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CONSEQUENCES FOR NUCLEAR PHYSICS OF A NNy AND A
N*Ny TIME REVERSAL VIOLATING VERTEX

F.A. Bezerra Coutinho

Abstract

This pape: stuacs the effects «n ‘ow energy nuclear physics of a possioie T me Reversal invatance
{T R 1) viglaton .n ne etectromagnet:c :nteract:on tr s shown that this effect appears as a two body short
range T R | wictarng transtOn Operator oc as a two and three body T R | vio'ating potent«al Two cases are
stuced Fustly a T R veolating NNY vertex s consiaerad and found 10 have very t 'ne etfect Seconaly the
TR wolaton s assumed to occur in the NN ™Y vertex and +t is shown that '1 the v:afatan « * maximat  *ne
contribut on to the ‘magnary part of the "mixng rato ' §1s ImS = [§[107 This srouta be measiraote

1. Introduction

The suggestion that Time Reversal Invariance (T R.1.) is violated by the electromagnetic
interaction was put forward by Bernstein et al. and by Lee? =3 The purpose of this paper Is to
examine the consequences ¢f such an assurplion 1 iow energy nuclear physics.

Several papers have been published on ttws subject. For example Huffman®' deiived a
two body. T.R.i. violating potential assuming a T R.l. violating NNy vertex and used it to
calculate T.R.\ violating effects in direct reactions. A different approdach was followed by
Clernent and Heller®! who calculated the effects of a four narticiz (NNMy) T R wiolating
vetex in the form (where M signifies a2 meson field) of a two body T R.I violating transition
operator (Fig. 1) and in the form of a three body T.R.l wviolating potentiat (Fig 2).

In this paper we choose two models for T.R 1 wviolation and calculate their effects In
section |1 the effects of a T.R.| wviolating NNy vertex are dealt with, Thts vertex was choosen
because it has the theoretical apeal of stemmming naturally from a more fundamental theory”
such as the Lee>! “a” particle theory

In section {tt the T R | violation 1s assumed to occur 10 the N*Ny vertex (where N™ is
the J =3/2 1 = 3/2 i = 1236 MeV nucleon resonance) and its effects are calculated.

The suggestion that the N"Ny vertex could be T.R.! wiolating is not new. In fact
Barshays’ calsulated the evfects 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 rmost general expression for the matrix element of a T.R.). violating electromagnetic

current with respect to nucleon states has been written down by Bincer’! and Lupshutze',
Assuming parity conservation there are twelve independent terms if both nucleons are off the
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mass snell, six +f only one nucleon is off the mass shell and the matrix element vanishes if both
nucleons are on shell Thus latter feature 1s very important since. because of it, the T.R |
v-0la” j pait ot the current orly contributes to nuclear phenomena when ather nucieons are
nvol.2d. that 1s as an exchange effect. For our purposes we take the simplest possible form for
the T R | v:olating matrix element of the current, nameiy,
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The axpression {1} s panty conserving, satisfies the Ward 'dentity and, as mentioned earlier,
L i
sterns 1atuwally from a theary such as the Lee®' “a particle theory.

{!sing the above matnx element 1t s possible to catculate a resultant T.R.). violating
electramagnetic transition operator and two and three body T.R | violating potentials.

ing T R wiolating tranziuion operators are extracted trom the Feymann graphs shown
in Fig 3 In those graphs the waved ‘ine 1s a photon, the broken ine is a pion and th2 bubble is
the T.R | wviolat:ng verier.

The wo body T RV wiclating potentiai arises from a set of graphs a few of which are
shown in Fig 4

in the graphs of Fig 4 the bubble again represents the T R 1. violating vertex and the
pownt on the other end of the virtual photon s the normal electromagnetic vertex. Because of
the extra factor e due to this normal vertex st is possible, at least as a first approximation, to
assume the effect of the two body T R | violating potentiai to be small compared with the
T H {1 otating transibon Qpevators.

Tre three body potential artses from the grap,; of Fig 5

I'te part of the three body potential connecting ine third niicieon (left hand side in the
4raph h-a and rignt hand side n graph 5-b} < a tong range one due to the fact that the virtual
photon exchanged 1s a massless particle. This imphes that its matrix elements between states
diggonal wnth respect to (A-2) nucleon orbitals®’ will include a tactor Ze {where Z 15 the-
atomic number) tnstead ot the factor e as in the two body patential. Therefore for large nuclei
fanei tere large Z) 1t is perhaps appropriate to expect that the effect of the three body T.R.I.
violating potential witl domenate. Thes 1s unfortunate since caltculations with three body
poten:3ly are comphicated. For this reason we will focus attention marnly on light nuclei where
the T K | violating transition operators are expected 10 dommnate.

the transition operator s extracted from tne graphs ot Fig 3 by means of well known
methods (see tor example ret 9 and 20} The results s
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In eq. (2) E(r, ) is the electric field and F(r;;) = — — | o+ e Hi T
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f is the pion nucleon coupling constant, |1 is *he pion mass and F" is the value of the vector
part of the form facter for q> = 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

elr; —r3) 1 -
lry —r3) P 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 operatormgiven by equation (2) has exactly the same form as the one given hy
Ciement and iHeiier™’. Full advantage will be taken of this fact in the estimates given below.

Expanding the operator given by equation (2} in electric (ETRV(L) and magnetic
MTRV (LY multipoles and using the same phases and overall normalizatior: as Clement and
Heller® we obtain
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In equations {3) and (4) r =r —r, R = 142 (r +r ), K 15 the photon cnergy, [a®b]‘h'
means the tensor product of tre vectors a and b and Y, 1s a spierical harmonic Details of ti
technegues used can be tound n the paper by Clement'®"

The eftects of (3) and (4} wili now be estimated We will consider only the effects of
possible T R | violation in y ray oriented angular correlation tests (Jacobson and Henley1
and Lobov' ‘') Those effects are proportional to the imagtnary part of the mixing ratio
defined as foilows

PITEWL+TLLt >
UM e >

The 'maginary part of &, ntroduced by the operators given by equations (3) and (4), ¢
be calcutated east!y noting that ENOR(L) (MNOR(LH the T R | conserving Electric (Mlagnet
mult-poie has real reduced matrix glements

U r CHET e > <M e > .
imao = o, {—n - :
) {’1'llEN°n(L*1)l|' > <MV e >

From equat-on {5 't 's seen that the etfect depends on the ratio between the T F
wviolating muttipole and the corresponding normal ones, and on

S EN?RLen o >
5

q =
<1 MmNt e >

This s usefut since 1t implies that 1t 1s possible to use any one of the many definition
multipote operators found in the literature {see Brink and Rose'3! for a review) to calcul
these ratios withoLt worring about phase and normalization problems One must however ti
note af these conventions when using values of  from experimental data.

Ouc task therefore 15 to estimate the two ratios

VLETY e > <EPHMRY >
e e and N equation
VI ENOR Gy e > <t MmN e >
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(5) Now a ciose look at equations (3) and (4) wiit reveal that all the multipole operators are
such that as with the usual muitipole Operators an additional factor KRO {where RO 15 the
nuclear radius) s «ntroduced when there 's an unit increase in multipolanty Thus to compare
to the normai transition operators, 1t s suffictent to consider the ratio of the lowest multipole
operators As remarked before the transitton operator given by eguation {2) has the same form
as the operator obhtained by Clement anc Helte”' Us:ng their results and using the “'maximal

’ A e
estimate ' F = —- where m 15 the mass of the proton we obtarn
m

‘ 2ef 1
<ENTR > & S (B a
™ WR )

2ef: . KR
<MNTRY> = () o
ary M {uR )

<(E1NO® S =~ eR

< (M1NOR 5 o

where R s the nuclear Rad'ns, K s the energy of the y-ray. i s the mass of the pion and m is
the mass of the proton.

Therefore we obtain from (5}, for 1 MeV energy 7y rays

méb =56, x 10
This value of Im 6 s rauch too small to be detected at present
3. The N*N+v vertex

In ttus section a T R | wiolaiing N*Ny vertex 1s introduced and 1ts consequences wort.ed
out. The suggestion that the NNy vertex could be T.R.) wiolating 1s not new In fact
Barshays' calculated the effects of such an assumption 1in modifying the reciprocity
relationship between the differential cross sections for the reacttons y+d > n+p and
n+p * y+d

The N* (J=3/2, 1= 3/2 and M = 1236 MeV) 1s a nucleon resonance with both spin and
I -spin 3/2 and meass M = 1236 MeV The Rarita-Schwinger formalism is used to describe it. To
take in account the four charged states a column vector ¥, s introduced, together with a
spinor '\ for the nucleon, thus
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Where FM 0y A'u 3“ A\ is the clectromagnetic tensor The veitex (7} is T R.1. violating 1f
we take the matrix ¢ to be comoplex that s
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The transition operator W(B) is extracted from the graphs of Fig. 6 by using the methods
already mentioned in section | (for details see ref. 16).

The result is
W(B) = W,(B) + W,(B) C (8)

where

1 Gfi

' 2
WilB) = 3 Moz D)0 X9 ”'”"[75 T2l (1) Tia) (€~ 6 ¢ €y — )

v 2 (e4y — € e*+e)fr(2) LI ll) Blr,) 0y x (ry —¢,) 0 fiTn
N
2 » » 2 Y » @ +{1¢>
Kile, —rpl) 72—T20(r(”,7(2)) (ep—ep+eN—EN)+\—73—(eN—EN—Epfep)TZJ 2)
(9)

(—)2 G f i (1) o 12)
W,i{B) = B .04 F (e* —€_—¢€*, +e,) (7" x )
B = —= M —m12m? (rr) 0y Flrygy) [;7—3 =€y~ €t Ey 7 Z;]

+.2.__G_f Bir,} (r;y — 1y} @ A Kilrg —r3 1) ! (€* - € — €3+ €)
3 #(M_’m)2m‘ ! ! ? ‘ |"1 it 5} ; ! 2 7-3— e e N N
(T“” x 7(2))ZJ (7 e 2) 10)
where
1 u 1 — it
T o e [—— F ——
Fir) am r’) e
and
d
= — F(n
Kir) dr

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(r,) by the magnetic
field produced by the third nucleon in the position of the first, viz.

e |, Moy (ry —13) 03
B(ry) = = |3 ————— (r; —r3) — 4 ———
m lfl—f‘-;ls Irl”rjl
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The guerdtor {81 ran now be expanded into mulvpales as was carred out for the operator
oven py egquation (20 The results for the electric L-multigolas scemming trom W, (B) and
W- (B} are iespectivety
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AUty tae nddne b molbipotes are
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Before proceeding with a more detailed caiculation «t s woith noting that e eftects of
the electric multipoles {W(EL) = W (EL) + Wy)EL)) stemming from W(B, are neglgitle
compared with the effects of the magnetic multipoles (W{ML) = W (ML) + W, (ML)}, for low
energy photons, so that the following relation holds.
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Ta see th:s an estimate similar 1o the one carried out 1t section Il is made below for one
teem onty of the transition operator W{B) noting that all terms have the same order of
magn:tude

The tirst term of equation (12) 1s

Wl 29
! '3 um(M—m)2m

7‘§(€‘L7—60~6‘Nvewi Bir,) o, —B(r;} o,

This can be expanded in '“U‘Upg',es and we call V‘Va"(E L} and V\(Ié:)(M L) the electric and
magnetic muttpotes stemming from W_{B} Those multipoles have the same form as the ones
esulting from the special scalar meson vertex in the paper by Clement'® Therefore by using
the estimates given there we have

W. (E 1} > (KRO) < W, (ML) > m Ro
————m e ———— g —————————

¢ -
o (F -”NOH > (“RO’ ! < (M-‘)NOR > (HRO)!

Since m 2 K the nequality (15) s jusnifed
4 Calcutation for " “F
An estimate of the contribution of the operators given by equations (11} to {14) to the

value ot tm# gwen by equation (5) was carried out for the transiton from the level

(J 2i-1E+-306MeV)tothetevel{J=31=0E=094MeV)in'"*F The wave functions

tor the fevels were taken from the work by Elliot and Flowers' 7’, vizZ

T 0.0 3 0594 )" 'D + 003{d")''G ~ 012(d’}''F + 079(sd)''D
g 1 14 7 065id°i "D+ 033(d')''P — 020(d‘)* F — 061(sd)*'D +

C02Hsdy D
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It 1s evrdent that only the 1sospin antisymmetric part of the operators given by equations
{13) and (14} will contribute By using some recoupling of angular momentum it resuits that
the contribution to M. 1 antisymmetric in isospin from equation (13) and (14} wili be
respectively

(a) (o
W, (M) =w, (M) +Wl(M1) + Wl(M‘l)

where

W, (M) —mw'(€N~EN—fp+tp)(4") Z(UXO)M (T TZ)F(T”’
(b) 1 Gf 2 1511 "
W, (M1} = —_— i(eny — € —-€* +€e)(—) | )E(oxo)
: 3u(M-m)2m?\7—( NS R g o E s

] [

(1, = 1) I — ol Ky —r 1)

%
() (-)  Gf 2 111 112
Wi = B St 2 e ey~ e, e [Bx5x3 )
‘ aM—mizm? V3 N7 NT "% E (2 11 %00

LTI
ZA (—i) E@O:l @Yz(r”):l (r, —-rz) Ir‘- r’I K(Ir|—ril)

and
(a) (o) {c) (d)
Wa(M 1) = Wy (M 1) + Wy (M.T) + W, (M.T)+ W, (M.1)
where
V\);)(Mnl) = (-)-2- ——-—G—f-—— ‘ —e' +€ )(—3-)‘/32 G '1(7('))(1‘“)2 Fer.)
3(—m)2mu7§ N "N Yr &Y " !
in) -~ L‘IT '
Wy M1 = (15— o (e% — €~ €y * € (3 ) Sh-rl K(r-r])
: 3 (M—m)2m? uT ' N) i< v o

*1
_ {s) ()
[Ol oi:l ' xr )z
M
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(c) 2 Gf 110} 1 %
= ——— 3 (e* —e*, + €,IW(1111,;01) (—)

W, M1 = (— ) 3 pM_m)2Zm U A R ¥ (0 0 0] 4r 1<)
1

(o‘fa.)M(r!xr')Z lr!~r‘| K(lr,—r‘H

(a) 2 Gf - 112
= (=) x5ile* — € — €%, + 6, IW(1111;27)

W2 (M” ¢ )3 “(M.—m)Zm‘ \/3 o P N N 00O <

__.“1
Lv(r)s(o‘o)J -l KUr —rf) 41 x1),

The T R | conserving one body usual magnetic dipole transition operator Is written with
the same phases and overall normalization factor.
) "
3 71 e 1 1 ;
NOR _ 7 7 © ) o (i)
(M) (A”) .2—n-1 ) ; A+, o+ 5(“n+“°) 2(#,, #D)Tz J g,
M

It is now a simple matter to calculate the relevant matrix elements, Short r=nge
correlation are introduced by evaluating the radial integrails from a hard core radius e taken to
be r_ =05 fm For the pu-rposes of the estimate given below a ‘“‘maximal value”
n(e - ep - ‘:N v €p) =ewas taken {and the value G = 2.07 from Gourdm1 ’) There results

s~ < | |WMhDi| > g -,
mb =16, NOR = ﬁ45)(10
<M (Hil >

Thuis s a relatively large result and therefore very encouraging. However, for this
particular transition the “mixing ratio” 1s (using Warburton et al'®' convention) much too
small, 5. ~ 008. The effect E to be observed in the oriented angular correlation experiment
]

bq

m§ =27 x 107

1+ 8]

This value 1s a hittie outside the experimental possibiiity at present, but nor far enough to
preclude the experimental snvestigation in a few yeare time
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Resumo

Neste 11avatho sao estudadas as possWveis consegluencias em Fis.ca Nuciear de ba:xa energ-a de uma
v+0iagdo 7a simetna Jda «nversdo temporal na nteragdo etetromagneét.ca Mostra se que o eferto aparece como
um operador de 1rans:¢30 Eletromagnér«o de doss corpos, de curto a'cance e v:olando a s'met a de 1nversio
termpo<al (T R1 V) ou como potenciai's TRV de doss ou trés corpos Dois casos sdo cons:derados
Pamer:amente um  vertex " NNy TR { vV ¢ cons.«derado e mostra-se que seus efeitos 580 muito pequenocs
Em segunoo lugjar, supbese qaue a TR (Vv ocorre em um N*NY "'vertex'' e mostra-se que se a violagao e
“epaximai’’ ent30 a cont buicdo para a parte 'Magina 1a 90 “mixing rato ' Setmd X |5l x 107}

Résumé

On presente une etude Jes CONSEQUENCES €n Chysique Nucleaire 3 basse energee June violation de 13
symmer -2 1" nvers.on temporale dans ¢ nreracton étecrromagnétgue On montie que cet effet apparat
comme un opeérateur de transion elecrromagnet.que de deux corps, a courte echéance, en violant la
symmetrie dinversion temporaie (TRI1V ) on comme TR IV potentels de deux on uos corps On
cons«dere deux cas Premerement, un “vertex’ NNY T R Vv est cons.dére et on montre que ses etfets sont
rr@s petits Deuxiemement, on suppose que '‘a T R 1 v alen dans un “ve-tex”” N*NY et on montre aue, s la
viotarion est “maxmat’, ia contribunion a la parte «maginaite du “'mixing +ato” S est Im§ = |6|10"}, Qut
pent étre mesusé
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Figure Captions
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Fig
F.g

Fig

Ny

Contribution to a T R | violat:ng electromagnetic transition operator. The bubble
represents a four vertex defined in Ref, 5).

Contribution to a T R 1, violating three body potential

Contabution to a T R 1 violating electromagnetic transition operator. The bubble
represents the vertex gtven by equation (1)

Some of the graphs contributing to a T.R.1. violating two body operator.
Contribution to a three body T R |, violating potential.

Contribution to a T R | violating electromagnetic transition operator, The heavy line
in the graphs represents the N*{J = 3/2 | = 3/2 M = 1236 MeV) nucleon isobar. The
eftective couplings N*Ny and N*NM are given by equations (6) and (7).

Contribution 1o a three body T R 1 violating potential, The heavy line in the graph
tguresents the N* nucleon isabar
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