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POSSIBLE c, T VIOLATION IN ELECTROMAGNETIC IRTERACTIONS

QL e

P, Mittner

CERN, Geneva, Switzerland.

INTRODUCTION

About three years ago Chrlstenson, ‘Cronin, Fitch and Turlay ) discovered
. the existence of the decay- Ki s (Ki being the long-lived component of
..the X%, K° system), with a branching ratio of about 2 x 1073 with respect to

KL -» all,

Up,to that time the usual theories of this system incorporated CP

PP -E0 SHh BRe g HRERS T -G8 % x s
invariance_),andvforbgqeﬁabsuntgly this decay; the reaspn.being_thatlthe
v s-wave system is an eigenstate of CP, with eigenvalue +1, In fact,: the
absence.of K, - 27 decay was considered. as the .best evidence for CP conserva-
tion in all. types of known interactions.

" The'most direct interpretation of the result1)'was to admit CP vielation

in weak interactions, However, since that time many other theoretical. hypo-
théses ‘have been advanced., Some of them are now ruled out by recent

experiments, .

‘Améng “the possible models oné of the most fascinating ones comnects CP
violation with the electromagnetic interactions- of the hadrons, The main-
part of these lectures concerns. this model and its experimental tests
(Sections 2 and 3).

The other models are treated in other lectures of the School and we
simply mention them at the beginning, as well as thelr con51stency Wlth the
data available at present (Section 1). The state of our knowledge about the
validity of CPT and C, P, T 1nvar1ances in the known interactions is also

examlned 1n Sectlon 1.

*) K% and K° were described as elgenstates of CP, with eigenvalue +1 and -1
' respectlvely (K1 and Ka)
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In Section 3 Wewdeséribe in some detail the few existing experiments
relevant to a possible C, T violation in electromagnetism, i.,e. those on

n decay.

K:E -» 7T DECAY AND TLE INVARIANCE PRINCIPLES:
GENERAL REMARKS

x\
1.1 An outline ’ of the attempts to explain
the existence of the K% » 77 decay

First of all, we want to rémark that one interesting class of hypotheses,
where CP is not violated "intrinsically" (i.e., by the interactions responsible

for K° decay), has been ruled out by the experiments.

This is the case, for example, for a hypothetical "external® vector
force, having its source in the galaxy, and' coupled differently to-K°'s and
X°'s, Such a force would produce a partial "mixing" of XK{ and K32, thus allow-
ing K% » 27 decay, A detectable consequence should be a change of K% > T
decay rate with K:E momentum., This is contradicted by experiments, Other

- models of: the.same "non-intrinsic" class are also contradicted by experiments

-and those which are left:are quite unpleasant, because they sacrifice basic

principles like, fﬁr example, Bose statistics or the superposition principle,
It seems therefore reasonable to admit that CP conservation is not an

absolute law of_nature.. One is then led to examine where and how an "intrin-

sic" CP violation may occur.

In the following we list the various classes of possible models and we

indicate which of them are incompatible with recent experimental tests.,

a) C and T are violated by a "semistrong" interaction H.V (conserving P and
S), with a coupling constant smaller than the coupling constant of the
‘strong interactions’’, ' -

b)v‘AC, T violation occurs in H s the eiéétromagnetic interactions of
hadronsA). The C-violating part still conserves P and S, and its coupl-

ing constant is of the same order as the electric charge,

%) TFor a complete review see the reports by,J; Prentki at the 1965 Oderd
Conferencezl and L.B. Okun and C, Rubbia at the 1967 Heidelberg
Conference (to be published),

%%*)  Some of them predict the absence of interference phenomena be tween

S

sl st
L

b4

K2 » 27, and Ki - 27w, On the contrary, interference has been observed. . g




o).

a)

Cp. v1olatlon -appears at the level of weak 1nteract1cns, with a coypl~

1ng constant smaller than that of the CP conserv1ng coupling, and Wlth

AS <. 2

A AR = 2, "superweak" interaction is.responsible for CP violation,

In cases (a) and (b) one supposes that CP violation in weak interac-

tions oceurs through the interplay of the CP-conmserving week interaction

(Hwk) and of the new C-~violating interactiont(HQ or H&), acting together,

The smallness of the observed effect in K? > .2 decay—is-attributed
RS

to the. smallness of'thetcP“nonéinvariant'mixed_term:H§< (or H K )

with respect to H

, responsible for K -» 27 decay. In general, small

wk S

effects are expected in most of the weak processes (there are however

exceptlons. see Sections 2.5 and 2 7)

On the other hand, particular enhancements of C-violating effects could

a Erlorl be expected in some processes - like n decay =- where forces of the

type 1nvoked by models (a) and (b) could play an 1mportant role.

s
I

For classl(a) we. note that Prentki and Veltman ) proposed thelr model

before some recent results on G v1olatlon in strong 1nteract10ns (see Pp
annihilation in Sectlon 1,2) had anpeared The new.experiments do not

exclude an explanatlon of Ki - 27 decay with a semlstrong interaction,

However, some pr0pert1es Wthh were tentatlvely as51gned to H in the

_orlglnal gr0posal are now excluded In partlcular, it is no 1onger

possible
interaction, Also, if one Wanuk:
H L the magnltude of the predlcted effects in. a case llke n **,

to try to assoc1ate the hypothetlcal H, with the SUs breaklng

3)

to assume a AI selectlon rule for

: decay is

now too small ), compared with the present experlmental sensitivities, In

oHs sense, “the situation becomes 31m11ar to the oné-of-‘¢lass (b) (isospin

, breaklng could oceur at this’ level)

The 51tuatlon cf model (b) is treated in Sectlon 2.

o
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n-ara° decay by angular momentum barriers (see Section 2.4).




" Various models of class {(c) have been proposed, Vhile there is still
place for a possible explanation of KE - 27 decay, we only want to stress
here that some of these models are now ruled out by recent experiments,
This is the case in particular for models predicting a large u polarization

in Kﬁs decay transverse to the decay plane.

L. . 5 0 + -
Two sensitive results are now avallable,), one for Ki > U AT Y,

the other for K »‘y+ + T+ v, showing neo effect,
6)

K£ > 27° decay. In fact, one prediction of the "superweak" model, i.e.:

Model (d) is now ruled out by the recently ’ measured rate of the

: I’(K; - ZWO)/T(KE - 1T+1T—) = I‘(K; - ZWO)/I‘(Kg > 1r+17--) *) (1)

is incompatible with the new result.

Before treating model (b) extensively in Section 2, it is important
to review the experimental situation of strong and electromagnetic interac-
tions to see which are the present limits for possible violations of P, c, T
invarisnces in each of these interactions (both of them determine the

electromagnetic: properties of hadrons):,’

On the other hand, as we are esséntially interested in computing the
magnitude of possible detectable effects within schemes of class (b), we
shall assume in the follow1n5 CP invariance of weak interactions. .
1.2 Remarks on the present experlmental limits on

CPT and P, G, T invariances in the strong and
electromagnetic-interaotionsL

‘A Parlty is known, 51nce 19)7, to be'"max1mally v1olated in weak inter- .

adflons. Since that time many expeﬂlments have been porformed to search for
possible P-violating effects in nuclear reactlons. The P-non-conserving
amplitudes come out to be smaller than the correspbnding P-conserving ampli-
tudes by, at least, a factor ~ 10~%, which is about the order of magnitude

of the dimensionless weak coupling constant G X m; (m.p is the proton mass).
Thus, it is consistent to regard both strong and electromagnetlc interactions

to be P—conserv1ng (neglectlng the weak coupling constant)

%) T(Ki > 27°) is here the decay rate Ki - 27°, ete,
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The equality between the mass and the lifetime of any particle and of
its antiparticle can be derived either by assuming CPT, or by assuming CP
invariance of the iptéfactiong.involved. Due to the fact that we are now
examining the possibilityféfviarge CP and C violations,_it is oonsistent

to regard such equalities as evidence for CPT invariance,

A complete table of the present experimental data - updated to the
time of the 1966 Berkeley Conference - is given in Table 1 (which is taken
~from the report by Fitéhs). Ve note that, among the mass and liféetime

equalities, the most accurate one is that concerning X° and X°:
. 170 ; ‘~0 _ =0 5 L i L=1] . ’
<KIHSt+Hy+HWk|I<. >~<K[H3t+HY+HWkIK > (2)

where Hst’ HY and Hwk are respectively the Hamiltonians for the strong, the
electromagnetic and the weak interactions., From the experimental mass dif-
ference Am between K and K3, one can conclude that Eq. (2) holds to, at
least, ~ [AM/hKLv 10"14,

From the results on P and CPT invariances we can conclude, with great
?

accuracy, that both HS_t and H& are also invariant under CT,

The question is now to understand to which extent C and T hold sepa-

rately in Hs_t and Hy'

In strong interactions, there are various sources of evidence for C
and T invariance., One of them comes from recent extensive studies of pp
annihilation, both at rest7) and in flights) at 1.2 GeV/c, The most signifi-
cant result of the first experiment has a bearing on the annihilation into
pions. In the second one, only annihilations involving kaons have been
studied.

These results are quite important, due to the fact that one cannot use

2’9>, in which C-violating effects are

here models, based for example on SUs
depressed by the existing symmetries. Upper limits of about ~ 1-2% for a
C-violating amplitude, both for those interactions involving pions and for

those involving kaons, have been obtained,
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The validity of T has been checked direétly by testing the detailed
balance principle in low energy nuclear reactions, 4£n upper limit of about

oy

2% has been obtained for the ratio of the T non~invariant to T-invariant

11)

10 .
amplitudes ). More precise experiments are going on 7.

Finally, the existing experiments on the polarization and angular
asymmetry in the pp scattering give a corresponding limit of a few per

cent12>.

The global analysis of the existing data on strong interactions excludes
therefore any C, T violation at a level higher than a few per ceunt, o

The problem of T and C invariances in the electromagnetic interactions

is a quite complex one and will be treated in the next Section,
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2, POSSIBLE C, T NON-INVARIANCE IN THE
ELECTROMAGNETIC INTERACTIONS OF HADRONS

2.1 General hypotheses.

The very precise experimental results on the anomalous magnetic moment
1 s s
of the muon ? and on the Lamb shift, show that the electromagneticbinter-
actions of both e and u are accurately described by the usual form: I# ’ Aﬂ’

where
3+
I =ie (3)
gy RV | -
is thevlepton currenfw).' This fofm”is éxplioitly' invariant undgr c, P

and T,

For hadrons no such detailed theory exists, and if we do not assume
2 Briori T and C invariance, the electromégnetic current operator IIJ has to

be written in a much more general form than Eq, (3) In particular, from

the point of v1eW of’ 1ts uransformacion proPerties under C one can write :
T =3 +kK W)

where the part Ju has the normal (odd)mv) transformation properties:
CJ ¢! =-J . (5
" . (5)

end the (new) part Kﬁ, is even under C:

S

vci%:‘;c;" K . . ..:': 6
U " )

*) g[r and ¢ are the lepton field operators. 'Y' , H =T, e, l; are usual
Dirac matrices.

#%)  Remember that CAu c! = -A#.
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Both J and Kﬁ are assumed o have the same transformation properties under
CPT and both are vector currents (i.e. P is conserved: we have seen in
Section 1.2 that this last feature is verified up to the order of the weak

,interaotions).

Thus the condition of C or T invariance is
K =0 . (7)

If it now happens that K # 0 and if some of its matrix elements are com-
parable in magnitude to those of JH (i.e. large C, T violation), then
virtual electromagnetic processes may induce C and T violation, to the

order of a , in all strong reactions.

Moreover, in the samekspirit, the order of magnitude of the observed
amplitude of the Ki » 27 decay may be roughly explained, by comparing it to

the amplitude of the very similar process Kg.» .

Tn fact, the experimental rafio‘PQq;% w{#~yﬁ(K§ s w") comes out to
be of the order of (a/m)?, and it is tempting to associate CP violation in
the K. - W+F— decay with a supplementary virtual emission and absorption
of a photonm with respect to the process K% > T .

Finally, quite large C, Téviolafing_effeots may a priori be expécteé
in various processes where the role of the electromagnetic forces is dominant

or important,

*) In these, and other phenomena, whére.a real photon is not emitted, the
C-violating amplitude must bhe proportional ~~ because of virtual emis-
sion and absorption of a photon-- to the coupling constant squared.
Now, large C, T violation means that the .coupling constant must be com-

“paerable in magnitude to the electric charge. Thus the corresponding
amplitude should be roughly reduced by a factor o.
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In the following paragraphs (Sections 2.2 %o 2.,8), we examine in some |
detail a series of processes of this type, to check whether the hypothesis
of Gy T wiolation in electromagnetic interactions is compatible with the

present data, and where possible effects could be searched for.

2.2 Flectromagnetic reactions involving baryons

ocesses which ‘.ou'l_ﬁ a. ‘DI‘lOI‘l be of -

e D s wn 1 13
g P

interest:

~ Elastic scattering of leptons on nucleons:

I+

Sl DRV (8)

where L = e or o

14) |

- " 'Blectron (or muon) production of baryonic resonances (IN)* |

P LN (9)

-~ The decays):

39 s A% + 6T 4 e, (10)

All of these phenomena can be desoribed (to the lowest order in the
electromagnetlc 1nteract10n) through +the Feynman dlagram of Fg. 1, involv-
ing one photon exchange., Higher order contributions (involving more photons)

w.dan-at most contribute interfering amplitudes. smaller by a factor
~ Qa = T/HEY%and@ﬁe~shall neglect them in the followihg. Tests of T invariance
in these reactions can in principle be performed through the search for cor-
relation terms between the spin of one of the baryons and the momenta of the
. two lqptons.z

)

1
In the Compton effect on the proton

Y+Dp>yY+D . (1)
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T non-invariance may also give rise either %o a polarization of the recoil
proton, or to asymmetries in the angular distributions (when the reaction.
occurs -on a polarized target). We shall not, however, treat this problem in

more detail.

Other reactions in the list are:

6)

. : . . .1
- Direct and inverse photoproduction of the pion

Y+ na& T +D : (12)

y+p2 7 +n (13)
and aiso16)

v+ H 27 + °He : (14)

Y o+ e 2 77 + H (15)

- Direct and inverse photodisintegration of the deuteron17)

y+d2n+p . (16)

In reactions (12) to (16), T invariance is checked through the validity
of the reciprocity relations (comparison of the differential cross—sections
for the direct and inverse processes at the same total electromagnetic .

. energy). .

The important question is now to understand which of all these reactions
gan Peally be sensitive tests of T [especially reaction (8), the most
extensively studied one]. '

With this aim, let us examine the structure of vertex V,,-Fig;'1; or,

more specifically, the general form of the matrix element of the electromag-

netic current operator IH between two baryon states.

€8/221 /5
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Wc conulder, Tfor d:mellc:_tv, only the cases whera the 1n1t1al (N) and

the final () states both have spin . The matrix element 1s :

| ., o
WL ) = e wy v,ly, 7, + 1 +N) T, -

+ i(N; - N#) Fs] Uy X exp[ -1 (¥ - Nx) ._XK] ,

where N and N’ are, respectively, the four-momenta of the initial and final
51ngle baryon states |N’> and Iu’ >,and {u >, Uy and uN, are the solutlons
of ‘the free Dlrac equatlons, and Fy, Fz, Py are functlons of ‘the square of

- the fbur—momentum transfer:

Pe -y | | | (18)

only. The expression (17) is obtained by requlrlng invariande under the
"~ Lorentz transformation and gpace reflection /s TFrom hermiticity ).Qf Iu
.one finds that F;, F, and Fs must be all real, If. one requires T invariance

s
L

¥y and P must be real but Fs must be purely imaginary

 Thus =

Fs # 0 ' (19)
. . » . ) **)
implies T non-invariance, However, by imposing the conservation of current /,
the T non-invariant term Fs vanishes if the masses of the two baryons are

equal (and they are on the mass shell).

The conclu51on ig therefore that no 1nformat10n on T invariance can be

obtained by experiments on electron-prOuon scattering.

*) Requirements coming from Lorentz invariance, hermltloltx and subsequently
- from C, P, T and CPT “nvariances are discussed, for example, in a report by
- Cablbbo and Veltman'®).

k) Conservatlon of current can be written: 8¢ N’[I” (x)lN’>/% xp =0,
using expression (17) Then the Dirac egquation has to be used. The
conventions about Dirac equation can also be found on page 69 in Ref, 18)
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= A2 -

4)

Some. zuthors * arrive at a similar conclusion also for the electromag-
netic properties of the nuclei, to the extent that the approximation of
regarding the nucleus as a collection of physical (on the mass shell) nuc-
leons, is a good one, This approximation is estimated’’ to be valid within

a few per cent in the amplitude.

Thus, only t0 accuracies higher than this, can one hope to get 1nforma—
tion on C, T invariance of Hg by the study oi nuclear pnocoorocesses '.

Details on this point are given in Section 2,8,

On the other hand, if the masses of the two baryon states N and N/ are
different, the result obtained Tfor the elastic scautorln’ is no longer valid,
One can hope %o observe T-violating effects in reactions (9), (10), and also,

in principle, (12) to (16), due to the role of virtual excited baryon states.

In the following, we examine in more detail some of these processes and
some possible experiments. No dates are available at present, except a few
on reaction (10).

4

. 1 .
2.2.1 Tlectroproduction of resonances ‘. Here I' represents any rucleon

- isobar (V%) or even a continuum of states,: One should measure the correla-

sy

tion function Sy - £, x P ), where S,y is the polarization of the target

nucleon, and EE’ P! are respeotively the initial and final momenta of the

¢
lepton in the laboratory system., A useful quantity is the asymmetry para-

meter o, defined Dy:

_ Go(1) - dal¥)
() + do(d)

*) Unless-a contribution containing a large mass difference between two
baryons happens to be emphasized by the presence of baryon resonances.
See, for example, reaCulon (21).

#%) It is important 'to note, ‘that the existence of a correlation of this
type is a proof of T violation only in the one-photon exchange
approximation., In fact, it can also be generated by the interference
term between the 51ngle—photon—exchange process and the two-photon-~
exchange process, without violating T invariance. However, the. amount
of such T-invariant correlation is small, since it contains an addi-
tional power of the fine structure const ant o3 furthermore, it is
proportional to the sign of the charge of the 1epton, Whereas the T
non~invariant term ig not.

687/224 /5
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do(7) and do(4) being the differential cross-sections corresponding to

initial polarizations 8 = 3y and Sy = -5 respectively'(i'is a unit vector

parallel to P X P&).

The case of electroproductlon in the region of the Na/(1236) has been
studied in detail ') and, unfortunately, it seems not to be a favourable one,
due to the relative. vélues of the fbrm factors involved. Thus, one should
turn to higher masses, for examgle the Na/(1518) which has already been.

20
observed in. electroproduction /,

A typical experimentallarrangement would require scattering on a

polarized target, followed by momentum analysis of the sggpn@gpy lepton,

The trouble is, howeven that the present polarized targets::provide a

60%. polarization, but with only a %% proton content moreover the_"back—

ground" nuclel are quite heavy., Thus the 31tuat10n is qulte dlffloult

(unless one is able to produce new polarized targets, with hlgher Ha con—

tent and lighter "background" nuqlel).

+ —
2,2,2 2° > A’ + ¢ + e . The matrix element < A°|IH|E° > has also the
general form (17). From current conservation one gets the following rela-

tion between form factors:
“F 'f (m +m ) F, + (m - mA>’1 - q® f‘F ‘. | (20)
With

g2 = (2 -4 )%= 2

TR ete”

M , _ being the effective mass of the ete” system.
ete”. o .

We are then left with only two independent form factors. One of them,

related to Fy and F,, has to be proportional to q*. Possible T-violating

effects may'arlse from a difference of phase between the two 1ndependent

form factors, One has to measure the polarization of the A° normal to the
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5° decay plane, . lore specifically, if'g} is the Pauli spin matrix of the
+ A ol . - —1 } - ' + -

Ap,'g , & ,and P are unit vectors-along the momenta of the e , the e ,and
0 . D s o B At oAy s

the A  respectively, and if N = P X (& + 8 ) is the normal vector of -the

decay. plane,then the (T-v1olat1ng) quantlty to be measured is < g, ° N'>

The'present expeiimental value 15‘) 0.02 * 0,02, obtained by using an
unweighted average of 907 évents, By weighting with polarization informa-
tion the authors obtain 0.048 * 0,026, There is however an inconsistency
between the polarization and the pair mass distribution, indicating that

one may be dealing with a statistical fluctuation.

New hydrogen bubble chamber experiments are now going on one order of

magnitude better in statistics than the previous ones.

2.2.% Test of reciprocity relations., Detailed calculations exist16)

for reactions (12) and (13). One of the troubles here is of an experimental
nature: a-neutron is always present as a target in one of the two reactions
to be compared, and one has to use neutrons bound in deuterium., The limit

., - on the precision is given here by our knowledge of deuterium,

Some theoretical calculations exist17) also for reaction @6% where the
experimental situation is better, due to the fact that deuterium itself
(and not a bound neutron) is the target. £ simple model and quite strong

z_assumptions have been used, The basic idea is to attribute the possible
failure of T invariance to the vertex v + N 2 N* gppearing in the diagram
in Fig. 2,

The searched-for effect should appear as a difference in the differen-

tial cross-sections of reactions (16) (direct and reverse processes), at

the same total electromagnetic energy.
In this model a meximum effect of ~ 30% is estimated.

Due to the assumptions made, this value is probably quite optimistic,
- and one should use a much more sensitive apparatus to try to detect an effect.
N Txperlmental data ‘already oxist on the direct reaction:

_Y + d - n + P 21) at PY 300 MeV/b, correspondlné to ~ 600 eV kinetic energy

of the neutron in the reverse feaeulon. On the other hand, a "monochromatic!
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neutron beam is now availablc at thc CIRN Synchro-cyclotron, so that the _
separation between the main n + p » y + d reaction and the background feac—_

tion n +p » #° + d should become possible 2).

" 'Thus some interesting data could possibly come from this kind of

experiment,
The conclusions of this Section can be summarized as follows:

In some processes, which could be of special experimental interest,
the p0351b1e effects are forbidden or. strongly depressed, 1ndependently of
T invariance, Just beoause of the form of the interaction 1nvolved (elastlc
scatter;nguofﬁelectrqns,on nucleons and, partially, photonuglear.reactlons)

“"In the other cases, mno data exist‘(exoepting some poor ‘results on I°
deoéy) and there are in general big experlmental difficulties o bé over-

come ., Furthermore the predicted effects are in general qulte sSmally’

In the next section we shall see that the p0351b1e ex1stence of 1soqp1n
selection rules (connected with an isospin structure of Kp) could introduce

supplementary restrictions by Suppressing some otherwise possible effects.

2435 Remarks on the classification of Ts-C -non- :
1nvar1anc 1nteraot10ns and on the deflnltlon of C

2 5 1 Isospln structure of K It is useful to put in evidence the

1sosp1n structure of both components of the current Iu, by ertlng

I RS L I ' (21)
b e e e |
‘K = 4k o o (22)
PR TR

where the superscrlpts s and v indicate that these currents transform as

an isoscalar (I = ) or as an 1sovector (T =1), respectlvely.

As is well known,‘ev1dence for the existence of both J° and JN is
obtained, for example, in the form factors of the nucleons. On the other
hand, if K #£ 0, some reactions are sensitive tests of either Kﬁ or Kﬁ

only. Thus the dlstlnctlon between the two terms of Kp can be really
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1mnortant. In particular, if KZ = 0 (corresponding to a AT = O isospin
selection rule), many reactions which could he considered as direct proof

of C non~invariance would be forbidden,
This is the case for 53° > A% + 6" w6 decay and also for any electro-
production of resonances N* with I £ Yoo The same selection rule would also

%)

forbid many otherwise interesting meson decays ’, etc.

\
.The reverse is obviously true if KZ 40 and Ki =0 7/,

2.%,2 Definition of C through the use of strong interactions. A&s we

are investigating the possible C non-invariance of H , it is no longer
possiblé4> to use the electromagnetic interactions to define eigenstates
and compute eigenvalues of C (for example, to use such decays as 7° > 2v,
n® = 2y, ete,), But we can still use the (G—invariant) strong interaction,
if we assume that (strong) virtual transitions such as N +N& 7° or

oty
P )
»

N+ N2 7° can take place, In this case ‘i
C o =+13 C,=+1.

Also the definition of C for vector mesons (0°, p°, 2°) is obvious
because all of them decay into m or K systems, of definite C, via strong

interactions.

We note that-the present use of C consists of a change of a partlcle
into its antiparticle, because it is under this operation that the strong
interactions are known to be invariant, The use of this definition for
1epton systems is not obvious, ?ue to the absence of strong interactions.
23

See'a series of papsrs by Lee for this point.

*) Several applications will be seen in the next sections.

*#)  As is well known: C_- = (- 1)Z+S where ¢ and s are respectively the
orbital angular momentum and the total spin of the pp system.:
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2.4 +Decays of the pseudoscalar mesons

The treatment of the electromagnetic interactions of the bosons is very
similar to the one used for baryons. The same general principles are used -

to build up the matrix elements of the electromagnetic current Iu.

The net result of the analysis of many decays ~-- which we anticipate

now = is that a large fraction df:%he'a Efigg;'possible C-violating proces—

-

- N
dependern e, because of

ses is forbidden or suppressed, ir

the form of the interaction (as was the case for electron-proton elastic

tly of C invari
scattering).

Many other processes are strongly depressed simply by phase space,
angular momentum barriers, or are just produced rarely and for are difficult

to detect.

So, the conclusion is that relatively few phenomena are possibly sen-—
sitive tests for C, T invariance. This is also true for the decay of vector

mesons.,
We now rev1ew the p0551b1e casesi

.4 1 7° decaz, In the one photon erhange approx1mat10n the mode
- et + e‘ is forbldden because of parlty conserVatlon (higher order:
contrlbutlons belng suppressed by a factcr ~ oy ‘with' respect to the :
"normal" 7° - 2y mode), If K #£ 0, the 7° » %y mode is now allowed but its
rate is strongly suppresued Wlth respect to ﬁ - 2y, by+ (a) a factor o;
(b) 3Y to 2y phase space; and (c) centrlngal barrier effects. The compu—
tations are very much model—dependenﬁ An esclma te by some authors gives

' /T ~3x107¢, but it could be much 1ower.
3 2Y

An experlmental result by Soergel et al, 4) glves an upper limit of
5 % 10'6 at 90%. confldence 1evel AAs1m11ar result also was obtained by
Prokoskln et al,

Thus, the search for C~violating effects seems particularly difficult

. 0
in 7 decay,
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2.4.2 1° and X° decays. Due to the small width of n° and X°, these

decays seem g priori to be among the most sensitive places to look for the

effects of a possible C violating HY “). The following modes are of interest:

s’ e v e (23)
s’ T +w (24)
0" sy o+ Mo (25)
n° > m° + 7° + (26)
X s’ ret ve (27)
50 ve +e v (28)
X osr e o4y (29)
X7+ 4y . - (30)

Reactions (23), (27) and (28) violate C, if they occur through a single
photon exchange (higher order contributions would be depressed by ~ a? in
rate), Figure 3 shows the diagram corresponding to reaction (23).

Due to the absence of spins, only two form factors, fy and fa are

involved and the general matrix element of IN for process (23) iss

< ﬁ0|Iu(x)lné > = [f1(ny + wu) + fz(nu.— wu)]
| 1 | (31)
x [km o] 7 oxep Bn - m) K]

where n# and ﬂu are, respectively, the four momenta of the initial n? and
final #° states; mno is the mass of n° and o the energy of the pion.

£4 and £, depend only on q2 = (nx - wx)z.

*) In both decays, and especially that of n, the electromagnetic forces
play an essential role.
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Conservation of current requires:
f(m;—m2)=q2- r - (32)

. . , 4) -
so that if one assumes a slow dependence of f, on q?, one can write ) £i dn
the form: Ty = -e/6 { 72> * o® where < 7% > is an average "charge distribution

radius" sguared,

Thus, with an assumption on the unknown value of < T >, one can compute
the rate of process (Zj) If { 1% > is arbitrarily set to be the mean y
square radius of the proton, then the ratio of the (computed) P(n JUCHCN =)

rate to the experimental I‘(n 211) rate is R~ 3 x ’lO"2 r’che dlfference

from the value quoted in Ref, L) comes from the fact that P 0541

estimated there, whereas it has now been measured]

26)‘

Pxperimentally, -one gets

T < 0,3 x 1q‘3 ‘ (33)

o 4 =T
(noewoe+e )/ (njall)

(at 90% confidence level). The discrepancy must Be related to the assumption

on < > Possible explanations are:

a) K is a pure 1soscalar. then { 7 ] u]no > = 0 and the transition is

 forbidden (Section 2,3).

b) Kﬁ transforms as the member of & SU; octet: in'this case, and in the
Himit of exact SUs symmetry < OlKlln > 0; the matrix element is
non-zero .only due to contribution of the SUs -~ breaking interaction:

"),

‘an important depre351on is expected

?)

‘More sqphlstlcated calculations have been done by. Felnberg assuming
that the physical X and n are a mixture of a SUs singlet (X4) and of the
member (ns) of the octet. The mixing angle is determined by using the

Gell-Mann - Okubo mass formulat tg © = 0,18, and one can write!
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7 = —X4 ° 8lu 8 + g ° cos OV C (k)
X=Xy ¢ cos O +1g * sin 0 . (35)

If < WO!K“IUB > is assumed to be 0, the rate T

by a factor sin® © to a value ~ 2.4 eV.

n>Toete is then depressed

The branchlno ratio R/ ~ 1073 compuued in this way 18 not too far from
the preeent eaperlmental limit, The aueumptlone made are however qulte

strong ’

The model by Feinberg allowé"elso a calculation of the rates of proces-

ses (27) and (28). The expefimental date on the Xo'are’however too poor.

2403 n > T decav. Theoretical computationsjare model~dependent 5

also in this case, due to the presence of three strongly interacting particles
~=the pions=-~in the final state, To start w1th, we limit ourselves to

general arguments., Hore detailed arguments are given below,

Four values of the total isospin are possible a Eriofi for a three-pion
system--1i.e, I =0, 1, 2, 3, States with total charge = 0 are elgenstates
ofiéj with eigenvalues Csw univocally related to I, through

C. =G, x (-1)I (where G
37 3T 37

i

~1 is the 3w G~parity).

" "So, transitions with AT = 0, 2 do violate C invariance., Moreover, one
can show that the symmetry properties of the 37 amplitudes with respect to
the T° ﬁ,.orey_aX1s of the Dalitz plot (see Fig. L) are simply related to

Id \‘,

*) It should also be stressed that the present knowledge of the X° is not
very good (the evidence for a charged boson of the same mass and width,
found by Maglié et al.;: makes . the admluted set of quantum numbers .’

' doubwful) , ) o |
) We define 2 Cart051an coordlnaie syotem on the Dalitz plot with
= (7" - T7)//3 and y = T° *~ Q/3, where T+ ' T7, T° are respectively the

_ c.m. klnetlc energies of the 7+, 77 and 7%, and Q is the Q value of the
“decay, Thé point 0(x = 0, ¥ = O) is the centré of the Dalitz plot, and
its point of maximum symmetry (there Tt = T7 = To), so that, due to the
small range of variation of x and y over the plot, it seems reasonable
to expand “the various amplitudes in series of powers of x and y. This
treatment is partially Jjustified by the smoothness of the experimental
distribution function of the points over the Dalitz plot (as a matter of
fact the present evidence for guadratic terms in thc expan51on is at the

limit of the experimental errors).

One can define also six sexaants on the Dalitz plot as ' the regions where
the conditions T& > TJ > TK, are verified for each of the six possible
permutations of the indices i, j, k = 7%, 7, 7°.
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to the I value of each state, Also, interference terms between amplitudes
corresponding to opposite C sigenvalues change sign when passing from one

region of the Dalitz plot to the symmetric one.

Thus, the contribution of the interference term gives rise to a dif=-
ference of population between symmetric regions of the Dalitz plot., One

can define a (measurable) asymmetry between such regions as

SECHES BYCuS o ICE O]

where N' is the number of events in which the energy of the 7 s 1arger ’
than that of the 7 (and inversely for N ), |

I+ should be noted that, as a consequence of CPT invariance, amplitudes
corresponding to opposite C values are relatively imaginary27
[(@B - @C) = 7/2)], if final-state interactions among plOnS are negllglble.
Interference terms vanish in this case and no effect can be observed even if

C violation occurs.

In order to estimate roughly the order of magnitude of the asymmetries
related to the various possible transition amplitudes, one has to take into
account the quenching effect of the centrifugasl barriers on each amplitude.
Such an effect can be represented roughiy through‘powers of (KRX(K'beihg
thé miean moméntum of a pion, and R an unknown inferaction range which one

could assume to be OE‘théforder of the inverse ofiMﬁ, the 7 mass).

The power of KR appearlné in each amplltude is related to the symmetry
prgpefties of the state (and 1ts 1sosp1n) '
w- No quenching occurs for theidomlnant I =1 totally symmetric statezs).

2
Factors (KR)® and (KR)? correspond. respectively to I =0 and I =2 8).

Thus, one expects a strong depression of possible effects related to a

AT = 0 transition amplitude,

”) The asymmetry A is related to the 1nterfer1ng amplltudes Band C by

2Re(B-c) lﬂ

A= ~ 2 * cos’ - Pn) (37)
PEEE Ic| (o5 = %

(if |B|? << || ?). (@B - @C) is the phase difference between B and C.
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A reaqonebie order of magnitude could et111 be expected for an asym-

metxy A arising Crom interference of T =1 and I = 2 states. In this case

\/

the global right-left asymmetry should be roughly

b~ 2(@)° sin (55 - 52) BC)

where 81 and 8, are the (unknown) strong interaction 37 elgenphase shifte
in the T =1 and I = 2 states respectively. If one assumes R = 1/Nn, one
can get asymmetries of the order of 5% [if sin (54 - 82) is not small],
The point is, however, that no accurate calculation is possible; in partlcular,
the value of R, and, more generally, the quenching effecfs can only be esti-
mated qualitatively. It should also be emphasized thaf nothing is known at
present about &1 - Sz.

Several experlmental results exist at present on n » T w decay and
will be reported in Section 3. In this section we only mention the most

significant one, i.e, that of the CERN—ETH-Saclay groung

= (03217 - (39)

showing no eflect within the orrors.l

An analysis taking into acoounb not only the D"1o’bet1 rlght—left asym-~
metry, but also more detailed features of the Dalltz plot can be done if
one assumes that Lhe possible effect is due either to a AL =2, or to a
AT =0 tranSifiom:Qg;Z. If one takes only the lowest order terms in the
expansion mentioned in the fbotnote’fd“page 20, the asymmetry comes out to
be proportlonal $o. lxl (or IT - T |), in the pure AL = 2 hypothesis. On
the other ‘hand, in the pure AT = O hypothesis, the asymmetry computed for
pairs of symmetric sextants comes out to change of sign when passing from |

H%
one pair to the nelghbouring one ).

) The -average T momentum is K= 150 MeV/c.

i) More re01se1y the amplitude for the AT = O transition (and thus the ’
b D - 0 0 Ty 39)
asymetry) is proportlonal to the product (T+ = 17 YT~ - T°)(1° - TH)
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- Pigures 5 and ) show the asymmetry as a function of {T - T | as well
as the number of events per sextent in the CERN-ETH-Saclay experiment, No

effect is visible.

As already mentioned, at the present level of experimental sensitivity,
the n » 77 7 should be essentially a test of the presence of Al = 2 transi-

tions on1y~(i.e.’of'KZ only), AT = O transitions being depressed by the

Thus the results of the experiment by qugs et al °) should be interpre-
ted together with -the result: of Bowen et al. '’ .as an indication against the
existence of KZ; -Dueto the lack of knowledge of certain parameters, this

1nterpretatlon is however not unambiguous,

Further details on the CLRN—ZurlchrSaclay experlment Wlll be glven 1n

Section 3,

2 4 4 n - ﬁ 7 v decay, The evalua51on of’p0531b1e effects 1n

Rl ﬁo - wowoy,”X > ﬂ+ﬁ_Y, ) G y dependson assumptlons about

, the (two—body) m 1nteract10ns .

. A.p0531ble asymmetry arises in A e decays, from 1nterference betWeen
the C-conserving (I =1, I = 1)_amp11tude and the C violating (Iﬂﬂ = 0

.. =2) emplitude. .

A calculation has been made by Barrett and-Truong;z) using dispersion
relations, and assumlng the resonant p and F° behaviour to determine —- even
.at low energles-w-the ™ P~ and D-dees reepectlvely. A further assumpulon
is needed about the relatlve magnltude (r), of the C—conserv1ng and uhe

C~violating amplltudes.

Ulthln the valldlty of these assumptlons the upper limit of the asym-
metry for the n 1s 1 1/ and for the' X% 18%. These results. are reduced to
0,04% and 1.4% respectlvely if one takes rx 1.

#) In fact the situation of the X° is even worse. See footnote to page
20,
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o ' . o e 3 0] ] 1 . KA ., 5 o] ~ -~ A
The most significant experimental result existing for the n° asymmetry
31
is )

(40)

SN

=+1.,0 & 2057_

As in the n - 37 case, this result excludes large asymmetries, but, due
to the model dependence of the calculations, its interpretation is not

unambiguous. Also, the precision is smaller than for result (39).

We want to stress that, in the W+W-Y case, the C-violating amplitude
corresponds to a AL = O transition, so that result (40) is in principle an
indication against the presence of a K° component only, From this point of
view, the n » T and N> T ete” ., on the one hand, and the n » 7 W Yy on

the other, are complementary experiments,

Altogether, the existing data on the three-decay modes give negative
indication for both the possible hypotheses on the isospin structure of Kﬁ'
While it would certainly be important to obtain higher precisions on the
same processes, 1t must be stressed that,apart from the search for an electric
dipole moment of the neutron*), these three decays are the only places which
have been explored with careful experiments in search of a C-violating H&.

A depression of the effect could occur in these particular processes. Thus,

detailed data oﬁ”other reactidns would be ve”y welcome.

The presenu experwmental knowledbe of the asymmetrles 1n the
n - W+W W and.n - T v decays can certulnly be 1mproved , at least by an
increase of statistics. A.parallel reduction of the level of systematic

errors is perhaps less obvious,

AAstudy of the Lo ﬂ‘y‘procous, at 1east with the technlque used in
31
the experlment ) seems quite difficult due to the high level of the back-

s 34
ground and the low x° cross-section ‘.
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#4) A spark chamber experiment of a Columbia group is going on at
Brookhaven, with this aim®3
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. - - 0_0
The existence of the decay modes n° - 7°7% or X° » 7w y would be a

definite proof of C violation,

32
Their possible rates have been computed by Barrett and Truong ) within

the same framework used for the T y.decays.

No data exist at present and as. for many neutral decays *) the experl—

ments would be quite dlfflcult

2.5 Weak decays of the pseudoscalar.mesonsi

As was already pointed out (see Séction 2,1), if one assumes that H .
is invariant under both T and CP, and that HY has a large C, T-non-invariant
part, one can explgin through second order effegts in_Iy.decays 1ikeiK£ - 2T,
To the same order in I , one expects E{{QR“non—;nvariant effects in Kéz’ in
Kea,.and._in.,__I_<:°____.2 ﬁﬁ”—ﬂp. The. T non-invariant amplituggs.should however be.

smaller by -about . a factor a than the T-invariant ones ' ..

The situation can a priori be different for first-order proceésses- in’

Ty such ‘as the radiative decays K » nw + v, or also for the higher order

process K° » vy. .

The following points are of interest.

‘a) A comparidofi-between the rates P;,:P;-of the decays -

K+ - 7T+1T°Y - BTN (41)

and
K >aay. - . . (u2)

b) The observation of an interference term in the time distribution of

Ki and KS decays, for radiastive modes, such as

*)  For- example, the separatlon of the n » 3ﬂ and n » 7°yy decays turns
" out to be dellcate.

**) In general, ‘the expected effects are smaller here than in varlous
models of class (Xg
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KO -> ')T+’n’—'\[ : (”+5)

and also
° s vy . (4)

A difference between the rates T'" and T would be a proof of CP viola-
35) + Yo 36) -

tion ‘., The present data on PY and r,  are compatible with the processes
(41) and (42) being due to inner bremsstrahlung only, but they do not exclude
direct v emission to be comparable in magnitude with the bremsstrahlung

" contribution,

. Now, inner bremsstrahlung cannot give rise to T-violating effects,
whereas direct emission can, Thus, point (a) may become of interest, if a
eompafison of the rates is done for events surviving a cut on the low-energy
part of the y spectrum (most of the bremsstrahlung contribution is elimina-

ted in this way).

Point (b) has been treated recently by Sehgal and Wolfenstein37). They
show that interference between K£ and K% decays in reactions (43) and (L)
would be a direct proof of CP violation® ),

Kg - ﬂ+ﬁ_Y decay probably occurs through the CP-conserving inner brems-

strahlung prooe5538 and Ki may possibly decay also through a CP-violating

‘direct emission,

Thus, also for reaction (43) it is important to eliminate those events
where a low-energy y is emitted (when decreasing the y energy, the K% inner
bremsstrahlung contribution~— owing to the infra-red divergence--~ becomes
much larger than the one of Ki, and the inbterference effect is rapidly

decreased),

*) The result of Sehgal and Wolfenstein is valid not only for modes (43)
and (44), but also for any other non-leptonic decay mode, in particular
K° » 37, Due to CP violation, K3 can now decay into 3w final states
having the .same quantum numbers as those generated in KL decay— in

particular CP = -1 states, However, if Hy is responsible for C viola~-
tion, -the ratio of the interfering amplitudes is ~ a for the K° » 3w
case,
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2.6 Decays of the vector mesonsg

An essential point is that the main decay modes of all the vector
mesons occur through strong interactions. Thus, possible effects of electro-

magnetic origin are strongly reduced in the main, non-radiative modes,

Radiative decays such as

@0 > a)é + N » (45}
2° 5 0%+ y )
0° > % (7)

do violate C invariance, and branching ratios of ~ 2% have been computed,
for example by Bernstein et al.4) for reactions (45)_and (46) on the hypo~

thesis of strong C-violation; reaction (47) should be very low,

The difficulty may arise here from the fact that one has to deal.
with a relatively rare phenbmenon,'which may be difficult to separate

experimentally from the'backgfound coming from the main decays.

- . ) + -
This may also be true for a possible study of the w 7 asymmetry in

w+w—y-decays:

3° 9.W+ﬁfy. : (48)
W’ > W+ﬂ-y' ' )
o° s Ty, (50)

Radiative processes such as

PP > T T (51)

would be very interesting, but again it is very difficult to isolate them

frdm the main reactions, at least with the present techniques.
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Electric dipole moment of the neutron

If P and T are violated, an electric dipole (EDM) moment of the baryons

" dan exist. It has been pointed out by Feinbergg),that an experimentally

detectable neutron EDM could be generated by the combined effect of the Kﬁ»

current and.of a hypothetical weak, P-violating, AS = O, fqur-béryon

interaction,

-~
A &

s 1 UL T USRI 3
1 inverac [ g COUp.Ling Cliistallv Clliipalav.e in

]
©
<
(@]
far

- a a X
ﬁagnitude with that of the g decay, then one would expect an EIM of the

neutron d:

. . ~ ~1 . *)
dx~ e GV ' mp 10 9‘cm | e .

' The above-mentioned value of d is compatdble in magnitude to the =~ 7

~20 39)

presently published experimental upper limit: d £ 5 x 10 .

However, experiments are now going on at Brookhaven and Oak Ridge,

with sensitivities of the order of ~ 3 x 10~22, A% such a low level —-
~even if an effect is found, its inteﬁpfetatidn in terms of a C-violating

- H may turn out to be difficult (difficulties would result from the weak

interactions involved),

2,8

Nuclear physics

For data in this field we refer the reader to a letter by Henley and

40
Jacobson ), where further references can be found,

)

s . . . 41
Ve just mention here as an example an experiment by Tanner et al.

B
going on at Oxford ), They are comparing the differential cross-sections

in reactions

and

150 (¢, ) *%C | (52)

126 (o, y) 190 . (53)

ata ats )
T
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On simplearguments of size: @'~ 1/ . e_z;10f14ucm~t~e. A factor.
~ by Hé,; 10"° is related to the weak interaction coupling constant.

The experiment is carried on at Van de Graaf energies, for example,
EQ'Z 15 MeV,
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Any difference in forward-backward asymmetry in thezangulér‘aistributibﬁS"
of the two processes, would prove T violation, In this wav’one ig free from
absolute cross—sectlon measurements, As already said, this klnd of experi-
ment is a sen51t1ve test of T, only to the extent- that nucleons 1n the
nucleus are out of the mass shell, A rough estimaté of the maxlmum ‘possible

effect may be given by‘the ratio of the potential energy (V) of a nucleon,
to its mass M: ‘

VAL~ 50/040 ~ 5'x 1072,
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3« EXISTING EXPERIMENTS ON n DECAY

3.1 General review

As already mentioned, most of the present data on a possible C, T
violation in Hy’ concern the various n decay modes -- apart from
possible new results on the EDM of the neutron (which is treated in

separate lectures).

For the n° -» 7°e’e” decay mode there is agreement among the various
experimental results and we do not insistuéh thein, We only mention here
that they are obtained mostly with heavy liquid bubble chambers. Elec-
trons are detected in the classical way due to their "spiralization" in

the chamber (or their secondary bremsstrahlung pairs).

The situation of n » 7tr n° decay is more involved, Table 2 re- '
produces the results, as they were presented in the report by Fitch at
Berkeley5 « Their order is the same in which they appeared in time.
Immediately after it was realized42) that the nn » i a® decay was one
of the most interesting processes to be explored, a compilation43) was
undertaken, using previous experiments. About 10 different H, chamber
experiments were included, with events produced in a variety of reactions

(and incident energies),

The background of events different from n - o decay varied from

‘one experiment to the other, from a lower value of 0.02 up to 0.52,

Also a correction was necessary in part of the experiments to take
+
into account an ambiguity between the secondary 7" from the n, and another 7~

produced in association with the n (for example, the w+, in 7o+ pP>p + T+ n).
The net result is a global asymmetry of 5.8 = 3.4.

On the other hand, on the hypothesis that C violation simply occurs
either in AT = 0 or in AI = 2 transitions, asymmetries at two and at one

standard deviation, respectively, are obtained.
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+ A1l the experiments which followed the compllatlon were planned to
search for an acymmetry. Thus, all of them have a low background level,
and many checks have been made. In partlcular, for the Columbia ~ Stony

44)

.2 ﬁ+ﬂ ﬂ decay, indicating the absence of biases due to the chaMber and

-+
Brook group %, no 7w ﬂ asymmetry was found in a previous experlment on

the_computer programs.

“'The :combination of their result -- a z b ‘standard aeV1atlon effect
on the global asymmetry -- and of the one of the compllatlon » Was con-
sidered by the Columbia - Stony Brook group as being evidence for C v1o-
lation. This indication, reinforced also by a Duke ) result, was not
confirmed by the Rutherford - Saclayas) eXperiment and by the large
statlstlcs CERN - Zurlch - Saclay experiment. Tﬁns, at present; there

is no conv1nc1ng ev1dence for C violation.

In the next section we describe in detail sofme aspects of the CERN -
Zurich - Saclay experiment, both because its result is the most significant
one and also because its technique (spark chambers), is the cnly one capF
able of giving high statistics (it would take an enormous effort to improve

the present statistics with bubble chambers).

3 2 The GERN - Zurlch - Saclav experlment

The baS1c problems of thls experlment were;
a). -to obtain a high statistics,
" b) - to reduce the background level as much as possible,
c) to obtain a hiéh measurement precision, and

aj ' to ellmlnate systematlc errors due either to the 1nstrument or the

computer programs -- in. thls case possible spurlous asymmetrles.

Condition (b) obviously is partlally related to (¢). The solutlon of
problems (a) and (b) 1s made relatlvely easy, due to the fast growth of .
the n production cross-sectlon, S near its threshold.' At 713 MeV/c, Gh is

alreaiy quite high (2 mb), and, due to thelr small ¢.m. momentum, the neutrons

*) the two asymmetries having the same sign.
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are still produced in a small-:laboratory cone:(~~139). The. neutron detec-
tion system can, therefore, bel quite compact -and still have .a very large

C.M. acceptance,

If moreover, one puts the ‘néutron detectoxs near the maximum allowed
angle in ‘the laboratory, the conditions for a "Jacobian peak" are verified --

i.e. a very small pclar angle interval in the lab. (~2° in this case) corres-
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The acceptance for neutrons associated to any other reaction different from n
production is quite small. At the same timey: the fact of working near the

threshold of reaction 7 pi> T T mn gives rise to a low contribution from

this particularly dangerous background reaction.

All this greatly helps to’ solve wroblems (a) and (b). A schematic
drawing of the set-up is shown in Fig, 6. The centres of the 14 neutron

counters lie on a cone surfece, whose opening angle coincides with the maxi-

mum angle allowed to the neutrons by the kinematics,

A time-of-flight technique allows one both to "trigger";%heZSPark
chamber when a neutron in the kinematically allowed momertum interval
(350 < p < 500 MeV/e) hits one of the counters, and to measure with good
precision (~ 0.5 nsec) the time-of=- ~flight of the neutron assoclated to

each event (the direction being determlned by the poUltlon of each counter)

A gystem of counters (A4R, F) surroundlng the H, target ensures that
only events where both the secondary pions are produced in the forward direc-

tion can trigger the spark chamber system. This condition reduces the number
of useless triggers.

The H. target is placed 1n a magnet and is followed by a magnetlc spark
chamber system ?’, Whlch allowe an accurate measurement of the secondany

plon tracks [p01nt (c) 1.

The events are accepted at scannlng Where the number of spark—chamber

.gaps traversed by both the p051t1ve and negatlve secondary tracks is larger

, than elght. This condltlon ensures a good measurement prec181on (the mass

resolution ——Flg. 7=~ is even better than in Hg chamber experlments) The

only non-measured (m1551ng) quantities are those relative to 7°‘'s or«y's ..
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Bvents surviving the scamning conditions (32,000 over ~ 300,000) are
then directly measured by H.P.D, (due to the simple and well defined
topology no pre-measurement is needed) and passed in a (slightly modified)
Thresh geometry programa One.can then proceed to the kinematical
‘analysis of the events., The two samples of 7 » 7r 7° and 1 > W+H1Y events

~ are defined by simple cuts on the two missing masses squared MNZ *) (Fig. 8)
and MO? *) (Fie. 7). "Figurevs'clearly shows thé separation'of the 1 sample
from the backgrouﬁd peak coming from reaction 7 + p - w=ﬂ+n‘(the peak at
MN? = 0.88 correépohds to M = neutron mass squared), when a cut for
MN® > 0.98 is applied.

Figure 7 shows that a separation between the 7 > w+ﬁfﬁ° and ﬁ.e W+n—y
samples is possible, when cutting at MO® = 0.006.

The peaks corresponding to M02 = m;O and.M02_= m; are clearly visible.

Part of the background [point (b)], is connected with 7 production:
for example eleetron pairs (from internal or external conversion of Y's)
coming from neutral decay modes of the n. Electron pairs are largely
eliminated by a cut on the effective mass M _+ - . . This background, as
well as contamination (~ 1%) from 1 = tny or n > 7w 1° associated to an

"accidental™ neutron, are essentially charge symmetric.

The problem of evaluating the background coming from reactions dif-
ferent from 1 production (and possibly charge asymmetric) has been solved
by running the experiment 2&32 at & momentum slightly lower (by ~ 28 MeV/c)
than the nominal one. In this condition the maximum neutron anglekis lower
than thé one subtended by the N counters and the triggers correspohding
to n production are suppressed. The detection conditions for the other
_reactions are essentially unchanged, so that one can measure which amount
of the background reactions is accepted after the cuts on MN® and MO®.

This background comes out to be ~ 0.5%.

*) MN? is the missing mass (squared) to the two charged particles assumed
to be 77 and 7", MO0® is the neutral missing mass (squared) correspond-
ing to the hypothesis 7~ + p - 77 n + neutrals.
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This proves that probiem (b) has a satisfactory solution.

Problem (a) is fypical'Of this kind of spectrometer. It arises from
the fact that & part of the' p0351ble laboratory conflguratlons is not _
accepted by the 1nstrument For a glven sign of the magnetlc fleld thls

"may favour’ conflguratlons who8e average <IE + > is hlgher—-or lower--than
" the average <E - > , thus 1ntroduclng a spurious asymnetry. A s:.m:Llar '

‘effect can also be introduced by a systematic deformation of the eve _+

due to a (systematlcally) wrong measurement of some quantity.

It is however clear that this kind of effect can be ellmlnated if
one is able to reverse the sign of the magnetic field (this was done
periodically), thus interchanging exactly the geometrical behaviour of
at and T +tracks in the spark chambers. In this case, one has to take
as-a net result of the experiment only the average of the results corres-

ponding to the two opposite field signs ‘.,

It should be noted also that, when planning the experiment, the
neutron counters were placed as near as possible to the symmetry plane of
the apparatus, so that the angles of the neutrons_(and thus of the n's)
with respect to this plane were quite small., This resulted 'in small
‘intrinsic instrumental asymmetries, as is indicated by the difference -

between the results corresponding to the two field signs

Ad = (1.0 1)% AT = (-0 1.4)% .

T

Finally, the sensitivity of the result to a wrong estimation of any para=

meter was computed by means. of a Monte Carlo., In particular, the result.i:

was shown not o be :sernsitive to the incident momentum, to the value of

the magnetic field .and to the measured neutron momentum. Also the sensiti-
vity .to a systematic shift:on-the assumed azimuth of the incident 7 was -

found not to be critical.

*) To. change the field 51gn, one had to- correct, . correspondingly, the
- trajectories.of the incoming 7”7,  This was obtained with the help
of two supplementary magnets, upstieam with respect to the target. .
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The. study of the asymmetry in n - 7'n y decay follows closely the
ynme try

+ = 0
one of n >7w T . Two remarks have to be made however,

i)} The intrinsic aééebﬁance of the apparatus is a decreasing function
of M+—, the effective mass of the i and T (which can be larger in -
this case than in 7 - W+W 7° decay). Thus, the sensifivity of the
experiment at 1arge M , or small c.m. RY values is decreased to a

large extent (PY is the c.m. momentum of the ¥).

ii) To eliminate the background from reaction ﬁ~p - ﬂ+v_n, one has to
introduce a cut on the quantity M’ at 1.05 (GeV/c)?, which eliminates ..

the remaining events with a low Py'

Thus, if a possible effect is substantially large for hlgh M , it

would tend to eScape ‘observation in this’ experlment.
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. AeeEITX

_SOME VERY RECENT EXPERIMENTAL RESULTS

(The data listed in this Appendix appeared

after the publication of the previous notes)

. 0. !
1) Ky and KE decays

Several new data are now avallable, for a compilation see the
report by L.B. Okun and C. Rubbia at the 1967 Heidelberg Conference
(to be published).

2) Upper limit of T non-conservation in the reactions 2“Mg + a & 27A1 4+ o

- W. von Witsch et al. [Phys.Rev.Letters 19, 524 (1967)].

The upper limit quoted for the ratio of T-non conserving to the =~ =
T-conserving part of the reactlon amplltude is:s L x T with a con-
fidence level of 857 ' -

3) EDM of the neutron

- P.D. Mlller et al, [Phys.Rev. Letters 19, 384 (1967)]
= (2% 3 x107 mxe.

~ C.G. Shull et al. [Phys.Rev.Letters 19, 384 (1967)]
= (+ 2.4 * 3.9) x 10722 om x e,

L) Charge asymmetry in the 7 » 7 7 7" decay

The data of the CERN-ETH-Saclay experiment have been recently
analysed in more detail. The Dalitz plot density distribution relative
to 7170 n » 7’7 7° events has been corrected for the effects of the back-

ground and of the efficiency. A fit with a matrix element of the form:
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M=1+ay+ By® + vx® + 8x gives: & = 0,006 * 0.013, with a X? of
115.9 for 116 degrees of freedom., The possible presence of a AI = 2,

C-violating amplitude is now quantitatively expressed by the value
of &,

In a similar way, a fit with a mafrix element of the form:
M&zwjf+vdy:+;ﬁfk;y?;4_ylk'xz + 8 « (332 - x%) x allows ohé,%o
establish an upper limit for a possible AI = 0 amplitude. The result
is & = 0,00 + 0,02 with a X* = 116.1, for 116 degrees of freedom.

1
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‘Table 1'

Tests of TCP

Measured S . oap
Particles . alue Reference
quantity
wtoou” lifetimes 0.000 * 0.004 Meyer et al.
T L , - _
X', K = -1 -0.0009% 0.0008 | Lobkowicz et al.
T same. 0,004 * 0.0018 | Lobkowicz et al.
o, same 0.00L * 0,007 | Bardon et al.
T, T same | 0.0056% 0.0028 | Ahyres et al.
o %o mass . 16
K, X equality 2 pa?tsyln 10
S gyromagnetic (1.5% 2) %? Rich and Crare
ratios
1, + -
s’ -¢)
+ - | o> -
Ko, H same _ (Qi 1.5) =z CERN
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Figure captions

Fig, 1
Tig, 2
Fig, 3

Fig. 4

Pig. 5

Fig. 6

Fig. 7

‘Fig. 8
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Feynman diagram for the electroproduction of the resonances.
Diagram of Barshay for the reactiony + 4 - n + p.
Feynman diagram for n° - ete” decay.

Numbers of events per sextant in the CERN - Ziirich - Saclay

experiment.,

The asymmetry as a function of |T' - T | in the CERN = Zirich -

Saclay experiment.
Schematic layout of the CERN - Zirich -~ Saclay experiment.
Distribution of MOzlin the CERN - Zurich = Saclay experiment.

Distribution of MN® in the CERN ~ Zirich ~ Saclay experiment.







FIG.1

FIG.3

SIS/K 0 475







Fig. &4







5

- 50/0

Q) i 1 T
Q S
-4

Fig. 5







H. target

Poodod.

Fig.







13001

1200
: 13098 EVENTS

1100 _I

1050

w

o

O
I

:

'NUMBER OF EVENTS/0001(GeV/c?)

300+

200

1001

0 | 1

| | - | .
-002 -001 0 001 002 003 0.04 005
(GeV/c?)?

Fig. 7







NUMBER OF EVENTS / 002 (GeV/c?)’

1500

!

1400

1300~

1200

1100

1000

8 w
RS
| I

:

600F
500
100
300
200

100

21606 EVENTS

My

Rd

| | |

] | L ] ]
04 05 06 07 08 09
GeVic?)?

Fig. 8

10

11

12

13 14 15 |




o










