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"Abstract

ExPérihéntal conStraints on models of CP violation. M-'P.'Schmidt;rR. K.

Adair, J. K. Black, S. R. Blatt, M. K. Campbell H. Kasha (Yale University),

-R.. C. .Larsen, L. B. Leipuner, W. H. Mbrse (Brookhaven National Laboratory)

:NA review is prgsgntgd-ofu;he experimen;al efforts -at thg prqqkhavgn'AGS ;o::f

study the nature of CP violation in the deéays of.kaoné..-The current research -

focuses on sensitive searches for a violation of time-reversal (T) invariance:’
' 1n'the deéay K*ﬁﬁéu as ‘evidenced by‘a'nonzero comﬁoheﬁ£ §f m;oh fbia;;;;£ib;
normal to the decay plane. -fhe ongbing.pfdgfém of res;arch includes a éiud}
of direct cp violation in the decayé of neutral kaons through a precisel(lz)‘
measurement of InEOIIIn;_I, the ratio of the CP‘yiolatiné amplitudeg for}

the decays of neutral kaons into neutral and charged two pion final states.
Results will be pregeﬁted on #he decay Kg*ﬂ-u+§u, where we have founa thev
ratio of T violating to T conserﬁing transverse polafization of the muoﬁs.
to be <P;7§£>=0.00410.009, céﬁsistént with T invariance. Preliminéry re-

sults for the polarization of muons in the decay Kf+w°u*vﬁ will be discussed.



Welreport here on an experimental'program~at:tne Broothaven ACS to search“ :
for a milliweak violation of time reversal (T) invariance through a measurement
of muon polarization in the decay K <+ tuv. Muon polarization is determined by
the detection of the positron momentum in the weak decay- u+ > e+vevu. The T .
violating correlation of interest is § (p x p ), that . is the component of muon
polarization normal to the decay plane as defined in the,kaon rest frame. Thia4-;
component of polarization}?n will result from the complex interference of the
two amplitudes describing the decay of the kaonm.. In Kua decays this phase is
equal to the ratio of the T violating and T conserving transverse polarization
components of the muon (as observed in the kaon rest frame): ¢ = (Pn/Pt)cms.

More traditionally one has . P ‘& Img where § = £ /f is the ratio‘of the form
factors describing the hadronic vertex of the K decays_::~

l A search for a T violating muon polarization in.Kha decay is a sensitive
test of those gauge models in which the exchange of Higgs bosons is important
in CP niolation. As shown by'Weinberglan extension of the Higgs sector (from
one to three complex doublets) allows for a genuine CP violating phase, even
if there exist only four quark flavors. If charged Higgs exchange is largely
responsible for CP violation,observed in KO - KO systematics, then it isuesti-
mated that milliweak (that is of order ¢ ~ 2 x 10 3) effects are expected in

3 decays. The T violating component of polarization arises due to the spin
zero nature of the Higgs bosons which contribute solely to that piece of the
decay amplitude for which the'total angular momentum of tne lepton pair is zero.
The usual W boson exchange can contribute to both the spin zero and spin one
amplitudes. Similar effects are not expected to be observable in neutrou 8 decay
as the coupling of Higgs bosonsvto'quarks and leptons is proportional to the mass
of the fermions. We note that no such T violating effects in Khaidecafs are

expected from the Kobayashi—Maskawazmodel in which a CP violating phase is;
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allowed in the gauge counlings of six.flavors of quark.

- The Kgd experiment was condueCed in a 6° neutral beem«whichitraneled» -
' through the center of a cylindrically symmetric detector (Fig. 1). Positive
' nuo'ns' frnm decays (Kz -> nfu+vu5 occuring in'tne \S'm'eter dr‘ift s.‘p'ac:enpecream'.
of the detector were focused by the'steel toroidal nagnet and brought to rest,?
in theAaluminnm polarimeter; The path ef the mnons wae derermined from’the coinéuf_
cidence of scintiliation counrer puises;from the hodnscopes‘labeled A-B, M, F
and G. Field frogremmable Logic Arrays (FPLA's) were used to deternine the 4-“
azimuthal position of stopping muons in the segmented polarimeter and to abort
events for which one unambiguous muon stop was not found. ‘ : "

In order to maximize the sensitivity of the detector to the T violating-"
component of polarization, events were eelected such that the»Kg_laboraroryn;ii
momentum wes very neari& in the Kﬁa decay plane as defined in the kaon rest. ’
frame. Forisuch events the T violating component‘of.polarization in the'labora--
tory 1is normal to the plane defined by the laboratory momenta of the kaon and
the muon, . that is P a S (? x f ). Figure 2 illustrates possible decay product
orientations, in the kaon rest frame and the laboracory, for two classes of events.'
Due to the steepness of the K%Aproduction spectrum, the finite ecceptance of}f'
the detector and. the energy (v~ 1 GeV) required for the mnon to.penetrace-rhe
toroid and stop in the polarimeter, the event selection is strongly biased
towards fhnee events of class P(Mi,where the pion is emitted forward (backward)
in the kaon rest frame. This yields a net T-violating component of polarization
which defines a screw sense about the beam line. | N |

The event selection was accomplished by fast trigger logic which required,
in coincidence with the muon, a pion hit in the D-E hodoscope (for class P) or
in an A-B "eounter adjacent to rhat hit by the muon (for class M). Monte Carlo
celculations show that abnut 62 of 511 Kﬁa decays with muons s;opping in the
polarimeter would fulfill the eyent selection criteria yielding (Pn) = 1.8 x 10 3

for Imf = 0.01 and Res ~ 0.
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, Afte:.coming to fest in the aluﬁinﬁm‘polérimgter, mﬁon spins hrecesseﬁ .
with a period of 1.2Aﬁsec'1n a 60 G ;xial magnetic field. The positron from the
muon decay was detected By one of the fwo G counters flanking the muon stop
position. Each G counter was associated with a "clock" which was gatéd on~.;‘
for 6.4 usec by the fast trigger. The detection of the positron thus regorded\
'.thé time and directioh of the muon decay. . 4

As indicated in Fig. 3, the geémecry of the pol@eter and the applied
maghetic field allowed a measurénent,of two componeﬁts of the muon polarization
in the laboratofy:' Pt,'the T conserving transverse polariéation, and Pn’ the"T
violating component. For the ensemble of muons the:polarization was determined
from the amplitude of the asymmetry, A = (R - L)/(R + L), in the numbér of
'posi;rons detected to the right (R) or the left (L)‘of the muon stop position.‘ 
Reve:sing the directibn of the precession field before each beam pulée alloﬁed an
"independent_determination of tﬁe Pt and Pn components; 1his is understood by:'
noting that ;he con;ributidn to the asymmetry from thg'f; component reverses-
under a reversal of the field direction, whereas the contribution from the
Pn coﬁponenc is inva;iant. . ‘

The curveé of Fig. 4 sﬁow the measured asymmetry, A, plot;edzés a fhnction
of time for the 12 million events coliecte&. The upper curves show the expected
sinusoidal  dependence of At’ the asymmetry due to the T'congerving polarization
Pt' The lower curves (note the change in the vértical scale) show the time
dependence of the T violating asymmetry A.n with representative errors. Thé .
curves on the left display the data from the on-line analysis. The "damping"
dof the §inusoid in the Ac Plot is due to random clock stops caused by neutron ;
fluxes in the detector cave. The curves on the right show a simple Fourier

analysis fit to the data with the period fixed and the background subtracted.



The least squares fit to the amplitude At(o) imply a T conserving polarization

of Pt - 0.40 + 0.06, which is consistent with Monte Carlo_exbectations and serves

to calibrate the detector. For the T violating data the fit implies a value for.

Athe polarization P = 0.0016 + 0.0053 which is consistent with zeroﬁ
" Using the calculated sensitivity of the detector this value of P leads to ‘; L
a value for the T violating phase ¢ -(P"/P ) =0, 003 +»0 010 which is con- |
. gistent with time reversal 1nvar1ance, and should be compared with the value
0.002 that we suggest as a central value to be expected from milliweak theories.
.In terms of the traditional kaon form factor ratic £ our result corresponds to
-a value Img = 0.009 + 0.028, vhich is not significantly different than thervalue N
0.008 expected from'the electromagnetic final state interactions betbeen the |
'outgoing w--andAﬁ+- ' | | | o
The'completed Kﬁg experiment is consideredsthe first of a orogram to décéé:_
milliweak CP violation in Kba decays, and Brookhaven is well soited for‘such
 precis;on measorements. This summer'we have begun col}ecting data on muon
polarization'in‘the decay K+ g "0"+“§f fhe experiment 1s pertormed in:a mbao-A<§-
chromatic (4_GeV/c) beam and we have replaced the D-E hodoscope (Figure 1) with »
a lead glass array (v 8 radiation lengths) in order to detect y-rays from "0 |
decays. The requirement of a high energy y-ray (E > 1. 2 GeV) enhances the
selection of events where the 70 {3 emitted forward in the kaon rest frame,
thus increasing the sensitivity by aboot 30%Z compared tO'the Kgs experiment.,
In addition the polarimeter is now shielded from direct view of the production _
target which reduces the neutral .backgrounds associated with the beam. Another
adrantage of the K experiment is the absence of final state effects as there

. 1is only one charged particle, the muon, in the decay products.
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It 1s worth noting that we are émﬁloying a prototjpe-of the Brookhaven
Fast Bus® for daté-ééqﬁigiéibn-ﬁhich’wili faciiitété’buf'expectation of col-
" lecting events at a rate (Vv ;SO/pulse) ten times that of the Kﬁs experiment.
The collection of 150 million events would allow a measure of the CP violating
. phase ¢ to * 0.003, well within the range expected frdﬁjmilliweak.mbdéls of
CP violationm. V e o |
This:vori'was—suppofted‘in part by the U.S. Departﬁent of Energy under

Contract Nos, DE-AC02-76CHO0016 and DE~ACO2-76ER03075.



Eigpte<Cap;i§ns _
Fig. lf An isometfic view of thg exéerimental épparétus indiéa;ing thg
major components of the détector. |
Fig. 2. (a) Orientations of the decay products and the muon pélarization,
: .in the kaoﬁ‘reSt frame and the laboratorynsysteﬁ fo; a typical '

P class event.

(b) Orientations of the decay products and the muon polarizgtion.1557'=3"l'

the kaon rest frame-and'the laboratory sﬁétem fér a typicallj m
class M eﬁent. | | o
Fig. 3. (a). Schematic representation of the components of muon polarizatiom
| in the polarimeter as seen along thé beam line.
(b) Scﬁematic reéresehtation of the contributions of the transverse
polarizationé to the asymmetry for éh eﬁsemble of precessing mubns. :

P

Fig. 4. Asymmetrf as a function of time: total event saﬁple.
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