for Zan
and Ean at J& = 5/2+.

The negative-parity states are surrounded with a line which distin-
guishes them, and perhaps keeps them in quarantine, since their -JP
assignments are mainly guesses., No anisotropy in the decay of A(1405)
Has fet beeh repox\'ted, 8o our rule of simplest available assignments
suggest JP'= 1/27; this would correspond to the S-wave KN bou'nd.state
suggested long ago by Dalitz and Tuan,

We now comment on Fig, 3a from the point of view of SU(3). To the
right of the a octet we sec three § charge-multiplets, constituting 9/10

of the proposed decuplet. There has been a hydrogen bubble chamber run

at CERN with K 's of energy high enough (3,5 BeV/c) to produce the
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vmissing 7 stable baryon needed to complete the decuplet, No event has
ygt been found, meaning that the production cross section is not greatex

than about 1 pb, I want to ;;oint out that this is not a reason to be con_c_:.erned';
in fact one receﬁt estimate of the cross section at this momentum gi\'redlles's :
than 1 ub [ 17 ];‘ perhaps we are going fo have to start measuring cross
sections in nanobarns! Note that the production reaction sought is
“ktko,

y .‘ K'p =0,

‘We can establish a scale for the expected cross section by examining the

most nearly equivalent known reaction
K p = Eg (1530) Kr.

- We find tha.t, based on two reported events and normalized to the same phase
space, the average 'cross section is only 4ub, Further it seems unlikely
that it will be as easy to produce an (wifhv strangeness S=-3)asa =
(with 5= - 2). So until there are either longer runs, or runs at higher
momenta, or runs with high-energy ahtipfotdns, 8U(3) enthusiasts need:
not worry too much about the n‘o;_'xdiscovery'of 96;’ - R | |
- 'kHowev'er, if we transfer our attention to the ‘fne'gétive parity : .*"ogtet; ""F
we have some cause for w0rry’.- Glashow and Rosenfeld have pointed-dﬁt
that, if the JF = 3/27 =y guéss for T (1660) is correct, then there should
be another EY at mass (1600) [18]. At Athéns, Leitner [1] rgpo_ftgd
that its production cross section by Z.3-BéV/c K™'s is atleast 20 times
less than the cross section for _26(1530). Probably' a facfor of tWenty in a

single experiment is not a decisive blow, but .’:“..Y 'sh'ould show up pretty

soon if things are to work out. Actually my personal guess is that it is not
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 so much SU(3) that is shaky as the y=3/vz‘ sF assignments, It is
- ¢rucially important to do a l.atter-day Tripp-Watson-Ferro-Luzzi experi-
4ment—and—ana1ysia on £(1660), which can be formes by 715-MeV/e K’"s’
on protons, Ticho et al, at UCLA have been trying to do this experiment, :
Unfortuna.t'ely they do not have film with 715-MeV/¢ K 's on protons, but
they do have 750-MeV/c K 's on deuterium, and the Férmi momentum
of the proton may give them enough eﬁergy spread to do the éx;:eriment,r if
they also have enough events, But it should be done in hydrogen.

| Final.ly, two rremarks in favor of SU(3)V. | When, about f1960, reso-
nances started appearing everywhere, there was no reaéoﬁ not fo expect
Zn resonances in all isospin states ——2, 1, and 0., But they have not
appeared In I=2 atleast up to about 2 BeV, Nor are thei‘e any resonances
below 2 BeV in the Kp system (as opposed to the Kp system), Now
- SU(3) does not say anything about whether or not systems resonate, but it
does say th’at if there is a resonant Ly isospin quintet, then it must be
part of a unitary 27-plet. Therefore, onelis not %.\t all likely to stumble
into an isolated 1=2 Tw resonance. And if K‘+p resonates, then it is |
partof a Y =2 isospin triplet which in turn muskt be part of at least a
unitary 27-p1et,,‘ Even a ®'n 120 resonance must belong to at least a
decﬁﬁlet [19]. At one time a CERN counter experiment by Dowell et al, [20]
gave circumstantial evidence for a YZ(ISSO), but Kalbﬂéisch et al, have
since done 4a similar experiment in a bubble chamber and cannot corroborate
the effect IZI ]. There are often clues [22 ] that there may be something
iinteresting with S=«1 at about 1550, but it is almost surely not in I=2,
Recently, Alston et al. using 1 to 2 BeV/¢c K~ have also failed to find any

Tnm resonances in I=2 below 2 BeV [23]. In summary, I think it is
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rather _st‘r'i‘ki»ngv thaf below 2 BeV there are now known 'N(tl-SIZ) ‘and (1688)_:
A(1238) and*(l920);,A(l405). (1520), and (1815); £(1385) and (1660), and
| 3(1530),'but rvxovthi_ng in YZ or Kp.j - | | |

A final attempt to summarizre baryon systematics is prgvsen'ted in
'Fig. 4'. ‘Here we have drawn each charge multiplet as a single bar, and
organized the figure like é,q,en'e'r_g’y-lévelv"cllia,gram.‘ One advantage of Fig. 4
over Fig, 3 is that there is room to label ea.'ch bar with its 'estab’lishedv -
quantum numbefs, and even to display the competing assignments. "of- |
Table Ila and IIb for the two highest pion-nucleon reséﬁan_ces. .Thev dotted
line meandering ho-rizontall,y across the picture separates the occurrences

from their recurrences.
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Table 1. Reported values of the =~ mass

Mass (MNeV) Ref:*rrncv

1318.4 + 1.2 W H Barlcas and A H. Roskmfcld reference 5

| 13'21'.0 * 0..5 o L, P, Bertanza et al,, Phys. Rev. Lettera 9, 229 (196?)
1322+ 7 F T, Solmit‘,, J. P Berge J. R, Hubbazrd, M L Stevenson, ,
and S, G, Wojcicki, Lawrenqe Radiation Laboratory.

private communication,

1321.1 + 0.65 H. Scheider, Phys, Letters 4, 360 (1963),
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Table Ila, The five best established nonstrange baryons, plus

simplest guesses for the new resonances reported by Diddens et al,

JP = JP =
: : P Angular momentum P
State (¢ -1/2) and parity (2 +1/2) State
:,vNone _ S -wave = | 1/2"7 None
vNa(%a) 1/2" P-wave = 3/27 8s(1238)
NY(ISB'Z) S 3/27 .D-.-Qvave = 5/27 Nong
| Na'“(1688) 5/2"  F-wave = | .-7-/2*L AGII(I‘?ZO)
Noﬁe /27 | G-wave = 9/2" None _
‘[NGHI(2160) 2] 9/2t H-wave = /2" (8, (2360) 2 )




Table IIb. Alternative a.ssig,mr'xents of the nonstrange baryons, Here

£{1640) represents the ‘rr+p shoulder at Tv=850 MeV.

State
JP _ Angular ‘ JP - Regge choice Kycia-Ril_ey
= momentum _P displayed in choice,
State (-1/2) and parity {(+1/2) Fig. 2b. Ref. [15]
A - | &
None o —_ S-wave = 6~ . 1/2° A5(1640) None !
N (938)  1/2" P-wave = 17 327 —— A (1238)—>
_ . o - . _ - . . II B » /
Nyﬂl:lz) | 3/2 D-wave = 2 5/2 Aﬁ {2360) Aﬁ+2{1640)
N Miisse)  s/2t F-wave = 37 1/2% — a 1920 —
N_I1(2160) - 17/27 Gewave = 4~ 9/2" - A, 02360)
. . : “ _ PE

L68OT-"TUDN
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Table VI.
TENTATIVE DATA ON STRONGLY INTERACTING STATES :(April 1963, A. H. Rosenfeld)
Estab- Possible
lished assignment Dominant decays
quan- Quan- 1
tum No, {tum No. Regge p or
PG PG trajec- Mass I'[Z] MasszZ &4] Pm
Particle TRk} HITT)  tory (MeV) (MeV) (BeV) Mode % (MeV) (MeV)e)
+4 44 © Even number of pions <o <0
K K, 0 yen V] OO7) +a ~2my ? KK(K%P K,K,,
- - not IKZ)
. 2w large 980 690 .
= 4w <30 710 550
++ ++ ) KE(K K, K-K
v e I »
acuum ? oz2*") o'ty | +“% 1250 75 | 1.56 “°‘1K;Kz 2 , 256 180
o wta sl 23 134 174
n o(0~*y +“8 548 [ <10 .30 nf_"f.r“[ﬂ 39 143 182
, : Ty 7 269 235
YY 31 548 274
. wtnn0[3,5] 84 368 - 326
w o(1™") 2y 782 <15 .62 v 1244 647 - 379
. e 4 503 364
- - @ B KK(K, K., not 24 111
& o) | o™ Y 1020 < 5 {1,04 Klle' KoK,
Odd number of pions

w2 -- w 2 135 o |o.018 n"—-yy["] 100 135 67
* {n* uoe s P x* 140 o | .02 ey 58 31 30
P 1017 +" 750 100 | .56 w3 (p-wave) 100 4 348

) Y }

+.-[6]

KO 1,.- K® 498 0 Kf-nm'm . 2/3}(1 219 206
K{K* 2%0) *a K* 494 o | %4 Kiwpy 58 388 - 236
K’;/z (888) —12-(1') xy - 888 50 .78 K n{p-wave) 100 251(Kn") 283

* N . -
Ky, (725) 3 ? ? 728 <15 | .83 Kr 2 101{K " °) 161
3]
n 1,1 n 940 - e vp[ 100 .78 1,2
N{p 2z ¥ N, ; 938} 0 .88 ' - A -
* _ 1,5 i1 ] Nn{f-wave) 80 610 572
N]/5(1688)="900MeV wp" | 5(3+) N 1688 100 |2.84 AR(-wave) <2 % 335
N} /;(1512)="600MeV mp | 3(3-) N, 1512 100 (2,28 Nr(d-wave) 80 434(x"p) 450
N;/Z(1238)="_Isohar" %(%«») A 1238 100 {1.53 Nr(p-wave) 100 160(="p) 233
* : 3,7 3,7 11 . Nm . 30 842(n p) 722
N;/,(1920) z & 73t A 1920 200 |3.69 K <a 233 425
A oil+) A, 1115 0 |.ze wp 8 67 38 . 100
L]
¥, (1815) o=3) 0(3+) A -1815 120 |3.29 RN . 60 383 541
@ » S <33 490 ' 504
# 1. [s) = 69(z°g") 144
¥ (1405) o{?) 06z -) A 1405 501°111,97 {AZ" {mo} IO(MI") 69
« a 2 (d-wave) 55 194(z° %) 267
¥, (1520) oz <) A, 1520 16 [2.31 KN{d-wave) 30 88(K"p) 244
Y A2n 15 125(Antw7) 253

z* . 1189 0 [1.42 an'16] 50 110 185
z{z? o x4 z, 1193 0 |1.42 Ay 100 76 74

= 1197.4 0 |1.42 art 100 117 192

* 3 3 Aw 98 135(Ar® 210
Y} (1385) w=h | 1dv | =z, 18 | s0 (L9 {Er A FREN Y

¥ 3

Y, (1660) 103 AUz -) z 1660 40 2.7 RN ~10 225 406

! tz) oz Y Zn 25 335 386
Ar 30 410 441
Znmw 20 200 328
Arr 15 275 394
=0 1,1 1 - 2 Aw°[6] . '

S{E' #z? izt | 1321 o L2 Arn” L 66 : 138

* 1,3, 1,3 = - -0
="(1530) 3 {34 35+ = 1530 <7 2.34 =2 100 74(="n?%) 148

MUB-1358
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~

FOOTNOTES (Table VL )

[1]

(2}~

(3]

Means data that either I have not seen, or of which I am not yet convii;ced.

The reader can use the data on p. 1 without reference to this shorthand notation. The

first (and perhaps the only useful) contraction comes in choosing a single symbol to

denote baryon number B, strangeness S, and I-spin I. Thus for the S = 0 meson with

I =0 (like w) we chose w. For the S = 0 meson withI =1 (like m, p) we chose w. For

K and K we chose a Greek «. Suggestive names (N, A & Z, 7)) existed for the baryons

with I = {/22 0, and 1. For I1=3/2]e.g., the N~k (3/2 1238) and N3 (1922) isobars],
we invent symbol A; if .:.§ 2 shows up, we sugges{ O (om1cron) One s ock is that -

A (I = 0) now stands for something that can break up into X, but is forbidden by con-
servation of I to break up into A and a single .

The symbols above are useful independent of the idea of a Regge trajectory. In addition,

the Regge conjecture suggests that particles {e.g., w, N, A, etc.) having the same parity,
but J-values differing by 2, can lie in the same trajectory. To emphasize this point, and
to further condense the notation, we suggest the following subscripts to denote parity and
a string of J's differing by 2:

Subscript For mesons . For baryons
a o*, 2¥... (e.g., vacuum or ABC) 2+, 2+ +se (thus p = N o)
g 07, 27+++ (e.g., ™ meson) " _;._, %_, ..
v ‘ 17, 37+« (y for "vector'") %—, -;—-, [é.g.,_D3/2Kp
resonance ng (1520)] -
) 1+, 3+ +++ (none known) - %+, .g.+ eo- (ea g, thé 3/2,

3/2 isobar Aﬁ‘)

G parity is written as a prescript (this avoids confusion with the charge of a particle),

In the past it has been conventional to use an asterisk to indicate an excited state;
instead we use a Roman superscript to 1nd1cate a rotational recurrence, Thus the
a-baryons are written N for the proton (J %— ), and N (1688) for the 900-MeV 7N
resonance, which is known to have J= 5/2 and Which we %uess has p051t1ve parity and
is the "second occurrence" of N

Where its properties are essentially unknown, a particle has been given the simplest
possible assignment merely because it had to be listed somewhere,

This notation was evolved in conversations with G, F. Chew and M, Gell-Mann,
T = empirical full w1dth at half-max with background substracted.

For analys1s of possible neutral decay modes, see Tables 2 and 3 in G of R, Lynch,
Proc_. Phys. Soc. (London) 80, 46 (1962).

Q values apply to decays to neutral particles (unless that mode is forbidden).
See notes below on this particle.

"Common electromagnetic or weak decays are listed for convenience. The masses come
from Table I, except for m(Z~) for which see note on %~ below. T
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FIGURE LEGENDS -

Massges of the stable baryon.

Pion-nucleon total cross scctions as a functioln‘ of energy, The
solid line represexllts Tr+p interactions where 1=3/2, so the
peaks are labeled A, The dashed line gives = p inte‘racfiong,
and reflects both N and A reaonances'.

Possible quantum numbers for the baryons. Values of J cor- -
reSponding.to 1/2 (modulo two) are drawn witﬁ solid vertical
lines, connected by solid lines to guide the eye; these lines may
correépond to Regge trajectories, Dashed lines apply to values

of J=3/2 (modulo two). There is reasonably good evidence for

the JP ~assignments for all the positive parity states except the

two above 2000 MeV (the two baryons of Diddens et al.),

However there is very little evidence for any of the negative
parity states except .A(i520). The 'JP assignments for the

nonstrange baryons corresponds to that of Table Ia,

Alternative aasignments for the negative parity baryons, as

- ghown iri Table Ib,

Possible quantum numbers for the baryon charge multiplets,

Ea'tabl_vished Jp values are listed for each particle; the experi=-

mental references are given in Table VI, The known baryons are
all displayed as bands written .aaaaaaa, BBRPAPRRR., etc.; the
hoped-for ones are written aaaa, BP BB, etc. and stable

stafe_s are underlined, For a similar display for the mesons,

see the next talk by D, H, Miller,
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Masses of Stable Baryons

MeV Q=-] | Q=0 | Q=+1 Mass(MeV)

1320 e ~1321 £~  See text
H 15-”— ' 1316 £ ?  Solmitz et al. (LRL)
1310 —
—_— ]
1200- ‘ n . Barkas, Dyer,Heckman (LRL,Ref.3)
Unchanged»4.4___ ¥ 825 1976+ 0.5 —Raised by 1.6 MeV

1I93.220.7 —Alsoraised-: S p—>= n unchanged

1190~ 3 3858 §  1189.35% 0.15- Lowered 005 MeV

1180-
. e N—

1115.36£0.14 Unchanged, see Barkas and Rosenfeld

\N\/_\/’_\/'\/‘ : ’
940- —Y 93950700l Unchonged see Barkas and Rosenfeld

‘ N ] 3‘*‘—938 213200l
930-
\/\,—N/\/-\/\/\d
' MU-31116

Fig. 1
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BARYONS , possible assignments, Feb. 1963
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A8(2360)
- o I+
0,4, =8, - Observed baryons Ae P // |8=§
0.4,0,0, - Possible recurrences Y :
/ | T
No (2i90) /
/ |
/ I
A iy
a'z :
é- /
| I(Z)b E i
-1700 I . =,.(1972)
. == ;(1660) / :
=,(I
-1600 DO \\ AJ((lzzg: 5, (1872) /J/ : i
. |\ Qy I 7+
-1500 tﬂ*"\:NX(ISIZ) A"UB'S/)/ |13 = 2 |
\ ‘ : / / | |
5 Q3U676) P N.(1688) | |
S stable / [ |
\ / AT |
I /== 7]
5(1530) / e : |
. N l
4 |
/ | .
_ 2/3(I385) | :
| y | |
silaa Ag(1238) | .
lo_ 3+ ’ |
18=% | |
1+ | | .
i ] | = |
L 3 5 z 2 n
2 2 2 J 2 2 2
MUB-1632

Fig. 3a
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BARYONS, B &7 supermultiplets only, alternative assignment

Mass
(MeV)
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w

2200
.

- 2100
4 1-2000

1900

—I1800
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1600 74 M?

- 1500
2711400 B 4g(1405)
- 1300
1200
- 1100
| 11000

Bqg(1640)7

/

N
o

March 1963

— ,m e A= Observed Baryon
3, A = Possible Baryon

o

Iz
835

/
-z, (1660)
(16002
A, (1520)

e
b .

l

N

N, (1512)

(2350)=— or —~ A7 (2350)

17
I~
/

Nm
of (220019 ®
Nn:

Y
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vass POSSIBLE BARYON QUANTUM NUMBERS, MARCH 1963
(MeV)
2400
‘2l200
2000
1800 800
1600, 1600
1400- 400
1200 2'00.

1000 000

! 1'{‘ Y=0 — s i Y:=+|—+j
) (=D A(1=0) N(I=1) A (1=3)

MUB-195I

<
1
|
~|=< -
iR



This'tepbrt was prepared’ as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. - Makes. any warranty or representation, expressed or
'-_implied, with respect to the accuracy, completeness,
or usefulness .of the information contained in this
report, or that the use of any information, ~appa-
ratus,’ method, or process disclosed in this report
may not infringe privately owned rights; or .

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process Aisc]osed in
this report. o : )

'As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such-contractor, to the extent that
such employee or contractor of the Commission, or employee
of such'cdntraétdr prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.



w
I

||t

Lsnoras]

“B





