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T-0DD ASYMMETRY IN HEAVY PARTICLE DECAYS

P.Zhitnitaky

Institute of Nuclear Fhysics,
630090, Novosibirask, U.S.3.R.

Abetracit

The possibility of studying T-odd correlations of the type

f, ;5:"“/?";-?,:'(-:1? {:'?*’é?/ in e+e--annihilation ie discussed, Here
# 1is the direction of a beam and /%, are the unit vectors
of two opposite charge particles to be detected, and é is some
superposition of the moments of final particles. Such correla-
tions erise due to the electromagnetic production of a7 -lepton
or charmed particles with s subsequent weak decay violating
CP-parity.

Calculations were made in the model of CP-invariance of
the Weinberg type /1/. In this case, the effect for the uami-—
lepton decay of a . -meson (J*f;“”’ »ATMY Yy i g 'f_/é“-ﬂ’ ~

2«10 =3 and, correspondingly, for the Cahibba-ﬂupprﬂssad decay
of a 7= lap‘bon (72477 » £7770 ) thig effect is *5@5@/‘5 10



1. So far, the violation of CP-invariance has beer reveal-
ad in the deceys of neutral /{’ -mesone only. Experimentsl study
of T-odd asymmetry in other processes is a matter of some dif-
fieulty not onlf; for the reason that the expected CP-parity
vielation is small but alec due to the fact that T-odd correla-
tiona zrising in the weak gecayé are caused by both the CP-in-
variance viglation and final-state particle interaction. However,
. in the decsy of the type KEor i o *fj"t‘/ ) the masking
background is much less than the effect of CP-invarisnce viela-
tien /2/ and onservation of the transverse muon polarigstion at
the .leva.'i 51072 (for A -decay) and at the level 2-10% (for
D =decay) would be indicative of T-—pn;ity nonconservation.

Unfﬁrtﬁmitaly, the axperimental-mu‘aurﬂmant'b! the polariz- '
ation of 2 famt muon ie & rather complicated problem. For this"
reason, of interest 1s the study of T-odd correlations of the
type S = & E}:rﬁ"}?f;f I/ﬂﬂfé?/ composed from the particle moments
only. -

ﬂurr&iatinns'whinh are similar to of arise in the processes
of the following type:

f/ﬂ/rf/é,'/ /—"/:ﬂ.ﬂ/f-’ﬁ f“ﬁ“/*‘ﬂﬂ/"”": ?'/
Leg?iyeapipd Natifatiyex

Hare ﬁ’?ﬁ'}, ﬂ‘/’?-/ is the particle-antiparticle pair {or two par-
tlcles with oppoeite charges and unkmown identities: for in-
stence ¥4, 7 K" ), 72 7. are the directions of escape of these
barticles, -;; iz the direction os the beam, /1/ are ell other
(excapt for 7,4 ) particles produced in the decay and the

-,

zomeuts of which are included in the expression for & .



First of all, the following important detasils of the pro-
cesses under consideration should be noted: a) the T-odd correl-
ation composed from the moments only occurs in the decaya whose
number of final particles is not less than 4, i.e. X&-E. This
remark is obvious, since the T-odd correlation ~£’5'§ 7, ?vp’apd;";
includes 4 independent moments, b) After integration over all
directions of escape of the -Eff‘{?j/-particlas the correlation

“";.;a.a;;:;; [FxA) is converted to the correlation Eféri/ﬁgz
just which is measured in the experiment. c¢) The correlations
under diecussion arise not only due tc the viclation of CP-in-
variance in heavy particle decays but also due to the strong
and electromagnetic interactions in a finsl state. However, as
it has been nentinneﬁ in Ref./3/, the interat;tiﬂna‘ in the final
state do not affect an average value of the correlation <A> over
all events. Thus, the study of <)) provides information about
violation of CP-invariance.

To calculate the T-odd part of an amplitude, tﬁe CP-invari-
ance violation model of the Weinberg type /1/ is used. CP-parity
nonconservation in such a model is due to the exchange of charg-
ed Higgs bosons. :

In the present paper the semilepton processes will be con-
sidered; the corresponding effective quark-lepten interaction
violating CP-invariance is described in Ref./2/.

Prior to calculation of the concrete processes, let us
present the estimates of the expected effecte for the semilepton
decays of J -mesons (a) and hadron decays ﬁf 7" -leptons (b).

a) In thu_ﬂmilaptoﬁ decaye of a J -meson
LE ST RS ST S} P DL
> Ly 7727 15/

produced in ete -annihilation the correlation 73 x Z) (A

is measured. The term violating CP-invariance for this process

is proportional to

M 5
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Here S’/f‘j’/ is the scalar (pseudoscalar) current of the Higgs bo-
gon, /7, ~2 GeV, ﬂ!ﬂ are the masses of the muon and ¢ -quark,

respectively. As 1t is seen from the estimate, the smallness of

CP-violating contribution, as compared to the main term, arises

from the fact that the S/ -current changes the helicity of
the particle and its matrix elements are proportional to the
mass of the fermion.

The procesa considered above is a Cabibbo-suppressed one.
However, one can consider the decays

L7k I e _
Le p153) w5 Lo g7y er %)
proceeding with a quite 1arge branching ratio 3+4% /4/.

In this caae.;, in order that the cancel of T-odd correla-
tions due to the strong interaction mey take place, the F gt
and 7 -mesons shouldn't be distinguished in the experiment.
The effect is the same and is of the order of 1073,

b) In the ﬁadmn decaye of e ?'—laptun

7. prd
Les FF
produced in e'e -annihilation the correlation /ﬁ#’/ﬂ/’*
is measured.
The term violating CP-parity in the processes of this type

is propoertionsl to

SIS ptfl/S ()05 my e Zoreri(Z /



Here 77, is the mass of & # =-quark.
Some increaes (in comparison with the quantity 107y of
the CP-violating part of the amplitude occurs in the decays
> £V 7> prY Zws TR
é'r,ae-:r S

It is due to the fact that the matrix elements S/2/ of the had-

ron state current are numerically large
&

+* AP

G ek pi)[Plos ~ 2 ‘.

( 7% - is the mass of a strange quark), and hence the efféct is

prapartiunsl to

-"??.ra/m 4500 ‘:'/6‘-)?’.?;-/

However, the branching ratlios of such decays are strnnglx sup-

G Z3F <carklP/0> m ~ & my

pressed ( ~ #ﬂ% ) in comparison with the corresponding dpcays
not containing fﬁ/-muanna, the ga'in in time for statistics is |
. small end is of the order of

$en Oc /1% /.

2/ =3
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The mext point is devoted te the decay I Sl i A

o

explicit expression for the differenilal cross sec ition of the

process
ee” - f "= D50" A '-"ﬂ+ﬂ T i dostle e
Ls Ffw*# Lo 759 (2
LETﬁ Lo

ijg derived, which is integrated over neutrino end all inter-
mediate states and contains T-odd correlations csdsed by CP-
jnvariance violation. Anslogous sxpressions cal also be sasily
derived for the s -meson or 7" -lepton decays. The integrals for
F, 7 -decays in our calculations are identical to those appser-

ing in the calculation of the process (2) and they are caloulat+

ed in Appendix. We do not write out here the corresponding for-

mulae for the £7 -decays because they are cunbersome.

2, Let us divide the caleculation of the differentisl crose

aqctinn of the process (2) into three stages: a) the amplitudes

of the processes 0 - EE;J,M*:} and £” > #£7" with the given
polarization of a f_-s?-llﬂﬂﬂﬂ are written; b) the differential
probability of the decay J*-f-sfﬂfﬂ-} it -*"'b:ﬂ"*"‘n ie found,
which is integrated over the directione of escape of the f-/_ﬁ
and is summed over its polarizations; c) if we know the differ-
entlial cross sectien of the production of a pair of .0 -mesons
a6 fe7e = J:**.ay and use the expression for W /o"+ f‘*':/'f*y:
obtained at the stage (b), one can integrate over all direc-
tions of escape of the.ﬂﬂ—mesuns anq neutrine. As a result,

we obtein an expression for 33_?_’5_;3 },., s Which containe the

T+odd correlation ,/54’/3/23 !!?-/dua to CP-parity violation.
Let us write the transition amplitude -.E)"*F}"f*‘) in the

form

1 = S5 iy < T[S elobife/ ) > -
o) TEen EE,;!?., me 4 fp (f_ﬁ/fpy//éflﬂ/“af/ff/f:’

7w

We have used here the expression for en effective CP-violating

(3)

quark-lepton interasction taken from Ref,/2/.

The most general expression for hadron matrix elements is
of the form

Sl
(f_g;fr’?ff//j—%ﬁé/"fﬁg} :;{{#,yja ¢+ J(M e »rZ 51@5;//,’; r"_zfﬁ’/f (a)
CET )/ cof D) > = -(er) ] (5)

Here 4 fj}_,j‘, £ are dimensionless formfsctors of the correspond-

ing traneitions which depend on the momsntum transfer ff‘t.'r' f/'a

s

]
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and .{’,} /é‘ are the moments of the ./) - and #% ~MESONE ; ﬂf,«, ¥
are the maspes o0f the muon snd - -guark, respeciively: e i=
the vector of the polariszation F,MGNE GeV.

The second term in Eq.(3) is due to the exchange of = Higge
boson and leads to the violation of CP-invariance. The equatien,
(3) includes the guantity I‘/’%f , the ratio of vacuum mean
Higgs fields. Although W;Zf;"" is an unknown parameter of the
model, we do not see any reasons for which this parameter comld
be very large or too small. Therefore, in numerical estimates
we shall assume k("%f to be equal to unity.

The T-odd correlation in the expression for the probsbility
of the decay -d)*-*f_"j’/ﬂ"b’ iz a result of the interference of a
vector current (which is described by the formfactor A (4) and
a pseudoscalar current described by the formfactor Z (5). The
remaining terms do not give the contribution to the effect under
discussion and describe the ordinary T-invariant termms.

The energy spectrum of the J**Ej‘f‘" decay, its branching
ratio, and other problems (related to the formfactors féﬂf
not dealing with the CP-invariance violation, was a matter of
interest of a number of papers /5/. For this reason, we shall mot
dwell upon the discussion of the corresponding T-invariant terms
and seti Ge:f:ﬁ » and the formfactor F 18 conserved with
the aim of estimating the scale of a relative value of the CP-
violating term in comparison to the CP-invariant term.

Taking into account the fact that the transition amplitude

,&’uﬁ,@;y/; f'ﬁ/+£"‘/ﬁ$—/ ie representable in the form

Y YT n Y = R /5] (6)

{ £ 1s some constant), let us write out the differential proba-
o 7> = ok : T
bilifty of the £ =4 F*ﬁ‘?” decay proceeding vis the #° -reson-

ance:

-
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-
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Here *‘i—}%?..; 1‘3: are the fnur-muments o L v , respectively;

£ BB o (n ) T (en) B (T £77 18 the
carres;uanding branching ratio of the £° -decay, &= ff ,f:

In derivation of Eq.(7) we have tnuk into account the fact
that the probability of the Poats % dauay averaged over initial
volarisations of the " -meson is equal to (the pion mase is

neglected throughout):

Wi ey Lo

Here # 18 the same constant as that in Eq.{ﬁ). From (7) it
is peen that =a ﬂlgtive value of the CP-violating term is -

7 gt
= i’.;f* %
The formfactors s{_,- 1" have been defined in various

models /5/ (pumerically ;-4' ~/ ) and the formfactor / can be
eatimated by teking the divergence fruu the expression (4).

With f}f neglected, we have Z = "/ . Hence, we expect
JJ’:‘-’"%

that s ~/ Wwith an aceuracy of up to the Pormfactor

1.5+2,



Uncartﬁintjr in estimation of the quantity ¥ ie connected

with both the noticeable depandence of the functions 7[‘4: Z on
the square of the transmitted moments ( ¢ f/i‘f/ #2% ) and
the non-unigue, model-dependent predictions for the formfactors.

FNote, that only the element o g’;;xﬁj; is a matter of
our interest in the expression (7), since it is that which leads
to the atructure under study (FG) 7 (% x/./ after integration
over 6‘" #, ., (Here the directions of escape of ﬁ//—meaans are
denoted by /‘?.'./'?,‘/.} The interest to this correlation, as it

“has been mentioned in Introduction, is due to the fact that
strong interactions do not influence the mean value of the
structure (2 &/ 3/ x5/ /3/.

Other correlations from the expreesion (7) (for instance,
"'13/})‘;3’*‘;/) are of less interest, becsuse the masking back-
ground of strong interactions exceeds considerably the effect of
CP-invariance violatiocn. .

Tt should be mentioned that in order to measure the cor-
relation g,/—‘-";ff;-/ , it is desirable to have quite fast -D -
“mesons, since the smallness of the effect arises due tc both
the exchange of a Higgs boson {vﬂfb';%*} and the smallness pro-
portional to the moment ~fE fof a D -meson (for instance,
ff;f/m_p %  in the Y 73#70/>05 gecay).

Let us turn now to the ealculation of the differentlal

eross section of the process (2), To this end, a’f/f?'?{{rﬂ'bj

is taken in the form

2 £y Ao de v/ .
ts L atny- 775 < o am SO0

10
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Here £ =42 +4 and the electromagnetic formfactor 1s determinsd

ag

& O fe) 1) /) «j,’:%} = s Kot £FroY (11)

With the expression (7) for 4% end expression (10) for s

bo'th taken into account, let us write out the differential cross

section of the process (2), which is integrated over neutrino

and intermediate stztes ss follows:
A§ [ee == DD
L’_ fﬂf *) - T ‘}/ -
4 /Ha-:?z"‘.'/{-":" 36 5/@'*"*/ -
r?'/ }?-3 m.{/[ Jﬂz/y(’gj
W i g PR Y esert il
axr (/24 A ST /Pf o)
< 3ot ? ~f@?ﬂ*’”fj~[ﬁéﬂﬂ*‘??%f@*ﬂ?ﬁ
. 2 . 5 =
x f;jé.'ﬁ/‘,rﬂ'{?e{&? m‘fﬁfg?iﬁf—f@ sz’?-fy/‘
F4

=+

=8 [ > /,-w/za/w*

o

Here ;:r(ér/ ,:'-’g .ﬁ"f;’r‘z" Fz

A m*‘;fﬂ?,-‘;)/) 8 (e°F ~x 77/ are the cnrra:pandm
branching ratios of the corresponding decays, 7 — the integ-
rals taken in the following way:

/fofféf‘jiyf#// heths £t I A 5 '/(13)

7 4, 45

The integrals (13) are rather cumbersome and their calcul-
ation lis made In Appendix.

In devistion of Eq.(12), the following expreesion for the
probability of the %> ;éj-djﬂ*l-’ decay has been used:

11
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s % i
WD £ /- —-f:l;f // (14)

In the formula (14) we neglect the mass of s muon and slso the
term proportional to ~ fé (the corresponding contribution is of
the order of 15% with respect to the total probability of the
process ), _

It shoudl be emphasiszed once asgein that from the whole set g
of terme in Eq.(12) viclating CP-invaerience of interest are only
those terms which are of the form /«‘?E/f?/ﬁ;‘*’/z/ in the three-
dimensional deseription. It is obvious that the term with 77~ 4
cannet lead to such a correlatien and in the e proportional '
to / Hfﬁw_ tl_m contribution is given only by those components
which eontain the fullhwing structures:

é?mr :‘f z,é_//f,a-fﬂ“ ﬁ-é” ol _F/ éf,mﬁz'/!pf A Fz.//

Hers /3 /r-’»% - < F PRI & - ia accounted for the fact that the
: &

index 2 4n the expreuinn VoY, '?_E" N

belong to the combination of moments /2-2/ - /o, 724/ rather than

- from Eq.(12) must

£., %, #% ; otherwise we do not obtain the required correlation. £
‘ Teking into sccount this circumetence and using Eq.(12), let us
writ; the final form of the T-odd correlation under study (the
common factor in front of the braces in (12) is omitted):

¥ "V ot
f_’3§;Vx,§fzf‘§'éJﬁ%fﬂgﬂﬂfff?/

o ep //wzy/f,*f-ﬁ%ﬁ%m-w/w@%&w (15)

Here 7, / £ are determined and calculated in Appendix and are

of the fnlluwing form:
f ' Bk e f f‘-’fﬂﬁ-ﬂ?
“f’-t‘? =

s 1L

| ,g?a_z—'%%-?_,aiﬁzfy- 16)
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3. Ia conclusion, 131:‘1.15 dwell upon some peculiarities of
caleulating the asymmetry in the 7= LFFY decay.

a) The process 7 >4 777 can go through the following
chammel:

_— e = LB e
7 =@ PR F ek PR SO
Lo FHT . ~EFT e o

The 7 = D?; decay is likely to take place (the correspcnding

branching ratitc is ~0.4% /6/). However, this channel does not

give the contribution to the T-odd ssymmetry, becaunae the matrix
element leading to violation of CP-imvariance ie equal to zerc-.
LQ/SiR)o> - o (tlu Higge boson cannot be converted to a ves-
tor partim&}. Due to this fact, the time needed fnr collactiur
of the statistics requirsd increases highl;v U I

untaide

the region ¢~ ). The remaining chamnnele give the contribution
s
7€
(if the experimentally poseible chammels sre not distinguished)

to the effecte under disoussion and the final result

containe the sum of all coniributions with allowance for the
branching raticos of each cf. the channels. Remind that there is
no similar problem for the -«f?-?s"-’;"‘; decay, eince the nonreson-
ant contribution to the D= f{?’“}ﬂacay ie much less than the
resonant contribution /5/. :

b} For a process of the typs / - ;ﬁfz?"‘v;, 8 guantity snalo-
gous to T (recell that £ 1is expressed via the ratio of the
interference, CP-violating, and the main, T-even, terme) may be
estimated .I'h:r the method used im Ref./7/, by sssuming the momen-
tum transfer ’g?g*f”r? to be a qulte large quantity. In this case,
e

it is easy to estimate the guantity £ ~ —

oA which determines

the degree of CP-invariance violation.

¢) As it has been earlier mentioned, the T-odd correlstion



in the ._.{}-f:,t/d decay has an additional smallnesa proportional

to -/g/{ £-- ip the moment of the préﬂuged heavy particle) in
t;mpariaan with the main term. For a 7 -lepton, the analogous
kinematic suppression is more gignificant and proportional to
V4 4, Tt is sccounted for by the fact thaet the matrix eleaent
squared for the process of producing scalar particles is pro-
portional teo fi:”:f 1’. and for the epincr particles ~ 1. At the

game time, in both cases ‘the-tam which depends on the angles and
leads, after integration, tc a necessary correlation has the
smallness proportionzl to /ff/}/ ®w /&/*, Thus, the measurement
of the T-odd correlation in the 7 -lepton decay is more reason-

able at quite high energies when z’f Vad oo

The suthor is grateful to A.L.Vainshtein, I.B.Khriplo-
vich, and V,L.Chernyak for helpful discussions and critical

remarks,

14

APPENDIX

The resulis of integration of the expresaion (13) are here

presented: - .
/ﬁ,«sf L @B 3o ya) 3 f"'-"’/'/_——-f A1)
20, 2 25 '

The vector o 48 definad ag followsa:
fe e lor 50
AP/
Convenience in its use is accounted by the fact that /<= 0.
In additien, in the centre-of-mass of the colliding particles

£=(02/ .

AR i R LY ' (4.2)
T SR T S i
Here A= T A eV

P r‘z‘ A'Vji’z fﬁlg T
Lp f/fw*/ﬁ,m@ 4 P BB a
Herea /#ﬂ"d _ - 1’22//

A ’”/ 1032 Jap - st 2oy Al

ol - ’-‘?J} L o
+ ,i’,t /{z.‘i—ﬂf/gf rg{.*ﬁ *‘é‘”’f‘ ‘j;’{' fép /ﬁ-' / (A.4)

 alr-fffupt o< ,

The symbol o ;-*;‘5" *"{ denotes the summetrization over all indices:

e F [ rparfatelsf s Liptr ot )51
# £/f ;jfj./;/:ﬁ’ﬁ/ﬁ # oL +ﬁ+f*%fﬂrf£§x//4zyﬁ i *ﬁ?{;
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