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S u m m a r y .  - -  Electromagnetic mixing of isotopic-spin eigenstates leads 
to important charge-symmetry-breaking (CSB) elements in the A - ~  
interaction. The most important mixing is that for Z°-A, which allows 
coupling of the {dominant) T = 1 component of physical n ° and po to the 
physical A. ~o_~ and p°-¢o- 9 mixing give additional contributions. A 
single-meson-exchange CSB potential model is constructed from these 
mixings, with the help of the octet model of S U  3 to relate meson-baryon 
couplings. The difference between A bindings in the mirror hypernuclei 
~He A and 4H A may be explained with this model, in which vector-meson 
exchange is more important than pseudoscalar-meson exchange. Predic- 
tions of the model for A-JW scattering and for binding energies of possible 
excited states of the four-body hypernuelei are given. 

1 .  - I n t r o d u c t i o n .  

Those cha rge - symmet ry -b reak ing  (CSB) contr ibut ions  to the  A-J~ in te rac t ion  

which arise f rom elec t romagnet ic  mixing of isotopic-spin eigenstates  are discus- 

sed in this paper .  I t  appears  t h a t  s ingle-vector-meson exchange be tween  an  

J~' and a physica l  A m a y  lead to  the  largest  of these CSB effects and  the reby  

provide  the  mos t  i m p o r t a n t  cont r ibut ion  to  the  difference AB A be tween  the  
binding energies of the  A in the  mirror  hypernuclei  4He A and 4H A. ~ ° - i  and  

7~°-~ mixing and t h a t  pa r t  of AB A due to exchange of physical  7~ ° be tween  3C and 

physical  A have  a l ready been calculated b y  DALITZ and ¥ 0 ~  HIPPEL (1). 

The observed difference be tween  the  binding energies of the  four -body  

(*) This work was partly supported by a grant from the National Science Foundation. 
(t) R. H. DALITZ and F. Vo~ HIPP]~L: Phys .  LeSt., 10, 153 (1964). 
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hypernuc le i  (2,3) 

(1) ABA = BA(q{eA) - -  BA(4]=TA) = (0.30 :~= 0.14) ~¢[eV 

indicates the  presence of a componen t  of the  s t rong A-J~ in terac t ion  which is 

not  charge-symmetr ic .  I n  fact ,  if this  in terac t ion  were charge-symmetr ic ,  

Coulomb effects would lead to a negat ive  AB A. Consideration of the  difference 

be tween  the  r .m.s,  radi i  of the  nucleon distr ibutions in the  core nuclei due to  

Coulomb repulsion in 3He and consideration of the  addi t ional  Coulomb energy 

associated wi th  the  compression of the  nucleon core in 4HeA (4.a) lead to the  

es t imate  

(2) (hBA)co.lo~ b ~ - -  0.45 ~V[eV . 

Wi th  (2), the  CSB componen t  of the  A-2~ ~ in te rac t ion  would be required to  
account  for a ABA abou t  0.45 MeY larger t h a n  t h a t  in (1). 

The es t ima te  (2) was made  wi th  the  help of the  (( naive model  ~ of DALITZ 

and TI-IACKEg (~), wi th  which t hey  reproduced  the  measured  r.m.s,  radii  of 
the  charge and  magne t i c  m o m e n t  dis t r ibut ions in SHe and 3H r e m a r k a b l y  well. 

We took  the  value given in ref. (6) for the  radius of the  centra l  region in these 

nuclei wi thin  which the  wave  funct ions of all nucleons are assumed to  be the  

same. We then  obta ined  the  following values for the  r .m.s,  radi i  of the  various 

nucleon dis t r ibut ions in the  th ree -body  nuclei:  a~(Zge) = 1.66 fermi,  a.("He)= 
= 1.49 fermi ;  a~(3H) = 1.46 fermi,  a.(3K) = 1 . 5 9  fermi.  The r .m.s,  radius of 
SHe was t hen  t aken  to be /~(3He)--[2a"J3 + a"./3]½; for R("It),  p and n are 

in te rchanged  in the  preceding formula.  The resul ts  are R ( " H e ) =  1.61 fermi  
and  ~("H)  = 1.55 fermi ;  the  difference be tween  these radi i  leads to most  of (2). 
For  core radi i  appropr ia te  to the  four -body hypernuleei  (including core compres-  
sion) and  A-A " in te rac t ion  of range (2M~:)-* without  a hard  core, (4) we find 
dBA/dR ~ - - 2 . 5  BA/fermi for A-nucleus potent ia ls  of Gaussian form (7). 

(2) M. :RAYMUND: N~ovo Cimento, 32, 555 (1964). 
(3) A recent analysis of binding-energy data for the four-body hypernuclei by the 

Brussels-Dublin-London Collaboration led to AB A = (0.16 4- 0.17) MeV [D. H. D•vls: 
private communication (1965)]. Use of this value instead of (1) would reduce by about 
0.I MeV the value of AB A to be explained by the present model. 

(4) :R. H. DALITZ and B. W. DOWNS: Phys. l~ev., 111, 967 (1958). 
(5) R. C. H~NDO~, Y. C. TANG and E. W. SCttmD: Phys. l~ev., 137, B 294 (1965). 
(s) R. H. DALITZ and T. W. TI~ACXER: Phys. l~ev. Left., 15, 204 (1965). 
(7) This value of dBA/dB was obtained by differentiation of the interpolation formula 

of J. M. BLATT and J. D. JACKSOn: Phys. Rev., 76, 18 (1949) relating the well depth 
parameter to the binding energy for a Gaussian potential; for an exponential potential, 
the result is essentially the same. Our result is about twice as large as the value used 
in ref. (1). 
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We est imate that ,  in the absence of CSB effects, BA(dHA) would be about  
2.4~VfeV (s). Wi th  this we have dBA/dR~- -6~eV/ fermi ;  and~ with the 

radius difference above, (ABA)couiomb ~ - - 0 . 3 5  ~feV. Finally, the nucleon core 

is compressed by  the bound A (4.5) and this leads to an increase in the Coulomb 

energy of at[cA over tha t  in 3He. For  a core compression of 14 percent  obtained 

in ref. (a) with hard-core potentials,  this effect produces an addit ional  

(ABh)eo.~om b ~ - -0 .10  ]V[e¥. These Coulomb contributions,  t aken  together  

give (2)(~). 

Our discussion of the origin of AB A will be limited to those contributions 

which arise from isotopic-spin mixing for Z ° and A and for the neutral  pseudo- 

scalar and vector  mesons. Some of these (see first paragraph) and some other 

less impor tan t  contributions have been discussed by I)AL1TZ and Vo~ HIPPEL (1). 
The largest of the lat ter  comes from baryon mass differences in intermediate  

states of the two-pion-exchange A-2(' interact ion and explains about  0.05 MeV 

of ABA, leaving about  0.7 Me¥ of the central  value discussed above to be 

explained (3). 

2 .  - P a r t i c l e  m i x i n g .  

Nonzero off-diagonal matr ix  elements of the electromagnetic mass-split- 

t ing operator imply tha t  some neutra l  mass eigenstates (physical states, desi- 
gnated by  a superseript ~ )  are mixtures  of isotopic-spin eigenstates (desig- 
na ted  by  the usual particle symbols alone) (1). That  is (lo), 

(3a) ~ = A - -  cZ ° . 

(s) With (1) and (2), our estimate of the central value of AB A to be explained by CSB 
effects is ~ 0.75 MeV. In the absence of CSB effects, one-half of this would be added 
to the measured BA(dHA) and subtracted from the measured BA(~HoA). These additions 
are considerably larger than the errors on the measured binding energies (~  0.1 MEW). 
This should be taken into account whoa the four-body hypernuelei are included in 
analyses of the binding energy data of the s-shell hypernuclei; CSB effects cancel out 
in the three- an(t five-body hypernuelei. 

(9) Coulomb effects were not considered in the binding-energy analyses in ref. (5). 
On account of Coulomb repulsion, the nucleon core of 4HeA is slightly less compressible 
than that of 4H A. This reduces the Coulomb energy contribution to (ABA)coulomb but 
increases the contribution due to the difference between (compressed) core radii. These 
effects nearly compensate one another; and a direct calculation [similar to those re- 
ported in ref. (4)] including both effects also led to (2). 

(lo) We omit over-all normalization factors in (3a), (4a) and (Sa); the differences 
between these and unity are much less than other uncertainties in the problem. 
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The  oc te t  mode l  of SU3 leads to  (2,21) 

(3b) c ~ 0.01~. 

Similarly (2,12.12), 

(da) if° : n ~ 3- e' 

w i t h  

(db) c' ~ 0.012 • 

I so top ic - sp in  m i x i n g  a m o n g  the  vec to r  mesons  is compl i ca t ed  b y  T o~ 
mix ing :  

~o : ~a _ c" co ÷ d" 

(5a) ~ : a~ co--Mq~ ~- e~ ~ ° 

: a"~  -~ Moo ~- M~ ° , 

in  wh ich  e" and  ~0 are pure  m e m be r s  of a u n i t a r y  oc t e t  a n d  co is a pure  u n i t a r y  

singlet.  The  large 0-co m i x i n g  in (5a) is be l ieved  to  be  a consequence  of med ium-  

s t rong  in te rac t ions  (1,); a nd  t he  m i x i n g  of po wi th  ~ and  (o is p r e s u m a b l y  electro- 

m a g n e t i c  mix ing .  T he  off-diagonal  e lements  of the  e l ec t romagne t i c  mass-  

sp l i t t ing  ope ra to r  can be  e x p e c t e d  to  be of order  e ~ t imes  those  of the  med ium-  

s t rong  mass - sp l i t t ing  o p e r a t o r  (i,). We  the re fo re  t ake  the  coefficients 

(5b) a " :  0.77 b1/ :  0.64 

t o  be t he  same  as those  ob t a ined  b y  diagonMizing t he  (mass) 2 m a t r i x  in  the  

absence  of p°-mixing (14). The  e l ec t romagne t i c  mixings  are t h e n  ca lcu la ted  as 

(11) C. H. GgAN and A. Q. SARKER: NUOVO Cimento, 36, 1402 (1965). 
(22) "We ignore the complication of X°-~ mixing recently discussed by R. H. DALITZ 

and D. G. SUTgE~LA~rD: NUovo Cimento, 37, 1777 (1965). The way in which this kind 
of mixing enters the present problem is indicated below in our discussion of vector 
meson mixing. The effect of the unitary singlet X 0 in CSB will be considerably less 
than that  of the unitary singlet o because the X ° -  7: o mass difference is much larger 
than the co--po mass difference. 

(la) L. E. PICASSO, L. A. ]~ADICATI,  D. P. Z&NELLO and J. J. SAKURAI; Nnovo 
Cimento, 37, 187 (1965). 

(x~) 1t. H. D~ITZ:  Proceedings o] the Sienna Interna~onal Con]erence on .Eleme,atary 
Particles (Bologna, 1963), p. 171; J. J. SAKVRAI: Phys. Rev., 132, 434 (1963). 

30 - II Nuovo Cimento A. 
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per turbat ions ,  the coefficients being (~) 

(50) 

c" ~ a"~<e° I SM~ 1°~> - -  a"b"<e° 18M~-J 70 + b"~<e° 18M~ I°'> + a"b"<~°[SM~ IT> 
2 M,~-- M~o ~ 2 M~--  M~o 

d,,a"b"<~ol3M~lco>--b"~<~ol3M~lq~> a"b"<~o 13M~ leo> -/a"~<~o I 3M~]9 > 
M~ 2 ~ - -  M ~ - -  Mko M~o 

a"<e° I 8M~ lo~> - -  b"<e° I 8M219> 
M ~ _ _  o, M~ 

b"<~o ]~M °- f¢~)+ a"(~°l~M ~ ]q~) 
h It ,~._,_ 

M) M 2 

The es t imate  <~o[bM ~]~o) ~ 0.36-104 (MeV) 2 follows from the analysis of a 
ba ryon  mass formula in ref. (~a). The mut r ix  e lement  

= [ M ~ ° -  Mp+ + M i e + -  

can be obta ined from SU3 in the same way as tha t  for ~o_~ mixing (1.11.1s). I n  

the  absence of an established mass difference between the K* mesons, we take  
this difference to be zero; t hen  the  observed masses of the p mesons (~7) lead 
to  < ~ ° ] S M ~ I T ) = ( - - 0 . 3 ± 0 . 7 ) . 1 0 4 ( M e V )  2. Since this can have e i ther  sign, 
and since the est imate  of <~c I(~M2 iro) in ref. (13) is based upon the assumption 
t ha t  the dominant  e lectromagnet ic  mixing is tha t  for p°-¢o, we take  
<Qo 15M ~ [~) - - 0  for the  calculations of this paper.  Then (5c) become 

(5d) etr~ 0.05 d ~  0.04 e#~ 0.06 h ' ~  0.005 . 

The large values of e", d" and e" in (5d) are due to the smallness of (M~ - -  M~.). 

I f  (Q°I~M2 IT} has the  central  value deduced above from SU3 instead of zero 
as we have assumed, these coeffÉcients would be almost twice as large; in this  

ease h" would be much smaller t han  its value in (5d). 

(15) In first-order perturbation theory, the denominators in (5c) would involve the 
masses after medium-strong mixing but before electromagnetic mixing, rather than 
physical masses. We estimate that the difference between these is about 5 percent for 
the ~ _ ~ 0  denominator and about ½ percent for ~_~o;  these differences are negli- 
gible for the numerical estimates given in (5d). 

(16) S. OKUBO and B. SAKITA: Phys. Rev. Lett., 11, 50 (1963). 
(17) M. Roos: N,~cl. Phys., 52, 1 (1964); Phys. Lett., 8, 1 (1964). 
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3.  - C S B  p o t e n t i a l s .  

The potentials corresponding to exchange of single ~o (1) and single ~ be- 
tween .~ and ~ have the CSB components 

(6) 

(7) 

VXxT~°(x) = v3(~?)[--2cgAr~= + C' ghA.~ + e2c'g~n]g~,:oV~,,~o( X) , 

V X x  7 ( x) = v3(oV) [-- 2cc '2 g~r~,~ - -  c' g~.~ - -  c 2 c' g ~  ~] g~,~o v,.,~( x) . 

The nucleon isospin operator ~s(JV) gives ÷ 1  for J~ = p and - - ]  for J~ =: n. 
The g's are pseudosc~lar coupling constants appropriate to charge-independent 
interactions. The function v~.,~(x) is the potential corresponding to e~change 
of a single neutral pseudoscalar meson of mass #, divided by the product of 
pseudoscalar coupling constants. 

T h e  CSB components of the potentials corresponding to exchange of single 
~o, ~ and ~ between .~ and J~ff are 

(8) Vxx~,(x) = ~3(5') {[-- 2egar~,-  c"ga~,~ - -  c'e" gr-~,~ + d" gaa ~ + c2d" g ~ ]  • 

• [ g ~ , % . ? ( x )  + ~o~.v ~go(X)] + 

+ [ - - 2 c ] ~ o - - c " ] a A , o  - -c~e"]~ ,~  + d " ] ~  + c~d"]~,..~] • 

• []p,,° v,~.;,(x) ÷ g..,, v,v,b(x)] ~ 

(9) VXav,~(x ) = v~(,N') {[-- 2ce "2 gA~¢ + a1' e" gh^,~ + 

+ [--  2ee"2 ]Ar~po + a" e" ]AA~ + a" o 2 e" 1~:~ - -  b".e" ] A A ~  - -  b" e 2 e" ]~r,v]" 

• [f~.p°v~,.u(x) + g..p, vt~.~,(x)]} 

(lo) Vx~v~,(x) = %(JV) {[--2ch"~gA~p, + b" h" gAA,~ + b" c~h" g~r~,~ + 

÷ a"h"ghA ~ + a"c2h"g~,~] [g~p~°v~..~(x) + f~D~,vvt,~(x)] + 

+ [-- 2ch"~ ~A~p0 + b'lh"]~XA,~ + b"c2h"]~o  + a'~h"]AA~ + a"c2h '~]~]  • 

• [£~00v.z(x) + g.o~.%z(x)]} • 

The g's and f s  are vector and tensor coupling constants, respectively, for charge- 
independent interactions defined, for example, by the interaction Lagrangian 
given in ref. (18). The functions v(x) are neutral-vector-meson-exchange potentials 

(18) ]~. A. BRYAN and B. L. SCOTT: -Phys. l~ev., 135, B 434 (1964). 
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divided b y  the  coupling-constant  products ;  the  subscripts  vv, tt, vt and tv indicate  
vector-vector ,  tensor- tensor ,  vec tor - tensor  and  tensor -vec tor  interact ions,  the  

first subscr ipt  referr ing to  the  A ver tex .  
Of the meson-baryon  couplings re levan t  to  (6)-(10), only gD~=, is well known,  

and  reasonable  es t imates  exis t  for some of the  vec tor -meson  couplings (~9); 

for the  rest ,  we re ly  on the  octe t  model  of SU~. I n  the  couplings involving 

member s  of meson octets,  there  appea r  F-D mixing  pa rame te r s  a, (2~) (i---- 

= ps, v or t, for pseudosealar ,  vec tor  or tensor) :  a----0 means  pure  F - t y p e  
coupling; a----1, pure  D - t y p e  coupling. The  couplings of the  octe t  mesons 
are then  

( l l a )  gza= = - -  gAA~ = gZ2~ ~--- 2=~,go~,ro/V/'3; 

( l lb)  ghz~ = - -  gAa~ ---- g~.~ = 2~,g~,~°] ~/5 = 0 ,  

in which we have  assumed pure  F - t y p e  vec tor  coupling for the  vector  mesons (~3) ; 

( l l c )  .(~:~o = - -  IAA~ = / s s : ~  = 2 % / o J V ' 5 .  

The pseudoscalar  mix ing  p a r a m e t e r  is bel ieved to lie in the range  (½-- 1) (~4.2e); 

we t ake  

(12a) up, s 

Studies of e lec t romagnet ic  fo rm factors  of nucleons indicate  t h a t  the  tensor  
eouphng of isoscalar vec tor  mesons to nucleons is small  or zero (27). According 

to S U3, /xJv,~--(3--4a~)/~pp0/v/5; we therefore  t ake  

3 (12b) a~ - -  ~ . 

(19) See, for example, ref. (ls.2o.~i) and other references cited there. 
(2o) R. F. DASHES and D. I-I. SHAar: Phys. Rev., i33, B 1585 (1964). 
(21) S. COLEMAN and H. J. SC~NITZER: Phys. Rev., i34, B 863 (1964). 
(2z) M. GELL-MANN: Phys. Rev., 125, 1067 (1962). 
(23) See, for example, M. G~LL-MANN: The Eight]old Way: A Theory o] Strong Inter- 

action Symmetry, California Institute of Technology Laboratory Report CTSL-20 (1961), 
reproduced in M. GELL-MA~r~ and Y. NE'Eg),~r: The Eight]old Way (New York, 1964), 
p. 11. 

(~) A. W. MARTIN and K. C. WALI: Phys. l~ev., i30, 2455 (1963). 
(25) j .  j .  DE SWA_~T an4 C. K. IDDINOS: Phys..Bey., 130, 319 (1963). 
(~) B. W. DOWNS and R. J. N. PHILLIPS: NUOVO Cimen$o, 36, 120 (1965). With a 

one-boson-exehauge model for hypernuclear forces, the zero-energy singlct scattering 
length for A-A was less negative than that for A-J~ (as required by ~esults of phenome- 
nological analyses) for %8< ½; %, ~ ~ is indicated in ref. (z4,zs). 

(~7) See, for example, the remarks and references cited in ref. (~s). 
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The remaining couplings in (6)-(10) involve the uni tar i ty  singlet co, which 
is assumed to couple the same to all baryons. For  this isoscalar vector meson, 
we therefore take ]AA~ =/zz,~ = ] x x ,  = 0 (27). 

On account of the magnitudes of the mixing coefficients c, c', d', d", e" and 
h", the important  terms in (6)-(10) are those which contain only one of these 
as ~ factor. Wi th  the couplings given in the preceding paragraph~ the leading 
terms in the CSB potentials are then 

(13) Vxx~o(x ) -- ~,(d~) [~/3(2e + ' = e ) /2 ]goo .oV. ,z , (~)  

(14) VT, x~ (~) = - n ( ~ )  [ -  ~/~c'/2]g~,~oVo,.~(,,) 

(15) ]z~x~o(x) = - T , (~)  {[e"gAA~] [g~pov.,~o(X) +/~,~oV.,,~°(x)] + 

+ [~/5 (2c + a") i,ooo/~][/o~° v,,,.~o(X) + g,.~°v,,~zo (~)]} 

(16) V~r  ~ (x) ~- - -  n ( ~ )  {[-- a"e"g~]  [g~o,v~.~(x) + ]~o°v t.u(x)] -{- 

+ [-- ~/'3b" e" £v~o/2] [£vcVtt.7~(x) + hvp, v~.~( x)]} 

(17) ~ x ¢  (x) ---- - -  %(2T) {[--b" h" gAAJ [g~" V,,..~(x) + /~,¢V,,.y( x)] + 

+ [-- ~/3a" h" £~¢/2] [f~p0 vu.~(x) + g~o v~.~(x)]}. 

A classification of the terms in (13)-(17) can be made on the basis of the par- 
ticle-mixing from which they  arise. The terms in (13)and (75) containing the 
factor e depend upon Z°-A mixing and stand alone. There is considerable cancel- 
lation among tile other terms, which arise from meson mixing (~8): the terms 
in (13) and (14) containing c', which come from 7:o-~ mixing, tend to cancel 
one another (~9); there are similar cancellations among those terms in (15)-(17) 
not  containing e, which come from pO-co-~ mixing. On account of these cancel- 
lations, the dominant  particle mixing for CSB in the A-J~ interaction is Z°-A. 

For the coupling constants in (13)-(17) we take 

(18a) gpp=, ---- 3.8; 

(:18b) g~ppo ~- 1I%/2, 

(18c) gAA~ ~- 6 ; 

o r  

(lSa]) gAA~ ---- - -  5 .  

ioov = x / 2 ;  

(2s) This kind of cancellation was noted in the JT-~ problem by Y. NocAMI and 
Y. P. VARSH~I: ~UOVo Cimeq~to, 25, 218 (1962). 

(~9) Since exchange of ~ was not considered in ref. (1), this pai ti~l cancellation ~as 
not noted there. 
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The pion coupling (18a) is usual (g2o,~, = 14.4). The po couplings (18b) are 
conservative, being close to the smallest empirical estimates (18). The co couplings 
(18c) and (18d) were obtained from the isoscalar coupling constant given in 
ref. (is): g~ccz + 0"30g~w~ = 2!.5. Considering only the medium-strong ¢o-9 
mixing with the coefficients (5b), we expressed this in terms of gxx~ and g~,xv; 
then we used S U a  to get g,~'x~ =~/3g~,°  for pure 27-type coupling. Finally, 
use of the value of g,~oo in (18b) led to gxx~ ~ 6 or ~ - - 5 ;  and the assump- 
tion that  a unitary singlet couples the sam~ to all baryons gives (18c) and (18d), 
The analysis of nucleon isoscalar form factors in ref. (~) indicates that  the nega- 
tive sign for gxx~ may be the correct one. 

The A-oT interactions in the four-body hypernuclei are predominantly in 
relative S-states. We therefore consider only the central components of the 
functions v ( x )  appearing in (13)-(17). The leading terms in a nonrelativistic 
approximation to these potential functions are (.~0) 

(19) v , , . , ( x )  : # 12M~M~o a(A)'a(3~) ~x ' 

v~,.~,(x) = 

v~.~,(x) = 

(2Oa) 

(20b) 

(20e) v~,~,(x) = 

(20d) 

~"(~ + i~-)° 1 ~" 
{[1 + 8M~ M:~o J + [6MA Moo] , (A) - , (3 f )}exp  [--/zx] 

/~ /~ (MA ÷ M~t-)] a(A).¢r(a') 
;i5--~ ~z- 

v -  16~XM~o J + 
/~ , ,  ,/exp [--/~x] 

, 

~ S ,  ~ ,  J+  

4.  - A B  A and  other  resu l t s .  

With (19) and (20), the CSB potentials (13)-(17) are of the form 

--  ~3(3~') [A + Ba(A)" ~(J~)] exp [--/~xJ/(/~x). 

(30) Ia the vector-mesoa-exehaage poteatial functions, small terms containing (# [M)  4 
or the A--3~ mass difference as a factor have been neglected; compare, for example, 
eq. (20a) with eq. (7) of ref. (~). 
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The ne t  con t r ibu t ion  of such a po ten t i a l  t o  BA(dHeA) is 

(A + 31 ) < lexp 

and  t he  nega t ive  of this  to BA(dHA). Therefore  the  con t r ibu t ion  to  AB A of the  

CSB p o t e n t i a l  for  an  e x c h a n g e d  meson  of mass /~ is 

(21) (ABA) . = (2A,  ~- 6B)<~vlexp [--#x]/(ttx)]yJ > . 

The square  of t he  wave  f u n c t i o n  y~ in (21) is t a k e n  to  be 

(22) 

normal ized  to  un i t y ,  in  wh ich  x = r - -  R .  The  f ac to r  exp[ - - f l~ /~  2] is t he  nu-  

cleon d i s t r ibu t ion  fun e t ion for  the  th ree-nu  cleon core s; we t ake  f l~ -  0.75 (fermi) -1, 

which  corresponds  to  a (compressed)  core radius  < / ~ ) !  = 1.41 fermi (31). qA(r ) is 

t he  wave  f u n c t i o n  of the  A wi th  respec t  to  the  cen te r  of mass  of the  nucleon core ;  

for  this  we t ake  ~A(r) = exp [ - -  ar 2] + y exp [ - -  br ~] with  a = 0.277 (fermi) -*, 

b = 0.045 (fermi) -~ and  y = 0.366, as g iven  in ref  (1). Two forms were t aken  
for  the  A-3W corre la t ion  f u n c t i o n :  

{23a) fdx) = 1 

in which  corre la t ions  are  ignored ;  a nd  

(23b) 
],(x) = / 0 x < c 

( 1 - -  exp [ - -  y(x - -  c)] x >  c ,  

w i th  core rad ius  c = 0.4 fe rmi  and  y = 5.45 (fermi) -1 (32). 

The  resul ts  of t he  ca lcula t ions  are  g iven  in Table  I for the  par t i c le -mix ing  
coeffcients  (3b), (4b), (5b) and  (5d) and  for  the  coupl ing  cons t an t s  (18) is3). 

The  pa ren the t i c a l  en t r ies  u n d e r  (ABA) ~ are t he  values  which  come f rom the  

t e rms  in (13) and  (15) which  are  p ropo r t i ona l  to  c and  arise f rom E°-A mixing ,  

(31) This implies a core compression of about 11 percent, somewhat less than that  
obtained in ref. (5); see Sect. t.  

(3~) This A - ~  correlation function was used in a variation calculation of A binding 
in nuclear matter, and ~ = 5.45 (fermi) -1 is the optimum value of the vari~/tion para- 
meter: B. W. DowNs and M. E. GRYPEOS: Jk Binding in Nuclear Matter (Nuovo Cimento 
to be published). 

(33) The expectation values in the third column of Table I were evaluated in con- 
nection with ref. (34). 

(84) B. W. DowNs and R. J. N-. PHILLIP.S: Nuovo Cimento, 4I, A 374 (1966). 
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aS discussed below eq. (17). The values of AR A arc then 

]0.87 (0.67)~leV for ]i 
(24a) AB A / 0.39 (0.22) MeV for  ]3 

w i t h  the  AAto coupl ing  (18c), a nd  

0.47 (0.67) ~ e V  for  ]1 

(24b) ABA = {0.14 (0.22) MeV for  ],. 

w i th  (18d); t he  pa ren theses  have  t he  same  m e a n i n g  as in  Table  I .  The  v a h e s  

of (ABA) ~ for  vec to r -meson  exchanges  d e p e n d  cr i t ica l ly  u p o n  t he  large AAto 

TA~L~ I. - Cont~'ib~tions to A B  A ]or AA¢o couplings (18c) and (18d). 

Wo 

"~o 

<,/, l e x p  [ - -  #,x]/(l,x) [ w> . . . . .  

(5BA) ~ (MeV) 

Eq. (18o) Eq. (18d) 

/: 1, I: l~ 

1.68.10 -1 
3.11.10 -a 
8.53.10 -4 
7.22.10 -4 
2.06-10 -4 

0.11 (0.07) 
- -  0 . 0  8 

5.55 (O.6O) 
- -  4.45 
- -  0.26 

2.10" 10 -1 
7.70-10 .3 
3 . 1 6 . 1 0  - a  

2.84.10 -3 
1.33.10 .3 

£ h 

0.09 (0.06) 
--0.03 

1.50 (0.16) 
--1.13 
- -  0 . 0 4  

0.11 (0.07) 
- -  0.08 
- -  1.69 (0.60) 

2.03 
0.10 

0.09 (0.06) 
- -  0.03 
--0.46 (0.16) 

0.52 
0.02 

coupl ing ;  b u t  t h e  t o t a l  ve c t o r -m e son  c on t r i bu t i on  t o  AB A is cons ide rab ly  less 
sensi t ive  to  this  coupl ing  because  of t he  s y s t e m a t i c  cancel la t ions  discussed 

a f t e r  eq. (17). 

CSB effects in A-d~' s ca t t e r ing  have  been  discussed in ref.  (84) in  t e r m s  of 

phenomenolog ica l  po ten t i a l s ;  we ca lcu la ted  t he  effect of our  CSB po ten t i a l s  
in  t he  same  w a y  here  (35). The  c h a r g e - s y m m e t r i c  (CS) po ten t i a l s  were  t a k e n  

to  be  those  of ref  (5), wh ich  have  a ha rd -core  rad ius  0.4 fermi ,  and  s inglet  and  

t r ip l e t  s ca t t e r ing  l eng ths  - - 2 . 8 9  fe rmi  a nd  - -  0.70 fermi ,  r espec t ive ly .  To these  

were added  the  CSB po ten t i a l s  descr ibed  here .  The  ze ro-energy  sca t t e r ing  

(35) In ref. (34), phenomenologieal CSB potentials required to explain all of 
(ABA)csB ~ 0.75 MeV were used in scattering calculations; here we used only ene-meson- 
exchange CSB potentials which are supposed to explain most, but  not all, of (A23A)cs B. 
In  all calculations of this paper, the nucleon mass was taken to be the average of neutron 
and proton masses so that  one-meson-exchange CSB effects would not be diluted by 
other CSB effects. 
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lengths a and effective ranges ro of the  to ta l  interact ions are given in Table I I ,  
the  CSB potent ials  being designed by  AA(~ coupling (18c) or (18d). Results 

Potential 

CS 

÷ (18o) { 
A-p 

CS A-n 
% 

CS + (184) ]A-p 
A-n ( 

TABL]~ II. - Zero-energy scattering 

Singlet 

a (fermi) 

- -  2.89 
- -  2.66 
--3.15 
--2.60 
--3.22 

r o (fermi) 

1.95 
1.91 
1 . 9 7  

1.92 
1.97 

7a, ra~ete~'8.  

Triplet 

a (fermi) 

--0.70 
- -  0.76 
- -  0.65 
--0.71 
- -  0.69 

ro (fermi) 

3.72 
3.80 
3.86 
3.86 
3.58 

are given for bo th  A-p and A-n; the  former  can be measured directly, and a 
me thod  for measuring the  la t te r  in final-state interact ions was given in ref. (34). 
The results in Table I I  have the quali tat ive featUres of case (a2) in ref. (34), 

which assumes a CSB poten t ia l  of the  form - -  %(2~) Ba(A) • o(N) exp [ - -  #x]/(/~x). 
The contr ibut ion of a CSB potent ia l  to A binding in possible J----- 1 excited 

states of the  four-body hypernuclc i  is 

B $ 4 * [~ A( ~eA)]~ -- (A~-- B~)<~']exp [--~x]/(~x)l~'>, 

and the  negat ive of this for 4H~. Although ~' is not  the  same as the F in (22) 
(because of differences in A binding and compressed nucleon-core radii), values 
obtained with (22) should give a good estimate.  For  gAA¢o = 6, ~B~ is neg- 

* 4 * ligible; for  gAh~-~--5 ,  ~BA(HA) is about  0.1 ~ e V  for the correlation func- 
t ion f l  and about  half  this for f2. These results probably  do not  indicate an 
observable effect unless (B~)cs is close enough to zero tha t  CSB would make  

4 * 4H h bound and He A unbound;  and this does not  appear  to be the  ease (5). 

5 .  - R e m a r k s .  

For  gAA~----6, OUr results (24a) bracket  the value A B A ~  0.7 MeV to be 
explained by  single-meson exchanges, as discussed in Sect. I (3); for g ~ - - - -  
= - - 5 ,  (24b) falls somewhat short of reproducing the required AB A. Values 
in termedia te  be tween those obtained with ]1 and ]~ could be obtained (a) 
wi th  a core radius smaller t han  0.4 fermi or (b) with a soft core such as 
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tha t  corresponding to (charge-symmetric) vector-meson exchange (ss). As 
pointed out following eqs. (18), the pp?O couplings (18b) are conservative; 
for example, values v/:J times as large as these can also be reconciled with exper- 
imental data (27). Use of pppO couplings ~/:i times those in (18b) lead to values 
of AB a approximately twice as large as those in (24) in each case {including 
those in parentheses), providing greater opportunities for explaining the em- 
pirical AB a . 

Increasing the pppO couplings (18b) by a factor of ~/2 also has the effects 
of increasing the shifts in scattering lengths from the CS values given in 
Table 1I by about (50--100) percent and of nearly doubling the largest values 

* 4 * of ~BA(HA) described below Table II. 
I t  is clear from Table I and eq. (24) that  OSB can be dominated by vector- 

meson-exchanges and, in particular, by the 9°-exchange contribution arising 
from Zo-A mixing. The CSB from pseudosealar-meson exchanges is less 
important. The ~0_~ cancellation discussed following eq. (17) reduces the 
pseudoscalar contribution considerably: for equal pseudosealar coupling con- 
stants, ~-exchange is about 21 times as effective as ~°-exchange with/~ and about 
25% more effective with ]2, as was noted in ref. (26). 

l~eally large effects in A-p scattering were obtained in ref. (3~) with a spin- 
independent phenomenological GSB potential. Such a potential could be ap- 
proximated by the present model only if the vector couplings of pc to A, E ° and 
J~ were very much larger than the tensor couplings (see eq. (20a)), instead of 
gA~¢, = 0 and g~,p~ = ½f~w' as we have assumed. 

Single-meson-exchange contributions to GSB in the 5".°-3~ interaction are 
similar to those in the A-Jq" interaction. The E°-3~ CSB potentials can be obtained 
from (6)-(10) by interchanging A and E ° and by replacing the mixing coefficient 
c by --c. On account of the rapid conversion of E ° to A, however, CSB for 
E°-3~? is much less accessible than for A-3~'. 

OSB in the A-3~ interaction is dominated by E°-A mixing, which does not 
play a role in the oY'-3~" interaction. The contribution of single-meson exchanges 
to 3~°-2~ CSB is therefore considerably smaller than that  to A-3~' CSB (36). 

I am greatly indebted to Prof. S. L. GLASHOW for an introduction to particle- 
mixing during a brief collaboration at Nordita and the Insitute for Theoretical 
Physics, Copenhagen in April, 1964. At this time he independently derived 
the ~ : ~ o  coupling first obtained by DALITZ and ¥o~ HIP~EL ( 1 ) ,  and recognized 
its application to AB A. I am grateful to Prof. G. E. B~ow~ and to Prof. A. 

(36) B. W. DOWNS and Y. NOGA~I: Meso~ Mixing and the Charge Asymmetry of 
the ~-~?  Interactio~ (to be published). 
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Bom¢ for the hospital i ty they  extended to me during this period. I am also 

indebted to other  collaborators on CSt~ studies: Prof. Y. NOGA~n, who pointed 

out tha t  the systematic cancellations discussed after eq. (17) are to be expected 

with meson-mixing; and Dr. R. J. N. PnILLrPS, who helped with the calculations 
and whose comments  on m a n y  aspects of this paper  were very  useful. I have 

also benefited from discussions with Prof. F. C~rLTON, Dr. W. B. CA~IPBELL, 
Prof. R. H. DALITZ~ Dr. A. DELOFF~ Prof. C. K. I1)DINGS~ Prof. It .  P~L~AKOFF 

and Prof. H. W. WYLD. 

R I A S S U N T 0  (') 

La moseolanz~ elettromagnetica di autostati dello spin isotopico porta ad impor- 
tanti elementi che rompono la simmetria della carica (CSB) nell'interazione A-~'. La 
mescolanza pih importante ~ quella per Z°-A. che consente l'aceoppiamento della com- 
ponente (dominante) T -  1 dei T ° e po fisici al A fisieo. Le meseolanze ~:0_~ e p°-¢o-9 
danno ulteriori contributi. Da queste mescolanze si costruisce un modello di poten- 
ziale CSB di scambio di un solo mesone, con l'aiuto del modello di ottetto della SUa 
per collegare gli accoppiamenti mesone-barione. La differenza fra i legami del A negli 
ipermmlei speeul~ri 4HeA e 4H A pub essere spiegata con questo modello, in cui lo seambio 
di mesoni vettoriali predomina sullo sc~mbio di mesoni pseudoscalari. Si espongono le 
predizioni del modello per lo scattering A-~N" e per le energie di legame dei possibili stati 
eeeitati degli ipernuclei a quattro corpi. 

(*) T r a d u z i o ~ e  a c a r a  de l la  R e d a z i o n e .  


