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CONSEQUENCES FOR NUCLEAR PHYSICS OF A NN> AND A
N*N> TIME REVERSAL VIOLATING VERTEX

F.A, Bezerra Coutinhn

Abstract

Th's pape* stucj'C-s »ne effects >n 'ouv energy nucea» pnys'cs of a poss'O'e T me Hevcsa' trwat-ance
|T R I ) violation n t ie e'ect'orragnet'C 'nte'act>on tt .s sf>ovvn thai th'F effect appears as a rwo body s l o t
•ange T R I wio'acng fans'tion operate o' as a two and 'tree body T R I voiatmg potent-ai Two cases are
s'tiaed fi 'stiy a T R ( voiatmg NN> ve'tex ŝ consiaced and found \o nave ve-y » rt>e effect Secondly t ie
T R I volat'On >s assumed to occu< <n tne \ N * 7 vertex ana -t >s shown that -i tne (coiat'on •% ' maxma1 ">e
contnout on to t»ie <rnag<nafy part of the "mix^ng rat io '6 is lm 5 * |5|'O" Trrs s^ou't? be

1. Introduction

The suggestion that Time Reversal Invanance (T R.I ) is violated by the electromagnetic
interaction was put forward by Bernstein et al and by Lee2 . The purpose of this paper is to
examine the consequences of such an assumption in iuw energy nuclear physics.

Several papers have been published on this subject, For example Huffman41 denved a
two body. T.R.i violating potential assuming a T R.I. violating NN> vertex and used it to
calculate T R J violating effects in direct reactions, A different approach was followed by
Clement and Heller51 who calculated the effects of a four oartic'e (NNMy) T R.I violating
vetex in the form (where M s'gmfies a meson field) of a two body T R.I violating transition
operator (Fig. 1) and in the form of a three body T R.I violating potential (Fig 2).

In this paper we choose two models for T R I violation and calculate their effects In
section II the effects of a T R i violating NNy vertex are dealt with, This vertex was choosen
because it has the theoretical apeal of stemming naturally from a more fundamental theory
such as the Lee31 " a " particle theoiy

In section l l ! the T R I violation is assumed to occur in the N*N> vertex (where N* is
the J = 3/2 I = 3/2 it/1 = 1236 MeV nucleon resonance) and its effects are calculated

The suggestion that the N"Ny vertex could be T.R I violating is not new In fact
Barshay® calculated the effects of such an assumption in modifying the reciprocity
relationship between the differential cross sections for the reactions y + d -• n + p and
n + p -• y + d

2. The "Lee" vertex

The most general expression for the matrix element of a T.R.I violating electromagnetic
current with respect to nucleon states hai» been written down by Bincer and Lipshutz
Assuming parity conservation there are twelve independent terms if both nucleons are off the



.-r.aw .shell, six if only one nucleon is off the mass shell and the mat'ix element vanishes tf both
nucieons are on shell This latter feature is very important since, because of it, the T,R I
v oiaf i part of the current only contributes to nuclear phenomena when other nucieons are
involved, that «s as an exchange effect For our purposes we take the simplest possible form for
the T R I rotating matrix element of the current, namely,

< p ' | K . \ p> - ÍÜ ' !F ' ( -V i i>, ,P q - 0 P . Ü up) . , (1)

and

4 ^ p' - p and P - p' *- p

The expression (1) is parity conserving, satisfies the Ward identity and, as mentioned earlier,
sterns latmaily from d theory sjcn as the Lee a" particle Theory.

t'sing the above matnx eiemeriT it is possible to calculate a resultant T.R.I, violating
electromagnetic transition operator and two and three body T.R I violating potentials.

li.e T R 1 violdtmg transition operators are extracted trom the Feymann graphs shown
in F19 3 In those graphs the waved line is a photon, the broken line is a pion and tha bubble is
tne T.R I violating vertex..

The two body T.R I violating potential arises from a set of graphs a few of which are
ihown in Fig 4

In the graphs o f FIL 4 the bubble again represents the T R I, violating vertex and the
point on the other end of ihe virtual photon is the normal electromagnetic vertex, Because of
the extra factor e due to this normal vertex n is possible, at least as a first approximation, to
assume the effect of tne two body T R I violating potential to be small compared with the
í H i -otat'ng transition ope«ators

> f e three body potential anses from the grapuò of f-«g 5

f t.e part of the three body potential connecting the third nccleon (left hand side in the
jraph Fva and ngm hand side m graph 5-b) is a long range one due to the fact that the virtual
photon exchanged is a massless particle This implies that its matrix elements between states
tliayona! wuh respect to (A 21 nucleon orbitais51 w l l include a factor Ze (where Z is the-
atomic number) instead of the factor e as in the two body potential Therefore for large nuclei
i.anr; tar.^e large Z) it is perhaps appropriate to expect that the effect of the three body T,R.I,
violating potential will dominate. Th's is unfortunate since calculations with three body
poten* • j i i are complicated For this reason we will focus attention mainly on light nuclei where
the T h I violating transition operators are expected to dominate.

ihe transition operator is extracted from the graphs of Fig 3 by means of well known
methods (see to' example re* 9 and 20) The results is



V T R V ( r , , r 2 E ) =
m

3

(2)

In eq. (2) E{rj) is the electric field and F(r12) = (: v +
An I'l - F j l lri

f is the pi on nucleon coupling constant, y is the pion mass and F' is the value of the vector
part of the form factor for q2 = 0.

To obtain the three body operator coresponding to the graphs of Fig. 5 it is sufficient to
replace the electric field E(r,) by

e(ri - r3) 1 _
E(r,) = — - d + r

1 M r , - r 3 ) | s 2

The right hand side of this equation is of course the electric field E produced by the third
nucleon in the position of the first one.

The operator given by equation (2) has exactly the same form as the one given by
5Clement and Heiier5'. Pull advantage will be taken of this fact in the estimates given below.

Expanding the operator given by equation (2) in electric (E T R V (L) ) and magnetic
(M T R V (L ) ) multipoies and using the same phases and overall normalizatior. as Clement and
Heller5) we obtain

ETRVIL> (-£) 1 /22 L(2L +
L

(r x
exp(-/ir. )
( '—)

1
3 L _
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2 F' vf2F /4ff»
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in equations (3) and (d| r = r - r, R ( = 1/2 (r + r ) , K is the photon energy, [a® b]^1

means the tensor product of the vectors a and b and Y, is a spherical harmonic Details of tl
used can be found in »he paper by dement

The effects of (3) and (4) will now be esttmated We wN consider only the effects of
possible T R I violation in > ray onented angular correlation tests (Jacobson and Henley
and Lobov'?1) Tnose effects are proportional to the imaginary part of the mixing ratio
defmed as foüows

I I I E I L

M (LI I >

The imaginary part of Ô, introduced by the opeiators given by equations (31 and (4), c
be calculated easily notmg that EN 0 R (L) ( M N 0 R ( U ) the T R I conserving Electric (Magnet
mult poie has real reduced matrix elements

- ^ q <-•>

i ; : -
F'orn equation (5) >t 's seen that the effect depends on the ratio between the T.F

violating mult'poie and the corresponding ncmal ones, and on

< i E N 0 ( 1 ( L + D

< i >

Th.s 's usefu' s'nce it implies that it is possible to use any one of the many definition
muitipoie operators found m the literature (see Bnnk and Rose'31 for a review) to calcul
these ratios wtr»0Lt wornng about phase and normalization problems One must however ti
note of these conventions w^en usmg values of 6 from experimental data.

Ou' task therefore is to estimate the two ratios

I > < I

I II ENOR
and

(L + 1) || I > MN0*(L> ÍI I, >
in equation



(5) Now a close look at equations (3) and (4) w<!l reveal that all the multipole operators are

such tnat as w th the usual multipole operators an additional factor KR (where R is the
o o

nuclear radius) is «ntroduced when there <s an unit increase in multipoianty Thus to compare

to the norma» transition operators, it >s sufficient to conside' the ratio of the lowest multipole

operates Ais remarked before the irans>t»on operator given by equation !2) has the same form

as the operator obtained by Ciemenf and Heiie'5 ' Usmg their resu'ts and using the "maximal
estimate ' F1" = —vw^e^e m is the mass of the p'Oton we ot)ta>n

m

< ( M 1 | T R V > - H I - <£->• - 5 5 ° .

< ( E 1 i ( V i 0 P > * e Ro

<• ( M i l * 0 * > *
m

where RQ is the nuclear Rad'ns. K «s the energy of the >ray. M is the mass of the pion and m is
the mass of the proton

Therefore we obtain from (5), for 1 MeV energy > rays

ifflS = 5R x 10"

This value of im b >s much too small to be detected at present

3. The N*N> vertex

In this section a T R I violating N*N> vertex is introduced and its consequences worked

out, rhe suggestion that the N*N> vertex could be T.R I violating >s not new In fact

Barshay®' calculated the effects of such an assumption in modifying the reciprocity

relationship between the differential coss sections for the reactions > + d ~* n + p and

n + p -* > + d

The N* (J = 3/2, I = 3/2 and M = 1236 MeV) <s a nucleon resonance w th both spin and
I - spin 3/2 and «ttass M = 1236 MeV The Ranta Schwinger formalism is used to describe it. To
take in account the four charged states a column vector ^ is introduced, together with a
spinor ^ for the nucleon, thus



• • i - ,

and

'I',,

4-,

1 he N*NM vertex is taken TO be

I = _ _ * { / • , V . ty {——, — - • ^

is the p ion f ie ld and T^a re the tolioi/ving matrices

1 0

T, -

0 r~
v 3

v :<

0 !

V 3

0

2
0 !

0 -

0 0

W e t a k e io> thu M N * > / e r t e x t h e f o r m ( S a l ! , n L ' ' , B s ^ h a ^ ° ' j

'VJ > " m - ' ; ' m

Whete (~^ - c>A A - Í) A^ is the electromagnei ic tensor Tfie we;te\ (7) is T . R . I , v io lat iny if

we lake Hie matr ix t to be complex that is

• • £ *

Ü
|

0

0



The transition operator W(B) is extracted from the graphs of Fig 6 by using the methods
already mentioned in section II (for details see ref. 16).

The result is

W(B) = W^B) + W2(B) (8)

where

W l ( B > = \3
. q l x a , F<r12L »N - €fi)

N

(2)
+ B(r,) a, x (r, - r2) a2 .

W2IB) =

• (2) p ep ^ " N N p V Z J

o2 F ( r I 2 )

(9)

- - e - e « + e ) ( r ( l ) x r 1 2 1 )p p IM N ' ( 'Z

2 G f

3 /;(M-m)2m'
B(r, K ( | r , - r2

r ( 2 > ) (10)

where

»

and

Kir) -

The three body operator corresponding to the graphs of Fig. (7) can be obtained from the
transition operators given by equations (8), (9) and (10) by replacing B(rj) by the magnetic
field produced by the third nucleon in the position of the first, viz.

- r 3 )

I ' I - r3



i ' . ! - J ' d

t? r.e sta?x :i aynetK d'po^e ot the nucieon in nuclear magnetons

. ven

upt-aTor (81; an now be expanded mto mulfpoleb aa was earned out f c the operator
equation (2) The results for the electric Lmult'poles stemming tfom W,(B) and

1 G f
it- i i =- -

V 3
( ) R V ( R ) * (a x o )
L + 1 •' - '« I M

Gf 2 ,
V3 N * <• t S Rp ° < , "

x I [a x (r, - f •j { r i - f ( ) T ? + ! a x ( r

M

1 G f
p

t V, .. K( | r - r

î Vi it, >m • \ 2 p t ; j

v , 'h- t A | I J x. (r • f j I o i (r i - O + Jc(r - r I + | O x ( i - r i | a <r - t j 111)

Vrl' l \ ( I i - I
Gf

VI m)2av/J \ 3

2 G f

> (R ; *

IM
K

- R | j(r r i ) x ( a , a M x l r - r ) ( r ( l 1 x r " 1 )

(12)

. - i . i i i , , . i . . . i , !f l t< nid<-)n«!tic me
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- I V.
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Y ( R ) » ( o . - a )
L- I l| I 1 M

M2L+1) | ( 2_| r, - r( j K( (r - r j ) R ' ^ .. (a - a , (T x r

L - l
. (R ) * I t r f )

L - l 'i I > I

(r. - r,) x (o. - • Í Í
K( | r - r.

! 1
I r - r I

I I •

\r X T ) Í14)

Before proceeding with a more detailed calculation it >s woith notmy that tne ettectb of

the electric multipoles (W(EL) = W,(EL) * W?)ED) stemming from VV(B( are negligible

compared with the effects of the magnetic multipoles (W(ML) = Wt(ML) + W2(ML)i, fo< low

energy photons, so that the following relation holds



< I I! W(Ml) II I > •' ' II W(ED

MN0R(L) || I > < I || EN0R(L) II I, >
(15)

1 o see th.s an estimate similar to the one carried out m section II is made below for one

term only of V<e transition operator W(B) noting that all terms have the same order of

magnitude

Trie first term of equation (12) is

3 Lim(M-m)2rn 7 7 r n N ^ ' 2 ' '

R r , i ( 7 ! " x r l 2 l ) ?

(a) (a)
This can be expanded in multipoles and we call W, (E L) and W(|M L) the electric and

I d )

magnet-c muUipo'e? stemmmg from W. (B) Those multipoles have the same form as the ones

'esuMmg from the special scalar meson vertex rn the paper by Clement \ Therefore by using

the estimates given there y/ve have

W- (E 1) > (KR ) < W. (ML I > m Rn

U 2 a n c | . . n, P

Since m » K the riequal'ty (15) >s

4 Calculation for ' * F

An esfmate of f ie contribution of the operators given by equations (11) to (14) to the

value of irnrS given by equation (5( was earned out for the transition from the level

IJ 2 i 1 E - 3 06 MeV) to the 'eve' (J - 3 I - 0 E = 0 94 MeV) in ' * F The wave functions

tor the leve's we'e taken from tfie work by Elliot and Flowers1 7 I , viz

KI'(T 0. J 3) 0 5 9 ( ü ) ' D + 0 0 3 ( d : ) ' ' G -

'•'«' 1 -I "^ 065 id i ' D *• 0 3 3 ( d ) l ' P - 0 2 0 ( d ^ J F - 0 61(sd)41 D +

• 0 /.'(Mil I)
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It is evident that only the isospin antisymmetric part of the operators given by equations
(13) and (14) will contribute By using some recouping of angular momentum it results that
the contribution to M 1 antisymmetric in isospin from equation (1?) and (14) will be
respectively

(a) (b) (c)
W,(M 1) = « ! (Ml) + Wt (Ml) + Wi (M.I)

>£ ••«•N-.N-«V<B)«5>V'SO')«
(b)

1

1 G f

3/u(M-m)2m1 + e )p p

1 1 0
( )
V

0 0 0
(o x a)

(Tz ~ Tz} I r> " f, I K ( | r -

(o G f 2( ) G f 2
3 iL/(M-m)2mí V3 N N P

,) [6x5x3| f I ( *)
1 L J ^2 1 1 ) 0 0 0

(-i) la, « o l • Y 2 ( r ( i )
M

K

and

(a) (b) (c) (d)
W7(M 1) = W2 (M 1) + W2 (M.1) + W2 (M.1) + W2 (M.1)

where

(Ml) =
3
!
3 ( M -

4-
V V3 M
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(Cl

W; (M 1) =
Gf

3 /u(M-m)2m

(o - a) {T x r L |r - r | K( |r, - r
' M ' ' '

(dl
W2 (M l ) =

Gf

3 )Lt(M-m)2m í
o o

I Y j l r l « (a, - o > I
L JM

r - r I K { | r - r ( r , x r ( ) z

The T R I conserving one body usual magnetic dipole transition operator is written with
the same phases and overall normalization factor

3 r 1
_ i i £ y

*ir 2m

1

2 M "
(0

M

It is now a simple matter to calculate the relevant matrix elements. Short r="ige
correlation are introduced by evaluating the radial integrals from a hard core radius rc taken to
be r c = 0 5 f m For the purposes of the estimate given below a "maximal value"

18\{e* -
pp g

l, + eK.) = e was taken (and the value 6 = 2 07 fi-om Gourdin18 ) There results

im i ô ,
< ||W(M 1) j

< | | M N 0 R ( 1 )
= 5R 45 x 10

This is a relatively large result and therefore very encouraging. However, for this
particular transition the "mixing ratio" is (using Warburton et a l1 9 1 convention) much too
small, <5R = 0 06, The effect E to be observed in the oriented angular correlation experiment
is

Im5 ^ 27 x 10"

This value is a little outside the experimental possibility at present, but nor far enough to
preclude the experimental investigation m a few years time
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Resumo

Neve r-afca'̂ o são estudadas as poss>veis conseqüências em P>s-ca Nuclear cie oa-xa ene'g-a de uma
violação -la simev^a as 'nve'sao temporal na <me'ação etet'omagnet.ca Most'a se que o efe'to aparece como
um operador de nans cão eletromagnético de do's corpos, de curto a'cance e V'Olando a S'met'ia de inversão
rempcai (T R I V ) ou como potências T R I v de do's ou três corpos Do<s casos são cons<derados
Prime'amen te um ve"ex ' NNy T R I v é cons'Oe'ado e mosva-se que seus efe'tos são muito pequenos
Em segundo lugar, supõe se que a T R i v ocorre em um N*N7 "vcrex" e mostra-se que se a violação e
'maximal" então a con»r buição para a pa-xe imagina'<a do "mixing <at>o" 8 e Im ô * |Ô| x 10* '

Résumé

On piesente une etude ríes conseauences en phys-que nucleate a basse ene<gie dune violation de la
3ym.fTief'--e d'nwe<son temoo'ale dans ' in»eiact<on éiecfomagnètigue On monfe que cet effet appa'at
comme un ope<aieu' de transition elecr'omagnet-qije de deux corps, a cou'te echéance, en violant la
symmerne diversion tempo'aie | I R I V I on comme T R I v potenfels de deux on vo>s corps On
considere deux cas P'ennerement. un "venex' NN> T R I V est cons>de>e et on montreque ses etfets sont
''ès pet-ts Deuxiememeni, on suppose que ia T R I V a "ien dans un "ve-tex" N*N>et on monre aue, si la
voiai'on est "maxcmai", ta conrribunon a la pa've imaginaiie du "mixing -at'o'Sest ImS * |ô 110 , qui
pent ètre mestt'e
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F.giue Captions

f <g 1 — Contribution to a T R I vioiat ng electromagnetic transition operator. The bubble

represents a four vertex defined in Ref 5)
F-'tj. 2 — Contribution to a T R I. violating three body potential
F >q 3 — Contribution to a TR I violating electromagnetic transition operator. The bubble

represents the vertex given by equation (1)
F'9 4 - Some of the graphs contributing to a TR, I violating two body operator
Fig 5 - Contribution to a three body T R I, violating potential.
f.g 6 - Contribution to a T R I violating electromagnetic transition operator. The heavy line

m the graphs represents the N*(J = 3/2 1= 3/2 M = 1236 MeV) nucleon isobar. The
effective couplings N*N> and N*NM are given by equations (6) and (7),

f ig 7 - Contribution to a three body T R I violating potential, The heavy line in the graph
the N* nudeon isobar
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