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A Measurement of the CP Violating Parameter Ny g
-0

ABSTRACT

We propose to measure the CP violation parameter, Ny’
by measuring the time dependence of the interference
between KL and KS decays into w+w"ﬁo. We would use the
M2 beam and the "E8" spectrometer, modifying the beam to V
hit two targets, one to give the interference, and the
other upstream to give pure KL decays for normalization.

We would perform the experiment in two phases: first
we would use the existing beam and apparatus to measure
Ny g to an accuracy of .003, then we would modify M2 to’
make a double beam, hit the two targets simultaneously,
run for 1000 hours, and achievé an accuracy of % x 10—3

in the measurement of n,_,.



I. Introduction

We propose to measure the CP violation parameter,
Nio = AMP(Kf,“;" ™ 'K”)/AMP(KL‘"‘*TF ™ 0)
by studying the interference between KS and KL decays near

their production target. The proper time, t, dependence of

7T+W“TT° decays in an incoherent KO, % beam is:
AN N_.& /T 2 %/T
at= 7= e Ll €Y+ 2DIY]

1)
X cos(amt + @) e"\”/zts} (

where NL is the number of KL‘S exiting from the target, B

is the K —» le:lt:"ﬂ'o branching ratio, Ty (Tg is the K. (Kg)

lifetime, &AM is the KL-K mass difference, @ is the phase

S
of 7[;__0 , and D is the dilution factor (to be discussedolater) .

0, EO system, the eigenstates of CP are [K’;> and

In the K
[Kz): of eigenvalues +1 and -1 respectively, and the KL and

K_ can be written as:

T KO = fIk el /v Ter
| KsY= §IKS> =€l kDY / {Tater

where € =2.2 x 10“3. A system of three pions must be in an

I=0, 1,2, or 3 state, and these states have CP-"—(—l)I, so
Kz-—-g:.‘z.‘n‘(CP odd) will go to odd I states, and Kl“’-"’BTr(CP

even) will go to even I states, if CP is conserved in Kl

and K2 decays. See the review article by Lee and Wul.

As Lee and Wu point out the two largest Kl transitions
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are to I=1 and I=2 states. The X ﬂ>ﬁ*ﬁf"?’ s I=2 transition

1
does not violate CP, but due to the I=3/2 supression and
the angular momentum barrier this transition is of order 2 x l()"3
compared to the Kz"”n*ﬁrﬂf, I=1 transition. The contribution
of the I=2 transition to this particular experiment is
smaller yet, for the following reason. The KS—KL interference
term in Egn. 1 will have the form < 3W,T=1]T| Kz’><?>?t,1=21TlK1>
due to this CP-allowed transition; because a 3T, I=1
state is symmetric under intérchange of two pions, and the
I=2 state is antisymmetric, the spatial parts of the I=1 (I=2)
wavé function must be symmetric Céntisymmetric) to achieve
overall symmetry. When we integrate this contribution to
the KS—KL interference term over the whole Dalitz plot,
the result will be zero. Figure 1 shows the acceptance over
the Dalitz plot for this experiment. It is flat to a few
percent, thus reducing the confribution of the K=2 final
state to the 10> level compared to K,~3m, 1=1.
So, as far as this experiment is concerned, the only 3T
‘final states that count are those with I=l. There are two
such states, withrthe'“*ﬂ"isospin equal to 0 or 2. If we
'define two amplitudes for decays to these final states,
3wy Typ=4 Ty =0 | T KOD>=iA e 3
and 2wyT,=1, T, 21 TIROD>= LA} ei S
'y
then the CP wviolation parameter is:
. Im A i _il8-8) Twm A/
’)2.\..,0: €+ 4 R . : (2)
e Al J.§ RQ. A;

b




The prediction of the superweak theory2 is that Al and Al' are

both real, and 72+_° =€, Gauge theories with six quarks3

predict that there shéuld be a direct CP wviolation; .i. e.,

Im Al and Im Ai are not zero. They have arguments on the

order of 1 mrad. If this is true then the direct CP violation

could contribute to 71 4o @8 much as € does! |
However, PCAC and soft pion theorems allow you to relate

Ay (Ai) to the I=0 (I=2) 2T decay amplitude, A, (Az) in Klein-

knecht's notation4 . In this case Arg Al = Arg Ao = 0, and

dirfact CP violation contributes only a small fraction of &

to')z_*__o. PCAC and soft pion theorems are valid to the 10%-20%

level for the CP' conserving parts of the weak interaction (in

K+, KO decays, for examples), but no one knows if these

theories hold for the CP violating parts of the weak interaction.
The theoretical prejudice is that ’72 +-,-Ol is between

3

about 1x10 ~ and 4x10-3, with considerable uncertainty in

that range. If "Yl.\,,.b‘ ( lx10-3 were the case, perhaps a
cancellation in Egn. 2 or a separate € and €g (with €g=0)
could explain it. The latter case violates CPT however?

3

If "r{.‘.-o‘ were found to be >4x10— , that would be very

interesting indeed. So an experiment with a sensitivity

in the ZI.O"3 range could make a significant contribution to .

the understanding of CP violation.



II. The Experiment

Past experiments shed little light on the subject. The
one with best statistics, Metcalf gg.glLG collected only
384 events in the reaction K+p~a-K0p7T* using a 2.4 GeV/c
K+ beam, giving a resﬁlt quwf = .21 * .24. Their apparatus
consisted of a wire chamber spectrometer locking at the
bare target, and was limited by the integrated flux of K
mesons. To get better statistics, one must go to a magnetic
channel, such as the one in the M2 beam, and give up the |

knowledge of whether the initial state was a KO or a XC.

»

This introduces the dilution factor into Egn. 1,

D= [1- Rkl /[1+ R/xe].
K—/K+ production ratios have been measured at high energies,
and agree with fits done for K%ts (see ref. 7). The fO/Kg
ratio for this experiment is small, and is shown in figure 2.

So what is needed for this‘experiment is a magnetic
channel, followed by a decay region, a Vee spectrometer,
and a lead-glass wall. The perfect apparatus already exists-
in the M2 beam line. The biggest change necessary is to
think of it as a "short neutral beam" rather than as a
"hyperon beam".

Figure 3a shows the apparatus: following the sweeping
magnet is a 24 meter long evacuated decay region, three drift
chambers, the spectrometer magnet, three MWPC's, counters,’
and a lead-glass wall. Above and below the magnet aperture

are additional gamma detectors, the A counters, consisting




of scintillator anti-counters, 2 X of Pb, and an MWPC,
giving accurate position resolution for gamma~ray hits. In
front of the lead-glass is a similar Pb/MWPC combination to
improve the position resolution of the 4" x 4" lead-glass
blocks.

The trigger would demand two charged particles in the
spectrometer and two gamma-rays: both in the lead-glass, or
one there and one in the A-counters.

Integrated over momentum, the acceptance is 95% for the
charged particles, and 83% for the gamma-rays, 2/3 6f the
time both hitting the lead-glass. The acceptance over the
Dalitz plot is quite flat, varying from the 77% average by

about 3%.

IITI. Acceptance in z

The crucial gquestion about the acceptance isvits varia-
tion with z, the longitudinal vertex position. Although
the z-dependence is quite flat, Monte Carlo simulations can
bredict it only to the 1% level, while the experiment requires
an order of magnitude better knowledge. Therefore we
propose to measure the acceptance bf using a second target. -
If we target the proton beam 20 m upstream of the usual
target position, the falling exponential will kill off the
interference term for Kﬂ3'S in the decay region. We will
then see only the }(u*PTﬁﬁfﬁf°decays, which have the same
distribution as the KL term of the main target data: the

difference in z distributions of the two data sets (main




and upstream targeting) will be due to the interference term.
The highest precision is achieved with equal numbers of
events in the two data sets, collected simultaneously in

a double beam geometry, switching the roles of the beams
frequently.

Therefore we would modify the M2 beam line to make two
beams in the same horizontal plane with a separation of about
1 cm from inner edge to inner edge. They would strike two |
targets and the produced’Ko's would be defined by a double
hole collimator in the hyperon magnet. Figure 3b illustrates
this geometry. The roles of the beams would be interchanged
frequently by moving the targets from beam to‘beam, allowing
the different acceptances of the two beams to cancel out.
This method eliminates possible systematic errors such as
rate-dependent chamber,efficiencies( and allows more Knng
to be apcumulated pér fc or Knavbackground trigger (because

o
the /\'s,and K.'s have more time to decay before the decay

S
region if they come from the upstream target).

IV. Sensitivity and Resolution

To estimate the sensitivity of this experiment let us
assume that 71*_5 = € in magnitude and in phase. A Monte
Carlo calculation using the measured reso;ution of the detectors
of the E8 spectrometer tellé us the acceptance as a function
of momentum and proper lifetime (or z of the decay). Then
an analytic calculation of proper time distributions allows

us to "generate" as many events as we care to, the number




NI(p,z) coming from the main or interference target, and

the number Nn(p,z) coming from the upstream or normalization
target. If we form the ratio NI(p,z)/Nn(p,z) for the

same z bin, the acceptance cancels and, summing over momentum,
the proper time distribution of this ratio is shown in Fig. 4.
The errors shown in the figure are statistical errors that
come from the double beam flux calculation given below.

Using these values and errors, generating poisson fluctuations
thereby, and fitting to the known distribution yields standard
deviations of about 10 degrees in the phase and about 25% in
the’magnitude of 72+,°.

The other tWwo curves in Fig. 4 illustrate these same ,
results if Im(A;)/Re(a;) in Eqn. 2 were +€ and - € respectively;
i e.17+~o= €(1l%i), and show the experimental response to
these cases.

One correction that mﬁst Be made to achieve the accuracy
guoted above has to do with the momentum spectra from the two
targets: because of the different solid angles subtended by
'the two beams, at any momentum the fact that the average Pqp
is different makes the momentum spectra different. The
variation over the range of interest is about 2%. To achieve
an accuracy of %xlO—B, this correction must be known to 2%
of itself. Past measurements by this collaboration8 have
determined this to about 4%‘accuracy, so a better determination
must be made. By running a fraction of the time with the

normalization target 15 m upstream of the interference target




we double the solid angle of the normalization beam (while
not compromising the quality of our normalization data more
than 20%) and can measure a third point in average Prp to
determine this correction.

The resolution of the spectrometer is illustrated in
Figures 5-9. Sigma is 1% in kaon momentum, 7 Mev in KO mass,
0.1 m in vertex position, .OB’t% in proper time, and .18 cm
in target position (when we extrapolate along the kaon's
trajectory, the target position is how close we come tolthe‘
point where the KD was produced).

» Errors in proper time determination can push events to
the left or right in Fig. 4, but these errors occur on the
few percent level and the nét errors are smaller yet. Moreover
they are the same’for events from both targets, so that in

the ratio NI/Nn this error cancels exactly.

V; Rates and Background

Production rates expected from each target are listed
in Table 1. At modest beam intensities, hundreds of detected
Kng/pulse result, and the flux of charged particles in the
spectrometer is reasonable.

Besides the two charged particles and two gamma-rays
demanded by the trigger, large area veto counters could be

placed on the entrance face of the analyzing magnet to

veto (high multiplicity) neutron interactions. Reconstructing

the invariant mass of the four particles and demanding that




it be close to the KO, and demanding that the K0 trajectory
point to one of the two targets should reduce the neutron
contamination to negligible levels. A?'S sneaking into the
trigger could be reduced by placing a small veto counter in
the place where protons from /\‘i decay go, or by demanding more
symmetric decays. Off-line AU and Ky, rejection should be

complete.

VI. Plan for Data Collection

We propose to split the data collection into two phases.
In phase 1 we would use the present spectrometer modified
in two ways: drift chambers would be added, and the beam line
would be modified so that the present beam could strike one
of two targets that could be pléced in the beém by remote
control. This latter task requires moving one of the vertical
bending magnets just upstream of the hyperon magnet, and -
adding the two target placement devices nécessary.l The
rates of Table 1 are directly applicable to this case. If
we collected lOO,KnB/pulse, a week's running woulq yield about
3 M events, which we would split equally between the two
targets. With this data sample we would achieve a statistical
accuracy of .003. In performing this phase 1 test we would
learn the following:
1) how to trigger most efficiently on KK3'S. Past experience
in the M2 beam shows that collecting 100 events/pulse is
possible, but no attempt has ever been made to increase the

rate above that.
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2) the best way to handle systematic errors. With 1/3%
accuracy to shoot for, Monte Carlo calculations should'be an‘
excellent guide to understanding the data.
3) how best_to do the second phase of the experiment, collecting
150 M events with controlable systematic errors.

The result of this phase 1 test would be some excellent
physics: we would decrease the experimental error (or
upper limit) onlﬁh-J by two orders of magnitude, pushing it
down to the level where we might see something. In other
words, we would answer the question, is rnyﬂlanomalously large.

' Phase 2 of the experiment would build on all that we

learned from phdsé 1. We would require a double beam setup,
faster data-collection capability, and a 6250 bpi tape drive.
Lengthening the decay region fo 24 m to make better usé of |
higher momentum Kn3‘s would also necessitate moving the
analysis magnet, Avis.

Phase 1 would require several weeks’of tests and 200 hours

of data taking. Phase 2 would regquire 1000 hours of beam for

data collection.

VII. Necessary Egquipment

We would expect the laboratory to provide the beam line,
including the two movable targets, the two magnets currently
in place in M2, the fast electronics, and PDP 11 computer.
The only new items for phase 1 are the target moving devices.

The experimenters will provide the scintillation counters,




11.

MWPC's, lead-glass counters and drift chambers. Here the only
new equipment is the drift chambers.

We would expect to f£ill 100-200 magnetic tapes with data
during phase 1, and to do the analysis on the Fermilab Cyber
175 computers. We would need about 100 hours of computer time

to accomplish this.

VIII. Conclusion

We have proposed an experiment to detect the difference
between Kl and KS by measuring the CP violation parameter 7?+_° .
We wc;uld do this in two phases: in phase 1 we would make the
minimal modifications to our existing appératus {(the hyperon
spectrometer in the M2 beam line), and run for 200 hours.

We will measure ’)l'.;.-o with an error of about .003.

With the knowledge gained from phase 1, we will undertake
phase 2, collecting enough data .to decrease the phase 1 error
by a factor of 6. Phase 2 requires a double beam geometry
in M2, and higher data rate capability. We will achieve a

3

precision of % x.10 ~ in the measurement of 714..0 in 1000

hours of running.
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Target

Collimator hole

" TABLE 1. PRODUCTION RATES

Interference

4 x .4 cm2

Thickness 24 cm Tungsten
Location z=0

Beam intensity ix 1010 PP
Decay length 14 m

Kw3 200/pulse

Ao 170 k

K,n,2 70 k

n 7.5 M

Y 10 M

n interactions 75 k

Y conversions 6 k |
Total decays and interactions 500 k
KW3/1000 hr run

with 24 m decay 82 M

. length

Normalization
.4 x .4 cm2

7 cm Tungsten
z==20 m

1 x 10 ppp
14 m
180/pulse

60 k

5k

1.5 M

2 M

15 k

1k

74 M



FIGURE CAPTIONS

1. Dalitz Plot Acceptance

2. X/K Ratios

3a. Elevation View of Apparatus
3b. Plan View of Double Beam

4. Proper Time Distributions
5. KXaon Momentum Resolution

6. KXaon Mass Resolution

7a. Z Vertex Resolution
7b.'Z~Dependence of Acceptance
8. Proper Time Resolution

9. Target Position Resolution




56 — ;
b8 [ b 4[| W76 5
4ol T %6 | 35| 2t 25 08| s
T 881876 .77 771171171 6177
(M), (78| 81| B0 | Te) T7).72| 0% |75 .79%‘75‘ 77
I8 g 81T |79 78 (7776 W77 08476 |76
22 80 .80 178 98] 7978196 |94 26174 (087 75 -
%0801 761,84 81| 78.77), 72,17 1217 ,78 13 74 LT3
17| 25| 7 o ks 2] 2 3 77
80 1,80 | .921,78 1,751 ,7% 17 1,188 141787076
y 2985179 (7% |80 .76 1,80 |27 .76 .4 |77
‘ a5 1,90 175 |79 .81 |79 |, L7672 68
23 | ko .94~§-?‘? ARSI o0 e TS B I B B 4
‘ .'Tég,go 817 73 760 74
1 a7l |an] o)
°s g A 24 3z q0 42 s6
T (M)




=T

30

J0

05

ngm-e 2'-

—

————.

K

Ratio

x Johwson et al (¥/r"
A Edwards 2tal. (KYK?)
+ eyeball fit

‘o

100

{So




F‘fqm*@_ 2a, APPO,POJ\‘@S , Eleva-tion V\'ew

5&\;3\9?1\«3

magn ot ?)

decay re%}oy ®6 |
[

normalization
+O.v~%e;§/ .

e

[
ln%ewm/; _Z__//_/_

Taroet

Dra

C)

ly
e
'/// @ @) dm$t
| / @ C‘\am QN,
? ? @ OR AR T —
//j {g @2 scintillator
® g gz, ®b ‘@Q&-ah§s
i: "“ A-covntirs
£
1 ]:: o
7l
/
«’/,.
Y/

4hen




o~

e et
beqm - L

-

}
-
S S -

——

normal izotion
+ar%e\‘

F‘l%"\'{' PrCAOI’\
&CWV\ -

interference

taraet

e€+ K°

/> beam

\) v l‘%w{t'{' KO

7 bea m

i
|
\
—



N(T)
mh}r\(‘t) A o :LETELL‘PQ:W%;»
[ .COLoT )2
o - e
+-0
‘* & Ny = e(L-0)
ooty D Np-o= e(1+l)

-

1o
YU TR S 0 30
l,JDOQ r rm.%,.‘ o T e e

H

A995 -

A490 + ’

F

84985




§ovor
.{ ! - o - - \,‘ "o« ;:,
. Dy
L 690 + Fiaguve b5,
)
Evends
T=,0l2
§ovod
2 000
P:’:{m\e.ﬂzf’r@ﬁ?
1030 ¢
|
!
1529 + : :
o Fioure O,
Evﬁm+5 i 3
00 +
! . T=, 0074

Koo -

5

My (GeV)




F{o\ume 7a.
Q

-

G 25 .5

Zﬁmeasurec@ - zjemewa'{ec?
(m)




Measuring Nep? 2 P-621 Update

In the time since proposal 621 was made, CP-violation has,
if anything, gained in interest and timeliness. Several mechan-
isms have been suggested to explain CP-violation, and their pre-
dictions are collected in Table 1. The superweak theory of L.
Wolfenstein postulates the existence of a fifth force, and
predicts that the three interesting CP-violation parameters in
K0 decay, Np—g?r My and Ngo are all exactly equal. The
Kobayashi-Maskawa model, which is an extension of the Weinberg-
Salaam model to six gquarks, models the As=2 transition with
intermediate states of heavy guarks. They predict that o0 and
Nyop should be different from n,_ by 1 or 2%. The Higgs model,
originally suggested by S. Weinberg and T.D. Lee, predicts that
CP-violation should proceed through intermediate states containing
Higgs bosons, that o0 should differ from Ny_ by a few percent,
and Npmg = l.5n+_. The isosymmetric model, of Mohapatra and
Pati, uses the gauge group SU(2)L X SU(Z)R x U(l), and predicts
that Moo~ N exactly, and n+_0=2n+_.

We see from this that two experiments are necessary to
tell which of these mechanisms is actually at work: measuring
Ny and nOO/n+_ will do nicely. People studying matter-anti-
matter asymmetry in the early universe prefer models where both
the Higgs and Kobayashi-Maskawa mechanisms are in operation, for

the simple reason that only then do they get a large enough effect




to make a difference.

We have proposed to measure n

ence between Kg and Kg

target. This interference is dependent on the proper lifetime

-0 by measuring the interfer-

+_
decays to w w wo near the kaon production

of the kaons, so that accurate knowledge of the detector's
acceptance, as a function of the longitudinal position of decay
vertices, is crucial to the measurement. We want to measure this
acceptance by also taking data with a separate target 20 meters
upstream of the usual hyperon production target. Then the falling
proper lifetime exponential will damp out all contributions to

the three pion decay rate except that from the KO Comparison

L*
of observed decays with the exp(—t/TL) Kg behavior will tell us
the detector acceptance much more accurately than we could
calculate it by Monte Carlo techniques. Using this method we
hope ultimately to reach an accuracy of 6n=.25n+_.

But to do this we must understand very well any systematic
errors that mught remain in the two-target method, and also amass
a very large sample of K1T3 decays. To learn how to do these
things we want to have an earlier phase to the experiment to
study systematics and collect enough data to make a statistically
meaningful comparison between acceptances found from the two-

6

target and Monte Carlo methods. Our goal in phase 1 is 3x10

K decays. The accuracy with which we would measure Ny-g with

3
this sample is 8n = .003. This is two orders of magnitude better

than the current world number!




The apparatus we would use for the phase 1 run is currently
being set up in the M2 beam line. It is the Vee spectrometer
of the Neutral Hyperon Group. The configuration to be used for
E-619 is what we want to use for phase 1. Only a few changes

are necessary to try to trigger on K decays. This is one thing

3
we would study most assisuously. Also we plan to study some

bl

possible sources of systematic errors in the two-target method:
for example we will take part of our data with the collimator
in the hyperon magnet having a 4 mm diameter hole, and part with
an 8 mm hole. This will allow us to see if particles produced
in the collimator (or beam size differences) contribute a
systematic error to the measurement.

The rates we expect are summarized in Table 2, which is
taken from the proposal. With modest beam intensity, a healthy
K 3 rate will result.

Our requirements from the laboratory for phase 1 are as
follows:
A. 200 hours of beam time for trigger studies (low priority time
while E-515 or E-617 are running will be fine) plus 200 hours
of high priority beam time to amass statistics. We have chosen
the goal of én=.003, and hence 3x106 events, because that is about
as well as can be done if we calculate the detector acceptance
by Monte Carlo techniques alone; i.e., this provides the best
check on the two-target method. Less high priority running time
will reduce our ability to make this comparison,as well as reduce

the accuracy of the N4op measurement that will result. These



accuracies are proportional to the square root of the number
of events we collect.

B. A target-moving device located 20m upstream of the hyperon
magnet.

C. Changing our vacuum decay region so that it begins at the
edge of the hyperon magnet fringe field.

D. 150 hours of computer time on the Cyber-175 system.

Our long range goal is to implement phase 2 of the experi-
ment as soon as the Tevatron comes into operation. The higher
energy of the K0 beam means that decays at earlier proper times
will occur in the decay region. Then the exp(—t/ZTS) factor
in the interference term will be larger, and the experiment more
sensitive., The fact that the Tevatron will provide 3x1013
protons/min. in a 20 second spill will be another net gain for
phase 2. The K® flux will be 4 times higher than for 400 GeV
protons (just offsetting the decrease in repetition rate) and
they will be spread out over a time interval 5 times longer.
Thus random coincidences will be considerably reduced.

By placeing a septum magnet in a parallel section of the
M2 beam we would split it into two charged beams, point them at
a collimator in the hyperon magnet with two holes, and place one
of the'targets in each beam. Then we could collect both data
sets simultaneously, alternating targets between the beams to
cancel flux differences. This would reduce possible rate

dependence effects as well as halve the time needed to take the

data. This would require upgrading the M2 beam for 1000 GeV




operation.

We would lengthen the decay region to 24m, which would require
moving the spectrometer magnet, Avis. By collapsing the back
part of the spectrometer, the experiment could still fit in the
current space, but both triggering and resolution would be
improved considerably by expending 10m downstream into the real
estate now occupied by E-613.

The rates shown in Table 2 would still be approximately
correct, and in a 1000 hour run we would collect enough statistics
to measure n,_, to a precision of %x10-3. Our experience with

phase 1 will allow us to identify and correct for any systematic

errors that might exist.




Table 1. Theoretical Predictions regarding

CP-Violation

Theory T+-07 1007+
Ny Ny
Superweak it 0
Kobayashi-Maskawa .01 01
Higgs .5 .01
Isosymmetric 1. 0




" TABLE 2. PRODUCTION RATES

Target Intexrference Noxrmalization
Collimator hole .4 x .4 cm2 .4 x .4 cm?
Thickness 24 cm Tungsten 7 cm Tungsten
Location z=0 =-20 m

Beam intensity 1x 1010 pPPP 1 x 101l PPP |
Decay length 14 m 14 m

Kv3 . 200/pulse _ 180/pulse

A° 170 k | 60 k

K. o 70 k 5k

n - 7.5 M 1.5 M

Y 10 M . 2m

n interactions 75 k 15 k

Y conversions | | 6 k 1k

Total decays and interactions’ 500 k

KW3/1000 hr run |
with 24 m decay 82 M 74 M

length
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