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Abstract: The observation . tha t ,  in a time-irreversi bl e one-boson-ex- 

change nucleon-nucleon potential model due t o  Bryan and Ger- 

sten, T-violation occurs mostly in the lowest-permi t ted angular 

momentum states. ,  leads .us t o  construct a phase-shift parameter- 

ization of the 50 t o  450 MeV N N  data  where T-viol ation takes 

place only i n  the lowest possible angular momentum s ta tes .  

, 
. T h e  f i v e  ordimary (T-symmetric) wolfenstein amp1 i tudes are 

. . 

taken from phase s h i f t a n a l y s i s ,  and the s ix th ,  T-asymmetric 

amplitude, t ( e ) ,  i s  parameterized by a s ingle. inf ini tesima1 

phase parameter, hl- ( $ 2 )  i n  the case o f  n p  (pp) scat ter ing.  

T h i s  leads t o  unique predictions for  the r e l a t i v e  angular dis-  

t r ibut ions of time-reversal-asymmetric observables P - Cl, and PA - 
PB, even though' the absolute magnitudes 'remain undetermined. 

The model corresponds t o  an ordinary interaction tha t  yields  

the usual experimental data ,  plus a superimposed very short- 

range T-noninvariant force. As such, i t  d i r ec t s  experimental i s t s  
. , 

t o  those angular regions of pp  and n p  P -a and PA - PB measure- 

ments where T-violation due to  short-range forces will be most 

strongly manifest. As' the model incorporates isospin invari-  

ance, known t o  hold only a t  the few-percent level in n p  scat-  

te r ing ,  the predictions a r e  1 i kely t3. have the grea tes t  s i  gnif- 

. .icance i n  the case of pp scat ter ing.  

1 .. Introduction 

In 1968 Sudarshan proposed a theory1 ) ' fo r  strong, weak, and elebtro-  

magnetic interact ions wherein the  CP violation observed in neutral kaon 



decaywas assumed t o  be a property of weak interact ipns i n  general,  and 

i n  p i r t i cu la r  due t o  the  exchange of the A1 (1070) axial -vector meson. 
. . 

The interest ing t h i n g  about the theory was tha t  the CP-violating A l -  

hadronic interaction was assumed t o  take .place i n  the strong in terac t ion .  

Specifically,  the interaction Lagrangian was , 

where gA was of the order of g , the f-nucleon coupl i n g  constant. (+ i s  : f .  
the nucleon f i e l d  operator, A i s  the axial-vector f i e l d  operator and 

P 

. . 
' 

(m i s  the nucleon mass.) Charge-conjugation invariance i s  violated i n  eq. 

1-1 because $Jy yP$J is  even under C whereas IJJY ow$ i s  odd. pari ty  i s  
5 5 

. manifestly conserved by kint t o  CP i s  violated. Sudarshan used an SU(4) 

scheme t o  r e l a t e  meson-baryon coupl ing constants, and speci f ica l ly ,  t o  

r e l a t e  the -nucleon coupl ing constant t o  the A, -nucl eon coupling con- P 
, . s t an t .  He introduced C-violation i n  the Al-nucleon coupling by se t t ing  

kgA, where FA/2mA =gA/4me (mA i s  the Al mass.) This had the ad- . F~ 
vantage of providing an additional factor of 42 i s  the r a t i o  of Al-nucleon 

t o  f-nucl eon coup1 ings , such tha t  . 



giving. a V-1.18A r u l e  for the  hadronic' weak interact ion,  the  r a t i o  de- 

s i red a t  the time. This also. gave C P  violation in  the strong in terac t -  

ion, 

We became interested i n . t h i s  theory because of the implications fo r  

the strong nucleon-nucleon (NN) interaction. With CP violat ion,  the as- 

. sumption tha t  CPT i s  good yields T-viol.ation, and time-reversal invari-  

ance was. t h o u g h t  to  be good t o  a t  l eas t  113% among strongly interact ing 

pa'rticl es . However we carried out calculations using. Sudarshan ' s  La- 

gra,ngian (eq. 1 -1) w i t h i n  the framework of a one-boson-exchange ( O B E )  

nucleon-nucl eon potential model2); T-violation occurred due t o  the 

exchange of the A1 between the nucleons w i t h  gA coupling a t  one vertex 

and f A  coupling a t  the other. This process is i l lu s t r a t ed  i n  f i g .  1 .  

(We shal l  refer  t o  t h i s  T-violating N N  model henceforth a s  the BG model .) 

To our surprise ,  we found tha t  due t o  the large mass of the A1 and the 

consequent shor t  range of the Al-nucleon exchange potential ,  T-violation 

3)  stayed w i  t h i  n ' the bounds. of strong-i nteracti  on experimental t e s t s  . 
25 = These tests included comparisons of r e l a t ive  cross sections i n .  p s Mg 

d + 2 4 ~ g ,  T = 15 MeV, Td = 10 MeV ( r e f .  4 )  ; measurements of polarization 
P 

minus  asymnetry (P -a) in nucleon-nucleon scattering u p  t o  635 MeV i n  pp: .:, .~,,.... .: .. . 
. . .  <.: , :. - : .,.; . . 

and np  i ca t t e r i ig3 ,  and a meastiremerit of PA - PB (essent ia l ly  B tr ip.le- 

. . 
scatteri:ng experiment) i n  pp. scattering at '  430 'MeV. . .More s t r i c t  t e s t s  of 

T-asymnetry in hadronic reactions have. since appeared, incl uding measure- 

ments of f and sin n p  scat ter ing a t  500 and 600 MeV ( re f s .  3,5) and a 

very recent measurement of P -0,. also  i n  n p  scat ter ing,  a t  635 MeV ( r e f .  

6). Our cal culat i  ons using Sudarshan Is ~ a ~ r a n ~ i a n '  s t i l l  ge t  under these 



, . . 

tests if the T-aspunetric part  of the A1 -exchange potential is  reduced . 
. . .  

t o  113 of the v i l  ue used i n  o u r  ear ly work2); indeed, this i s  exactly 

how much i t  should be reduced, because original ly we re la ted  gA t o  a 
2 value of gp which was two times too. large (we used the OBE BG-model value 

J 

o f  g;, 1.22, instead of the experimental value, 0 .5  - 0.7) and a1 so we 

used too large a value for, gA as  a consequence of the  way we defined i t  

i n  the  pre'sence of a short-range potential cutoff factor.') Thus  i t  ap- 
. . 

pears tha t  Sudarshan 's hypothesis of strong-interaction CP-violation is  

not ruled out a s  ' f a r  as low-and medium-energy' strong-interaction hadronic 
\ 

, . 
measurements a re  concerned. (For a very nice review of experimental, . 

8 tests of T-symnetry, see the a r t i c l e  by .Richter. ) 

Nevertheless, the Sudarshan hypothesis (eq: . l -1)  i s  .almost c e r t a i n l y ,  

wrong; this i s  not because of hadronic t e s t s ,  b u t  because of an electro-  
. .. . . .  . 

magnetic t e s t :  the e l e c t r i c '  dipole moment of the neutron. T h i s  quantity 

has recently been measured by Ramsey and collaboratorsg) to be l e s s  than 
, ' 

. . 
' 

3 x 10-~~e-cm.  Now, a non-vanishing e l ec t r i c  dipole moment p,, requires 

tha t  both pari t y  and time-reversal invariance. be viol ated; pa.ri ty vio la t -  

i o n  above i s  s u f f i c i e n t  t o  reduce pn t o  where hn i s  t h e  neutron's 

magnetic dipole moment. B u t  Ramseyis experiment p u t s  pn - 10-lobn, s o t h e  

4 T-asymnetric part  of the amplitude must n o t  exceed one part  i n  10 . T h i s  

, rules. out the'sudarshan hypothesis, and with i t ,  any poss ib i l i ty  of T- 

aspmetry i n  hadronic reactions as strong as  the BG-model predictions. 3 

.The predic'tions of the BG model fo r  the ' r e l a t ive  magnitudes of P -a, 
- P , and o t h e r  time-asymnetric observables a r e  s t i l l  useful, however. p ~ .  B 

The reason i s  tha t  the BG T-violating mechanism i s  of such short  range 



t ha t  it predicts .nearly the same angular dependence f o r  t'(.e) , the par i ty  

.and isospin-conserving, T-violating NN Wol fenstein ampl i tude, 'as does. any 

: other short-range T-asymmetric force. Thus the BG model's predictions 

f o r  the r e l a t ive  angular d is t r ibut ions  of P - 4, PA - PB,  e tc .  a r e  nearly 

the same as those of any other NN model with a short-range time-irrevers- 

ib l e  force, provided tha t  such other model f i t s  the T-reversible NN data. 

The reason tha t  the BG prediction fo r  .the angul'ar dependence of t ( e )  
. . . .  

i s  nearly the same as  tha t  of any other short-range T-violating model i s  

simply tha t  the T-violation ac ts  mostly in j u s t  the lowest permitted an-. 

gular momentum s t a t e .  This ,  gives t ( e )  the angular dependence of the f i r s t  

term i n '  i t s  part ia l  -wave. expansion (see Appendix B y  eq . B36 and Appendix 

C ,  eq .  C6, f o r  this expansion for n p  and pp  scat ter ing,  respect ively) .  

The unique angular dependence of t ( e )  for  sui tably short-range T-violation 

is analogous t o  the unique angular dependence f o r  the spin 0-spin 0 scat-  

tering ampl i tude f ( e )  fo r  suitably short-range (central  ) forces; 

' and i s  constant i n .  e for  '9 short-range model. 
3 

We focussed on this short-range T-violating universal i ty  of the BG 

model and decided t o  optimize the model by requiring t h a t  T-asymmetry pre- 

va i l  i n ~ r i l y  the lowest-permitted part ia l  wave ( j  = 1 in np sca t te r ing ,  j = 

2 i n  pp sca t te r ing) ,  and by set t ing the f ive  T-symmetric amplitudes t o  the 

exact experimental predictions obtained from phase-shift .analysis of NN da- 

ta .  (The BG model does not f i t  the I = 0 phase s h i f t s  too well a t  higher 

energies.) TheT-violation i s  parameterized by a hew phase parameter, A J Y 



which. we take t o  b e  inf i n i  tesimal so a s ,  to ge t  under the recent upper 

-limit's s e t  by the electric-dipole measurement, arid also t o  avorid throw.- 

T ing off the.T-symmetric predictions.'of the phase s h i f t  ana1ysi.s. We 

dubbed this model the ."zero-range" .model. 

Preliminary predictions of t h i s  model were' compared w i t h  BG predic- 

t ions i n  a previous publicatipnlO) and a r e  reproduced in f i g .  2. onecan 

. see tha t  a t  425 MeV, predictions of the zero-range mode'l agree pret ty well 

w i t h  those of the BG model in the case of pp scat ter ing.  In n p  s ca t t e r -  

ing the agreement i s  not as  good a t  425 MeV, b u t  i s  very good a t  lower en- 

ergies .  This i s  i l l u s t r a t ed .  in  a l a t e r  section. The advantage t o  the 

experimental i s t  of model-independent predictions i s  obvious. For example, 

i n  pp sca t te r ing ,  a measurement of PA - PB in the range 50' t o  90' a t  425 

MeV will not be sensi t ive to  short-range time-irreversible forces (a1 - 
though i t  m i g h t  be sensi t ive t o  long-range T-violating forces) .  

, A l imitation of the zero-range model i s  tha t  i t  does not predict  

the absolute magnitude of t(-e) ' ,  only' i t s  re la t ive  angular dependence. 

Thus  the model i s  rea l ly  a constrained phase-shif tanalysis ,  w i t h  the mag- 

nitude of A (A ) t o  be f i l l e d  i n  by an appropriate n p  (pp) experiment. 
1 2  

In the following sections we describe the model in d e t a i l ,  and provide 

predictions f o r  pp and n p  P - R a n d  PA - PB a t  several energies between 

50' and 425 NeV. Four appendices provide more detai l  on 'propert ies  of the 

scat ter ing .matrix, methods of parameterizing the S-matrix, adding i n  t he  

Coulomb interact ion,  and relat ing PA - PB to  the Wol fenstei  n amp1 i tudes . 



,2. .The two-nucleon scattering formal ism 
. . . . 

In t h i s  section we sketch the mathematical formul ism f o r  two-nucleon 
. . 

sca t te r ing ,  and emphasize those aspects. pertinent t o  time-reversal. For 

simp1 i c i  ty ,  we devel ope some. of the  formul ism i n  the regime of non-re1 a- 

t i v i s t i c ;  scat ter ing b u t  the formulas used f o r  our ultimate predictions 

a re  f u l l y  r e l a t i v i s t i c .  

, 
. , Consider nucleon "a" impinging on ta rge t  nucleon "b". In the center- 

of-mass system, the N N  wavefunction $ . s a t i s f i e s  the Schrodinger equation 
, '  

where J, i s  a function of the time t and the di.-nucleon separation distance 

r. A t  a very ear ly  time, ti, we assume the system t o  be in a plane-wave 
N 

s t a t e  

where xi is a four-component non-relat ivis t ic  spinor. I t  might take the 
L 

form 

fo r  combined to ta l  spin S = 1 and z-component mS = 1 ,  



f o r  S = 1 ,  ms = 0, and so on. (See defini t ions for  the x i n  Appendix 
,ms 

B, following eq. Bl.) 

Then from standard scattering theory one knows tha t  as the time ,ti 

approaches -- and the separation d,istance approaches (on a scale of 

nuclear dimensions) 

where xi i s  the i n i t i a l  spin configuration and M i s  the 4 x 4 scat ter ing 

matri,x. . M i s  a function of the energy E and the ce.nter-of-mass sca t te r ing  

angles e and $. Standard formulas r e l a t e  M t o  scattering observables; 

f o r  example, the u'npolarized d i f ferent ia l  cross section I, is  simpjy 

Now.if the interact ion V is  independent of the external or ientat ion 

of the scattering . . par t ic les ,  then to ta l  angular momentum' j i s  conserved 

and M must take the form 



2 2 2  where A,  the Bi, the.Cj, and  the Di a re  each func t ions  o f  ki = kf = k ,, 

.. . and 3 k .  = cos e, w i t h  k the f i n a l  center-of-mass momentum; 151 = 
m.1 df 

a a 1 k.  1 because. o f  energy conservation; *ps  uq m - 3 ~  e t c . w h e r e 2  
-1 " p  =.:! ,e 

b A and u are the  Paul i  sp i n  matr ices f o r  nucleons "a" andl 'b", and P; 3, 
, w 

. . 

and t a r e  an orthogonal se t '  o f  u n i t  vectors  r e l a t e d  t o  the i n i t i a l  and 
m 

f i n a l  momenta by . , 

. . 

P . =  4 ,  w + 4: 
~1 &. . . 

. % . . k  - 4; . . -f .v . . 
rV 

and 
Q = + , , x  hf 
N w d ' 



.v, , . . 

- .  
I . . -11- 

. . 

. Carets denote vectors' of unit length. 

A1 though conservation of total angular momentum places by' f a r  the 

; most severe constraint on the M-matrix, other conservation ' (or symnetry) 

laws a1 so 11ml t .M. Parity conservation, which we shall a,ssume through- 

out th i s  paper, 1imits.M to the form 

L * D,, w; o g  + D,, o i o i  

For la ter  convenience, we re-express M in an equivalent se t  of amplitudes 
2 a,  c ,  .f, g,  h, m ,  t ,  and u .  ~ l l a r e  functions of k and cos 8, o f  course. 

In the case of pp scattering, the fact  that the particles are identi- 

cal eliminates, two more terms in M ;  i t  then takes the form 



(Note tha t  th i s  reduction of M occurs because the protons are  iden t i ca l ,  . 

not because of the Pauli princip1.e. An M-matrix f o r  identical bosons i s  

s imilar ly reduced.) ' In the case of n p  scat ter ing,  conser.vation of iso- 

baric s p i n  a l so  leads to  , the form of eq. 2-4. 

If the interaction i s  invariant under. time-reversaq , then one more 

term f a l l s  out and M becomes 

(This i s  the s e t  of Wolfenstein amplitudes used by Maceregor, Moravcsik 

and ~ tapp" ) . )  The de ta i l s  of the ef fec t  of each symmetry condition on 

M a re  given i n  Appendix A. 

Now the quantity of in t e res t  t o  us fo r  t h i s  paper i s  t ( e ) ( ~  t U: + 

a ab), tha t  part  of the to ta l  scat ter ing amplitude which i s  not time- 
(I 

reversal invariant .  We will f i r s t  r e l a t e  t ( e )  to  some ex'periments which 

reveal T-asymmetry, and then we will r e l a t e  t to  the scat ter ing phase . . 

s h i f t s  . 



. . . . 

The c l a s s i ca i  t e i t12  f o r  T-noninvarance i s  the measurement P :  - a, 
. the polarization minus the asymnetry. In terms of the Nolfenstein am- 

. . 

r pli tudes,  

so vanishing t requires vanishing P - a Experimentally, one may measure 

P by scat ter ing an- unpolarized beam of nucleons off a tarc$t of unpola,r- 

ized nucleons as  depicted in f ig .  3A. Ordinarily the scat tered beam be- 
" 

comes polarized (but  only i n  the direction normal t o  the s c a t t e r i n g  plane 

if  pari ty  i s  good), and t h i s  polarization can ,be measured by a second 

scattering (off carbon, f o r  example). Recall ing tha t  the beam part i  cl es .  

a re  designated "a", the formula for  the polarization of the scattered beam 

a t  an angle 0 is  

To measure the asynmetry, a, one may scat ter  a beam of polarized protons 

t o  the l e f t  and t o  the r i g h t  off  an unpolarized ta rge t ,  as  s h h  i n  f ig .  

3 B .  If the i n i t i a l  beam i s  100% polarized, normal t o  the  scat ter ing plane 

(when pari ty  i s  good, only the normal component contributes t o  the asym- 

metry) then the. asymnetry a is 



. where uL and uR are r e l a t i v e  cross sect ions fo r  l e f t  and r i gh t - sca t t e r i ng ,  

respec t i ve ly .  I n  terms of the  M-matrix; 

1 

If we express M i n  the form o f  eq. 2-4, then a f t e r  a  l i t t l e  m a t r i x  algebra 

we f i n d  t h a t  

. . . as mentioned previously;  eva luat ion o f  the  t races i s  s t ra igh t fo rward 'us ing  

the  r e l a t i o n s  

and 

The o ths r  experiment c i t e d ' f o r  detect ing T-noninvariance i s  PA - PB. 
- 

It was invented by ~ o n d r o m l ~ )  and i s  sketched i n  f i g .  4 as i t  appears i n  

the  center-of-mass system. It cons is ts  o f  two measurements, which i n  the  

f i gu re  a re  l abe l l ed  A  and B. (Drawing B '  i s  j u s t  a  r o t a t i o n  o f  drawing B.) 

For measurement A, one takes a  beam o f  po lar ized protons moving i n  the  d i -  



. . 
rect ion hi and measures the '  polarization along an axis  3 of those protons 

, . . . . .. . .  . .  . .  

scat ter ing in to  direction ,kf .  C a l l  this components1 of f ina l  polarization, 
. . 

PA. The i n i t i a l  polarization axis and 4 are  both t o  l i e  i n  the scat ter ing 

plane. (We take P = 100% fo r  simplicity.)  The angles xi and xf a re  f r e e  

t o  be chosen by the experimentalist, b u t  there is  an. optimal choice which 

wil.1 be apparent short1:y. 
- .  

For measurement B y  one arrang,es the  projecti'le beam t o ,  be moving i n  

the  direct ion -if, and t o  have polarization (100% f o r  simplicity) in the 

d i rec t ion  opposite to  axis  /J of part  A. One considers par t ic les  which 

s c a t t e r  in to  the direction -ki and measures the component of polarization 

along an axis  !,where L i s  directed opposite t o  the i n i t i a l  polarization 

axis  of the f i r s t  experiment. Call this component of polarization PB. 

Note tha t  5 and l i e  i n  the scat ter ing plane, just as the i r  counterparts 

i n  experiment A. 

One. now compares PA w i t h  PB. I t  happens tha t  i f  P B  = PAY T i s  good, 

whereas i f  PB = PA, T i s b a d .  'The exp l i c i t  formula f o r  PA - P B  i s  

The derivation of this formula i s  given i n  Appendix D. .One sees tha t  an 

optimal choice f o r  xi  + xf is *go0. 

We now consider the  expansion. of t ( e )  i n  terms of partial-wave scat-  

ter ing amp1 i tudes; this i s  of i n t e r e s t  when considering the T-asymmetric 

OBEP model2) (BG model ) and leads t o  the defini t ion of our zero-range model. 



. . 

As we show i n  ~ ~ ~ k n d i x  B ,  eq. 835, , 

' 

for np scattering, where P(' ) i s  the associated ~ e ~ e n d r e  polynomial with 
j 

magnetic quantum number m = 1 ,  and k i s  the center-0.f-mass momentum of 

ei ther nucleon. We s t ress  that th is  expression i s  ful ly  re la t iv i s t i c .  

  he matrix elements of T in eq. 2-8 are the off-diagonal elements of 

' .  . the 2 x 2 T-matrix for  fixed j, s = 1,  .and E.= j + 1 ,  which we denote T'. 
J** 

T .  is  related t o  the S-matrix for th i s  subspace by the usual formula; 
J* 

-We find a convenient parameterization of the S-matrix to be 10) 



. 
where ' . 

' .  and 

. 8 

In terms of  t h i s  c h o i c e  of phase parameters ,  t ( e )  takes the f:orm 

as  shown i n  Appendix B ,  eq .  836. 

In t h e  c a s e  of proton-proton s c a t t e r i n g ,  t h e  Paul i exc lus ion  p r i n c i -  

p l e f o r b i d s  s p i n  t r i p l e t - e v e n  s t a t e s  and.  s i ng l e t -odd  - s t a t e s ,  and t h e  ap-  

p r o p r i a t e  expansion f o r  t i s  
\ 



N where t he  6 1  a re  the "nuclear bar" phase s h i f t s  and 0, i s  the Coulomb 
3, 

phase sh i f t14)  f o r  the eth p a r t i a l  wave. Eq. 2-12 i s  der ived i n  Appen- 

To he lp  v i s u a l i z e  t he  ef fect  of the several . invariance cond i t i ons  on 

t r a n s i t i o n s  -between d i f f e r e n t  angular momentum states, .we i 1 l u s t r a t e  c lass -  

es o f  t r a n s i t i o n s  i n  f i g .  5. The f i r s t  two columns concern np sca t te r ing ,  

t he  t h i r d  pp sca t te r ing .  I n  each.column 'we l i s t  as i n i t i a l  and f i n a l  

states,.  a l l  poss ib le  angular momentum s ta tes  thr0ug.h j = .2. Allowed t rans -  

i t i o n s  a re  i nd i ca ted  by a  l i n e  connecting the s ta tes .  I n  the  f i r s t  column 

one sees the  e f f e c t  o f  invar iance o f  the  i n t e rac t i on -  under space r o t a t i o n  

and space invers ion  o f  the  i n i t i a l  and f i n a l  ' s ca t t e r i ng  s ta tes  ( t r a n s i -  

t i o n s  a re  on ly  allowed between s ta tes  of the same T' a n d p a r i t y ) .  I n  the 

second column one sees t h e  e f f e c t  o f  imposing invar iance under r o t a t i o n s  

i n  i sosp in  space as we l l  ( the  i n i t i a l  and f i n a l  s ta tes  must have the  same 

1  I). E.g. ,  'pl = 3 ~ 1  and D2 = 3 ~ 2  t r a n s i t i o n s  a re  now forbidden.  

The e f f e c t  o f  imposing t ime-reversal invar iance i s  more su.btle. It 

i s  n o t  t h a t  any t r a n s i t i o n s  are forbidden; ra the r ,  the S- (and T-) mat r i ces  

a re  requ i red  t o  be symmetric. Thus, when t ime-reversal i nva r iance  i s  good, 

3 3 3  3  3 '3 < 5,. IT1 3 ~ 1 >  = <-Dl IT1 S1>, < P2 IT1 F2> = < F p  3 ~ 2 > ,  etc.  Th is  

i s  why t ( e )  . i s  a  weighted sum over j o f  the ,d i f fe rence  between each p a i r  

o f  - o f f d i a g o n a l  t r a n s i t i o n s .  



1 n  the case of pp'scatterj,ng, half the . angular . momentum s t a t e s  d is -  

' appear because of the- ~ a u l i  exclusion princip1.e. ~ h u s  the lowest.  j-value 
. , 

where time-reversal noninvariance can show u p  i s  j = ,2. T h i s  has the re-  

sul t of severely reducing the e f fec t  'of  any T-violating. forces on pp ob- 

s e r v a b l e ~  i f  the T-asymmetry i s  of short  range and the energy i s  low. 
s 

.3 .  The zero-range model . 

Bryan and Gersten observed tha t  T-violation in the BG one-boson-ex- 

change model i s  much stronger in t h e  j = 1 s t a t e  than in the higher-j ' 

' 

 state^.^) T h i s  'can be seen i n  f i g .  6 ,  wherein i s  plotted h.. for '  the BG 
J 

model vs .  Tlab,  fo r  j = 1 t h r o u g h  4 and Tlab from 0 to  635 MeV. I t  i s  

readily apparent why T-asynmetry i s  much more pronounced i n  the low-j 

s t a t e s ;  i t  i s  caused by the exchange of an Al meson with an assigned mass 

2 of 1070 MeV/c. , and 'the short  range of such a heavy meson natural ly favors 

exchange between s t a t e s  of low orbi tal  angular momentum. (The derivat ive 
. . 

coupling of the Al a t  one nucleon vertex makes the range of the 'potential 

even shorter;  see eq. 1-1 .) I t  follows then tha t  t ( e )  receives i t s  dom- 

inant  contribution from t rans i t ions  involving the lowest j-value. So from 

i eq. 2-11 one sees tha t  f o r  n p  scat ter ing,  t ( e )  i s  predominantly given by 

while f o r  pp scattering (eq. 2-12) t ( e )  i s  largely given by 



(As i t  happens, t . (e) .  fo r  pp scat ter ing i s  even bet ter  approximated by 3-2 
. . .  . . . . 

than i s  the n p  t(0) by3-1; t h i s  i s  because the pp t ( e ' )  receives cbntribu- 

t ions  only from A 2 ,  A4, A ,  .. . and this is  a much more rapidly converg- - 
i,ng se r i e s  than i s  A , ,  h 2 ,  A3,  ..., asmay be seen in f i g .  6.) 

I t  occurred. to us that  i t  m i g h t  be interest ing t o '  see .what. the pre- 

dict ion f o r  time-reversal asymnetry would be i n  the 1 i m i  t where'on1y.the 

lowest-a1 lowed j-value t ransi t ions would be t o  contr ibute.  
. . 

Such a model would correspond t o  T-violating exchange mechanisms of ex- 

tremely short  range (especially in  n p  scat ter ing;  not quite so short  i n  

pp sca t te r ing) .  . We s t r e s s  tha t  such a model would predict a universal 
. . .  

. . . . angular dependence for t ( e )  , t rue  for  a ~ -  short-range T-asymmetry model , 

no matter what the mechanism, because the Legendre polynominal expansion 

of t ( e )  would have only the leading term (variation i n  the .angular depen- . 

dence of t ( e )  for  d i f ferent  models i s  of course due t o  d i f ferent  r a t ios  

of A ~ . : A ~ , : A ~ :  : : ) . As a further  ref inment  in the zero-range model the T- 

.. synmetric amplitudes a ,  c ,  g ,  h ,  and m (eq. 2-4) could be taken from ac- 

cut~alt:  C l l ~ d s e - ~ h l f t  anal p ' i s  ot the nucleon-nucleon data i t s e l f ,  ra ther  

than frcm a given theore t ica l  model l i k e  the B'G model (which does n o t  f i t  

the 1 = 0, a = 2 experimental phase parameters above 200 MeV as  well a s  we 

would l ike ) .  Thus  predictions for  the N N  experimental observables would 

a lso  be generical l y  correct for  any model of short-range, T-violation a s  

far a s  angular  dependence is concerned. For example, Io(e)(P -a ) = 
* 

8 Im[h.(e)t(e)],. so w i t h  Io(e) and h ( e )  given by experiment, and t a sin e 

(np case) or s i  necose (pp .case), the angular .dependence of P .  - a i s  com- 

52 pletely determined . 



The di'sadvantage of t h i s  model i s . t h a t  the magnitude of t('e), and 

,hence the observables', i s  unknown. Thus i t  yields only r e l a t ive  values 
, . 

f o r  the observables. B u t  such information can s t i l l  be of grea t  value. 

For example, consider the measurement of PA - PB in pp scat ter ing a t  430 

MeV. Data was published fo r  only one angle13); this point i s  p lo t ted  i n '  

f ig .  2a. . The BG model 'prediction is  plotted on the same graph and i t  can 

.be,seen t h a t  a measurement i n  the range of lo0-30' on, or 1 2 0 ~ - 1 6 0 ~  cm 

would have been much more valuable in  test ing for  short-range time-irre- 

versi  b i l i t y ,  had such a measurement been able t o  b.e made t o  the same de- 

gree of accuracy. 

Accordingly we decided t o  proceed with the zero-range model and carry 

out calculat ions.  We f i r s t  present the de ta i l s  of the model, and .then the 

experimental p red ic t ions .  The model consists of assigning t o  t ( e )  just 

the lowest term in the Legendre expansion, with (np case) or h2 ( p p  ' 

case) taken t o  be infinitesimal . In this fashion we do not throw off the 

predictions of the T-symmetric amp1 itudes.  T h u s ,  for  n p  sca t te r ing ,  we 

set  

and f o r  pp scat ter ing,  we s e t  



3 .  3 ' 3  3 The values f o r  6( S1), 6 (  D l ) ,  6 (  P2), and 6( F p )  i n  these expressions . . .  

are  taken d i r e c t l y  from experiment, i n  the form of the  Arndt-MacGregor- 
.. . 

Wrjght phase-shift analyses of the NN data15) (MAW-X), ava i l ab le  a t  sev- 

eral  energies up t o  425 MeV. The f ive  remaining, T-symmetric amplitudes 

a(.e), c ( e ) ,  g(0), h(e) ,  and m(0) .are a1 so d i rec t ly  computed from the MAW- 

X phase s h i f t s .  Formulas for the.expansion. of these f ive  amplitudes in 

terms of the phase parameters can be found-, e.g. in the review a r t i c l e s  

by MacGregor, Moravcsi k ,  and ~ t a ~ ~ ~ ~ )  and ~ o s h i z a  k i l7) .  Coulomb correc- 

tions in the case of pp scattering are handled in theusua l  way, as  e.g. ' . 

in  re f ,  14 and Appendix,C. 
. . 

We present graphs of our calculated observables in f i g s .  7 and 8 for  

pp and n p  scat ter ing,  respectively. ( P  -a)/% and (PA - PB)/x2 appear 

i n  f i g .  8 ,  and (P -a),/+ and. (PA - PB) /h l  appear in f i g .  9. Computations 

were carr ied out a t  50, 95, 142, 210, 330, and 425 MeV. An absolute value 

f o r  any of the plotted observables can be arrived a t  by multiplying the  

- . value on .the graph by hi(") i n  the  case of n p  (pp) s c a t t e r i n g .  Alternate- 
. .. 

l y ,  if a measurement i s  performed, then, Al ( A * )  can be determined bydiv id-  

ing -the n p  (pp) measurement by the corresponding plotted value. 

. . .4. Discussion 

. I t  i s  of in t e res t  . t o  compare the zero-range model ' s  predictions f o r  

pp and n p  T-asymnetric observables w i t h  corresponding predictions of the 

BG one-boson-exchange model. T h i s  affords some i n s i g h t  in to  how model - 
independent the zero-range predictions are. The' BG predictions fo r  pp  and 

5 

np observables are, graphed in f i g s .  9 and 10 respectively. On comparing 



. . 

the np observables f o r  the two models, one sees .  t h a t .  the predictions for 

P - a a g r e e  only roughly a t  425 MeV, and tha t  they agree much b e t t e r  a t  

I 145 .and 50 MeV ( f igs  . 10a and .8a).  The same i s  t rue of the BG and zero- 
. . 

range model's np  predictions f o r  PA - PB ( f igs .  10b and 8b).  
/ 

In the case of pp scat ter ing,  the agreement between the zero-range . . 

and B G  model Is predicted observables i s  quite godd a t  a l l  energies u p  

, through 425 MeV. The bet ter  agreement i n  the pp  case is  due t o  the more 

rapid vanishing of the B G ' h  . I s  with increasing j (h2, h 4 ,  h6 ,  . . .) as 
. J 

shown in f i g .  6, and the bet ter  f i t  of the I s =  1 BG phase parameters t o .  

2.) . . : . ' ,  experiment . T h u s ,  while we hold certain reservations about e.i ther mo- .'. 

d e l l s  predictions f o r  n p  T-asymnetric observables ( i s  i t  valid t o  neglect 

isospin-nonconservation03?) we fee l  confident tha t  the models' predictions 

f o r  pp time-irreversible observables accurately r e f l e c t  the ef fec t  of 

short-range T-violations whatever the cause. . . 

The BG model affords some insight in to  the re la t ive  magnitude of n p  

and pp measurements of T-violation, and dl so. the i r  energy-dependence. 

Clearly a g i v e n  short-range T-asymmetric force produces a much larger  

, than, A*,  as i l l u i t r a t e d  i n  f i g .  6.04 Correspondingly, t ime- i r revers ib i l i ty  

will  show u p  more strongly in n p  scat ter ing,  where h l  contributes,  than 

in  pp scat ter ing where i t  does not. 

I t  is a l s o  c lear  from the BG predictions (f.ig. 6) tha t  A .  increases 
J 

sharply with energy. T h i s  would appear t o  be t rue of any short-range T- 

i r revers ib le  force. Thus  T-violation for  such'a force should be more ap- 

parent a t  higher energies. However one must fold in the e f f e c t  of the T- 

conserving amp1 i tudes .as, we1 1' fo r  any given observable. For example, i n  



pp PA - PB, the amplitude, g(8) has the e f f e c t  o f  enhancing the observable 
. . 

a t  50 MeY f o r  a g iven A2, as may be seen from f i g . 7 b .  
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Appendix A.  ~ e n e r e l  form of the M-matrix, 

Consider nucleon a scattering off nucleon b ,  as depicted i n  f ig .  l l a .  

: Here p. ,  n i ,  n i ,  and v i  are the i n i t i a l  three-momentum and in t r ins ic  spin 
-1 . . 

o f  nucleons a and b ,  respectively, and pf ,  n f ,  n f ,  and vf are the corre- 
," 

sponding quantities i n  the final s ta te .  'The in i t i a l  and final center-of- 

mass momerita are defined to be 

and 

respectively. Then i f  the interacti0.n i s  invariant under the rotation i n  

space of the nucleons' in i t i a l  and final three-momenta and in t r ins ic  spins, 

the M-matrix must take the form of eq .  2-1 i n  the text.  

Consider next the effect  on the in i t ia l  and final momenta and spins, 
.. , . .. . 
. . of space-reflection through the origin of coordinates. .The momenta reverse 

direction while the spi.ns remajn unchanged'. This i s  i l lus t ra ted . in  f ig.  

11 b; the space-reflected momentum and 'spin symbols are under1 ined. If we 

now require that  the interaction be invariant under space-rcflcction, half 

the amplitudes i n  M (eq. 2-1) vanish. Specifically, invariance under 

space-ref1 ect i  on means that  



b where the  ia and .A a re  two-component spinors for  nucleons a and b. . . Since 

under space ref lect ion the spins do not change b u t  the momenta. reverse 

'd i rec t ion ,  eq. A1 may be written 

or, i n  general 

I t  is now an easy.matter t o  determine which terms in eq. 2-l .drop out. 

The arguments of the amp1 i tudes A ,  Bi , , C and Di are  Si *jli and k .  k ,  ' ~1 Yf' 
hence remain unchanged under space-reflection..  However. 

= It - 4; = - g 
and Z CJ 

w Y 

h - .= n - e" N N 
n. 

a a b :  a b and t h u s  o p ,  oq, op ,  u q ' o ~  a ob, n oa q ob, n .  o n U p '  and o o change s ign .  a 
. n  

Hence eq. A2 forces the -coeff icients  of thcse.matrices t o  vanish. Thus  

the most general form fo r  M under space-rotation and -inversion invariance 

is 



. . 

. A more common cho'ice o f  amp1 i tudes i s  such t h a t  

Consider next  the r e s t r i c t i o n  on M i f  nucleons a and b .a re  i n d i s t i n -  

quishabl e p a r t i c l e s  . Then 

. .. 

t h a t ' i s ,  M i s  i n v a r i a n t  i f  the  spins and momenta o f  nucleons a and b are  

interchanged. Now re labe l  the r.h.s. of eq. A4 w i t h  a-tb and b+a eveiy-  

where they appear. The r e s u l t  i s  t h a t  eq.' A4 hecomes 

b a where M(o ; o  i s  meant t o  denote the o r i g i n a l  M-matrix b u t  w i t h  the  sp in  
4 4 

matr ices interchanged. (We need no longer i nd i ca te  the spinors as i n  eq. 

A4 as they are now i d e n t i c a l  on both s ides o f  t he  equation.) Condi t ion 

A5 reduces M o f  eq. A3 t o  the form' 



Consider f ina l ly  the e f f ec t  on the space-reflection and rotat ion 

inva-riant M-matrix (eq. A3)  i f .  we require time-reversal symnetry. The 

time-reversed spins and momenta are  defined according t o  f ig .  l l c ;  speci- 
. . 

f i  cal ly the  time.-reversed momenta are  
. . 

Pf = - P i  
L 

and rV 

. the time-reversed spins a re  defined t o  'be 

Sf = -5 
and 

Returning t o  the momenta, 



so that  

and 

Concerning the spins, by ni  = -nf w e  mean t h a t  

where 
. . 

equals a spinor whose spin-expectation value i s  reversed; i .e. 

. The operator A which reverses the spin direction i s  given by 



where K operates so as t o  replace everything ' t o  i t s  r ight  by the. complex 
. . 

conjugate. The operator U = -iop rotates  a l l  spins by 180' about the y- 
I I ax i s ,  and thus reverses the x- and z-components of the spin expectation 

val ue. K a f fec ts  only the y-components , reversing the di rection. T h u s  

-iopK reverses' the e n t i r e  spin expectation value. 

In general , i f  x, and x are any two two-component spinors , then 8 

t t 
. [ A X , ) , %  ' =  (KUX,) r. K K X B  

. . 
. . 

(since KU = U K )  . 
Now a simple calculation confirms tha t  

.where the superscript T denotes "transpose". S'ince 
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b b e by 2 , and P and n  by -P and -n, respecti ,vely; q  remains unchanged.. 
4 (V rr) V Y .  N 

If we now impose ' c o n d i t i o n  A10 on the space-rotat ion and i nve rs i on  
. . 
. ,.. 

invar iant .  M-matrix (eq. A3) we f i n d  t h a t  no cons t ra in t  i s  imposed on 

2 2 2  the coe f f i c i en t s ,  as these are funct ions o f  ki = kf = k i  and k.  =kf = 
.wl  

k * k  , b u t  t h a t  two sp in  operators are el iminated;  M takes the  form -i -f 
a w 

. M = Q t C p n  n 



. Appendix B. , Phase-shif t  expansion o f  the M-matrix 

We present an expansion o f .  the M-matrix o f  eq. A6. i n  terms o f  par-  
..: , 

. t ial-wave ma t r i x  elements o f  the  t r a n s i t i o n  operator  T. The symbolic 

ma t r i x  r e l a t i o n s h i p  between T and the sca t t e r i ng  mat r i x  .S i s  T=(S-1)/2i 

f o r  a g iven part ial-wave. We w i l l  g i ve  the  prec ise r e l a t i o n s h i p  i n  each 

case as i t  ar ises.  

, Although we w i l l  g i ve  the T-matr ix expansion f o r  one o f  the  s i x  am- 

p l i t u d e s  i n  eq. A6, t h a t  f o r  t ( 8 ) ,  f o r  the e n t i r e  M-matrix we p r e f e r  t o  
. . 

use a d i f f e r e n t  representat ion, t h a t  i n  which the t o t a l ,  sp in  S (1 o r  0) 

and i t s  z-component m S i s  speci f ied,  as i n  r e f .  14.. Thus, i f  M k s  .k.s.m f"'f'.%I 1 i 
i s .  the mat r i x  element f a r  i n i t i a l  center-of-mass momentum k:-, 

4 

t o t a l  two-nucleon sp in  si and z-component mi, . w i t h  .Bf, sf, and mf the 
. . 

corresponding quan t i t i e s  i n  the  f i n a l  state,  . i nvar iance  under space ro ta -  

t i o n  and p a r t i c l e  interchange (o r  i sosp in  i n  np sca t te r ing )  permits one 
. 

. . 

t o  express M as 



where the set  of basis vectors XS. are 

and where we denote. the M k  as .. k.s .m. 4 Pf., -1 1 1 

and . . 

' ' 

'Here o and t$ are the polar and azimuthal angles, respectively, of k f ;  we 

choose ki to l i e  along the zlaxis. 

~nvariance of M under space-reflection puts constraints on the M 
mPi 

, such that there are now only s i x  independent elements; 



We now,give the expansion of each of these s i x  elements i n  terms of par- 

t ia l -wave  T-matrix elements, writ ten in the form < j , l i , s  I T I j , l i , s > ,  . . 

where j is  the to t a l  angular momentum both i n i t i a l l y  and f i n a l l y  ( i t  must 

be conserved because of space rotational invariance of M), s i s  the spin 

angular momentum (conserved only because of par i ty  conservation and the  

Pauli pr inciple  (or  isospin conservation)) and l f  and 1 are  the f ina l  

and i n i t i a l  orbi ta l  angular momenta; k i s  the magnitude of kf and k . .  M 
1 

I s -  normalized such t h a t  the unpolarized d i f fe rent ia l  cross section 

We stress t h a t  these expansions are  fu l ly '  r e l a t i v i s t i c  (one must  compute 
. . 

k r e l a t i v i s t i c a l l y )  and a re  a general resu l t  of Lorentz covariance and 

uni ta r i ty  of the S-matrix. 



IN- 





'and 

One w i l l  observe t h a t  f o r  a  g iven j, the on ly  non-zero ma t r i x  e ie -  
. . 

ments o f  T are  those ind ica ted  beiow; 

where i n  t h i s  4x4 ma t r i x  we denote < j , ~ : ~ - )  ,TI j , l ,s)   as.^ . The 
l ' , ! , s  

zeros are a  consequence o f  sp in  conservat ion and p a r i t y  conservation. 

From, the r e l a t i v i s t i c  u n i t a l - i t y  coridit ion, one can show t h a t  i f  we 

denote 



. . 

. where . . 

then 

. . 
Fol lowing estab l  ished convention, e. g. r e f .  14, we parameterize S 

jj ,O . 

and 



. . 

For the matrix elements S jkl, jkl , 1' we generalize the Stapp-Ypsilantis- 

Metropol is (SYM) parameterization1 of the time-reversal -symmetri c scat- 

tering matrix, to write 

where 

and 

This parameterization satisfies the unitarity condition pertaining to the 

l=jkl' submatrix; 
C 



In a calculation of S from some basic interact ion,  such as I+ -ex- j+ 

change and o ther  boson-exchange i t e ra t ed  i n  a ~lankenbecler-sugar  equa- 

t ion ,  i t  i s  convenient t o  compute the K-matrix rather  than the T-matrix. 

(This is  especially so when time-reversal symmetry holds, f o r  then K has 

only real elements. .' Even when time-reversal symmetry f a i l s ,  K i s  hermi- . 
t i a n  and eas i e r  t o  calculate  than T. 1 The K-matrix i s  re lated t o  the S- 

* 

matrix fo r  s t a t e s  of to t a l  angu1,ar momentum j by 

where 



For the uncoupled' s t a t e s ,  the conventional phase-shift parameterization 

of S. (eq. B10) leads t o  
J 

and 

For the  coupled s t a t e s ,  the relationship between the K-matrix elements 

and the S-matrix phase parameters i s  somewhat more complicated. By eq. B14 

where 

I t  i s  easy t o  r e l a t e  the quantity (s  
j , - 1  - sj ,j+l ) t o  the K-matrix ele- 

ments; we observe tha t  from eq. 813 



which, by eq. .B17. 

and s ince the denominator o f  t h i s  expression. i s  the  complex conjugate o f  

the numerator. . . 

Thus 

'j,j-1 'j ,jtI can thus be depicted as i n  f i g .  12a. One observes from 

t h i s  f i g u r e  t h a t  



Note t h a t  i n  the l imi t  of a weak interact ion,  where the K-matrix elements 

approach zero, then 

I t  i s  s imilar ly easy t o  r e l a t e  the quantity 6 . j , j -1  + 6 , + t o  the 

K-matrix elements.. take the j-1, j-1 element o f  eq. 817, 

5 - -1  
- , - I  - Ai [ ( t j j -  Y \ - , - , + 1 I<;,ll~. I '1 

parameterize i t  using eqs. 813 and B18, 
. . 

and thereby observe t h a t  

We therefore construct f ig .  12b and write down immediately tha t  
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' I  

I n  t h e  l i m i t  o f  a weak in te rac t ion ,  
. . . . . . 

(B2 3) 

Thus us ing t h i s  r e s u l t  and eq. 820, we see t h a t  i n  t h i s  l i m i t ,  
I .  

and 

To r e l a t e  t o  t he  K-matrix elements, we observe from eq. 813 t h a t  
'j 

which from eq. B17 a lso  

. Now, Kj+ i s  he rmi t i an  when t he  i n t e r a c t i o n  i s  hermit ian;  which we assume - 
t o  be t h e  case i n  order  t o  conserve p a r t i c l e  number. . . . 

Thus. 2i(.K. 
+ + , j = 4 i  Re Kj-i ,j+l ' J-1, j+l and 



Again we note that in the limit of very small K-matrix elements, a simple 

expression results; 

Finally, l e t  us relate A .  to  the K-matrix elements. We observe 
3 

from eq. B13 that 

and that ,  from eq:B17 i t  also 

taking i n t o  account .eq. 021 we see that  i t  further 



Thus t he  exponents cancel ; t h e  hermitrici ty  of K yields  
. . 

. . 
(B27) 

. . 

In the  l imi t  as the  interaction vanishes, 

Phil 1 ips has suggested -another parameterization. of the S-matrix t o  

take in to  account time-i r reversibi l  i t j ;19)  he uses the format ( a l b e i t  w i t h  

an opposi te sign cdnvention fo r  a * )  J 

8 . .  
where 



. . 

and ulhere 5 .  i s -  a symmetric 2x2 matrix. Phi l l ips  parameterizes 5 ac- 
. . J+ . j+ 

cording t o  the  Blatt-Biedenharn (&) conventionZo) but t h i s  parameteriza- 
.. . , 

t i o n  has been nearly universally abandoned i n  favor of the SYM parameter- 

ization14) because the BB convention can lead t o  very large values f o r  

the  mixing parameter f o r  eve.n a very weak interaction i f  (K - 'j+l', j+l 1 3-1 ,j-1 
is as small as K j  We therefore shal l  a lso e l ec t  t o  parameterize - ¶J 
5. according t o  the SYM convention. Even with t h i s  parameterization, 
. J k  

however, one of P h i  11 i p s  ' phase parameters ( A  .) does no t  necessarily 
J 

reduce t o  a smal'l value i n  the l imit  of a vanishing interact ion,  as we 

will show. Me s e t  

where a ' 

and 

Thus 



- 
We can re l a t e  2 6 j , j -1 '  j , j + l 9  , and x. t o  the elements of the K-matrix 

, .  J ' 

j u s t  as we related 6 6' E , and A t o  these elements. We equate j - 1  j,j.+19 j j, 

the r .h.s.  of eq. B31 with the r.h.s. of eq. B17 and immediately show tha t  - - - 6 
('j,j-l. j , j+ l  ) equals the r.h.s. of eq. 818, hence equals (6j  , j - l -6j , j+. l )  

Ne show almost as eas i ly  tha t  

and henee 

Thus 

and 



. . 

To r e l a t e  t o  the K-matrix elements we observe tha t  9 

hence 

Observe tha t  the formula fo r  tan 2 ~ .  dif fers  from tha t  for  tan 26. only 
J J 

i n  tha t  I K j  replaces Re Kj j+l. - ¶J  - 
Finally,  t o  r e l a t e  A .  t o  the K-matrix, we note tha t  

3 

S .  ~t.1.j-1 /'.i-\, j*\ = e r r  ( 4 ;  G )  
= Kit,, j - t  1 ~ j - t ,  i+ t ."  ' . 



. . * 
where we have used eqs. 817 and.831. Since Kj-, ,j+l . . . . = (Kjt1 ,j-1 1 . ¶  

C 

Now observe tha t  even i n  the l imi t  of a very weak , interact ion,  A .  can .. 
J 

approach 45' i f  Re Kjtl  . ,j-1 happens t o  be zero; This in f a c t  happens ? n  

the BG model; as the  laboratory energy increases from 0 t o  500 !.lev, s2 

goes from 0' t o  a .min imum of about -3' and then back up through 0' t o ;  

positive values a t  about 450 MeV. Re K;  j+l , j -1 = Re K 3 ,  behaves s imilar ly 

t o  c2 (as suggested by eq. 825 o r  eq. 832) and so a t  450 MeV, Re K3i = 0, 

so . tha t  tan 2~~ = -. Thus A* = 45', despite the f a c t  that tan K31 is  

very small. On the other hand,, A 2  = -0.6 a t  450 MeV, so our parameteri- 

zation gives a r e a l i s t i c  measure of the.s t rength of the interact ion.  

We now give the partial-wave expansion of the invariant amplitude 

t(0) o f  eq. A6. We observe ' tha t  



Then since 

we find that 

(8 34); - 

I t  i s  now a simple matter t o  use eqs. 83  - 87 to obtain the partial-wave 

T-matrix element representation of t (0) .  The result i s  

In terms of the parameterization of the S-matrix given by eqs. 812 and 

B13, 



Observe that this time-i.rreversib1e amp1 itude' vanishes i f  a1 1 A .  vanish, 
. .  . . . J 

or equivalently, i f  the r.h.s.. o f  eq. B34 . is  zero; 



. . 

Appendix C.. Proton-proton scat ter ing , 

The formulas f o r  the  N N  M-matrix developed in Appendices A and B 
- 

a re  f o r  dissimilar par t ic les  in the absence of a Coulomb interact ion,  

i.e. fo r  the n p  system. We now determine the formulas corresponding t o  

the pp system. The re su l t  i s  s imilar  t o  tha t  given i n  Table 111 of r e f .  

The Coulomb interaction. i s  taken i n t o  account by replacing S (eq. j ' 
~ 1 0 )  by 

. . . . 

where 

Here 

where 



. . 
with 

n = )nez/ztt2b = d M C / t / ; X .  - .r 

Thus 

N I f  we parameterize S . and S . according t o  eq. B I Z ,  then the e f f e c t  
J J 

N of replacing S .  by (exp i @ . ) S .  exp i @  i s  tha t  
J J J j 

?4 
E ' j  Cj > 3 

I 4  X j  + ,Aj ) 

3 sN + 4. , Si j ,o  j,i,o &I 

. . 
and 

N t he  a j l s  are  so-called "nuclear" phase s h i f t s  and d i f f e r  (usual 1y . s l igh t ly )  

N f r o m  the purely hadromic phase s h i f t s  6j1s. kN and h likewise d i f f e r  
j . . j '  

s l i g h t l y  from i .  J .  and . h J *  ' The simplicity of the l a s t  two subst i tut ions 

i s  a re su l t  of the way we choose- toparameterize Sjk. The Phi l l ips  

. parameterization does not lead t o  such a simple modification. 

I f  the.  subst i tut ions g iven in  (C2) aremade in the formulas f o r  the 

M-matrix elements MSs and Mm m' (eqs. 8 3  - B 8 )  and the sumnations are  
S S 



carr ied out', then 

and 

Here fC(e) i s  obtained from the partial-wave summation given i n  r e f .  21; 

. . ' apart  from an ignorable &function a t  cose = I., 

. - 

and MSS a re  obtained by making the following subst i tut ions i n  The Ynsrns . . 



. . 

. . 

the T-matrix e lPents  i n  the expansions of %ims and MSs,: 
. . .  

and 



Bystricky,   erst en, ;~unod,  and ~ e h a r ~ ~ ) ,  give r e l a t i v i s t i c  expressioni fo r  

- the Coulomb contributions i n  eq. C3; however our nonrel a t i v i s t i c  correc- 

t ions  are quite su f f i c i en t  for  the purpose of t h i s  paper, .as the  Coulomb 

corrections t o  the predictions for  P-A and PA-,PB are  very small, indeed 

almost indistinguishable i n  the plots a t  the higher energies. We do of 

course compute k r e l a t i v i s t i c a l l y ;  k = ( ~ C ~ T ~  ab/2) +. 
We next consider the corrections t o  the M-matrix to .be  made because 

of the indist inguishabi l i ty  of th.e protons. 1.f 

is the rip. amplitude, as depicted i n  f ig .  I l a ,  then the corresponding pp 

amp1 itude i s  obtained by .the substitution 

; In terms o f  the M S l m  ti,, matrix elements, this corresponds t o  
S S 



and 

where t he  -(+) s ign  on the r.h.s. r e s u l t s  from the symnetry (antisymmetry) 

o f  the $=I (0) sp in  wave function. 

I f  we now take i n t o  account the Coulomb i n t e r a c t i o n  as w e l l  as par-  

t i c l e  i d e n t i t y  t o  a r r i v e  a t  t he  'pp amplitudes, we must make t he  f o l l ow ing  

subs t i t u t i ons :  

M o ; o @ A \ . +  6 o J o ~ ~ , b ) + f c ~ ~ ) -  f i  0 , o  cr-e ,d tn i t f , t~-s) ,  

and (c5) 

- 
The s p i n - t r i p l e t  sums [ , - th; (n-Q, m+r) j are e a s i l y  

. S s  s 9 s 



. . 

obtained from th.e.r.h.s. of eqs. 8 3  - 87 by making the Coulomb T-matrix 

, element subst i tut ions (eq.. C4), multiplying the r. h.s. by an overall fac- 

t o r  of 2 ,  and summing over Pl(cos e ) ,  ~! ')(cos e ) ,  o r  ~ / ~ ) ( c o s  e )  fo r  a = 

odd integers only. The spin-singlet sum [zsS(e.,() + rss(n-8, (+IT)] i s  

obtained from the r.h.s. of eq. B8 by making the Coulomb T-matrix sub- 

s t i t u t i o n  (eq. C4), multiplying the r.h.s. by a factor  of 2 ,  and summing . 

' 

over even-integei- values of j only. The resul t ing M-matrix elements so 

obtained agree w i t h  those given in Table I 1 1  of ref .  14 except tha t  

< j , j - l , l I T l j , j + l , l >  i s  no longer equal t o  < j , j + l , l l T l j , j - ;  , l >  

because of time- i rrevers i b i 1 i t y  . 
The pp version of the time-irreve~sibleamplitude t ( e )  can be obtained 

by the substitutions.  6 N j , j - l  + 4j-1 and d j  -+I + 6 N , - I  ' 9 J j ,j+l + 4j and 

antisymmetrizing the amp1 itude. The resul t  i s  tha t  



Appendix D. Derivation' of PA - pB, 

. . 
. . 

Experiment A." Fig. 4A. Let e*. and ;f be u n i t  vectors i n  t he  direc- '  . 

4 
. . 

t ion  of the  i n i t i a l  polarization and vector A ,  respectively. I t  is con- 
yv 

A 

venient t o  express 2. and :f i n  terms of the uni t  vectors P and 6. 
.W '1 PJ N 

Accordingly 

and 

For an i n i t i a l  beam of par t ic les  "a" 100% polarized in the direction ii 
scat te r ing  off an unpolarized t a rge t ,  the expectation value of the spin 

of the scat tered beam i n  the direction {f i s  given by  

when pari ty  is good. 23) Here PA is  the polarization component and 10 i s  

the unpolarized d i f ferent ia  l cross section. Since 

and 



where . . 

and 

. , . Experiment B. Fig. 48'. T h i i  time t h e  i n i t i a l  po1arizat.ion i s  i n  t h e  
. . 

d i r e c t i o n  b.' and the f i n a l  component t a k e n  a1 ong d i r e c t i o n  !f: where 
a1 

and 



. . 

. . 

Thus 

t Q A / '  

? = t 7-r ( M  s e e f  M n# r9* 2; A4 ) 

Theref ore 

. ' Using the  form of M dictated by rotational and space-inversion invariance 

and by isospin invariance, eq. 2-4, one evaluates the traces using the  

rules 

ra g9 = d-0; ( P,q,n clc 1. 
P 3 



and 

t o  obtain 

4 1 Me note tha t  xi + xf = xi + xf.  

In r e l a t ing  the polarization di rections i n  the center-of-mass system 

. . 
t o  the corresponding directions in the '1 aboratory system, Wigner rotat ion 

must be taken in to  account. I f  the transformation from the cm system 

t o  the lab system does not involve a change i n  direction of the momentum 

of the pa r t i c l e ,  then the .sp in  does not ro t a t e . ,  Such a case i s  the  t rans-  

formation of the  i n i t i a l  beam momentum from the cm t o  the lab system, as 

depicted in f igs .  4A and 13a respectively. The i n i t i a l  polar izat ion di-  

rection 6. remains a t  an angle x i  t o  the., beam momentum direct ion k .  i n  
w1 rvl  

e i t h e r  system. However i n  the case o f  the polarization of the sca t te red  
4 

beam, the  direct ion E ~ ,  which includes the angle xf  with the .c-m beam 

direct ion lcf, appears t o  ro ta te  toward if, through an angle E ( the  

spherical defect)  ; icf, i s  the direction of the scat tered b.eam in the lab  

system. This rotat ion i s  i l l u s t r a t e d  in f igs .  4A and 13a. In d e t a i l ,  

the  spherical defect 



wh.ere e and e L  a re  the cc-rn and laboratory sca t te r ing  angles, respecti.vely. 
. .. 

24 
. . 

 h his ru le  is derived, e..g., by Sard . e and ea are  related by 

where y = (1 -8*)-' ind ~ c '  i s  the laboratory velocity o f  the p ro jec t j l e s .  
h 

The angle x fe  included between the (rotated)  polarization vector e 
-fa . 

and the '  scat tered beam's laboratory direction Lfe, i s  thus re la ted  t o  
. . 

x. f as follows (see f ig .  136) ; 

- (Observe tha t  i n  the extreme re1 a t i v i s t i c  case as y + xfe  - x . ~ .  In 

this case, a pure he l i c i ty  s t a t e  remains a pure he l i c i ty  s t a t e  i n  both 

the c-rn and lab systems.) 

The same spin-rotation rules applied t o  experiment B ,  depicted i n  

f igs .  48 and 14a, show tha t  the i n i t i a l  spin direction 2.' does not ro- 
~1 

t a t e  i n  transforming t o  the lab frame, while spin direction ;i ro ta tes  
A 

through E i n to  ,$;a. The angle x i& included between Eie and kfl is  

given i n  this i.nstance by 
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Footnotes 

? 

51. Note t h a t  i n  general the polarization of the scattered beam does 
I 

I - 
i 

not point along.axis A ,  but rather  points o u t  of the sca t te r ing  
. .v : 

. plane in to  an arb i t ra ry  direction. I 
I 

92. In the case of np sca t t e r ing , .  the isospin-breaking, T-violating 
. . 

amp1 itude u ( 0 )  (eq. 2-3) a1 so contributes t o  P - a and PA - P B .  Thus  

the angular d is t r ibut ions  for  P - and PA - P, will not remain the 

same f o r  d i f ferent  T-asymmetric models unless these models con- 

. . serve isospin. Of course, i n  pp scat ter ing isospin i s  necessarily 

conserved. 

18) 93. T h i s  has been s tressed by Simonius . 

54. Since the charge-triplet  A, meson . i s  the origin of T-violat ion i n  

the BG model , the N N  Born term i s  mu1 tip1 ied by an i iospin f a c t o r ,  

ra. rb which equals -3 (+I ) i n  1=0 (1) s t a t e s .  This enhances t h e  
Y W  

I=O phase parameter l1 over the 1=1 parameter A * ,  b u t  cannot account 

f o r  the fac tor  of 10 or more difference between these phase para- 

meters. 
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FIGURE CAPTIONS . . 

Fig. 1 .  Feynman diagram f o r  t h e  exchange o f  an .  A1-meson between two - 
nucl eons.  

Fig. 2. Comparison o f  p r e d i c t i o n s  f o r  P - a  and PA - PB by t h e  one-boson- 

exchange. (BG) p o t e n t i a l  model and t h e  "zero-range" model, f o r  

pp:and np s c a t t e r i n g ,  a t  425 MeV. Note t h a t  t h e  s c a l e s  f o r  a l l  
. . 

zero-range model p r e d i c t i o n s  a r e  i n  a r b i t r a r y  u n i t s  . 

Fig. 3. ~ x p e r i m e n t s  t o  measure p o l a r i z a t i o n  P (drawing A) and asym- . . 
. . 

metry a (drawing B) . 

Fig.  4. 

Fig. 5.- 

~ e a s u r e m e n t  o f  PA (drawing A) and P i  ., (drawing B) . Drawing B' 

d e p i c t s  experiment  B r o t a t e d  s o  t h a t  t h e  i n i t i a l  and f i n a l  beam 

momenta a r e  p a r a l l e l  t o  t h o s e  o f  A. All drawings f o r  c e n t e r -  

of-mass system. 

P o s s i b l e .  t r a n s i t i o n s  between angul ar momentum states i n  np and 

pp s c a t t e r i n g  when t h e  i n t e r a c t i o n  is  i n v a r i a n t  under  r o t a t i o n s  

and i n v e r s i o n s  i n  o r d i n a r y  space  ( j  and P conserved.,  r e spec -  

t i v e l y )  and when i t  is i n v a r i a n t  under  r o t a t i o n s  i n  i s o s p i n  

space  ( I  good).  
CI, 

Fig. 6. The t i m e - i r r e v e r s i b l e  phase parameter  X .  p r e d i c t e d  by t h e  BG 
J 

. .  . model f o r  j=1 through 4 ,  f o r  0 < Tlab 2635 MeV. - 



Fig. 7 .  p r e d i c t i o n s  of the. zerd-range model f o r  ' ( P  - a)/$  and 
. . . . .  . .  

(PA - pB)/A2 i n  pp s c a t t e r i n g ,  w i t h  A; measured i n  r a d i a n s .  

Fig. 8. p r e d i c t i o n s  o f  t h e  zero-range.mode1 f o r  (P - (L)/hl and 

- (PA - PB)/A1 i n  np s c a t t e r i n g ,  wi th  h l  i n  r ad i ans :  

Fig. 9 .  P r e d i c t i o n s  o f  t h e  B G  model f o r  P - a and PA - PB i n  pp s c a t -  

t e r i n g ;  ttie s o l i d  (dashed) curves  correspond t o  choos ing  

FA = gA(-gA) i n  t h e  Sudarshan model ( s e e  t e x t  p receding  eq .  1 -2 ) .  

. . F i g .  10. P r e d i c t i o n s  o f  t h e  BG model f o r  P . -  &and PA - PB i n  np s c a t -  

t e r i n g ;  s o i i d  (dashed) curves  a s  de f ined  i n  cap t ion  .o f  f i g .  9 .  

Fig. 11. S c a t t e r i n g  o f  fermion "a" o f f  fermion "6" i n  t h e  c e n t e r - o f -  
.. . 

mass system. ( a )  i n i t i a l  and f i n a l  s p i n s  o f  a a r e . d e n o t e d  

n and nf ;  o f  b denoted vi and vf .  I n i t i a l  and f i n a l  momenta 
. i 
as i n d i c a t e d .  (b)  Space-inverted s p i n s  and momenta; i n i t i a l  

and f i n a l  s p i n s  o f  a a r e  denoted ni and - n f ;  o f  b denoted  y i  

and zf .  Momenta (under1 ined)  a s  i n d i c a t e d .  ( c )  Time-reversed 

s p i n s  and momenta; i n i t i a l  and f i n a l  s p i n s  o f  a denoted  - ni  and 

zf,  of b denoted - vi and v_f. Momenta (unde r l i ned )  a s  i n d i c a t e d .  

-..... Fig. 12.  Geometrical r e l a t i o n s h i p s  between t h c  NN phase parameters  

6 
, . J , . j -1  

. and 6 j , j + l  ' and elements  o f  t h e .  K-matrix.  



Fig. 13 .  [a] P a r t  A o f  the.  PA - PB experiment depicted f o r  the labdratory 
. . . .  

system. [b): Relationshipof Yigner rotation angle E a n d  the  

center-of-mass and laboratory scattering angles e and e,. 

Fig. 14. (a] Part B of the PA - PB experiment shown i n  the lab system. 

(b) Relationship of Pigner rotation angle E and the c-m and 

lab  scat ter ing angles e and e,. 
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