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Abstract: The pbserQation.that, in a time-irreversible one-boson-ex-
change nucleon-nucleon potential model due to Bryan and Ger-
sten,-T-vio]afion occurs mostly in the lowest-permitted angu]af :
momentum states., 1eadsvus to construct a phase-shift barameter-

" jzation of the 50 to 450 MeV NN data where T-violation takes
place only in the Towest possible angular momentum states.
fhe five ordinary (T-symmetric) Wolfenstein amplitudes are
taken from phase shiftianalyéis, and the sixth, T-asymmetric .
amplitude, t(e), is parameterized by a sfng]e,infinitesima]
phase parameter.AlA(Az) in the case of np (pp) scattering.
This leads to unique predictions for the relative angular dis-
tributions of time-reversal-asymmetric obsérvables P - O and Py =
PB’ even though the absoiute maQnitudes’remain undetermined.
The mode] corresponds to an ordinéry interaction that yields
the usual experimental data, plus a superimposed very short-
Arange T-noninvariant forée. As such, it'directsAexperimenta]ists
to thoée angular regions of pp and‘nb P-QL and'PA - PBimeasure;
ments where T-violation due to short-range forées will be most
strongly manifest. As the model incorporates isospin invari-
ance, known to ho]d'only at‘the'few-percent level in np ;cat-
fering,“the predictions are likely to have the greatest signif-

.icance in the case of pp scattering.

1. Introduction
In 1968 Sudarshan proposed a theory])'for strong, weak, and e]eétro-

magnetic interactions wherein the CP violation observed in neutral kaon
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decay'was‘assumedlto be a propertylof weak,interactions.in general, and
in particular dUe'to'the exchange of the A](1070) axial-vector meson,

The interesting ching about the theory was that the CP-violating A]-
hadronic interaction was assumed to take.place in the strong interaction.
Specifica]]y,.the interaction Lagrangian was

ot )

o in )z-—¥ R e
b (4@_\{[1&1@ Vi A

+ (£ /4m ) e _(r}“’;r'.ﬁw Iy (A1-1)

where gp Was of the order of gf, the‘f-nucleon coupling constant (v is

the nucleon f1e1d operator, A is ‘the axial-vector field operator and |

By = LA - %Ay

(m is.the nucleon mass. ) Charge-conjugafion invariance is viq]efed in eq.
1=-1 because wy Wy is even under C whereas wy oM w is odd. Perityvié
man1fest1y conserved by¢£1nt so CP is V101ated Sudarshan used an SU(4) ,
scheme to relate meson-baryon coupling constants, and specifically, to
relate the f—nucleon coupling constant to the A]-nuc1eon coupling con-

- stant. He introduced C-violation in the Al-nucIeon coupling by setting
FA = ;gA,lwhere'FA/ZmA ='gA/4m. (mA is the A] massJ This had che ad-
vantage of providing an additional factqr of v¥2 is the ratio of A]-nucleon

_to p-nucleon couplings, ‘such that

Ja = (5/3,@)3-]9 = \'\%-jf B (1-2)
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_giving_a.vel.18A ru1e for the hadronic weak interactipn, the ratio de-
sired at the tiﬁe. This also gave CP violation in the strong interact-
ion, |

We became'interested in this theory because of the implications for
the strong nucleon-nucleon (NN) interaction. With CP violation, the as-
sumption that CPT is good yields T-vioTation,.and time-reversal invari-
ance wasAfhought to be gqod to at least 1/3% among strongly interacting
particles. However we carried out calculations using Sudarshan's La-
~grangian (eq. 1-1) within the framework of a 6ne-bqson-exchange (OBE)
nucleon-nucleon potential modelz); T-violation occurred due to the
exchange of - the A] between the nuc]eons-with gA‘coupling at one vertex
and fA coupling at the other. This process is illustrated in fig. 1. |
(We shall refer to this T-vioiating NN model henceforth as the BG model.)
To.our surprise, we found that due to the large maés of the A] and the
consequent short range of the A]-nucleon exchange potentia] T-vio]ation‘
stayed within the boundsof strong-interaction experimental tests3)

These tests included comparisons of relative cross sections in<p~+ Mg Z

d + 24Mg, Tp = 15 MeV, Td = 10 MeV (ref. 4), measurements of polarization

minus asymmetry (P -) in nucleon-nucleon scattering up to 635 MeV in.pp ...

and np Scatterihg3, and a measurement of PA - PB (essentially a triple-
scattering experiment) in bp'scattering at 430 MeV, - More str{ct tests of
T-asymmetry in hadronic reactions have.since aepeared, ihcludiné measure-
ments of P and Qin np scattering at 500 and 600 MeV (refs. 3,5) and a |
very recent measurement of P -, also 1n np scatter1ng, at 635 MeV (ref

6); Our ca1cu1at1ons using Sudarshan's Lagrang1an still get under these
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. tests if the T-asymmetr1c part of the A]-exchange potent1a1 is reduced

to 1/3 of the va]ue used in our ear]y work ), 1ndeed this is exactly

how much 1t should be reduced, because originally we related gy to a

value of g? which'was two times toe.]arge (we used the OBE BG-model value
of g?, 1.22, instead of the experimental value, 0.5 - 0.7) and also we

used too large a value for.gA as a consequence of the way we defined it

in the presence of a short-range potential cutoff factor.7) Thus it ap-

pears that Sudarshan's hypothesis of strong-interaction CP-violation is
not ruled out as far as 1owtand medium-energy'strong¥interaction hadronic
measurements are concerned. (For a very nice review of experimental
tests of T-symmetry, see the article byARichter.B)

Nevertheless, the Sudarshan hypothesis (eq. 1-1) is.almost certainly:
wrong; this is not because of hadron1c tests, but because of an electro-
magnetic testf the electric dipole moment of the neutron Th1s quant1ty
has recently been measured by Ramsey and co]laborators 9) to be less thae
3 x 10"%% e-cm, Now, a non-vanishing electric dipole moment pﬁ requires
that both parity and time-reversal invarience~be violated; barity violat-
ion'aboVe is sufficient to reduce 8 to_IO'Gﬁh, where ﬁn is the neutron's
magnetic dipole moment. But Ramsey's experiment puts Py " 10“]0pn, so the

‘ 4

T-asynmetric part of the amplitude must not'exceed one part in 10", This

rules-out the Sudarshan hypothesis, and with it, any possibi]tty of T-

asymmetry in hadronic reactions as strong as the BG-model predictions.3)

 .The predictions of the BG model for the relative magnitudes of P -(1,

PA - PB’ and other‘time-asymnetric'obsefvab]es are still useful, however.

The reason is that the BG T-violating mechanism is of such short range
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that it predicts nearly the same angular dependence for t(e), the parity

and isospin-conserving, T-violating NN Wolfenstein amplitude, as does any

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

for the relative angular distributions of P -4, PA - PB; etc. are nearly

the same as those of any other NN model with a‘ﬁhort-rangé time-irrevers-

ible force, provided that such otﬁer model fits the T-reversible NN data.‘
The reason that the BG prediction for .the angular dependence of t(e) |

is nearly the same as that of ahy other short-range }-vio1atin§-m§dé1 is

simply that the T-violation acts moét]y in just the loweét permitted an--

~gular momentum state. This gives t(e) the angular dependence of the first

term in its partial-wave expansion (see Appendix B, eq. B36 and Appendix
C, eq; C6, for this expansion for np and pp scattering, respectively).
The unique angular dependence of t(e) for suitably short-fange T-violation

is analogous to the unique angular dependence for the spin 0-spin 0 scat-

tering amplitude f(e) for suitably short-range (central) forces;

F(y = A7 [exp(r§,)] swi S, P, (eos B)

‘and is constant in e for ‘any short-range model.

k)

We focussed on this short-range T-violating universality of the BG
model and decided to optimize the model by requiring that T-asymmetry pre-
vail in only the lowest-permftted partial wave (j = 1 in-np scattering, j =
é in pp scattering), and by setting the five T-symmetric amplitudes to the
exact experimental predictions obtéined from phase-shift analysis of NN da-
ta, (Thé BG model‘does not fit the I = 0 phase shifts too wél] at higher

energies.) The,T-vio]atién is'parameterized by a,hew phase parameter, Aj,
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;thch,we take to bg.ihfinitesima1 so as-to get under the recent uppef
,_Jimits‘set by thé e]ecfric-dipo]e measurement, and also to avoid throw-
5ng off the.T-symmetric predictioﬁsjof the phase shift analysié. We
dubbed this model the-"zerb-range",mode]. ’
Preliminary predictions df this model were;compared with BG predic-

10)

tions in a previous pub]icatfpn and are reproduced in fig. 2. One can
see that at 425 MeV, predictions of the zero-rangé model agree pretty we11'
with those bf the BG model in the ca§e of bb scatter}ng. In np spatfer-
ing the agreement is not as good at 425 MeV, but is very good at lower en-
ergies. This is illustrated in a later section. The advantage to the
eiperimenta1ist of model-independent predictions is obvious. For example,
in pp scattering, a measurement of PA ',PB in the range 509 to 90° at 425
MeV will not be sens{tive to short-ranée'time-irreversiblé forces (al-
though it might be sensitive to long-range T-vio]ating'forces).--

. A limitation of the zero-range model is that it does not predict
the absolute magnitude of t(e), only its relative angu]ar.dependence.
Tﬁus the model is really a consfrained phéseéshift‘éna]ysis, with the mag-
nitude of.A1 (Az) to be filled in by An.appropriate np (pp) experiment.
In the fo]]dwfng sections we describe the mode]yin detail, and provide
predictions for pp and np P - Q and PA -‘PB at several enefgies betweén
50 and 425 MeV. Four appendices provide more detail on properties of the
scattering matrix, methods of parameterizing the S-matrix, adding in the

Coulomb interaction, and relating PA - PB to.the Wolfenstein amplitudes.
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-.,2;,Tﬁ¢ two-nucleon scattering formalism
In this section we sketch the ﬁathematiéal formulism for two-nucleon

scatte?ing, and emphasize those aspects pertinent to time-reversal. For
.simplicity, we develope sdme.of the formulism in the regime of non-rela-
tivistic*scatﬁering but the formulas used for our ultimate predictions
are fully relativistic. ‘

. Consider nucleon "a" impinging on target nucleon "b". In the center-

of-mass system, the NN wavefunction y.satisfies the Schrodinger equation

R 9V o+ VY = kA

where y is a function of the time t and the di-nucleon separation distance
r. At a very earTy time, t;, we assume the system to be in a p1ane-wavg

state

< STAY. R XY
<P | e e * 7 X,

')

where X4 is a four-component non-relativistic spinor, It might take the

form

X"':A :-')(p'

{

0
0 )
0 :

for combined total spin S = 1 and z-component me = 1,
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\]
for S =1, mg = 0, and so on. (See definitions for the Xs m in Appendix
B, following eq. B1.,)
Theh from standard scattering theory one knows that as the time,ti

approaches -« and the separation distance approaches « (on a scale of

nuclear dimensions)

B "'Ei-t/g' 1 4.0 | : i 4. A . _ |
diw ¥ = e { eﬁ‘ T h e ’rM(e,tb)JX"‘
6 —»- i _ ‘

r >

~ where x; is the initial spin configuration and M is the 4 x 4 scattering
matrix. ‘M is a function of the energy E and the center-of-mass scattering
angles 6 and ¢. Standard formulas relate M to scattering observables;

for éXamp]e, the unpolarized differential cross section Io is simply

Now if the interaction V is independent of the external orientation
of the scattering particles, then total angular momentum j is cohservéd

and M must take the form
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t 279
) L 2
J.'.Dl(rt':vll; + D,o%al + p otgt
S | 127 P 7 13°p " (2-1)
+ a8 -5 S R 4 A
D, 0g o+ Dy, ¥g ¥ Dy0y oy
+ gy 4 S a & -
Do =+ D_szcno'i t D33 T Ty,
where A, the Bi’ theACj, _and the -D].J. ‘are each functions- of -k% = .k% = kz--
anq ,'if . I:J = f:os 8, with Ef the fina] _center-of-inass .momentu,m;‘ |I:f| =
|k1.| because-of energy conservation; .C?’ =-2a-£, o: = S’ub',f]’ etc. where ga
and g'b are the Pauli spin matrices for nucleons "a" and "b", and E-, g,

~and "\rl‘are‘ an orthogonal set of unit vectors related to the initial and

-final momenta by

Pk + 4
3= ke - b

and

~n

S
oy

t, xéf'.
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‘Carets denote vectors of unit length.
Although conservation of total angular momentum places by far the

most severe constraint on the M-matrix, other conservation (or symmetry)
laws also limit M. Parity‘conservation, which we shall assume through-

out this'paper, limits .M to the form

. ' ’ L
M = A + 830‘; ,+_C3 o'n(’ 4 D“ ?-; O‘P
L - | 4 (2-2)

t Dy a4 % D3 9’3\0‘?\'

371

For later convenience, we re-express M in an equivalent set of amplitudes

2 and cos 6, of course,

a, c,'f; g, hy my t, and u.’ A11 are functions of k
M:_a+c(cr':+0,,') + f (o -o%)
+ (3 -w&).o“ U.LP + (3-1«)0’“0"
o F . 11 (2-3)
+ wv?‘vf‘ + t(v;v%, + oy sz')
+; o¢ L e 4 .
u(%UP o'Pvg)
In the case of pp s;attering, the fact that the particles are identi-

cal é]imihates'two more terms in'M; it then takes the form



a. + c(0, +o£’; )+ -(3*4\)@;#[’3

I .
"

(2-4)
oF

+(3—L)Oq£' +W|0 I

+ 1 (02 vk ¢ ~0;,_¢1‘2 ).
(Note that this reduction of M occurs becaﬁse the protons are identical,
“ not because of the Pauli principle. - An M-ﬁatrix for identical bosons is~
-similarly reduced.) " In the case of np scattering, conservat1on of iso-

baric spin also leads to the form of eq. 2-4.

If the 1nteract1on is invariant under time-reversal, then one more

- term falls out and M becomes v

=
{

a + c(o} 1—,0‘{:) +(3+4\)0‘;>0L

L .
n

t 63 L)UPOP + Mo, ¢

(This is the set of WOlfenstejn amplitudes used by MacGregor, Moravcsfk'

11)

and Stapp .} The details of the effect of each symmetry condition on -

M are given in Append1x A. )

Now the quant1ty of 1nterest to us for this paper is t(e)(oa oB
°P [ ), that part of the total scattering amp11tude which is not time-
reversa1,1nvar1ant. We will first relate t(e) to some experiments which

reveal T-asymmetry, and then we will relate t to the scattering phaée

shifts.



-13-

2 ¢or T-noninvarance is the measurement P'-(,

The,classicai test
-the polarization minus the asynmetry; In terms of the Wolfenstein am-

plitudes, -
I(P-a) = SImkt, (2-6)

'S0 Qanishing t requires vanishing P - &, Experimentally, one may measure
P by scattering an-Unpo]arized béam of nucleons off a farget 6f unbo]ar--
ized nucleons as depicted in fig. 3A. Ordinarily the scattered beam be-
comes polarized (but only in‘thé direction normal to the-scattéringApldne
if parity is good), and this polarization can be measured by a second |
scattering (off carbon, for example). Recalling that the beam particles.
-are designated "a", the formu]é for the polarization of the scattgréd beam

at an angle 8 is

IoP :‘!"(MTU” Ml).
To measure the asymmetry,CZ, one may scatteb a beam of polarized protons
to the left and to the right off an unpolarized target, as shown in fig.
3B. If the initial beam is 100% polarized, normal to the scattering plane
(when parity is good, only the normal component contributes to the asym-

metry) then the asymmetry Q is

Q= (9, -%)/ (o +0) .
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- where of and op are relative cross sections for left and right-scattering,
respectively. In terms of the M-matrix, |
I,a = ;+Tr(Mmno, ).

If we express M in the form of eq. 2-4,'then after a little matrix algebra .

" we find that

I, (P-a) = 9Imht

~as mentioned previously; evaluation of the traces is straightforward using

the relations

'\7',,‘01g = 0, (P, Z»_” cﬂc((c)-

and

T\-iA.z 4.

The other experimént cited for detecting T-noninvariance is Py - Pp-
It was invented by Pondroh]s) and is sketched in fig. 4 as it appears in
the center-of -mass system. It consists of tWO.measurements, which in the
figuré are labelled A and B. -(Drawing B' is just a rotatfon of draQing B.)

For measurement A, one takes a beam of polarized protons moving in the di--
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rection k; and measures the polarization along.an axis A of those protons

~ scattering into direCtionl5f. ‘Call this component§1 of final polarization,
PA._ The initial polarization axis and A are both to 1lie in the scattering

'p1ane. (We take P = 100% for simplicity.) The ang]es X and Xg are free

to be chosen by the exper1menta11st but there is an. optimal choice wh1ch

' w111 be apparent shortly.

For measurement B, one arranges the projectile beam to ‘be moving in

the direction 15f, and to have polarization (100% for simplicity) in the

direction opposite to axis A of part A. One considers particles which

scatter into the direction :51 and measures the component of polarization -

aidng an axis E,'where B is directed opposite to the initial polarization

- axis of the first experiment. Call this component of poTarization,PB.

Note that A and B ]ie in the seatterihg plane, just as their counterparts

in exper1ment A.

One now compares PA w1th PB It happens that if PB‘= PA, T is good,

B is
I, (Py - B ) = sin(X; + X ) 8 Re g*t. (2-7)

The derivation of this formu]a is given in Appendix D. -One sees that an
optimal choice for X; + X¢ is 1900. |

We now consider the expansion of t(e) im terms of partial-wave scat-
fering amplitudes; this is of interest when considering the T-asymmetric

OBEP mode12) (BG model) and 1eads to the definition of our zero-range model,
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As we .show .in Appéndix B; eq. B35,

- 5\ | l“ ‘l
te) = (44" 2 2+ iG] P (a8
] J-=\

) [<J‘JJ"‘)‘\T‘J)J+“‘7
- (2-8)

< deu TG -]

(1)
]

magnetic quantum number m = 1, and k is the center-of-mass momentum of

for hp scattering, where P is the associated Legendre polynomial with

either nucleon. We $tress that this expression,ié fully relativistic.
The 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 2. = j = 1, which we denote Tj+.

Tj+ is related to the S-matrix for this subspace by tﬁe usual formula;

Tye = (5&:

- 1)/2;. ‘ (2-9)

,

We find a convenient parameterization of the S-matrix to be10)

’$. 0E. 2, . i€ 3§,
S, = eVe N MM e N

~.(2-1'0)
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where -
S . 0
b=
9. = -
N\‘ . )
‘ 0 W)
.0 Sd' .
-— : = g
NQ J~\
. 0 . ’
EJ
and
o) -3 Aj
= A O
= RN I
~J
) AJ 0

In terms of this choice of phase parameters, t{o) takes the form
. _' . . . -
tee) = (24)° T (2i+D[jG+1)] "
J? |

) | (2-11)
0, . ‘ |
< B (cos B) sm2A exp 0 (S 4 Solif')

as shown in Appendix B, ed. B36.

In the case of proton-proton scattering, the Pauli exclusion princi-

ple forbids spin trib]et-even states andAsing]et-odd‘states,.and the ap-
propriate expanSion for t is

\
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L

-t(oj = ’k Z' (ij-l)y,t\j(‘jﬂ)} * PJ(')CCOS'G)
<o QVCh - .
x3in 2 A exp:( do"*é JJ*' ¢ ) (2-12)

where the cgl'are the "nuclear bar" phase shifts and ¢, is the Coulomb

phase Shift]4) for the £th

partial wave. Eq. 2-12 is derived in Appen-
dix C. | |

To help visualize the effect of the severa].invariance conditions on
fransitions-betweén different angular momentum states,'wé illustrate c]assf
. es of trahsitions in fig._S. The first two cb]umns concern np scattering,
the third pp scattering. In each column we list és initial and final
states, all possible angu]ar momentum states thrdugh J =2. Allowed trans-
itions are indicated by a‘lihé connecting the-states. In the first column
ohe sees the‘efféct of invariance of the interaction under space rotation
_ and space inversion of the initial and final scattering states (transi-
tiohs are oﬁly allowed between ;tates of thé same T‘and~parity).A In the.
second colum one sees the effect of imposing invariance under kotétidns
in isospin space as well (the initiaT and final states must have the same
I). E.g., IP] P 3P]‘and ]DZ B4 302 transitions are now forbidden.

The effect of imposing time-reQersal invariance is more subtle. It
is not that any transitions are forbidden; rathér, the S- (and T-) matrices
are required to be symmetric. Thus, when time-réversaT invariance is_good,
SE 30']> = 3y 1] 355, e, 7] ?F2> = 3F, |T] 3, etc. This
is why t(e).is a weighted sum over j of the difference between each pair

~ of off-diagonal transitions,
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. ’ o

In the case‘df pb'scattering,-ha]f the.angulak momentum states dis-
" appear because of the Pauli exclusion ﬁrinciple. Thus the lowest j-value
where time-reversal noninvariance can show up is j = 2. This has the re-
ﬁdlt of severely reducing the effect of any T-violating forces on pp ob-
servables if the T-asymnetrylis of short range and the energy is low.
3. The zero-range model

Bryan and Gersten obsefved that T-violation in the BG one-boson-ex-
change model is mbch stronger in the j =1 stafe than in the higher-j
: states,z) This can be seen in fig; 6; wherein is p]otted_xj forAthe BG
model vs. Ty ., for j =1 through 4 and T, , from 0 to 635 MeV. It is
readiTy apparent why T-asymmetry is much more-pronounced in the low-j
stafes;‘it fs caused by the'exchange of an A] meson with an assigned mass
of 1070 MeV/cz, and the shoft range of such a heavy meson naturé]]y favors
exchange between states of low orbital angular momentum. .(The derivative
coup1fng of the A{ at oﬁe nucleon vertex makes the range of the potential
even shorter; see eq. 1-1.) It follows then that t(e) receivés its dom-
inant contribution from transitions involving the 1owest j-value. So from

eq. 2-11 one sees that for np scattering, t(e) is predominantly given by
(30 Jak){expil S8 + SR sin 24, sin © (3-1)

while for pp scattering (eq. 2-12) t(e) is largely given by |

CsvT 72k {exp i[ 60, « b+ SR« &) oy

xsin ZAzAsin‘e cos ©.
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(As it happens, t(e).for pp.scgttériné is gven‘bgtter approximated b} 3-2
than is the np t(é) by'341; this is because the pp t(e) receives contribu-
- tions only frém‘xz,.a4,.A6,:;.. and this is a much more rapidly.converg-
ing series than is xp, AZQ A3s ..., as.may be seen in fig. 6.)

It occurred'to us that it might be interesting to'see.what‘the'pre-
diction for time-reversal asymmetry would be in the limit where:gglx_the
lowest-allowed j-value transitions wéuld bé permittéq to contribute.
Such a model would correspond to T—vib]ating'extﬁéﬁge mechanismé of ex-
tremely short rahge (especially in np scattering; not quite so short in
pPp scattering).'.we stress that such a model would predict a universal
. angular depéndence forit(e), true for ‘dany short-range T-asymmetry model,
no matter what the mechanism, because the Lééendre polynominal expansion
'6f t(o) would have only the 1eading term (Qahiation in the angular depen-
dence of t(e) for différenf‘models is of course due to different ratios
of A];Aszgzzz). As a further refinement in the zero-range model the T-
| symmetric amplitudes a,vc,'g, h, and m (eq. 2-4) could be_taken from aé-‘
curale ph&Se-shift analysis ot the nucleon-nucleon data itself, raxher.

. than from a given -theoretical model like the BG model (which does not fit
the 1 =0, 2 =2 experimenté] phase parameters above 200 MeV as well as we
would 1ike). Thus predictions for the NN experimental observab]es.would
also be genefical]y correct for any mdde] of Short-rangé.T-violation as
far as angular depéndence is concerncd. For example, Io(a)(P -) <

8 Im[hf(e)t(e)],,so with Io(e) and h(e) given by experiment, and‘t « sin 0
(np case) or sinecose' (pp case), the angu]ar_dependence of P.- Qs com-

pletely determined.52 -
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The disadvghtaée of this model is.that the magnitude of t(s), and
hence the observab]es; is unknown. Thus it yields only relative values
for the obseryab]ee. ‘But such information can still be of great value.
For example, consider the measurement of PA - PB in pp scattering at 430
MevV. Data waé‘pub1ished for only one angle]3);'this point is p]otted in‘
fig. 2a. The BG mode]iprediction is plotted on the same graph and it can
be seen that a measurement in the range of.-10°-300 cm, or 1200-1600 cm
would have been much more valuable in test1ng for short -range time-irre-
. versibility, had such a measurement been able to be made to the same de—
~gree of accuracy.
| Accordingly we decided to proceed with the zero-range model and carry
out calculations. We fifst present the details of the model, and .then the
experimental predictions.. The model consists of assigning to t(e) just
the lowest term in the Legendre expansion, with i, (np casej or X, (pp
eaee) taken to be infinitesimal. In this fashion we do pot throw off the
pfedfctions of the T-symmetric amplitudes. Thus; for np scattering, we’

set

t(0) = X,(sﬁ/z&){ exp i [§(35,) + $GD )1} s B

and for pp scattering, we set

ey = Xz-( SVE/4 )] exp E[SN(ng) v ¢, + $ CF) 4 cf”:* -]}

x smbcoi 8
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Thg va]ués for 6(?51), 6(301);46(3P2), and 6(3F2) in.thgse gxprgssions
are taken direcf]y from experiment,:in the.form of4tﬁe Arndt-MacGregor-
wright phése-shift'analyseé of the NN data]s) (MAW-X), available at sev-
eral energies up to 425 MeV, The five remaining, T-symmetric amplitudes
a(e); c(e), g(e), h(e), and m(e) -are also directly computed from the MAW-
X phase shifts. Formulas for the-expansion‘of these five amplitudes in
terms of fhe phasg parametérs can be found,.e.g. in the review articles

16) and'Hoshizak117). Coulomb correc-

by MacGregor, Moravcsik,'ahd Stapp
" tions in the case of pp scattering are handled in the usual way, as e.g."‘
in ref. 14 and Appendix.C.
We present graphs of our calculated observables in figs. 7 and 8 for

.A pp and np scattering, respective]y;l (p -Cl)/xz and (PA - PB)/AZ appear

in fig. 8, and (P -CZ)/A] and:(PA - PB)/A] appear in fig. 9. Computations
wére carried out at 50, 95, 142, 210, 330; and 425 MeV. An absolute value
‘fof ahy of the plotted observables can be arrived at by multiplying the
value on ‘the grabh by XI(AZ) in the césg of np (pp) scatfering.- A]fernate-
ly, if a measurement is performed, then A;,(Az) can be determined by-divid-

ing the np (pp) measurement by the corresponding plotted value.

4, Discussion .

It is of interest to compare the zero-range model's predictipns for
pp and np T-asymmetric observables with corresponding predictions of the
BG one-boson-exchange model. This affords some insight into how model-
'independent the zero-range bredictiohs are. The BG bredictions for PP and

np obgervab1es are graphed in figs. 9 and 1b respectively. On comparing



- experiment

v‘than AZ’ as illustrated in fig. 6.
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‘the np observables for.the two mode]s, one sees.that:the predictions for
P - Qagree only roughly at 425 MeV, and that they agree much -better at
145 ‘and 50 MeV (figs. 10a and 8a). The same is true of the BG and zero- |

range model's np prédictiohs for PA - bé (figs. 10b and 8b).

In the case of pp scattering, the agreemeét bethén the zero-range
and BG model's predicted observables is quite good at all energies up
through 425 MeV. The bétter_agreemént in the pp case:is due to the more

rapid vanishing of the BG'Aj's With increasing j (Aé,'x4, AG’ ees) AS

" shown in-fig.'G, and the better fit of the I '= 1 BG phase parameters to-.

2). Thus, while we hold certain reservations about either mo- -

del's predictions'for np. T-asymmetric observables (is it valid to'neg1ect

: 1sdspin-nonconservation53?) we feel confident that the models' predictions

| for pp time-irreversible observables accurately reflect the effect of

short-range T-violations whatever the cause.

| Thé BG model affords some insight into the relative magnitude of np
and pp measurements of T-Vio]atiqn, and also. their engrgy-dependence.
CTear]y a given short-range T-asymmetric %orce produces a much larger M
54 .CorreSpondingly, time-irreversibility
will show up more strongly in np scattering,»whefe A4 contributes, than
in pp scattering where it does not.

It is also clear from the BG predictions (fig. 6) th_at,xj incréases

sharply with enérgy. This would appear to be true of ahx short-range T-
irreversible force. Thus T-violation for su;h‘a force should be more ap-

parent at higher energies. However one must fold in the'effectlof the T-

conserving amplitudes as well for any given obseryab]e, For example, in

P —
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PP PA - PB’ the_émp]ftude,g(e) hgs thg effect of enhanciﬁg th¢ obséfvab1e |

-at 50 MeV for a giVen.Aé,vas may be seen from'fig._7b. o
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Appendix A. General form of the M-matrix
Consider nucleon a scattering off nucleon b, as depicted in fig. 115.
Here Pi» Tis Dy» and v; are thé ipitiaf_thfee-mdmentum and intrinsfc spiﬁ
of nucleons a and b, respectively, a"d;Bf’ Tes Nes and ve are the corre-
sponding quantities in the final stéte. “The initial and final center-of-
mass momenta are defined to be

;&;

~

2( P

P

- ;)
and

ke

»n

Wl

2 (b - ),

‘respectively. Then if the interaction fs invariant‘Under'the rotation in
space of the nucleons' initial and final three-momenta and intrinsic spins,
the M-matrix must take the form of eq. 2-1 in the text.

' Coﬁsider next the effect on the inifial»and final momenta and épins,
of space-ref]ectfon through thé origin of coordinates. . The momenta reverse
difection while the spins remain uhchanged; This is {11ustrated'in fig.'
11b; the>space-ref]ected momentum and spin symbols are underlined. If we
how require that the fnteraction be invariant under space-reflection, half
the amplitudes in M‘(eq. 2-1) vanish. Specifiﬁal]y, invariance under

space-reflection means that N
eV _b BV
Xy, Ay, MUhe, 4 Xy, Xy

t 4t b !
= .X;f >_<v‘f' M(éfJ éI)X'R‘.X"-

b
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‘where the xa and Xb are two-component spinors for nucleons a and b, Since
under space reflection. the sp1ns do not change but the momenta reverse

'dlrect1on eq A] may be wr1tten :

X{-XV)‘M( ﬁ, &)X Xy
| 7(; x”m}q s >x Xy

or, in génera] ‘ : .

O MGA kY = MUk k). (2)

It is now an eésy~matter to determinevwhich terms in eq; 2-1 drop out.
The arguments of the amplitudes A, Bi,,cj, and Dij afe:gi.Ei and ls'.-k.

1 ~f?
hence remain unchanged under- space-reflection.. However

E = '_;b.f + 'izs‘ f
z - K /?). = - Z
and = v v
E = &; X &f- = \2
and thus.cg, 033 og; %’ og 02’ og 02’ oa cg, and °n oz change s1gn

Hénce eq. A2 forces the coefficients of these -matrices to vanish. Thus
the most general form for M under spaée-rotation and -inversion invariance

is

M= A + Rl +'Cza\f’ + D

s r i
+ Dy, T3 o"i. + D, © 1 T

t Dy oy 1 * Dy oRet,
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A more common choice of amplitudes is such that

M= a f:c(dﬁ-&@i) *,g(oil_cﬁ)
(g + 4‘30‘;0"5’, + (%,}3‘)' o2 0{ + 0““ i .
+f(¢iq~é‘-+q;q’4{) + u(o"q,("‘%,—fr‘l‘,o'é).

Consider next the restriction on M if nucleons a and b.are indistin-

quishable particles. Then

~

| . : ~ - (A4)
at \ | o b
= 7(V‘F x,r+ M (ﬂ. hi') ", ,tf ) Xy‘, 7("_3; .

that is, M is invariant if the spins and momenta of nucleons a and b are
interchanged.  Now relabel the r.h.s. of eq. A4 with a+b and b»a eveiy-
where they appear. The result is that eq; A4 hecomes
" Q (" — Lovl

M(g Jg ) - M(ZJ o ). (As)
where M(gﬂ,ga) is meant to denote the original M-matrix but with the spin
matrices interchanged. (We need no longer indicate the Spinors as in eq.
- A4 as they are now identical on both sides of the equation.) Condition

A5 reduces M of eq. A3 to the form’
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M= a 4+ Cf?’:"“rﬁ)
vlgrhyohel o (3%‘)0{.“{’ (A6)

+ moy 0',{’ + t(v;o*",; + o5 °§)-

Consider finally the effect on thé space-fef]ection and rotation
invariant M-matrix (eq. A3) if we require time-reversal symmetry. The

time-reversed spins and momerta are defined according to fig. 11c¢; speci-

. fically the time-reversed momenta are .

= - Pf,
= oy,
-B

= - hn .
W

RN-U
’t

’.

and

Ny

i VU i
B 1 3
i

the time-reversed spins are defined to be

ﬂ} = - Ty
- :".f
Iy = -m
and
')../f,‘:"vi

Returning to the momenta,

./ﬁl,i: -Ii(—tf + n

=
—tny
e
1]
] .
A~
=

"
\
A~

.'g{l = 3 (-P + 0y



so that

00 2470
1} 1]
AR D~
-+ -+
. ‘ 4
Zlﬁ— aw%*
" "

+ )

o
S v

and

-
=3

21—

s X

)

2 18~

1=

‘F = ~-Nn

X
1

'X_Ff |

Aog, = AXr,

L ; |
-.X Tyt —X”f'zlx"{.

. The operator A which reverses the spin direction is given by -

A = [exp(-ig€m/2)]K
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where K oberates so as to replace everything to its right by the complex
conjugate. The operator U = -io, rotates ai].spins by 180° about the y-
éxis, and thus reverses the x- and z-components of the spin expectation
value. K affects only the y-components, reversing the direction. Thus

—iozK_ reverses the entire spin expectation value.

In general, if Xy and Xg are any ' two two-éomponent spinors, then
o\t ~ Lt
C(AXD T AX = (KUXL) g KUX,

N (kXI'\Mfz'“ ey

(since KU = UK).

Now a simple calculation confirms that

weWw = -0¢e + 0 - 03¢;.

i “~ n

Meahwhile

(kXa) uTg W (xXp) = X1

-
=
+
Q-
=
>

':i')<; (\lf~E:LLXT—7{d

-where the superscript T denotes "transpose". Since

t+ . \T A A
(-ugu\ = -~ 0, € =-0,€, - 0;€,

= - 0
. N‘
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o by :9b, and P and n by -P and -n, respective1y; q remains unchanged.
o~ e ~ ~ AL ~S

If we now impose condition A10 on the space-rotation and inversion
invariant M-matrix (eq. A3) we find that no constraint is imposed on

the coefficients, as these are functions of k2 = k% = k2 and k] kf

k kf, but that two spin operators are e11m1nated M takes the form

M: a f'C("O’: +c'f:) ot -{3 (cr:—crl")

n
(A17)

+ (3+h)og o*f, + _(3-'9‘)'0; q-é’

A

+Wl0' O‘n
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'Appendix B. Phase-shift expansidﬁ of the M-matrix
We present.an expansion ofvtheAM-matrix of eq. A6 in terms of par-
'tial-Wave matrix e]éments of the ﬁransition operator T. The symbo]ic
matrix relationship between T and ihe scattering matrix S is T=(S-1)/2i
for a givén partial-wave. We will give the precise:relafionship in.each
case as it arises. |
_ A]though we w111 give the T- matr1x expansion for one of the six am-
p]1tudes in eq. A6, that for t(8), for the entire M-matrix we prefer to
use a d1fferent representat1on, that in which'the total spin S (1 or 0)
, and its z-compopent ms~is specified, as in ref. 14.. Thus, if M&fsfmf5&isimi
is_the matrix element for initial center-of-mass momentum k-- '

tota1 two-nucleon spin s; and z- -component mss with. kf, sf, and m. the

i f

correSpond1ng quantities in the final state,invariance under space rota-
tion and particle interchange (or isospin in np scattering) permits one

to express M as

M = Y S 1)
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where the set of basi.s vectors Xsm are

( o o ?
0 N by o _ _ °
Koo ~ o |’ Kb! Tl e 2.<!,o = | and .>.(\,,-\ “| o
o | . 'o} .

. and where we denote. the M as

Kpsgmes KiSim;

Méf,o;o, ‘E;,o.o = ‘H(O:Mu

and

Mé{ J‘) Lo/ ’ ttl‘o \; N“ = M (e,¢)ﬁf’mi

- Here o and ¢ are the polar and azimuthal angles, respectively, of kf; we
choose k; to lie along the z-axis.

Invariance of M under space-reflection puts constraints on the Mm

£

~ such that there are now only six independent elements;

rM:As‘ e ° °

(B2)
o M '

N Mia°- 4”!,4

o Mo,.' Mo, o '_Mo..,

\' 6 . My -Myo0 My,
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We now,giVe the expahsion of each of these six elements in terms of par-
tial-wave T-matrfx elements, written in the.form <j,1f,s | T | j,]i,s>,
Qhere j is the total angular momentum both initially and finally (it must
be conserved because of space rotational invariance of M), s is the spin
angular momentum (conserved only because of parity conservation and the
Pauli principle (or isospin conservation)) and'lf.énd 11 are the final
'and.injtiai orbita1 angutar momenta; k is fhe magnitude of 5f and Bi' M

fs normalized such that the unpolarized differential cross section

_ Lot
I, = 3 Te MM,

We stress that these expansions are fu11y‘re]ativistic (one must compute
k relativistically) and are a general result of Lorentz covariance and

unitarity of the S-matrix. | .
M, = @AY R s GG i T i)
N, : ,

. ’ _' . ) ) ) . ’
- P Ccos 6) [5(5“).]‘ L i\ T ety

+ B Cees8) (25 +0) 45,50 LT 50>

o L _ (83)
= B O LGN G e, 0 T 0y

P a0 G e T ey |



-
M(.J'o = c.2£).| EXP ({-—1“))

m %
RZ] R o) 2% s LT

\
() o : |

+ Pj'l (o5 ®) [Z(J'*")/J'] <51J°‘1"‘T\j:3*\’ ‘>

- P, (ose) [24/cJ+\}] GuavW\NT i, 0y

oGy y ' .
= P, (e 20 e | TG

(B4) .

My = (24 exp (- 204)
' (
dZ{ .

z).

R
, (2 ®) | G-t T,

| -k
- ﬁf"’(me)[;.um] <5a-Li AT den 1)

. (2) ' 3k ’
- B Cese) [0l G TG
@ . “h -
= P @ LiGen ] e UT L ia,100
e BV Gl i AT e 0

(85)
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Mo, = (247 u,,w) |
x'éj{ P ccose) 2% () i 7 Limu | T G55 1)
o '
¥ | .
+ AP-(_.)(CDS ) [_2(5«&\)/‘;]1{5,;-\,4 \'r\ TIRY
+ ? (COSB) 2 [(20*‘5/4‘.)*‘3] <u,u,l\ T4, \)

-"? (bse)[ZJ/(JH)] 4.);3*“ \T Vasi-y, ‘?

. "'(H (s 8) 2725 GANT G, ian 0l T Liyin, 1
’ J
(B6)
Mo = (24 Zi Pt 8120 <4 i-Li N T Vi1 7
J

+ F\-‘_‘((os &) z[g(juu)] 1-43,3-\,. A\_’[‘\j)&-@b\}
. y .

v Py (cos ) 2 [5G+ 01% iy, (AT 5, 04,1

t Pj“(Cos o) 2(3*\)43'3”»'\'-‘3,:1*‘,‘) .

(87)



‘and

Mss

= (24 2 P(wse) 22jeN4i fo | TYj 1,07,
J .
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(B8)

One W111 observe that for a given j, the only non-zero matrix ele-

ments of T are those 1nd1cated be]ow,

ey

~where in this 4x4 matrix we deriote (j, 2's ) Tlg4sd> as T,

T . —
J-bLi-, L 0 A, A
Sl I, 15, ) N
T .
o i 0
™ . IR
i, 5o, 0 0 }

J4, NI T

l 1 The

zeros are a consequence of spin conservation and parity conservat1on

From the relativistic unitarity condition, one can show that if we

dénote

T

(SJ'\)/ZE

(89)



where

“then

Following established convention, e.g. ref. 14, we parameterize S

. c
and 35 4,1

S:.
14,0
and

33.5. {

as

Siuis

1

4xq

" to.

o

J=h 3~

S, .
IRE A PR R

exr ( Zl.‘s‘j"i’o )

cxp(2£5¢¢,).

S|

l\i) |

Siavent

(s

S.

ey

(810)

(811)

jjao

(B12a)

Vo e
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-

For the matrix e]éments Sj+] &1, 1 we generalize the Stapp-Ybsi]antis-.
Metropolis (SYM) parameterization]4 of the time-reveréa]-symmetric scat-

tering matrix, to write

Sjia Sia, je
33:: = |
‘ S.)’ﬂ,j-l,\ S,}u, AU
X : (B12b)
1S FE. 2 : 38
J ~ ' ll" )h.
= e e Ve Ne™ et
where
~sij+l °
S =
~)
°" 5,34 1
o ‘
E\l. ¢
éd = : A
EJ' 0
and
0 -i M. :
J _ )‘ T
A = =AD
‘) o 4
zAJ

This parameterization satisfies the unitarity condition pertaining to the

@

l=jtT submatrix;

S‘T

:\: .jg L’
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Explicit-]y,,‘ :
8., ' | AT S.
Li-l Hiji-0 + 51 0)
= .€os 2%; Cos Z2A; e e (z:»}ZEJ S 2); + siia 2’%‘)
S, = '
Jt .
'(sd';i‘\ * g&,iﬂ) z"s\)',.iﬁ

(:'sfn 2%y os ?’\J ~-Sw 2'\J ) , €

u:z::d- r.os?.,\d |

- (313)

In a calculation of Sji Trom some basjé interaction, such as AlfeXr _
| change and other boson-exchange iterated in a B]ankénbec]er—Sugar equa-
tion, it is convenient to compute the K-matrix rather than the T-matrik.
(This is gspecia]]y SO wﬁen timeQreversal symmetry hoids, for then K ha§
only real elements. - Even when timéfreversa1 §ymmetry fai]s,kK i§ hermi -
tian and eésier to'calcul?te than T.) The K-matrix is related to the S-

matrix for states of total angular momentum j by

-2, . '
;= Q=ax ) (Vevgy), - o (814)
where .
Ko o 0 o \
. : v . o .‘ ‘{J,\l"—(,( O K..l'\, ;fl,)
K, = - (B15)
o 06 K, .0

\ O Kiwia 0 Kiien



-43-

For the uncoup]ed'states, the conventional phase-shift pakameterization

of Sj (eq. B10) leads to

‘.

d)i)o - “'“"l °

-~
p.
=
oy
!

and A . (816)

‘tWhn by K

3,0, 1"

bod, \

For the coupled states, the relationship between the K-matrix elements

and the S-matrix phase parameters is somewhat more complicated. By eq. Bl14

. (1+3 Ki45 4 Xt=4 Kj*l;jﬂ ) - KS“,j"' Ki*',i"- ) 2{.K1”‘u’”
20K i, oK 03K ) = K K
| ‘ ' (B17)
where
A, - Rl Y Ki«,‘j-u T Kia i Kiwju = ’.(Kj.(”‘q + tj«\,jﬂ\'
It is easy to relate the quantity (Sj,j,] - Sj,j+1) to th? K-matrix ele-

ments; we observe that from eq. B13

i MSigian = o 2 0G0 5000
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which, by eq. -B17-

[( l * LK"\I -1 )(l - K ) ., - ) - Kj',‘;iﬂ Kjﬂ,,d'-l] )

' -1
. [(l — —\J \Xl t ) KJHJH) - Kj-,,‘s,,, Kj;*l,J,-l ]

and since the denominator of this expression. is the complex conjugate of

the numerator.

= Q)(P{'?i arg (t+) KJ"d | )(l" ) KJ*' i+t ) - Kj-.’jﬂ KJ+|,J—| ]}

Thus
sj:i" B S\ip.j‘*l
= arg {(‘ ' -l,; | )(l Jﬂ J'H) Kj-!.jf_l K\i*":,j"\]
.= arg [(‘ ¥ K’-n 231 KJH v Kd" i )\J“ i ")
+3 ( Ki-hi'i - K3+g3+| )]-' (818)
Gj,j-] “‘5j,j+] can thus be deplcted'as in fig. 12a. One observes from

this figure that

tan (S“ y - 0‘ ) = (KJ"‘.S-\ = \fjfu,jf| )
| - | ., (819)
(l + K K .. =X K. -

A dm enis -KJ"alﬂ Jeh g1
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Note that in the 1imit of a weak interaction, where the K-matrix elements

approach zero, then

Siin = Siin = Kisga = K

JeL, e
(BZO)
It is similarly easy to relate the quantity GJ J 1 j,j+1' to the
K-matrix elements.. We take the Jj-1, j-1 élement of eq. B17,
S = A" V- - . -
AR A»\ I’(\ t )KJ—\'jq \(\ ) KJ'H,,S*\) ’l;J*I KJ*‘ . ]
parameterize it using eqs. B13 and 818;
(exp 2685, Yoos 25j ws 2y = [exp i (S“,‘ -85 ))

X‘ (\ *+ i»K‘i-l,J-‘ )(‘ ‘ KJQ‘ J*‘) -\ J*‘ KJ“".J."‘,
/DG exp(iarg A;)
"and thereby observe that

arg 4; = - (S S,

di )' g (821)

We therefore construct fig. 12b and write down immediately that

Ju)\

tQVt'(SJ’J_‘~ + d . ) ": (K + K

Jud vt I =t N+, gt )

x(( - Kj-\“‘,-‘ K: (822)

Jja ¥ K&";i'*". Kjvl.i‘l>
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‘In the 1limit of a weak interaction,

S’j's—‘ + gd‘ui*‘ = KS;‘:'.S’\ + Kj

+, g4t
(B23)
Thus using this result and eq. B20, we see that-in this limit, |
S‘;H"“ = Ki".i-\
and |
J'.‘j-\-\ = 'KJ-H,J-H ’
(B24) -

To relate &5 to the K-matrix elements, we observe from eq. B13 that"
4 o . |
S . o 2. :
( 9=ty ¢l ¥ S‘J*",J")/'(S»S-I._,'-\ S\jﬂ,jn> -z 2i tan 250'

- which from eq. B17 also

- 2) ( Kj,"j"_‘ + K‘i‘":’_| )

i =Y,y ).M,J'-I

7| (i +}£'KJ—LJ-|\( L= Ko ) - K,

: l\low,'K.J.+ is hermitian when the interaction ishermitian, which we assume

'to be the case in order to conserve particle number.

Thus 2i(Ks_q, 541 * Ky, goa) = 4 Re Ky 54y and
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) —tlaV\ sz = 2 RC Kjﬂijf‘

x[C1+ k.. k. - o Z
[( | KJ.J‘J.-' KJ*",]*\ Kj-l,j&-l KJ' +1, j-t )
. | . ___11_
: 2
+ _K'.')-l, it Kjﬂ,J«-\ ) ] .
(825)

Again we'note that in the 1imit of very small K-matrix elements, a simple

expression results;

£ = e B26
J Pe KJ—‘IJT‘ ( ) '

Finally, let us relate Aj to the K-matrix elements. We observe

from eq. B13 that

d—‘,‘jq-\ - AR = 2 3m ?XJ e"f” ‘gd“\ﬂ +

J.iﬂ>

~ and that, from eq. B17 it also

0= 2K K Y

taking into account eq. B21 we see that it further

= i KJ-\.J*} BAITHE )/ Al ek [”"(Sa'fj-' * S',J'H)]'

J



Thus the exponent's cancel; the hermitricity of K yields

sin'2); = (2Tw Kdﬂ);_., )/ AJ\
= 2w KJ-H J-
x[(‘ B KJ"":'_" KJ'JA,J'H' M -Kj—\}'ju' Kjw.d-i')l_
A (Kj-\.-sn tKje SZ ]le
| (627)
In the limit as the interaction vénishes, |
A= T _Kjfuj--y ’ (B28)

Phillips has suggested -another parameterization. of the SQmafr1x to

take into account t1me-1rrever51b111ty,]9) he uses the format (a]be1t with
an opposite <1gn convention for A

5!
-; bj ~ lAJ ,
SJi = e | s\it_e } (B29).
where
\. 0
-— . J -
e = - = A 93
i o - A Y
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-~
)

and wherg Sji-{s'a éymmetric 2x2 matrix. vPhil]ips parameterizeé Sj+»ac-

cording to the Blatt-Biedenharn (BB) conventionzo) but this parameteriza-
tion has been heariy universally abandoned in favor of the SYM.parametér-
ization]4) because the BB convention can lead to very large values for

the mixing parameter for even a very weak interaction if (Kj_]'j_] - Kj+1,j+]) o
is as smaj] as Kj-],j+l'

.§j+ according to the SYM convention. Even with this parameterization,

We therefore shall also elect to parameterize
however, one of Phillips' phase parameters (Aj) does ‘not necessarily
reduce to a small value in the limit of a vanishing interaction, as we

will show. We set

J J
Sjt = @ e e (B30)
where _ ‘
g _ ls“i". O
~J' -
0 85J+|
and
0 s .
- _ Zd _ -
2. = = HEY
20' 0
Thus



2‘;’5.' : "(g'. +§" o‘P
s ¢ =1 « - . | - J, .”) -?,A-
cu2§ie | Zﬂw2% e I J' . 3
G E ) o %S,
. . -. J‘J-' ’*' 2,A. . ) . e JIJ
A:sm2$\) e “, e ) . Cos Zi'J
(831)

8 1 7s Bs si1s £y X -matri
We can relate 83,5-17 83,5+1° €5 and AJ'to ﬁhe elements of the K-matrix

just as we related 6. j+1° &5 and_Aj to these elements. We equate

. 1, 8.
J»3=17 7 | ‘
the r.h.s. of eq. B31 with the r.h.s. of eq. B17 and immediately show that

‘Gj,j-].' 6j,j+1) equals the r.h.s. of eq. B18, hence equals (Gj;j-]'aj,j41)f

Ne‘show almost as easily that

it * Sii = - ang A

"ARL!

and hence
< ‘SJ,j—l t Sj,jﬂ
Thus )
bi-t Sb.i-\
and

diia 7 e
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- To relate eﬁ,to-the K-matrix elements we observe thét

. N N . - . ’ 2’ ’
(SJ":J‘H SJﬂ,j—\ /SJ-\,j—\ SS-H',j-H )

]
-~
4~
o
3
~
~

2¢ | KJ-\,Jﬂ\

/‘ (‘ t Kj.\‘j_\ \( l - KJ*Q‘J‘J). - Kj-{'j-n Kj-ﬁ.j.-f e

hence
tén ,2_53- = 2 IKJ‘,\'J-“l
x{(l + K;-\‘,;-; Kjfl;jfl “ Ko Kjetjm )1
| + (K;-\,J'Qn' - Kju,jn )-1 ]-i '
, (B32)

Observe that the formula for tan Zej differs from that for tan Zej only
in that.lKj_l’j+][ replaces Re Ks_y 4,9+

'Finally, to relate xj to the K-matrix, we note that

S.j't“‘,j—\ /-SJ-‘.J'Q\' = xp (4 XJ )

= Kjﬂ,]-\ /K.'l-\,qu’
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where we have used eqs. B17 and B3l Since Ky 1 41 = (Kiy - ]) :
exp (45 A ) = exp (2'“*ﬁ*ﬂ4j*.)
or
tan-Z/\J' = Im K“,J \/Rc Kien -1 - (B33)

Now observe that even in the 1imit of a very weak,interaction,,is can .
approach 45° {f Re Kj+] 3-1 happens to be zero. This in fact happens in
Nj+, _

the BG model; as the laboratory energy increases from 0 to 500 MeV, e

goes from 0° to a minimum of about -3° and then back up through 0° to-

positive values at about 450 MeV. Re K: = Re K3]'behaVes similarly .

jt1.J 1

to €y (asvsyggested by eq. B25 or eq. B32) and so at- 450 MeV, Re K, = 0,

31
so that tan 2A2 = o, Thus Ay = 450,'despite the fact that tan K3] is

- very small. On the other hand, Ay = -0.6 at 450 MeV, so our parameteri-
zation gives a realistic measure of thé.strength'of the interaction.

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

t(O) of eq. A6. We observe that

T\r["’\(ﬂ'(‘ L oo op)] = e,
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Then since
'olb o ¢ o o O
or o+ W“v‘/: = smb |0 MO + Zewso | ° ' °
P 3 o 0 2 o ° .
+ 0 [
0 -l oo o -V O

we find that

t = #[3"‘*9(‘”." + F’lo‘o + Ml,'\> + V7 tog D (i‘/ll'o + Mo,j )]

(B34).

It is now a simple matter to use eqs. B3 - B7 to obtain the partial-wave

T-matrix element representation of t(8). The result is
o | | B S
t = 44y Z (5«0 [§+0] P." (cos B)
. g .
X TT_‘ : - Ta o).
( J ;Jf‘,\.’ J*L, ), ) _ (835)

In terms of the parameterization of the S-matrix given by eqs. B12 and

B13,

S . 'Ji 1))
. (2‘)\»!)[34(\]&\\] PJ (eos 8)
=1 :

t = 24y
’ J
i(gt)h,j-i t ‘y',jﬂ)

Xe sMZAJ'.

(836)
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Observe that this time-irreversible amplitude vanishes if a]]ixj vanish,

or equivalently, if the r.h.s. of eq. B34 is zero.
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_ Appendix'C.7 Proton-proton scﬂtterihg
The formulas for the NN M-matrikAdeveloped in Appendices A aﬁd B
are}for dissimilar particles in the absence of a Coulomb interaction;
i.e. for the np system. We now determine the formulas corresponding-to
the pp system. The result is similar to that given in Table III of ref.
14.
The Coulomb interactionAis taken into account by replacing Sj’ (eq.
B10) by |
X i®.

| N :
e "'SJ e ! - | (c1)

where

)
@ _ ¢ o ©O :
. = =\
o o) ¢J o) , .(c]a),..
\ o (o) 0 .
‘ 14\
Here ‘
132 I
where
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with _ : -
2,2 L
Nn= me/2t’k = wmc/2kk.
Thus
Ny -4, = 2 arctan (N/m).
- “0 ms ' “" .
If we parameterize S. and SN accordiﬁg to eq. B12, then the effect |
of replacing S, by (exp: o, )SN exp 1o, is that
N
exi — zs >
X — )3
q
. a2 —"’ S +
SJ,J;O 3 0 49
o N
SJOJJ‘ —__>A J;JJ + ¢ :
(c2)
N
sJaJ" - SJ';J" + ¢-\ J
and :
' N
Sgn = Sijer * Hus
the 6?15 are so-called "nuclear" phase shifts and differ (usually-slightly)

from the purely hadromic phase shifts Sjls‘ eg and A?.]ikewise differ
slightly from éj and'xj. The simplicity of the last two substitutions

is a result of the way we choose' to parameterize Sj+' The Phillips
- parameterization does not lead to such a simple modification.
If the substitutions given”in (C2) are made in the formulas for the

- M-matrix elements Mg  and Mmsm; (eqs. B3.- - B8) and the summations are
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carried out;-then

My (8) = fclo) + My, (),

Miyo(8) —> M, (6),

M-(,—l () — ﬁl,'lce)',

Mo (&) — Mo, (8), |
" __ (C3)

Mo,0 (8) — £.(6) + Mo, (),

 and

Mss(8) — £.0) + Mg (8).

Here fc(e) is obtained from the paftial—wave summation given in ref. 21;

- apart from an ignorable &-function at coso = 1,
- . N o> " , ’ "' | .
{'Q(Q) = (21'/&3!2 (2'(‘*')[(()‘}’2‘.(1)13“3?1(0056)
=0 .

| - (C3a)
= [—-_»7/243 (s 8/2) ] exp[-in dn (s B/2) 1.

The Mmsm' and Mg are obtained by making the following substitutions in
' s . . o
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the T-matrix elements 1n the expansions of My . and Mg.:

— 2: 8. . 2"¢' 29 S" - :
Lo = (& 90/ e V(" e )/
N 2.8 - | 20, 2;3-"- 3
i = (e Y )20 — e (e Tl 2y)/2
— 27 S - -
i = (e s 25 ws2d; -1 )/2y
- N
QP 2i §. . N N '
— e (e uin Cos 22 o5 2A) =1 )/2/
A T T T ) |
. dd -l R .. }
’FJ,;LJ-:\ = e d.3 'l (7 sm ZZJ Cosl/\d' 1 sm ZAJ)
N ' ‘
e Gt TG )
BN 'S N . N
"(2 ?MZ?J CosZ)«J ‘t.SMZAJ’)-'
and -
2§ .
L J + 1 .
Tivoge = (€ "W a1z es2)y -1 )/,
. ‘ ‘ N
21 2.8 .. NN
— e ! (: GRANVNY 2ej os2A) - 1) .

(c4)
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.Bystricky, Geréten,:Junod, and LeharZZ) give relativistic expressions for
- the Cou]omb-coﬁtributions in eq; €3; however our nonrelativistic correc-
- tions are quite sufficient for fhe purpose of‘this paper,<as'the Coulomb
corrections to the prediétions'for P-A and PA-PB are very small, indeed
almost indi;tinguishable in the plots at the higher energies.' We do of
course compdte k relativistically; k = (mcle-.b/Z)‘15

We next consider the correctlons to the M-matrix to- be made because

of the 1ndlst1ngu1shab111ty of the protons If

7( A Mk, k) A A
Tr{ v‘,‘ b ”pf’ n) ) ]r‘. V‘, M (&f, o Vf) TR
is the npAamplitude, as depicted in fig. 1la, then thé corresponding pp

amplitude is obtained by the substitution

M(%'f;& ﬁ‘f’t’_fn’ Yv -

M(tf;éi})wflvf‘ﬁ“‘-‘v;. - M(- 'b.f, ‘& )

)

v*, ”f) T', ) \/

- In terms of the Ms’m ssm matrix elements, this corresbonds to
' s’7's

~ M(Tr e, qun)"

SJlMs



and -

M (s, Cb 00,00 —- M(‘.eid’)o,o;o,o. + n'(rr-a,dmr)o,o;o,o,

where the ~(+) sign on the r.h. s. results from the symmetry (antisymmetry)
© of the $=1 (0) spin wave function.
If we now take into account the Cou]omb 1nteract1on as well as par-

tic]e identity to arrive at the pp amplitudes, we must make the following

subst1tut1ons

My, (6,9) —» ﬁb. (6, ¢) +1°c(9\ H'l,,(rr'-t?, ¢ t7) + {ﬁc'(&-s),
"M,,o(e,Cb)-* ﬁ","w'_(b) “Hyp (7-0, ¢ +m),

Mot (0,0 = Fia(6,8) = Ry (oo, <£+n5,

Mo, (8:¢) — ﬁo,;,ce;cn - My, (n-0,4 ),

Moo (8,6) - Moo (8,6) ﬂﬁc(e) ~ Mo,0 (T-6, ¢ t7) + fcbr-é)l'

" and (¢c5)

.Ms;{e,'-cb\ > s 6,0) + T (B) + Ao (-9, +1) + fc(zr-s),

The spin-triplet sums [ﬁh; mg(e,¢) - ﬁmg'ms(“'e’ ¢+m)] are easily
. ’ [} .
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ohtained from the. r.h.s. of eqs. B3 ~ B7 by making the Coulomb T-matrix
- element substitutions (éq._C4); multiplying the r.h.s. by an overall fac-

~ tor of 2, and summing over Pz(cos ), P£1)(cos 8), or sz)(cos 8) for & =

odd integers only. The'spin-sing1ef sum [ﬁgs(a,¢) + ﬁ;s(n-e, ¢p+w)] is
obtained from the r.h.s. of eq. B8 by making the Coulomb T-matrix sub-
stitution (eq. C4), mu]tip]y%ng the r.h]s; by a factor of 2, and $ummfng
over even-integer values of j only. The résu]ting M-matrix elements so
obtained agree'with those given in Table III of ref. 14 except that
'<353-1,1|T[§,j+1,1> is no longer equal to <j,j+1,1|le,j-i,1> |
because of time-irreversibility. | | ‘

The pp version of the time-irrevefsib]e’amp]itude t(e) can be obtained
IREREIRE LR
antisymmetrizing the amplitude. The result is that

by the substitutions‘csj j-1 6 )

+ ¢j and
' s . % S0
tey = ¢ (&) = A'Z (2+0[jG+0]) * P s 6)
» H’ J qven J
eXP } J.,J.’l ¢J -1 ,)"jfl d+ 311 J -

(Cé)
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Appendix D. Derivation of Pp - Pg

Experiment A. Fig. 4A. Let éi and gf be unit vectors in the direc-
tion of the initial polarization and vector A, respectively. It is con-

. . A A . . A A
venient to express e; and-gf in terms of the unit vectors R and q.

Accordingly
& = &, @s(X; - 02) + & sia (X - 02)
and | o
A A ) AL »
e = &p ws(_7_(++ 6/2) + g.z sin (_7_(7( + 6/2)

For an initial beam of particles “a" 100% polarized in the direction é%
scattering off an unpo]arized target, the expectation value of the spin

of the scattered beam in the direction éf is given.by

210>

BRI, = +Tr (M g™

a J
+o 4 { Mg* g?*)

when parity is good.23) Here PA is the polarization component and Iy is

the unpolarized ditferential cross section. Since
q, A a )(’ S a s oy/
g . s‘. = UP .C.o: ; -+ ,(Tz Siv X;

and
@, & = a ' + o5 ’
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where |
p .
Xi = xf - 9/2
and |
,
= e ‘
Xg = Ap o 2,
- 1 . "j» /
BRI = §Tr(Mop Map )os X corX;

. L,
+ jTr (M‘fo; M cr%‘" ) ot X+ Sin 7(‘

v a ' ) , . . I
+ -‘;— Ty (MTQi M U'; ) SM{X_F‘CMX;

‘ — 1 a q \‘j’ -.X.l
+ — 1. MU' Ma ) Cin Sm o
3 Tr(op oy fo
" Experiment B. Fig. 487. This time the initial polarization is in the
direction éi'and the final component taken along direction 3}; where

4 ' '

é? Cos Xf - é% Sin X‘F

D>
1

and

[4



© Thus
?sfo - %T“(M*'éwéM q'é';) :
= A e (Mo MOH) st cos X
- £ Tr }(’MTUF M 0{) cos A siu 9({
- ﬁ;-Tr'(M:*v.g Mo, ) si x,f Cos Xy
+ ﬁTr (M oy Mﬁ'q)st st X,
Therefore

(R - P T, = s X+ X))
(—LTr Mc P M0y
+ LTe Moj M'c’}-)f

"Using the form of M dictated by rotational and space-inyersion invariance

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

Q

Q'P cr% = {0 ('P,‘i,“ cyelic).
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and
Trl = 4
to obtain | ‘
(P, - PV, = (s Ofp ¢ 2401 FReg¥t.

We note that x; + x; = x{ + x;-'

In re]ating'the polarization directions in the center-of-mass system
to the corresponding directions in the Taboratory éystem, Wigner rotation
must be taken into account. If the transformation from the cm system
to the lab system does not involve a change in direction of the momentum
of the partfc]e, then the spin does not rdtate., Such a case is the'trans-.
formation of the ihitial beam momentum from the cm‘to the lab system, as
depicted in figs. 4A and 13a respective]y. The initial boTarization di-
rection %i remains at an ang1e~x% to the _beam momentum direction bi in |
‘either system. However in the case of the polarization of the scattered
beam, the direction §f, which includes the angle Xg with the c-m beam
direction‘gf, appears to rotate toward,\lgfz through an angle e (the
spherical dgfect); Efz is the.directibn of the scattered beam in the lab
system. This fotation is i11usfrated in figs. 4A and 13a. In detail;

the spherical defect

o - 26,

"

€
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where o and ez are the c-m and 1aboratory scatter1ng angles, respect1ve1y.

(Th1s rule is der1ved e. g . by Sard24) o and 6, are re]ated by -

ten §; = .{z/(rﬂ)]‘ tan (6/2)

where y = (1-8 ) % and gc is the laboratory velocity of the prOJect11es
The angle Xfg included between the (rotated) polarization vector Efg
and the‘scattered beam's laboratory direction 5f2, is thus related to

x¢ @s follows (See~fig. 13b);
Xep = Xy -2 ‘+‘(‘9--91)

= X By

(Observe that in the extreme relativistic case as y » =, Xgg = Xefe In
this case, a pure helicity state remains a pure helicity state in both
the c-m and lab systems.)

The same spin-rotation rules applied to experiment B, depicted in
figs. 4B and 14a, show that the initial spin direction §h‘does not ro-

© tate in transforming to the lab frame, while spin direction 5; rotates

and k

through ¢ into efz The angle x., included between & Key

12 ~fe is -

~given in this instance by

L/



§1.

§2.

§3.

. s4.
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~ Footnotes

Note that in general the polarization of the scattered beam does
not point along, axis Q, bqt rather points out of the scdtterjng
plane into an arbitrary direction.

¢

In the case of np scattering, the isospin-breaking, T-violating

~amplitude u(e) (eq. 2-3) also contributes to P -, and Py~ Pge Thus

the angu]ar-distributionsbfor P - @ and PA - PB wij] not remain thé
same for different T-asymmetric models unless these models con-
serve isospfn. Of course, in pp scattering isospin is necessarily
qonserved;

This has been stressed by Simonius]8).

Since the charge-trip]et A] meson -is the origin of T-violation in
the BG model, the NN Born'term is-mu1tip1ied by an isospin factor
I?.5b which equals -3 (+1) fn41=0 (1) states. This enhances the

I=0 phase parameter,x1 over the I=1 parameter Aps but cahnot accoﬁnt»
for the factor of 10 or more difference between»these phase para-

meters.
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FIGURE CAPTIONS

Feynman diagram for the exchange of anlA]-meson between two

nucleons.

' Comparison of predictions for P - @, and PA - PB by the one-boson-~

exchange (BG) potential model and the "zero-range" model, f§r 
pp.and np scattering, at 425 MeV. Note that the scales for all

zero-range model predictions are in arbitrary units.

Experiments to measure polarization P (drawing A) and asym-

metry & (drawing B).

Measurement of PA (drawing A) and PB‘(drawing B). Drawing B’

depicts experiment B rotated so that the initial and final beam

momenta are parallel to those of A. ATl dfawings for center-

of-mass system.

Possible transitions between angular momentum states in np and
pp scattering when the interaction is invariant under rotations
and inversions in ordinary space (j and P conserved, respec-
tively) and when it is invariant under rotations in isoShin

space (I good).

The time-irreversible phase parameter Xj predicted by the BG

model for j=1 through 4, for 0 < Ty, < 635 MeV.



- Fig. 7..
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Predict{ons of the.zerd-range model forf(P 4CL)/A2 and

' (PA - PB)/XZ in pp scattering, With Xé measured in radians.

Fig. 8.

Predictions of the zero-range model for (P-QJ/A] and

. (PA - PB)/A] in np scattering, with.i] in. radians.

Fig. 9.

Fig. 10.

Fig. 11.

Predictions ofithé BG model for P - @ and PA - PB in pp scat-
tering; the solid (dashed) curves‘corréspond'to choosing

Fp = gA(-gA) in the Sudarshan model (see text preceding eq. 1-2).

Predictions of the BG model for P-- Qand Py - Pg in np scat--

tering; solid (dashed) curves as defined in'caption'of fig. 9.

Scattering of fermion "a" off fermion "b" in the center-of-

‘mass system. (a) initial and final spins of a afe.denoted

m; and ne; of b denoted v, and v.. Initial and final momenta

~as indicated. (b) Space-inverted spins and momenta; initial

.. Fig. 12.

and final spins of a are denoted 7. and .5 of b denoted y,
and.gf. Momenta (underlined) as indicated. (c) Time-reversed
spins and momenta; initial and final spins of a denoted Lt and

Tes of b denoted Y and Vg Momenta (under]ined) as indicated.

Geometrical relationships between the NN phase parameters

Gj,j-l and 85 5+41° and elements of the~K-matrix.
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Fig. 13. (a) Part A of the.PA ~ Pg experiment depicted for the laboratory
system. (b)iRe]étionshib'of Wigner rotation angle ¢ and the
center?of-mass and laboratory scattering angles 6 and 6, -

Fig. 14. (a) Part B of the PA - Py experiment shown in the lab system.
(b) Relationship of Wigner rotation angle e and the c-m and

lab scattering angles 6 and B, -
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