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Masses of the charmed and uncharmed spin % bvaryon _

4

.1soplet§ are calculated using the dynamical group SU(an + 1). /

The' predicted spectrum agreds with experiment to within 1.T%. .

Sum m.l:s/a.rb obtained and the mg:sses,of the 20  baryons are

®
predicted. *
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1: INTRODUCTION . ' ' ‘l} . (::,>~\\

The investigatlon of the lelementary constituents of matter ‘ !
. ’ has always been a major I;reocg:upation of physicists. \Through
, "* . the study bf cosmic radistion and, later, with the aid of high
energy particle accelera.to:gg, expérimenters digcovered a rich \
spectrum of particle states and resonances. The theory of -
- - unitary symmetry and thé-subsequent development of the /quark
. model contributed significantly to our understanding of this,

4

‘complex spectrum.

-

!

. Currently, virtually all successful theories on the nature \
. ‘a.nd. behavior o? elementary partiglas incipde unitary symmetry
. S Q@

as the underlying principle. The purpose of this thesis is to

employ the method of dynamical ;roups A:;a\JSed on unitary symmetry
tf) calculate baryon masses. The particular calculations employed
- ' " in this thesis are usually referred to as flavour-breaking
calculations, as the symmetry of thel multiplet is broken by the _
! qua.rk flavour rather than by some external mechanism (e.g. angular
momentu::) . l . . ,
/ : | . .o e
g In the procedure outlined in this thesis, the internal symmetry“
group of a' baryon fultiplet is imbedded into a larger group -
corresponding to the interaction Hamiltonian H' . This bresks the | N\
symaetry, resulting in non-degene;'ate magses for the members of that .
maltiplet.

t

It will be demonstrated that not only does the dynamical. °

-

group method predict the mass 'siaectnim of the baryone, but alio
/ . | '
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v - v provides an mguitive picture of the ciurk model
» . ~ ' " "'.
The theory of unitary symmetry and the quark mcdel is presented

‘ 1n sectlions 2‘and ‘3. The ca:l group method is developed in

3 ]

section 4. Sectign’s co a brief note on the problem of
diagonalizing the mass matrix." The calculation of tﬁe baryon
masses is discussed in sections 6 and' 7. Final conclusions are |

+ . presented in section 8. s -
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-ISOSFIN "I" end the third component of ISOSFIN "I3".

2:  CLASSIFICATION OF FADRON STATES

The elementary particles are classified on the “baéis of two

criteria: .0
1) the spin statistics they obey and
f >
s 2). the interactions which affect them.
“ .

Those particles which obey Fermi~Dirac statistics are called

fermions and those particles which follow Bose-Einstein statistics

are called bogons.
. hY
Particles which are affected by the strong muclear irnteractions

Ao

are called hedrons. Strongly interacting feimions are called baryons
Rad

IS

and gtrongly interacting bosons are called mesons.

Hadron states are also characterized by a set of quantum
numbers: SPIN "s", CHARM 'C", BARYON NUMBER "B", RYPERCHARGE "Y" ,
» P :
-Baryons are assigned baryon number B = 1 and antibaryons B = -l.

This reflect}s the fact that in a closed system,' the total nmumber of

, baryons is-conserved. Mesons and their corresponding anti-particles

are aggigned B = O since in any reaction mesons may be produced in
. ° 7

]

any mumber,

¢

e : B
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For baryons (B = 1, s = 1/2, 3/2-...) the following aymbols are

© used: . ' - S

—

] -
indicates &’ stat/e"i‘vith I=1/2endY =1

indicates a state with I =1 and ¥ =0 .

N
z
ﬂ /A 1indicates a state vith I =0 and Y =0
| % 1indicates & state with I'='1/2 and Y = -1 -
Q

indicates a state with I = 0 and ¥ = -2
- In this thesis we shall be concerned with baryons exclusively.

" A 1ist of the baryon states is given in Table 1.

2
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3: UNITARY SYMMETRY | L

Isospin ' .
Since the discovery that the nmucleus of the atom appears to

be compoged of two coﬁstituents, the neutron and pmtoh, physicists

—

have attempted to understand how thege. particles interact with

each other. Noting that the nuclear force seemed té) be c(harge«

Independent ) Heiaenbergl suggested tﬁat the n;a'utron and proton
are actually different charge states of the 'sazge(particle state.

. By introducing a .i’\&ther iﬁtemal degrée of f;eedom, iscspin, he
theorized that the third comi)onent of isospin cor':reé;/)ondsg to the
charge states (in analogy to o\;rdinary, spin). :

Alt};ough the symmetry is 'exact for the strong intemﬁon,
it is bmiten by the electromagnetic interaction re‘sultiqg\ in the
slightly larger mass of the‘ neutron. <, ‘ .
‘Mathematically, the Pauli matrices T, are used to }epx;eben*q

the isospin states:

0 =1

o

7 As the ligt of elementary par’q'icles grew, néyr additions were
"found to fit the isospin scheme. The new particles'appeared in ’
"families" (called isoplets), differing only in charge and. slightly

in mass (see Table l)

3

It was later recognized that the mathematics used to qpcpla.in
<
the propertigs of the particle states through isospin was the same

-

’
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as’ that used in the description of Lie groups. The Pauli matrices’
[

1
unitary unimodular ma.trices .

7. are generators»of the Lie greup SU(2),'tI;e groupfof 2X2
\ : .

It was this knowledge that led Gell-Ma.nna 3 ‘and others to

pohmla.te ‘that the group-theoretical scheme could be extended )

%

. further than isospin.

o | a
. su(3) & _
Under SU(2), families of particles (isoplets) are considered
degenerate under isospin. Similarly, Gell-Mann proposed that larger
grotps of particles' (families of isoplets) were degenerate under
vhat he termed unitary spin SU (3). This extension to SU(3) requires .

the introd.uction of a new quantum number, hy'perche.rge =Y. Y is

defined by the Gell-Mann - Nishijimas relation

. Y=2-1, - ) (2a)
The hypercharge Y can also be defined by the relation
Y=8+B . A (2b)
‘ The guantum number "s”, s:brange':'xess , 1s assigned phenomena~ .
log:[call.y‘ 1’:L'om~ i;he selection rules for the weak in'i:era.ction.
The SU(:;) symmetry, howevér, i{s more badly broken than that of
_ su(2). Isopfl.et m;au‘ splitting 1s of the order of a few MeV or about

'1% of the ‘particle mass®Inder SU(3) , however, the splitting is of

. v 4

the order of 100 MeV or more, a very a.pprecia.ble mass difference.

3 o
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The gehera.tors (11isted in Table 2) obey the Lie algebra

[/\“k'ln]fa;r‘ A B

kn v

.

with the structure constants Fkn listed in Table 3. We associate .
\'s

the generators of SU(3) with the quantum numbers of the particle

states as follows: {
I =1/2 3.3 | R : (k)
Y = ‘Vl/3 /\8 B - ’ ‘ (5)

Y

A major consequence of unitary symmetry wag the development

. of the quark model which will be explained in the next section.

7/

i

The Quark Model

As the elementary particle list grg:w, 1t became epparent that
not all of ¢hese pawpicles should be considered fundamental. The (7

first model to include the strange particle states (that is,-
particles with non-zero strangeness) was that of Sa.katas, an N

extension of an earlier model of Fermi and Ya.ngY. '

The Sakata model proposed a fundamental triplet composed of the
neutron, proton, and lambda, with all subsequent pé'.rticles constructed . .
from the ntal triplet. :

[

5 . Mésons would be formed by a triplet enti-triplet pair (q,3) to

/ :
congerve baryon mumber. Baryons ’would be formed from two triplets

‘and an anti-triplet (q ,q,ﬁ) , again to conserve bfg.ryon number,

SRS RO WS TR L SR L W e N 2

SRPFEU I, B SPRL RN
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- Kronecker produc_f :

-8 - ] "

Although the Sakata model pmvi&es a good description of mesons,
1t does mot ‘work in the case of the baryons. Particle s.tat;s are
predicted thatv.a:re not observed .by-‘experiment (e.g. states vith
S = #1). :

Despite this shortcoming, the Sakata model is still attractive
due to the economy of the basic triplet. It is this desirable
simplicity vhich led Gell-Mamn and Zwieg te_prbpose the quark. _
-model. ‘ '
.The quark model begins with a basic triplet of quarks (u,d,s)
with each type of quirk (u,d,s) referred to a;;i’la.vours. Each

\ ;
has baryon mumber B = 1/3,\and a non-integral charge in accordance
with equation 2.  ° | .
The quantum numbers'of,thel u,d,s quarks are listed in Table k.
;Ip. the wnitary symmetry scheme the quarks correspond: to the
fundamental triplet (3) representatiog of SU(3). Anti-quarks
correspond to the 3 represen'l;ation. "
Megons are formed from q;.m.rk-anti-qua.rk pairs. Taking the

Y

f 303 =103 “ (6)

. Again taking the Kronecker

N

Baryons are formed b:v 3

product : . i . :

3 Q3@ 3 = 8 @8 @ 10 | (1)
yielding only’the observed octet and decuplet (see Figures 2, 3).

»

The-quark wave functions of the baryons under examination are given

in Table 5. ) > )

i

- ter . w.



Y SU(4) and Charm
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With the discovery of the new heavy meson and the J/ ¢ in 197k,
it became necessary to further enlarge the scheme of unitary
symmetry. An enlargement to SU(4) with-a new qua.ntum number, charm, C,
hed a.lreudy been proposed by se;reml a.uthorslo . 'Qne theoretical
argument required that the mumber of quarks equal the musber of |
leptons. Since there were four léptons (.e_,Ve’;L R ), there should
be a fourth quark. -

The geqei‘ators of SP(4) are 1isted in Table 6. Again the

generators cbey the Lie algebra:

Ly A ] =2 ZF 8
[ A’k , A n v kov A v ®)
with the structure constant F listed in Table 7. We can equate *

&

knv ) A
e qua?%um mumber C with the generators of SU(L):

/'C = l.(h (Ao'.\fs-/kls) j (9)

We re-define the Cell-Mann Niéhﬁima. formula (equation 2a)

AN . e .
ﬁa.nd 'the quantum number for the hypercharge as follows:

YJSS"'B-C - (10)
Q=1

s+1/2@+s+c) - .

-

Therefore, to clagsify the baryons and mesomns in SU(L), four
quantum nunbers are dsed: charm, hypercharge, total igospin, and the

third component of isospin. The same symbols (l?, /\, Z, «v.) are -

"used as in SU(3), indicating isoepin and hypercharge, with a

S e et
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superscript iadichting the cHarge state and & subscript indicating

charm. For examplé, the symbol /\:, aign.ifies‘ a8 lambda particle
(I=0,Y¥=0) withC=1eamdQ=1. * (

We now have four qxlza.rks: the u,d,s quarks as in SU(3) and
a new quark ¢ corresponding to charm (see Table h)

Again, we take the Kronecker product for the baryons (nee

appendix 1): ° |
L d

L@ @4 = 2o @2om®20m®'11 (1)

A YN -
Thus in terms of the guark model we expéct the baryons to
occur in multiplets 20m (mixed symmetry) and 205 (totally symmetric)
and anti- I plet. ) L

The 20m-plet decomposes to SU (3) multiplets
é0m38®6@'3'@3 (12)

, The 8 of the 20 -ple‘t is simply the basic octet, withC = o.
'I’he63nd§ha.veC-l,andthe3hasC=2 ‘

The quark content of the 20 ata.’ces are listed in Table 5,
“and the states are listed diagrammtiea.lly m FMgure h

Again the symmetry under SU(L) is not exact. Indegd, it 1s

more badly broken than that of SU(3), since the mass of the

lightest charmed baryon is more than twice that of the unc

lambda. - ‘ /
l} .




ot e ss em

®

+

L: THE FINITE DIMERSIONAL REPRESENTATION AND THE MASS OPERATOR

Q

T~

: 11
Gel'fand and Graev give a method of determining the

. . - n
irreducible 'representation of the Lie algebra L. of a

. n Nl 1 ' n
rinite-dimensional group G-, GnDG,, ... G . A basis forL

is the set of n-dimensional matrices e,, with elements

ik

(ey1)on = Osn Om. 2
The a.lgebra L is defined by the commtation relations

:eik’ ek'p] ;\éip ' ) for 1 ¥ p
“~ ;eik’ °k1] T %ML T,
_éi.j’ek'pl’o for 1 £p, 34k

to gi a set of cperators E‘kl satisfying the commutation

lations .
[Eﬂ, Ekp] =By . for,ifp
[Eik’ Exi] =By B :
[Eid,nk_plso\ o for 14p, J 4Kk

If only the operators E, sk k-1 Ek_l x &re.considered
the following commutatidn relations are obta.ined

[Eﬁ.: Ekk] =0 |

Eigs By k-l] = [E‘Li; Be-1,k ] =0 fori k-l

Eii) Ei {1 ] z‘ [Ei’inl, Ei-l,i—l] = Ei,i-l

By,11r Biag,e ] = Eig Bigian

Ei,i'l’ Ek-l,k] =0 A _ for k ¥ i

¢

%
| [31-1,1-1' E1--1,;1] = [31-1,1» Eu] =B,
[
[
[

’(13)/'

n
Spec ng a representation of the algebra L 1is equivalent"

@)

as)

Eii-l’Ekk-] = [«%-1,1:%;,1;] =0 forkfitl

/-
. %/’4
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If the operators By Ek k=1’ Ek-l i are glven any operator Ek,j
nay be constructed by use of. the rela‘cions

 Bekep ™ [Fk,k,-l" Ek-l,k-p] , |
) g vhere J = k-p (16)

P
F-p,k-1° [Ek-p,k-_-l: Bl ]

. ’ . ' ! . ’ ""*-’\
s Now eVery finite-dimensional irreducible representation of

n
the Lie algebra L 1s specified by a set of n integers

m > m1n>' m .- As an orthonormal basis (a set of orthogonal

~

one-dimensional subspaces) we use all possible triangular arrays

referred to as the Gel'!fand - Cetlin basis:

mln man sessssesssccse ‘ mnn

| ™,n-1 m2,n-1 R S9-S5 ,
§w = |- (a7)

e® 00 PO OPOOBIIOERS ]

“
. ™1
.
[+]

vhere the mi 3 are integers satisfying the triangular inequality
7

b !

—

‘ Ty Z m1,:.-1 2 Dy4, 4 . (18).

t

These arrays correspond to the Young tableau for the algebra
L _ of the grcup U(n)

1

— min boxes .

- u:al boxes

E : o (19)

' ’ - - boxe
J o o




In these arrays the top row is fixed, labeling the representation. '

For example, for SU(3), SU(4) DsU(3) and n = 4 vhere n is the

dimension of the representation. Therefore the basis element is

Wy Mg Wy Wy,
Lw-| =3 3 w3 -
M2 M2 ‘
o | | o

and m) 1s set to zero to preserve unimodularity.

. Then the top row corresponds to Yémng's tablesu for SU(L);
the next,row to Young's tableau U(3), a subgroyp of SU(4); the
third to that of U(2) C U(3); and the bottom row to that of
u(1) C u(2). \

Becauge every lLie algebra Ln is specified b}; the get of
parameters % > mi; >m  i=l,n then a particula.r Su(3)

multiplet is specified by the elemen‘ts n3, m23 P m33

¢\ For an SU(3) octet representation the basis element would be:

'Y -

B Mol B3l 0

Q\\ .| W wT

Mo Moo *
m
11

\ . L

th the two bottom rows accepting all admiséi'ble values by the '

| fri\ang(:lar inequality (equation 18). ' ,

\ The lowest possible value for myg is myg =2

as mi~3-2 20 (equation 18).

0 ' t

.
.
\ - ¢ ) -
- . . N n

(20)

(21) -



.~

- 14 -

/
Therefore the Young's tableau. would be: , )
- —_2 bOXEB m13 = 2
- ' | . = —1 box m13-1 = l
« 0 - o= o
. ° boxes m13 2

To recapitulg.te! we have a “large scale symmetry scheme SU(n)
_ sﬁ'(n) Du(e-1)...u0(%) D Uu(3) Du(2) Du(1)

Y

.

Therefore:
U(4) multiplets are specified by fixing the fourth row
U(3) multiplets are specified by fixing the third row

U(2) multiplets (isoplets) are specified by fixing the
gecond row

U(1) the particle states, are specified by fixing the first
row, the perameter m.l.l

I

The quantum mumbers of a particular state of SU(4) can be

* expressed in terms of the elements of the array m, j as follows:

C=my +my oy - (myg * myy ¢ o)
Tempy tmy =2 (my + ooy tmgg)” /3
Ix(mp-my) /2

Ig= my = (mpy +my) /2
’q-i3+Y/2+2/3c

1
" The operators Ek.k’ Ek k-1’ Ek -1,k are defined asg follows:
13 By §(m) = (v, -7 ,) f_(m)
where & (u) is @ Gel'fand - Cetlin aray amd I = my +...mg

forkzl,n;\rqso

(23)

B

(2k)

-
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13

. I TN k—l kely b '
E = . o’ .
2) K,k §(m.) a1 §(mk-1) * §( i) : (26) oo
1 - '
where § (mk_l) 1s identical to the array § (m) exced{ that the ‘
the element mi,k-l is replaced by mi,k-l'l and
, - 1/2
K . K .
I (mypemy gt + 3+ ”El (B o™y et * )
Je .
= | (21)
-1 k-1 ., .
o (my -m Jerp Tt 1) (my gy gy Lt d) :
14 -
. ‘ ‘ . »
1 1 k-1 & k-l
3) B, § (m) =%, § (myzy) «e bk-lgmk-l) (28)
. P . \ . . q .
where §(mk-1) ig the a.rray §(m) but with the lelement B el .
replaced by mi,k—f 1 and | ‘ - /
14
1/2
K : K=2 (
Oyo1 ” - (29).
T n, -1 +3) -t )
- - - - + -
11;'1.1 LR RV eL s UL L TR LI ,
The Mass Operator
' : -~ 12,13 N ‘
Consider a Hamiltonian H of the form
Ha nol + Hoﬁeld + | ’ (30)

'

where Hol 18 the free particle hamiltonian, an operator whose

eigenmnctiona are the particle states before and after )the emission .

v field - ' '
of some field quam:a. Simiiarly, the free field hamiltonian H

\

is an operutor corresponding to the qua.ntized field aft e émission \

AN

of some field quanta and H' 1is the intersction hamiltontsf. e

i

J

©
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12 .
Following Kalman 13 , we suggest the form of H' be
/
H' = a M p
1= 13 1 , (31)

g where 5.1 j are creation operators for mesons and M, , are meson

1
coupling mat/rices. ,
For SU(n) and the quark model the operator M:LJ may be
, represented as a pmduét of the n-plet and the anti n-plet
quark ‘repreamtations » gslnce the mesonic states correspond to
a quark anti-quark pair.

Let q and q, k = 1,....0 be elements of that representation

and A:LJ 1,J, = 1,....n be the generators of SU(n). Then:
. . [Aij’ Am ] "aim Akd - 6Jk Aim i,J,k,m = l,.no.on
o ‘n & .
] ) . /1 igl Aii = 0 i = 1,..-.!1 ;/
. (32)
N ;_ v [Aid’ Qk ] = 61k qJ i,J,k = 1,o.o.n‘ s r

- /
[Ai,j"qk'] .- 531; T i,k=1,....0

To close the algebra the following dynamical postulate can be made:

5

[qi,’ij ] = 0 51,1 An+l,n+l -AJ:L) 1,33 1,....n (33)

¥  shere 0= +1 corresponds to the Lie algebra of SU(ntl),
" @ = -1 corresponds to the Lie algebra of SU(1,n), and
f = O corresponds to the Lie algebra of T, (© 8U(n)

g (vhere K =:2n + 1)

v

* and An+l atl is a diagonal generator needed to complete the algebra
H




: of SU(n+l), SU(l n).
The group T ® SU(n) cannot be considered as its use will
12
not predict elementary particle transitions.

For our purpose (baryon mass spectroscopy) either SU(1,n) or
13

SU(n+1) will result in equivalent results. Tn this thesis we

‘shall consider SU(n+l) only.

In accordance with the hypothesis of unitary symmetry and

equations 31 - 33 .l(a'l.nn;'-.nl3 suggests, & mass formula:
u(m) = ¢y + <Eml T 70, I §@>

vhere CO is the degenerate eigenvalue of the free hamiltonian and
the term

<f{@| ¥ q7c0 1€ @>

1s due to the interaction hamiltonia.n H', representing the symmetry
breaking mechanism.

1~

"Since the internal symmetry groups for the baryons is SU (n) ,
then the dynamical group will be SU(n+l). 'I.'he particle states
§(m) are represented by the Gel'fand - Cetlin basis for SU(n+l).

The opérators > 'c'jJ are the operators of the Gel'fand Cetlin

basis: “
qi-Ei,nﬁpl 1'1,...,11 B . . " .
EJ -E .J ’l‘,oooon

n+l, ) _ ’ ' )

(34)

(35)

oy CAMEEASE

e

FRETER TR VL



- " ¢ e A -18-
/ ‘ 4

R

Specifically, with SU(3) as the internal symmetry group

B3 —- Bap = ® _ )
o By, — W Byy — v X (36a)
> C T By, — 1@ LBy - ¢

L3

and with SU(4) as the internal symmetry group .

, Esp — T By~
B — 8 B — 8
5,3 3,5
5 . — ¥ o (360)
5,2 o Bas
Es’i. - 4d- El,s d

The constanta C4C j are associated with each quark, anti-quark

. - .
. operator C e

P qi, q j. . 0
For SU(4) the first order perturbation mass formula

corresponding to equation 34 is

1 M(m) = CO +-Eh<§(m)| e 'E,|§(m)> +'53<§(m)l 88 ’|§(m) > ('371) g |
o L@l wE [f@> +T<EmT aT {f@>

) & . )
and for SU(3) the coxrresponding formmla is ’ (/f““

M(m) = Cq +‘53<§(m)] ss l§(m>+ca<§(m)l du |§(m)> (38)
= T <l 2T [f@> L

. 1420 , |
- ' The success vhich Kalman experienced using these mass
form@lae motivates us to consider the full mass matrix (equation 34)

with element

% | : Mm...<§j:(m)|(:0‘4- Z c,c qkq_p l§ (m)> | '\ (‘?9)

a

o

et
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vhere the fi(m);’fa‘(n‘x)ﬂ.are 'SU(nfl) Gel'fand é.rrwp

A
.

représentigg

‘ S . |
the states of a given SU(n) multiplet, and Cy, C,, Chr G

are aspprevioully“ defined. It is clear that the mass formulae

equations 37 and 38 are simply the diagonal elements of this matrix.

’ -
v
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« ° 5: MATRIX DIAGONALIZATION -

\ P §
.+~ The mass matrix element is of the form

o . n -
X Mﬂ = ﬁil Co +k’§,1 ’Cka )qkqp l§J> (o)
The problem becomes one of fitting values for the constants
Sy Oy O that il ield elgenvalues corresponding to known
- particle‘masses, ‘thereby making good theore‘pical predictions
for the as yet unobserved (higher-energy) st’a.te:s. _
' The eigenvelue equation leads us to & matrix.-M' = M - A_I

~ ) with elements’ X
l@{a -<§il c, +k’n . ¢, qkap "‘:v c |§9> (1)

- We note C, occurs only along the matrix diagonal as

v

-

’ <§;1 col-é“1>=co Oy : coo e

the basis, § 1’ § 3 being orthonormal.

/ - N -
. <«

1 ° ‘ v
: . Therefore we re-write equation 4l using ' \{
! ' f

< and the matrix element becomes .

S G VRN

4R (Lesan 16> e



" Therefore -

¢

R

Now we factor one of ‘the constants Cv out of the matrix by

\\\ L4

1) setting C, =X, C, -

with X, =1lifi=v

170 ‘o
2) we write )."=/\,/gv2=(l-co)/cv2‘

-

< ¢
%

u T ! ' . %
2, - 2 ‘ _ > :
My o Myme <&l -4 "B 5 b 1€,>

The matrix | Mﬁ | explicitly contains two less constants

c.,C 4 X
( 0’ v) than the. matrix ilmmll. This facilitates fitting the

... elgenvalues to the baryon mass spectrum. o

A}

The matrix may be further réduce& by setting the constant:.s
essociated with the up and down quarks (C, , C;) equal. This sets -
the a.cti'on of‘the up and down quark operators equal and results in

L 15,18
the elimination of isoplet mass splitting. > We can then

reduce the dimension of the mass matrix to that of the mumber of
) c o
,isoplets in the multiplet. For example, in the ’*gse of the baryon

octet, the matrix is reduced from an 8 X 8 array (the number of
particle states) to a 4 X L array (the musber of isoplets). -

The eigenvalues r, resulting from these "reduced" mass

- 1
matriceg are associated with the mass eigenvelues as follows:

A

’{; = (AsCo) /cva -
Ay =Cy+ C



6: © CALCULATION OF UNCHARMED BARYON. MASS . \

R it sl L AN Aol

, ]
]

As a first e’nmple of the use of the Gel'fand basis and the

'mass operator described in ‘section ll» ve will emine the octet .

of the uncharmed baryons. ‘rhis case was studied by Ka.lmnlh 15

&
/

in the first order in several ers.
|

We begin by describing the Gel'fand representation for the

octet. In SU(4) the basis is in 10 pa._rameters.

For unimodularity ve set my, = O. The third row is. fixed to label
an Qctet representation:\ m8 = m13 -1 ; m33 = m13 -2.

The parsmeters in the bottom rows.are set in accordance '
with equations 18 and 24 and are 1isted in Table 8 with the
particle states to which they cemspond. , |

' We now form the mass matrix according to

M= <Eil oo+ k,él ©C5) By, By |§J>

The operators Eyy » By are the quark anti-quark operators
defined in equations 35 and 36. The elements of the matrix are of
the form . . !

MU = C, ‘51.1 + Fm (cl, Cp c3, a,B,7)

*

(48)

(49)

(50)

—— e



/

vhere the term Fjjisas ¢ Arithmetic expressgion in terms of the
constauts C,, Co, C3, and parameters !, B ,Y . These parsmeters
are the coefficients defined in equations 26 to 29, resulting from

the operators Ekh El&p with ’

Q= (m Pt -1) (ml3 m ) (m13 m3u+l) (m13 -2)

B = (mu 133) (m, ), 1372 (oo 2, L) (“'13) ' (51)
Y= (m)-= 13 +5) (m m31+) (m3h,m 3+3) (ml32

Owing to the triangular inequality (equation 18), there are
only four possible assignments for my,, mgj,

® my tmy  my, = myel .

®) my, = By M3y = 32 R " (52)
et T Ea |

4) may = my3-1 B3 = B3-2

Of these, only cases a) and b) are suitable for representing
the ‘ba.ryons.21 Case c¢) provides a description of mixed states of
baryons and anti-baryons. Case d) is suitable for‘a description of .
mesons. ‘ B

In the first order mass calculation case b) results in
non-positive integer solutions for m13 » My .12 This viclates '

the triangular inequality equation 18 as m, = O. For this reason

only case a) will be examjned in this thesis.

W s Sy e e b
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. - each isoplet N, /\; Z,E

AN

’ -

v

Usi;g ‘case a) o= (3= 0, resulting in only one paiameter

o Y= 8(my)-m ;%) (m;;-2). The constant C, is then written Dy =C,Y .

The elements of the matrix are :‘Listed in .Table 9.

Following the method described in section 5 we define . . |

v | BY 2 - S :
. /{i - ()'i = co) /n3 L ‘
' Xy, /sy o ‘ ' (53)
x2=D2/D3 . ) ' ‘ t. ‘ ‘ ”

/ Also as in section 5, isoplet mass splitting is eliminated by setting
X = X; = X5 . The matrix is consequently reduced from an 8x8

. array to a b X 4 array (£igure 5).
The matrix is diagonalized mmerically in terms of the free

. . ", . ’
parspeter X, and the eigenvalue /L is fit to the.average mass of

The best fit occurs for X = .27 with = -

\
'

rl = ll-. 68%

- 6.8303 .

: (54) :
70%93 . ¥ / b “ . . . J

v, = 9.9537 i - ER
. andDB = 66.6 Co = 6h2.5 e . 4

The 1ist of predicted mass values, the experimentally meaiured.

masses, and the % error are given in Table 10.
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result in the Gell-Mann - Okubo
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The mass formula is expressed as

' nlaki;co+n32{}\,_ . : - (55)
Kalmen developed a similar mass formula 14
M( @) =cy-ha B( §(a)) | (56)

vhere A is a constant, a is a term dependent on the parameters
- ¢

of the first row of the Gel'fand - Cetlin array and

/

B(E(Z)) = 3
B(E(A)) = 6 |
3(€(N)) = 8 )
are the terms B ( f () ) calculated by considering the action
of Ey), Eyy (s 8) on the Gel'fand - Cetlin arrays.
From equations 56 and 57 two mass formulae were developed: |
i
M(N) + M(EN/2 = w(A) (s8a) . |
(A + MCEN/3 = ML) (50) o

vhich are satisfied by experiment to within 5 %, and, when combined, _

6
3 mass formula.

1/2(N) + M(Z)) = 3/4M(A)) +1A<M(Z> ) (59)
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.

Using equations 54 and 55 a mass relation is derve}éped \

(corresponding to equation 56) '

M(A) = (.2o7h7 M(T) + ..702531 M(N)) /2
vhich 1s satisfied to within 1 % by experiment.
Similarly, we can develop another mass relation (corresponding

to equation 5T)

M(Y) = (188679 M(A) + 11132 M=) ) /3
vhich 1s satisfied by experiment to within .22 % ervor.
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T:_: CAICULATION OF CEARMED BARYON ‘MASS
. . ) |

“

) f \
As shown previously the SU(4) baryon miltiplet 20 1s
composed of the basic octet, triplet, anti-triplet, and sextet.
'The Gel'fand basis is of the-form

D5 s B35 M Hgs

. I n m m

S - L (62)

"Here 55 = 0 to préserve unimodularity. . /-

© The 20 18 represented by the Young tablesu
C ) )

--uLmz 2 boxes

-%

- - L 1box , ' , ¢
= 0 boxes .

{

- M
3n
R

- o,= -0 boxes

i

and the Lie glgebra is specified by the integers |

= m2n+1 = ".'321’4'2 -....mm+2. Therefore thg\aom is labeled b'y

getting By, = mlh'l’ m3h = m1’+'2’ my), = mlh'a,' The Q‘eminifxg
parameters are fixed in accordance with equations 18 and 2k :to

H

label the particle states (Table 11).

T T I N U - Jpr g
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e



The elements of the mass matrix are cplculated using

o Lo |

/ . |
The MiJ have the form
pid - ) Co (51’1 + FiJ (cl’ 02, 03, C}I;, ai, .B, Y ) (63)'

Again the term F,, is a simple arithmetic expression with

1)

T Hym ) (gemy) (om0
B (mpgomy43) (mpgoay#2) (mygeme2) (mp22) e
Ve (mgmyt) (mpgmms) (mygemeh) (my-2)

The parameters of the top row Dys5» Dog, m35,' ';‘1&5 can only
be given the following four assignments (due to equation 18):-
- ) !

8) myg =y, T e Ve Tys = Pyyn2 -

~b) m‘25 = mlh.l 1113S = mlh-l mh'5 = mlh-z " (65)
¢) By =y, 35 = M2 M5 = Dy

Homg =yl mgmmye2 mg e | '

In the first 'order calc{zlation,l6 cases b), ¢), and d) result in
egsentially non-positive integer solutions for ’”15 and By e This
viclates the inequality equation 18 as mgg = O. ’mmx:efore the
conditions of case a) are applied in this thesis.

Using case a) O = 6 =0 &Dd

Y= l5(ﬂiu-2)- 9m15-mlh+6)

The parameter 7 1s incorporated in the constant Cy; by setting

Dy=CyY



)
=29 -
To eliminate Lsoplet mags splitting we set C; = C,, reducing
the matrix from a 20 X 20 array to an 11 X 11 a.rrey.l6 T}:e elements
of the reduced matrix are listed in Table 12.

3

Using the method described in section 5 we define

A.”"' ( A.“ Co) /le :
x -n3 /D,: . (66)

The matrix is then diagonalized numerically in terms

¥

of the two
% ' ”n ,
pl/lmeters (x, y). The resulting eigenvalues /k are fit to 7he_

. magges of the five known baryons 1in this m\]lltiplet .

We find the best flt to the experimental data occurs with
, the parameters x, y fixed,to x = .098 and y = .026. The
eigenvalues for th%s it are listed in Table 13. Again the

eigenvalues are re'lated to the particle masses by the relation
M =C_ +D,° | (67)
g =Co*Dy 7y T

m predicted mass spectrum is also listed in Table 13.
As with the case of the uncharmed baryons, we can use the -

eigenvalues to develop the following mass formulae:

M( ) =1.69565 M( T, ) + 30435 M( N ) (68)
ML) = 621 M(=)+23713 M(N\) . . (89)

Equation 68 is satisfied to within 3.5 % and equation 69 to
vithin 3 %. '

!



8: CORCLUSION

In this thesis the dynamical group methg}?as employed to
calculate the baryon masses. i@ot only did tl;is‘ method yleld a
mags spectrum, but the discrete representation provides a clear
‘picture of the quark model.

ﬂIn the case of the group SU(4), 'which was used to represent the
uncha.med 1} baryon octet, the predicted mass spectrum agrees with“
experiment to within 1.7 %. Also, two mass sum rules were developed
vhich are gatisfied by experiment to within 1 %, a significant
improvement over previous calculations. Therefore, the dynamical
group method is a satisfactory representation of the SU(3) baryons.

However, when the dynam:l.ca.l group method is employed in
representing SU(4), the results are not as encouraging. Although the
predicted mass spectrum agrees well with the known mass spectrum,
the relatively large masses predicted for the charmed bax;yons geen
to be incorrect. Mass calculations using flavour independent quark

pq‘bentialsaa’ 2h have predicted much lower masses for cha.méd baryons.

In recent experimental work, Baltay et g:l_asdiscovered a
L . state at 2426 MeV, the spin of which is mot yet established.
Since the spin % Zc 15 predicted to have a mass of 3200 MeV in our
model, the detemilnatipn of the sl;in of the Z c(21&26) will be a .

' erucial tes'é of the validity of the m&el' presented in this thesis.
. R ,
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TOUNG 'S TABLEAU®

Young”'s tableau is a group-theoretical method used to compute

the effect of permutations on a gystem of n identical 1nteractin§

4 ’

particl;n in different states.
Let-us consider a system of two identical pa.rtiéles in gtates u
1 or 2, with a total wave function  ¥/(12). If there is no
.particular symmetry under the interchange of the two particles
then we/ can comstruct a totally symmetric state Y/, and a totally

anti~symmetric state Iﬁa ag follows:
N

Y= V@2 + Y(a21)
va = V02 - ¥(2a) : .
. Y(@2) =P, vY(2)

s

" vhere B, is the transposition of particle states 1 and 2.

If we use the method of Young's tableau each particle is

represented by a box D s with a symbol in the box to represent

the state which the particle is in. Boxes in a row represent a
symmetric state; boxes in a column represent an mti-'smaﬁc \\

( ‘ gtate:

! | v, - . | g, -

' ’ We can determine the’ mumber of states corresponding to each .
‘diagram by putting the symbols in the boxes corresponding to the

states of the individual particle.




vhich is a triplet..

‘e . - .
Y

v
o PR s
il N dm g i s R

n
|

which is a sin?.g’t.

3

This 1s known as the standard arrangement of Young's tablesu:
. the possible gtates are mnnbered by positive integers such tha.t
. the numbers d0 not decrease in proceeding from left to right in a
. row, and increese in proceeding from top to bottom in a column. s .
Y = Mg system of two identical particles can be described as the

A
a

the prod/uct

]

D@D @

vhich is e'qdivalent to the Kronecker product

9 s
3

2 ® 2=1 0 3 . 5

°

The dimension of a given tsbleau is determined by the - Y

. standard a.n‘a.ngement. ' ’
Using the quark model, we have systems or three identical -

particles for baryons or particle anti-particle pairs for mesons.

j T . : - .
- These particles can be in three states for SU(3), or four states

—

~ for SU(L). . SO T




" -obtain
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il

o=

f33-

Al

Loéking at the products of three identical particles we

N\

@

f@

@ _

Each of the tablesux corresponds to a particular SU(n) ml'f:iﬁlét

for SU(3).

¥

~J0-plet

— octet

— Binglet

vhich is precisely the result of the Kronecker pz*oduét

3;®3®3=1’@8®§@"f10

For SU(k)

3 °

a.gt/tix; the equivalent of

-:h“.®h®h'52°s@2°m@2om®°z

a

AN

£

J

3

ko
.
]
¢
—
L
¢
'
-~ N
.
t
a
et
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 TABLE 1 BARYON PROPERTIES
¢ PARTICLE s c I .7 ¥ Q MASS® (Mev)
P 0 o 1/2 1/2 1 4l - 938.38
N - 0 o 1727 -1/2 1 0 939.57
0 ' " ' #
A -1 0 0 0 0 0 1115.6+0.1
- ]
Y -1 0 1 -1 o -1 1189.4+0.1
0 b ' B ; ’ '
5 a1 0 1 0 0 0 11192.5+0.1
. .
)M -1 0 1 -1 0+l 1197.5+0.1
=° -2 o 1/2 1/2 -1 0 1314.9+0.7
= =2 0 /2 -1/2 -1 -1 1321.3+0.2
3 + v *
Al 0 1 0 0 0 1 2257
0 . ,
e -1 1 /2= =1/2 -~ 0 -9
E. s 1 1/20 #1/2 -1 4l ?
++ . . ' .
y 0 1 1\ 1 0 2 ?
c o \W .
+ .
28 0 1 1 Y 0 41 ?
N 0 1 .1 1+ 0 0 ? -
c L. .
E -1 1 1/2  1/2 , -1 41 ?
= 0 1 h ) ?
E o 1 1 /2 -1/2 -1 0 . ‘
Q° 2 -1 0 o -2 o0 ?
+ ¢ . '
E e 0 2.7 1/2  1/2 -1 % ?
Ee o 2 1/2 -1/2 -1 41 ?
* Q%o - -1 2 0 0 -2 41 ?

-

3
o

Particle Data Group, Phys. Lett.

®

I58 , 1 (1978).

r4

i



| -35-

. TABLE 2

S
Generators of SU(3)
0 1 0 0 -1 0
A& =11 o o 12 ={+1 0O © 13=
0 0 O ‘. O 0 O
0 O , 0 0 -1
o //_»«~-)~5 = © 0 6"
. o o/ 1 0 o
0 ©
0 -1 s
: 041 ©
/
TABLE 3 )
NON - ZERO STRUCTURE CONSTANTS
KNV FknJ
123 1
. \
k \ 1/2 i
' 172 | -
1/2
1/2
1/2
367 -1/2
[’ P ) 1
458 AF/2 .
678 NEYERR \
8 fhe F are antisymmetric undér the permutation of

. —knv

‘anv +wo dedices.

s o on

e -‘-
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.TABLE 4 : - : '
PROPERTIES +OF QUARK
FLAVOUR I I Y 4s ¢ Q mass * -
u 1/2 1/2 1/3 0 0 2/3 336
d 172 -1/2 1/3 0 o - -1/3 339
s o -0 -2/3 -1 0 -1/3 467
c o .0 -2/3 0 1. 2/3 1550
|
. ~° TABLES5 . - ' , | ” |
,} | .
. w BARYON WAVE FURCTION - . o
) P (2uud -udu -duu) /'\fé’ : °
N (udd -dud -2ddu /6
I A ) 9 (usd + sud =-dsu —sdu)/'2 ‘
DY (2dds -dsd -sdd) /Ve6 B i
0 : .
) (2uds + 2dus -usd -dsu -sud -sdu) / V12 i
. ) * (2uus -usu -suu) /V6 2
| E” (uss + sus -2ssu) /6 %
- %
- = (dss- +_sds -2ssd) / Ve S :
‘ |
’ A; . (ucd + cud -dcu -cdu) / 2 ¢
: . ) ' ’IEZ; (ded + cds - sed -csd) / 2. :
? g @ + ' '"{
Eaé . (ucs + cud -scu -csl) / 2 S ' -

/ 3
-~

% These are estimated effective masses of bound -quarks.

\

{

e - e
—

»
*
ANy PR R Dt i B T Bt




-BARYON

R I R T

N =37

—

WAVE FUNCTION

§1L8 85

+

(mméemu—mm) /\[6 .
(2udc + 2duc -ucd -dcu -cdg‘-cdu) / V12

(2dde - ded -cdd) / Ve

R (2usc + 2suc - ucs —scu - cus -csu) /[ V12
E:c (2dsc + 2sdc —-dcé -scd -cds -csd) / Y12
. Q: s on (2ssc -scs -css) [/ V6
> ‘ .
E;g (ucc + cuc -2ccu) /76
mt (dee . v
Eec (decc + cdc =2ced) /Y6
+

ﬁ%c (scc + csc'=2ces) /Y6

% —

NOTE:, The subscript a or s indicates a state which is

indices.

anti-symmetric or symmetric with respect tg the quark

- /

PR A P

PO

PR

|

-
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TABLE 6

GENERATORS OF SU (4)

O O O O

O O O O

—~ O O O-

o o oo
© o qo
© -~ O O

1
o
0
0

o + O O

O O ~ O

o © O O

© O O O

—~ O O O

o O O O

O O O O

C O O -




e

" TABLE

STRUCTURE CONSTANTS FOR Su(4) ®

. indices.

© ® O ® A N O G U DA DA ®ENNE RN LN

e
w -~

1/(2 V3)
1/(2 V3)

N Fknv
2 3 1
i 4 7 1/2
' 5 6 -1/2
\ 4 6 1/2
5 7 1/2
4 5 1/2
6. 7 -1/2
5 8 N3/2
7 8 V3/2
© 9 12 1/2
10 11 L=1/2
9 11 to1/2.
‘ 10 12 1/2
‘ 9 10 1/2
11 12 -1/2
9 14 1/2
10 ‘13 -1/2
9 13 1/2
10 14 1/2
11 14 1/2
12 13 -1/2
11 13 1/2
12 14 1/2
9 10
11 12
13 yl4 -1/
10 15 V2/3
12 15 N Vz/3
14 Vz73 |

& The F, . are antisymmetric under the exchange of any two
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TABLE 8

GEL'FAND ARRAYS OF SU(3)

The Gel'Fand pattern for an octey

Mg

with the bottom 2 rows as follows:

m%s mlSTl

mi3-1

B,

——

e nb g



SU(h) MASS MATRIX FLEMENYS /

Mj_J' <§tlg ‘§J> =Mﬂi

H-HO+H'

3
= cC
k, 1qk-qp kp

H'

vhere

§ =N & T

£ "N'O §57'):?
& = A €6 "L
Di’c17

Mg =Co* (1)1)2 / w0 7 (132)2 /30 + (D3)2_ /15 |

My,p = DpPp /180

%,3 "‘67':”1”3 / 60

'M].’l.. = DgD3 / 30

M =¥1/2 D.D (¢]
)5 ~V/2 DD /3

M = 0
’6 /u "

I

’

L. 90 + (Dl)a, / 30+ (1)2)2 / bo + (93)2 / 15

et e E

- k«-:w-x..,c&;»«-:vrmwwwﬁwan;mmwum -

B
b

s L L

R P T

R



4

L
v

;\@,TDD ] 60 ‘ ' ' .

M =0 | |
¥ 5 MDZ'% /30 e

M, = DyP3 / 30 “
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 JABLE 10 .
SU(3) MASS SPECTRUM
PARTICLE EXPERDMERTAL” 1y PREDTCTED % ERROR
MASS (MeV) MASS (MeV)
N 938.3 4,6898  954.8 1.69
w
N 1115.6 6.8303  1097.h 1.63
Y 1193.4 7.9893,  aTh.6 1.54
A 1318.1 9.9537.  1305.k .95
T
: (0,)° = 66.6
Cy ™ 6h2.5 ,
a The isoplet masses are déterm;ned as follows:
HON) = (N +u(N%)) /2 /f
MCA) =u(A) -
M(T)= (L) +u(T) ) /2
M(Z) = M(E) +M(ETY) /2 ™)
/4 I

T
?

g

o -4
e i e B e e

-t Ml e
»




, 3
, - 45 ’ 3
1 é
A TABLE'11 i/
—_— . 3
GEL'FAND ARRAYS FOR SU(4), 20_ i
/  The Gel'Fand pattern for the 20 M
L] ' , q .~‘
] Mas M35 i
Mig M14-1 N 3
¥ « 3:‘
, M13 23 ;
M2
¢ m -
11
! for the octet the battom 3 rows are «ﬁ\\\
N ' ’ - . '7 '
M4 M4-1 M14-2 M4 M 4-1 / My4-2
NO - M14 B14-1 N* = M14 M14-1
. 'Y \
» M14-1 my4
3
- . ’
| Mg M a-1 My14-2 *
m m
' 0 14-1 14-1
A - :
Mya-1 {
‘ q > | o . J
r - (M4 M14-1 Ma-2 M14 M14-1 M14-2\. "
| ) _ 4 :
; = M4 Mig-2 7O - M4 M 4-2 *
' Myg4-2 M4-1 J
]
m 4 M 4-1 My 4-1 Mg Mga1 M 4.2
+ —
» LF M4 M14-2 O M a-1 M4-p
) M14-1 e T14-1

{
o
o




Myg-1" : -

for the anti-triplet T

\Mg-1 Mig4-1 - 'm14-2\ .
. CAr - L Mgy Ma-1 . q
€ M4-1 /
M14-1 M14-1 Myg_p M) 4-1 M4
. -0 Ma-1 My4-2 -t My4-1 LEP
Sea ' = .
"14-2 . ) r Mg
* for the sexplet - :
M4 ™42 M4-2 M4 My 4-2 My4-2
0 _ m m - + = m m ‘-‘
L.~ 14 14-2 L. =\ e 1422
My4-2 My 4.1
LY
m m cl m m m
. m m
Z:a- - My 4 ' m14_2 EO _\ - 14-1 . 14=2
- sC m 5y
M14 14-2
m m * ) m ¥ m m )
5 14 ‘1f-2 Mg 14 14-2 142
e N . 0 My, n
Mlsc M 4-1 My4-2 Q- 14-2 14-2
, . o
~ Mgl _ 14-2
% L)
i: :." o
-'s. | ) | |
. e e oae AM-;_

A P . i Wt T S

o




n * o o .
R , _ 2 [ . g “. ;'h
4 l“ a 5 , ~
/ - . - h? - N - N
e . v ’ Yo e
- for the. triplet .
R & ' i -
i , ¢ ' Ny N 0
) / f .
- m., - ® - '
* M14-1 M14-2 14-2 :
4 [ ~ w
) ’ m ' . '
| ) _— Myga1 ¢ 14-2 .
ccC _o . \
;o / Ma-2 - ‘
- ° ~ ‘ [
. - . e,

. m. ~.m m R
.  Pia-1 - M-z o 14-2 ]
. LYoy R m ~Mm — .t ‘
E. .= 14-1 14-2 _ ot
cC » .
[ © m , r
. 14-1 i o
] y : N .
L N -
. . ’ . i ‘
, . - - i .
< ‘u \ ~
] - N ' ’ m
B m -~ m . -~
- . 14-1 14-2 14-2
« N . N o -
+ m / m o
= 142 14=2 .
.0 m ,
- I 14=2 .
LY ° o
~ -
- b
f I
i ) . .,
e / -
1§ - < N 4 ' 2
* - 1l F
. // .
-~ M
[y . © * . (5
. ey
- ., y 4 |
Q £l :
’ . v
—_— " Ll . ; 4
L3 B4 -
o N 2
- ‘é
¥ -~ & 3
4
. N :
. - L3
. . .
{ . M — .
v : .
, o * ’:‘
. . ’ p
S i
N R » . ) " . N i 7 ;:t,
- , - e 6o ' ‘ .7 i
v . w1 i 4
MUYV .
' - ) ‘ : ! : . .
TN e et T el



P
T e g R T e o

M0 |
'"ul.r‘y?/gn / 1k L L

R RN

TABLE 12 S

.8U(5) MASS MATRIX ELEMENTS ..

M3 - <§1’l i l§3'> ”(11

]

H H '+ H'
- .- 0o )

i
g ¢C
k,§-1 %% "

vhere . )

EoN 6 E £ L 6 eE
§2 - A -'55 '1_\_ §3 -_’!"sc §ll -Qcc
RECTR T T (R A L
Dy =Gy

Moy =Gt ()% /884 007 /18 + (0, /40
g 38 0P, /1200
PR VEC B B

xlf:l =0 ‘ ‘ | ° . e

3

"18'°

v R e,

[
A | e R e w e
.

S R R s




\\\\ ) , . 5
\\! . 4
/ ; . !
- kg - { o . (
! =0
) |
' = 0 “
! 1,10 /
‘ - )

' . 2 /i | 2 2
M, =Cy+ () /'+8+(D3) /.60+7(D2) / 2ho
T M =Y5/6l n2133 / 100 #V3/2 D2D3 / 17128 . . Y

¥ -"ﬁ 5/32 D2D3 /1200 + 3 D2D3 /118

M =DD /2ko J o -
2,5 3k ' / . | -
=DD /240 ‘ {
2,6 2 h'/ X
M. =0
2,7 _ IR |
Mg \3/4 DD, / 1k : | \ ;
‘ \’ . - . ) -
o M2’9 = 0
My10=© .
o .
My =0
. - . / . N t
-C+(D)2/“8'+(D)2/72+8(D)2/7ao - :

M3,4 f\ES/32D2D3 /}2004-3])293 / 1728 o ) ‘\

\

X | L :
e A, [0 L= :
co s My =Dy 2 7

? + ' . .

e e Y Ao d B s




B
.

"Mha Ni/2 DD, ./ 1k

& )
- 50 - .

Mgy = DPy / B8
! ‘ _ \ C
¥,9 =0 . |
M3,0%° | | | \'
¥, 0 \ |

« ] ‘/

My = Co + ()% / 18+ (03)% /50 + 50,)% / 184
M5 70

"6 ﬂ”u"ﬁ~ | | s

M7 " °

%,9 =Dl / 28 , ‘ R ‘\
%20 ™ ° e

iy .-
Mh,:u: -0 .

2, . 2, 2
Mo o =Co+ ()7 / 60+ (D))" /48 +700,)" / 2k

5

6 =DPs /359
MS,T =0
M. g = 0
¥ o -0
\ \

[

R N T

—

[ER P



=V3/2 DD, / 180

.
= 0 \\ . \ ! -

-yt @,° /80 +70,) /180 + 1700,)° / 0

-\@781-1)21)3 /10

p
‘= 0

N6/ oD, / T .
#3-731)3])); /180 AT

o -

W?DzDh /180
'-"’\o c0) /120 ) /18 (152)23‘7 720
-VE/J.G D2D3 / 1800

= 0

/2o, / 360 ‘
= 0
- cy+ @y)° /72 + 3(0,)% / 1ho + 530,)° / 240

SN6/8'Dp, / 1800

M3 10 ﬂnf’h / 180

Mg 1y W1/2DD), /180 | -

g~

B S PRy S oot 5 T, S e 3w b ot 2 St T Ay S Bektoetcs oo ool e 85 5 B B St 75
N




Al

Y

i1 O PRI OB T

N
PR

P s e

: M9,10 =

- 52 -

' ”Mé o " c, * (!5,‘)2 / T2+ (193)2 /90 * (132_)2 / 2%

»

0
“9,11 -\5/3 °3Du / 360

M0,00 " o * (Dh)a [+ (93)2 /8 + 5(!)2)2 '/ 14

Mo =° E ' ’

My =Gt B)F /04 @)% /12 0)° /b

et .~ P 1

..

~

-



a .
S Isoplet masses are determined as in Table 10.
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TABLE 13
" 5U(h) MASS SPECTROM
\\ ‘/
PARTICLE EXPERDENTAL® PREDICTED 4 ERROR
MASS (MeV) MASS (MeV) -
N 939.0 .024s6 922.5 1.76
A 1115.6 .02378 1135.1 1.75
Y. 1193.4 .0236M 1173.3 1.68
E 1318.1 /02311 1317.7 0.03
v /\é 2257.0 .01968 2252.8 0.32
i |
™ - .018 2506. -
= . 75 506.3
Z o - ,01620 3201.4 -
i - .01613 ,3220.5 -
-—nc N
0, - 01600 3255.9 -
> - - ,01348 3942.9 -
. *=cc
-’ -012 hle . -
Nec 59 5.5
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Co = T62L.56
D2 = 272508,
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