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ABSTRACT

We have measured the ratio of the CP-nonconservation parameters |y,,| and
[n._| and thereby determined the value of |¢' [e|, which reflects the contribution of
‘direct’ CP-violation compared to the CP-violation arising from the ‘mixing’ of K*
and K°. The measurement was performed using regeneration of K in an initially
pure K; beam in a double beam arrangement: two nearly parallel, side-by-side
beams, one containing K and the other a regenerator to produce K. By using the
double beam technique systematic errors arising from flux monitoring and dead-
time corrections were minimized. The charged and neutral decays were measured
in the same beam line with minimal changes to the apparatus; the same regenera-
tor was used for both charged and neutral decays and hence there is no systematic
error arising from uncertainty in the regeneration amplitude. We have collected
3150 K;—n°x° decays, roughly ten times the previous world sample.

Our improved statistical power and reduced systematic error have reduced the
errors a factor of four over any previous measurement. We find
le! /el= -0.0046+0.0053(stat.)£0.0024(syst.) This value is in disagreement with
predictions for[¢! /¢[from the Kobayashi-Maskawa model but is consistent with

zero and the superweak hypothesis of CP-violation.

-XV=-




CHAPTER I

INTRODUCTION, MOTIVATION, AND EXPECTATIONS

A. Introduction
Symmetries and conservation laws are central to our understanding of the
physical world. The macroscopic symmetries of space and time translation imply
the conservation of momentum and of energy; both of these svmmetries and their

conservation laws have guided physics for centuries.

In our time the discovery of quantum phenomena has revealed a range of
microscopic symmetries. Three of these are parity (P), charge conjugation (C) and
time reflection(T). Invariance under P means that the mirror image of an experi-
ment yields the same result as the original. Charge conjugation (C) changes parti-
cles into their antiparticles, and C-symmetry means that experiments performed in
a world made mostly of antimatter gives the same results as those performed in
our own, mostly matter, world. Time reflection exchanges ¢ for —{; momenta and

angular momenta are reversed.
The CPT theorem of Luders and Pauli! connects these transformations: under

weak assumptions in a local field theory fundamental processes are invariant under

the combined operation CPT. It was first assumed that C, P, and T were con-
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served separately. The discovery of P-violation in nucleon decay? and of C-
violation in 7 and g decay? refuted this simple picture. The combined product CP

was taken to replace the separate conservation of C and P.

The discovery of CP-violation in 1964% shattered this hope as well. The
assumptions required for the validity of the CPT theorem are so general that T-
violation had to be accepted. The violation of T-symmetry may have profound
consequences. Although the tiny CP- violating effect has never been seen outside
the K° system, recent work® implies it may also explain the excess of matter over

antimatter in the universe.

Since the discovery of CP-violation we have attempted to understand its
source. Is there a new, fifth force in nature responsible for the effect? Can we
incorporate CP-violation into the ‘standard model’ of quarks and leptons, and if so,

how?

The work described in this thesis is an experimental study of CP- violation in
two pion decays of the K;. In this chapter we review some of the phenomenology
of CP-violation, defining the quantity we have measured and explaining its impor-
tance. Next we summarize our knowledge about CP-violation. Finally we discuss

models of CP- violation and their predictions.
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B. CP-Violation and the Phenomenology of K; Decays

The strong eigenstates of the neutral K° meson system are the [K°> and the
|1?° >, which have strangeness +1 and -1 respectively. The weak interactions do
not conserve strangeness and can mix the states through second-order weak transi-
tions. Hence |[K°> and |K°> are not eigenstates of the weak interaction Hamil-

tonian. If CP were conserved (we assume CPT invariance) the eigenstates would

be:
0 7244
K> = K >j.2.|K 2 CP = +1 (1.1a)
0 _ 170
K> = K> - |K> CP= -1 (1.1b)

Ve

as originally pointed out by Gell-Mann and Pais (who assumed C-invariance).
Now both <7*77|CP|r*7 > and <27°|CP|27°> = +1 for pions in a state of
angular momentum zero. Hence the K can decay into two pions but the Ky can-
not. The two-pion decay is preferred over three body-decays because of phase
space; hence this closed channel causes the K, to be longer-lived than the K. The
discovery of CP-violation was the observation of the longer-lived component, the
supposedly pure CP-odd state, decaying into the CP-even two-pion state. Including

CP-violation, we write the decay eigenstates as:

K> + €| Ky >
|K;> = | i/2(1+||2]; (mostly CP odd) (1.2a)
€
K> + €|Ky>
K> = s K mostly CP even (1.2b)
S

V2(1+|€2)

Thus € measures the CP-impurity in the decay eigenstates. The parameter €

can be defined in terms of the mass (M) and decay (I') matrices which control the
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time evolution of the K° and K’ system:’

¢ — _Ilig + lIH]r12/2
i(mgmy) + (FsTp)/2
I'g and T'j are the K; and K decay rates and mg and m; their masses, respec~

(1.3)

tively. Limits on ImI';5 can be determined from the observed decay rates of K
and K to the various decay modes. ImI';, is known® to be <.3X 1073, which we
shall see is small compared to €. Also I'y << I'y and we shall ignore it hen-

ceforth.

Is CP-violation completely measured by €? CP-violation in K;—2 can occur
in two ways: either the K, directly decays into two pions or it does not. If it does
not, CP-violation occurs only in the formation of the K; , as measured by ¢, and
not in its decay. The € contribution to CP-violation is the part that has been
measured. There is no evidence for the direct CP-violating decay of the K,; our

experiment attempted to determine whether the direct decay occurs.

How can we separate K; from K, decays within the K;! Let us assume that

the K, does not decay into two pions; we note that for a two-pion state:

amp(K;—2) <2x|Hy|K;>

= 1.4
amp( K g—27) <2m|HylKs> (1.4)
<2nHulK,> ~
regardless of whether the two-pion state is 7°7° or #¥7~. If we now define

amp(K;—27°) .

Moo = — = [n,| €* (1.5a)
amp( Kg—27°)
amp(K;—ntn7) ®

Ny = = |y | " (1.5b)

amp( Kg—ntn7)


http:i++-(1.5b

then

Moo
N4-

This is the ‘superweak’ prediction, which confines CP-violation to the impurity in

=1 (1.8)

the decay eigenstates. This experiment measures [1,,/1,_|. We will now see that

if the K, directly decays into two pions, 1,,/1,_ need not be equal to one.

It is clear from equation (1.4) that if <2m|H|K,> is not zero, 1,,/1,_ can
deviate from unity. We now define a parameter € which expresses this difference.
We first decompose the w7 final states into isospin states; the allowed states for
two pions with zero angular momentum are I = 0 and I = 2. In the notation of

Wu and Yang? we find

1

€

—¢€-2 1.7
Moo = € V2w (1.7)
e’

—e — 1.8
+ 14+w/V2 (1)
where
p1, Ay Gk

=—=Im— 1.9
€ 7 on e (1.9)
Ay=amp(K°—27) ([=2) (1.10a)
Ag=amp(K’°—2r) (I=0) (1.10b)

A
W= —_RelZ lorb) (1.10¢)

and 6, and &y are the strong interaction 7w phase shifts for the | = 2 and I = 0
final states respectively. The parametér w measures the Al = 3/2 amplitude; it is
of order 5% and can be neglected in calculating 1,,/ 17,,__.10 If there is a phase

difference between the Al = 1/2 and Al = 3/2 parts of the K —27 amplitude,
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direct CP violation will occur with the signature:

Moo € — 26'
= . (1.11)
/- €+ €
C. Experimental Knowledge of ¢ and ¢
The Particle Data Book values for 9, _ and 5,, are:
Ny = (2.274.02) X 1073 ¢(#4.8°41.2) (1.11a)
00 = (2.33£.08) X 1073 15425 (1.11b)
which are reasonably consistent with n,, = 7,_ = €. We can see from equation
(1.3) that ImI";,<<n,_. Hence the ‘natural’ phase of € is
&y = arg e = tan™! —24AM (1.13)

Tg

where
Am = m; - mg
The quantities Am and I'g have been accurately measured in a series of
experiments:!1  Am = (0.5349 + 0.0022) X 10'° h sec™! and
I'g = (1.121+.003) X 10'sec™!. The phase ®p then has the value 43.7°+0.2°,
which is consistent with the ®,_ measurements. The value of ®,, is principally

due to Christenson!? and is in slight disagreement with ® .

Another determination of € is obtained from measuring the charge asymmetry

_ F(KL—*W— ‘+ V‘) - I‘(KL“"W"' r l-'l)
T I(Kp—m I v) + T(K—7* D)

Y (1.14)
The AQ = AS rule requires a K° to decay into a 7~ rather than a nt;

expanding K; and K in terms of K° and K yields:


http:2.33�.08

AL = 2Re ¢ (1.15)
where we have assumed the AQ = —-AS amplitude is negligible compared to the

AQ = AS amplitude.13

The experimental value for A; = (3.30+.12) X 10~ and the phase ¢, _
give 2 value for € of (2.34+0.1) X 107>, consistent with the 1, and 1, _ determina-

tions of €.

The determinations of ¢ provide no evidence for direct CP-violation. The
value of € determined from the charge asymmetry is consistent with the values of
00 and 7,_, and with an € of zero. We saw in equation (1:9‘) that the phase of
€ is governed by the 77 phase shifts. 8, and & have been accurately measured:!4

0y = -7.241.3° and §, = 46°+5°. Therefore the phase of € is 37°+5° close to

the phase of ¢, so that the value of & _ and ®,, are not sensitive to a non-zero € .

How then can we extract € ! We know %90 ~2 1)4_ in both phase and magni-
tude; therefore € is small. If we now use this information in equation (1.11), we

find

!

€
17,0/04+ )% ~ 1-6 -

and a measurement of i, ,/1,_|is a direct measurement of i€ Jel 1

Three previous experiments have measured|n,,/n,_; Banner et.al.!5, obtained

1.034-0.07; Holder, et.al.16, 1.00 + 0.06; and Christenson, et.al.}? ,1.00 4 0.09.

. - 3 ' .
These results are again consistent with ¢ = 0. The first two experiments

directly measured|n,,/n,_|by observing the decays of K; and K into two pions.
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These two experiments were based on approximately 150 K;—27° events each,
severely limiting their power. The third experiment observed K; and Ky simul-
taneously; it examined the proper-time distribution of a coherent mixture of K
and K and relied on their interference to measure ,, and 1, _ separately. We will

discuss these experiments more thoroughly in the final chapter.

D. Current Predictions for ¢

The simplest explanation of CP-violation is the superweak model. Wolfen-
stein 18 hypothesized a direct AS = 2 CP-violating interaction. This new force
interferes with the second-order weak interaction to provide the CP-violating AS
= 2 amplitude. The strength of the superweak interaction is of order 1077 of the
weak interaction. The only parameter in the model is this strength, reflected by e.
Unfortunately the model is purely phenomenological ; € itself is a parameter meas-
ured from the data without any relation to quantities outside the K° system. It
would be more satisfying to understand CP-violation as part of the standard model

of the interactions of quarks and leptons.

In 1973 Kobayashi and Maskawa!® proposed a natural method of incorporat-
ing the source of both ¢ and € into the framework of weak currents among
quarks. They pointed out that if there were three quark doublets, in addition to
two new Cabbibo-like angles there would also be a free phase in the couplings

which could give rise to CP-violation and account for both ¢ and € effects.

The generalized current is given by (¢; and 8; are the cosine and sine of the ith

L)
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The generalized current is given by (¢; and s; are the cosine and sine of the s*?
Cabbibo-angle):

6 —81€C3 —8183

(u c t)| sen cregcs—8983€" cpcpss+8pcqe? [g]

8182 c182c3+c233e’8 cls233—c203e'5

The phase e® is responsible for both the CP-violating part of the mixing of K° and
K’ (€ ) and for the direct decays (e' ). Much work?? has been devoted to the so-
called ‘Penguin diagram' as a possible source for a non-zero € and as the origin of
the Al = 1/2 rule. Figure 1 shows the possible mixing term and the Penguin
diagram.

Numerous authors?! have estimated the size of (5,,/7,_|in the Kobayashi-
Maskawa model. The calculations are particularly difficult because they involve
translating the weak interactions of quarks into the weak interactions of hadrons
and uncertain because they require experimental input which is not well deter-

mined.

The size of both € and € is proportional to 8,¢,8;8ind. The magnitude of
€ /€ depends upon the bottom lifetime (through its constraints on the Cabbibo
angles), the top quark mass, and various strong interaction corrections. The sign
of € /€ is constrained to be positive. The argument is principally based on the
bound?2 B(b — u)/B(b — ¢) < .09, which requires $5¢,85sind to be positive, and
the fact that Al = 1/2 transitions are enhanced rather than suppressed. Conser-

vative estimates23 suggest that € J€>.005.
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Figure 1. The mixing term and Penguin diagram of the Kobayashi-Maskawa
model. The mixing term is thought to be responsible for K* K® mixing (¢ effects) and

the Penguin diagram is a possible source of ‘direct’ CP-violation ( ¢/ effects).
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There are at least two other models which predict a non-zero € . Left-right
symmetric models have a group structure SU2); X SU[2)p X U(1). These
models predict a wide range forl € /€2* Another model, due to Weinberg2®, places
CP-violation in the Higgs sector. It predicts a value of le' /d< -.02, and is thus
almost ruled out already. The model also predicts a neutron electric dipole moment
of roughly 1072% e-cm. The current experimental upper limit quoted in the Particle
Data Book for the neutron electric dipole moment is 6X 1072° at 90% confidence.

The electric dipole moment in the Kobayashi-Maskawa model is about 1073® e-cm,

far beyond any foreseeable experimental sensitivity.

In summary, a measurement of a non-zero € would greatly increase our
knowledge of CP-violation. A measurement of}5,,/7,_|to an accuracy of a percent
would place severe constraints on all theoretical predictions. A clear deviation of
0/ N4 from unity would prove CP-violation is not due to a new, ‘superweak’
force. Disagreement with the Kobayashi-Maskawa model could signal a range of
new phenomena.

N



CHAPTER 11

PRINCIPLES OF THE MEASUREMENT

In this experiment we measurels,,/n,]; we have chosen to perform separate
measurements of 1,, and 1, _ in the same beam line with only slight modifications
to the apparatus. In the 7, measurement (which we will refer to as the charged
mode) we detect the decays of K; and K5 into charged pions and reconstruct the
event. In the 1,, measurement (which we will refer to as the neutral mode) we
detect all four photons from the decay K;—n’r°, where the 7° decays into two
photons. We place the apparatus far from the K source to provide a pure K
beam and then use a regenerator to produce Kz (A discussion of regeneration is
given in Appendix I).

In this chapter, we first explain the systematic problems associated with a
measurement of 117,,/1,; we then show how our experimental method makes us
insensitive to some of these problems, leading us to a preview of the analysis. We
then discuss the sources of background. The method and the need to reduce the
backgrounds place definite requirements on the detector; we list these requirements

and the apparatus used to meet them, reserving a full treatment for Chapters III

and IV.
-13-
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A. Systematic Errors in a Measurement of 1,,/7,._

We begin this section by writing down expressions for the observed number of
K; decays in a pure K; beam (a ‘vacuum’ beam) , and a similar expression for the
observed number of Kg decays following a regenerator. These expressions will help
us understand the systematic errors in a measurement of|n,,/n, | and guide us to

an experimental method for minimizing them.

Denote by N” p) the number of K; of momentum p incident on a detector.
Then the distribution of detected K;—27° decays, I°°y (‘V’ stands for vacuum)
decaying with momentum p at vertex z (z is along the direction of motion of the

beam) is proportional to:

Poy = Nhy|n, % €,"(9,2) Ly (2.1)
where ¢ ooV( p,2) is the acceptance as a function of p and z and Ly is the livetime.
Now consider NE r(p) K|, incident on a regenerator. The distribution of observed

K5 decays is (we ignore the contribution of Kj):

P’ = NEp |pl? €,,F(p,2)Lp X s (2.2)

X measures the absorption of K L in

where R stands for regenerator. The factor e~
the regenerator and ¢ reflects the K lifetime. The parameter p is the regen-
eration amplitude; we have suppressed its momentum dependence.

The ratio of observed K to observed K in any bin of momentum and 2-

vertex 1s

R = Niyp)  €Wp2)  eXeilAs Ly

= 17001 (2.3)
NLpp) €g(p?) o> Lr
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A similar expression holds in the charged mode. We can determine 0,,/n,_ by

taking the ratio R*°/R*".

The sources of systematic error can be seen directly: we must know the ratio
of fluxes, the ratio of acceptances, the regeneration amplitude, and the ratio of live-

times.
O Y

How can we eliminate these sources of error?’ We have used a ‘double beam’:
two parallel, side-by-side beams, in one of which we place a regenerator. The
decays K;—27° and Kg—27° are measured simultaneously. Small changes are

then made to the detector and K;—n*n~ and Kg—+ntn~ are measured together.

The double beam arrangement causes all but one of the systematic errors to
cancel in forming R°°/R*~. We insure that the flux ratio between the two beams,
NLV/ NE g cancels by frequently alternating the regenerator between the two
beams. We insure Ly/Lp cancels by performing the K; and K experiments simul-
taneously. These two factors cancel in taking the K to K ratio for the charged
mode and neutral mode separately. Since we use the identical regenerator in both
the 7°7° and 7*7~ measurements, the regeneration amplitude and absorption can-
cel between the charged and neutral modes in forming|n,,/n, |

We are left with the ratio of acceptances. The K lifetime is hundreds of
meters long at our energies; the K lifetime is approximately five meters. The K
and K decays therefore have a different spatial distribution and so K; and Kjg

decays have different acceptances. If we bin the data in small bins of momentum
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and z-vertex, the ratio of acceptances will cancel within each bin. Smearing across
the bins will distort the Kjg distribution more than the K distribution, again
because of the different lifetimes. The bin size must be chosen carefully and the
resolution must be small compared to the bin size for the cancellation to be
effective. The e/ term will cancel in each bin of p and zfrom the charged to neu-
tral modes. We then find:

00

,100 2
—_— 2.4
R*- Ny | (24)

in each bin of momentum and z-vertex.

This discussion ignored the contribution of K; decays in the regenerated
beam. We quoted the distribution for Kg decays; the observed distribution of 27
decays contains the contribution from the remaining K; and an interference term
between K¢ and Kj; the precise form is given in Appendix I. The significance of
these terms will be described in the next section. If we bin the data as described

v A

here the correction is small and calculable.

B. Momentum Bin Analysis

We have chosen to bin the data in momentum but not in z-vertex. This
method then will require a Monte Carlo to calculate the ratio of acceptances
between K; and Kg decays. The method has two advantages. First we are far
less dependent on an understanding of the resolution smearing than if we analyzed
the experiment in bins of momentum and 2z-vertex. The second advantage is sta-

tistical; we shall be able to increase the number of K; decays by more than 1/3.
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In Appendix I we quote the form for the proper time distribution of coherent
27 decays following a regenerator. Here we integrate that distribution over a
decay region from 2; to 2%; assuming a fixed kaon momentum, the integral over z

becomes an integral over proper time 7, from 0 to 7,

RE(p)= |p[? (1= + |n|? (1-e ") (2.5)
+ | M (1_3—1‘5(1/3“"4"‘/? s)Tm) 12
1/2—IA m/FS

and for the K; (the vacuum beam)
R¥(p) = Inf? (1-¢ ) (26)

Here 1 denotes either 5,, or 9, _, depending on whether the charged or neu-
tral decays are observed. We have assumed the phase of 5 is the same as the
phase of ¢. The ratio Rp(p)/R{p) is a function of the parameters Am, I'g and
I';, and the phases of the regeneration amplitude and of €. It is not a function of p
and 7 separately, but only of the ratio p/.

We wish to relate the ratio Rg(p)/ R\{p) to the observed numbers of decajs
in the two beams. Rp(p)/R{p) is the ratio of the true number of vacuum beam
decays to the true number of regenerated beam decays. To obtain this ratio from
the data we divide the observed number of regenerated beam decays by the

observed number of vacuum beam decays and then correct for the ratio of accep-

tances. Denote the acceptance-corrected yield by Y; then

Y°)p)  R°R(p) @7)

Y°Up) Ry
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Y+ r(p) _ R*p(p)
Y up)  RYyp)

(2.8)

The left side of these expressions is a function of the observed numbers of
events and the acceptances. The right side is a function of p/y. We can assume
%6, = N4 == € and fit for p in the charged mode and p in the neutral mode
separately. Since we use the same regenerator in each mode, and Rp(p)/Rp)
only contains p/7, we can measure a shift in p from the charged mode to the neu-
tral mode and interpret the change as due to a non-zero € . We will refine this

analysis in Chapter VIII.

There is a statistical advantage to binning in momentum over binning in
momentum and vertex. Since the K distribution drops rapidly with z-vertex, in an
experiment with finite statistics there will be many empty (p,z) bins in the Kg
beam which are well populated in the K; beam. These K; decays cannot be used
in the (p,2) bin technique. There are also many K| decays upstream of the regen-
erator in the K; beam; we cannot use these since there are no K decays upstream
of the regenerator. Both of these regions can be used if we know the acceptance
and bin in momentum. The statistical increase referred to above was obtained by

using these two regions of K decays.

C. Backgrounds

Backgrounds do not cancel in calculating 1,,, 7,_, or their ratio. This section

summarizes the principal backgrounds in the vacuum beam first for the charged
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and then for the neutral mode. The purpose is to establish how the backgrounds

shape the design of the experiment.

The charged mode backgrounds come primarily from semileptonic decays of
the K, Kp3 and Ke3 decays. The branching ratios of K;—mev and K;—mpv
relative to K L——>7r+7r” are approximately 60 and 130; we must reject these decays

to achieve a reasonable trigger rate. These decays also provide a background

which must be subtracted.

The most severe background in the neutral mode is the decay K;—3w°.
This decay has a branching ratio of about 230 relative to the two-pion decay and
presents considerable triggering difficulties. It can also ‘fake’ 27° decays. The
three neutral pions decay into six photons. If two photons miss the detector, only
four photons are observed, just as in a K—27° decay. Photons can ‘fuse’; they
may be indistinguishable because of the finite spatial resolution of the detector,
and we may again see fewer than six photons. This second requirement demands a

fine-grained photon detector.

D. Detector Requirements
This section will set forth the ‘ingredients’ for the detector. It lists the
requirements established in the earlier section and indicates the corresponding
apparatus.

In the neutral mode, we detect photons from K—27° decays. In order to

reconstruct the event, we need the energy and position of the photons. We have
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chosen lead glass for our electromagnetic calorimeter.

We need to know in which of our two beams the decay occurred, in order to
distinguish K; from K For this reason we have chosen to convert one of the four
photons in a thin converter and use a drift chamber system to track the pair back
to a transverse vertex. Multiple scattering in the detector forced us to have a fine-

grained hodoscope at the conversion plane to improve our transverse resolution.

The formidable 37° background must be rejected. In order to reject decays
at the trigger level, we have placed anticounters at various locations in the detec-
tor. We have also taken signals from the lead glass and calculated the total energy
along with the first and second moment of the energy distribution and used this

information in the trigger.

In the charged mode, we detect charged pions. We need to reconstruct the
tracks and obtain the vector momenta of the two pions. We have used the drift
chamber system referred to above and a dipole magnet to measure the momenta of

the tracks.

The backgrounds in the charged mode require the rejection of electrons and
muons. To reject electrons at the trigger level, we used lead to start an elec-
tromagnetic shower and scintillator to detect the energy deposit. The majority of
pions did not interact and were not rejected. Muons were rejected using a steel
pile which stopped all but minimum-ionizing particles; the pile was followed by a

scintillation hodoscope.
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E. The Regenerator and its Optimization; Beam Momentum

Two factors were considered in the choice of the regenerator: the material and
its length. |p| is proportional to ~A 9% for a regenerator of a fixed number of
interaction lengths (see Appendix I). Furthermore, the typical ¢° of inelastic pro-
duction falls as the square of the nuclear radius; increasing the atomic weight
increases the number of inelastically produced Kg near ¢ = 0. These inelastic K. 5
are a background to the coherent K which are produced at ¢® = 0 and have a
finite ¢ due to resolution. For both these reasons we would like to choose a regen-
erator of small atomic weight and have chosen Carbon as the regeneration

material.

As is demonstrated in Appendix I, the coherent production rate is maximized
if the length of the regenerator is twice the interaction length: we used this length

of Carbon.

Finally, we have chosen to perform the experiment at the highest possible
energy. The regeneration amplitude drops with momentum, but the resolution
improves and so the backgrounds are smaller. Reducing the K; background was
far more important than increasing the K statistics; we chose to perform the

experiment at FNAL.




CHAPTER 11

THE BEAM LINE, APPARATUS, AND TRIGGER

This chapter describes how the dual beams were produced, gives the details of the
apparatus used to detect K; and K decays, and explains the trigger. The lead glass

calorimeter will be discussed in Chapter IV; here we only explain its role in the trigger.

A.Beam Line

A schematic of the beam line appears in Figure 2. A beryllium target was struck by
a beam of 400 GeV/c protons. The targeting angle was nominally O mr. in the charged
mode and 4 mr. in the neutral mode; the targeting angle was in the horizontal plane.
The resultant spray of particles was then collimated into a single beam. At 105 meters
from the target, the beam struck an absorber used to reduce the flux to manageable lev-
els while enhancing the ratio of kaons to neutrons. The charged mode data normally
had 44.8 cm of Beryllium and 25.4 cm. of Carbon; the neutral mode typically used 61.
cm. of Beryllium and 12.7 ¢cm. of Carbon. After the absorber the neutron to kaon ratio
was about 5 in the charged mode and 3 in the neutral mode. Following the absorber
was a 7.6 cm. lead piece which converted photons in the beam.

The two beams were then formed by passing the single beam through a two-hole

collimator 107 meters from the target. The two holes were horizontally separated, in the

-22-
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The two beams were then formed by passing the single beam through a two-hole
collimator 107 meters from the target. The two holes were horizontally separated, in the
same plane as the targeting angle; the difference in targeting angle between the two

beams was then .26 mr.

The beams were further defined and collimated in both the horizontal and vertical
directions at 200 m. and 310 m. Charged particles were eliminated by sweeping magnets
following the two hole collimator and the two downstream stations. Both of these colli-

mations were performed in vacuum.

The beginning of the apparatus was located 406 meters from the target; this is 75
K lifetimes at 100 GeV, so there is a negligible K5 component to the beams. The dou-
ble beam profile at the regenerator, derived from reconstructed Kg—n* 7~ is shown in
Figure 3; the beams are cleanly separated. The two beams were 12.7 cm. high by 10.2
cm. wide with a 5.1 cm. separation at 480 meters. The momentum spectrum of K|
incident on the regenerator was obtained from a parameterization given by Atherton2.
We used this spectrum as an input to the Monte Carlo and obtained good agreement

with the observed K spectrum; the comparison is shown in Appendix II

B. Apparatus

We have now seen how the beams were formed and their approximate composition
when they reach the detection apparatus. We now describe the apparatus used in the
measurement. The organization essentially follows the layout of the spectrometer. A

overall schematic of the apparatus appears in Figure 4.
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Figure 2. A schematic of the Beam Line. The Figure is not to scale; the positions

of the beam line elements are given in meters from the production target.
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Figure 3. The double beam profile at the regenerator, derived from reconstructed
Kg—n*n~. The profile is in the z-direction and shows the separation between the
beams. The regenerator was in the west beam for the left-hand plot and the east beam

for the right-hand plot.
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Figure 4. A schematic of the apparatus, showing the main elements and their rela-

tive layout.
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1. Regenerator Region .

Recall the important considerations for the regenerator: it must alternate from
beam to beam and we must be able to veto inelastically produced K. A schematic of
the region appears in Figure 5. Table 1 contains the positions and relevant properties of

the components in this region.

The regenerator itself was a 101.6 cm. Carbon block wide enough to completely
cover one of the beams. The regenerator sat in a tray within a sweeping magnet
(BM109) used to eliminate charged particles produced in the regenerator; the magnet
had a py kick of approximately 1 GeV/c. The tray moved from beam to beam between
pulses. Far upstream of the regenerator, downstream of the two-hole collimator, was a
66 cm. Carbon absorber. This absorber was used to moderate the neutron flux on the
regenerator; it moved back and forth with the regenerator each pulse. Neither the
absorber nor the regenerator was changed during the experiment; hence the absorption
and regeneration canceled between the charged and neutral mode. We controlled and

recorded the positions of both the regenerator and absorber with limit switches.

The maximum rate of Kg decays in the decay region would be obtained by placing
the regenerator as close to the decay region as possible; however, the neutrons hitting
the regenerator produced a large charged particle flux which had to be swept away:
hence we had to move the regenerator back far enough within the sweeping magnet for
the sweeping to be effective. The regenerator was moved as far downstream as the rates

would allow; once positioned, it was not moved during the data-taking.
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TABLE 1

POSITIONS AND PROPERTIES OF THE ELEMENTS OF THE SPECTROMETER

Element z (center)width (cm.) height (cm.) length radiation lengths
Regenerator 404.167 13.01 10.31 101.6 4.12
Regenerator Anticounters 406.114 12.06 10.16 016 .00606
Decay Pipe (including windows) 412.83 40.6 (radius)-- 1211.4 .0048
A-counter 420.091 55.88 27.94 1.2 .0069
Lead Converter 420.095 55.88 27.94 0.16 0.053
V-bank 420.098 55.88 27.94 016  .0035
H-bank 420.101 55.88 27.94 0.16 .0069
Housing for Conversion Hodoscope -- - - .0060
Expansion Pipe(including windows)443. 180. (radius)-- 43.  .0050
Air before Chamber A 4640 - -- 25.  .0020
Chamber A(includes He bags) 464.609 200. 100. 23. 011
Chamber B 469.506 200. 100. 23. .011
Chamber C 473.118 200. 100. 23. .011
Chamber D 478.105 200. 100. 23. 011
G-bank 479.21 205.0 101.2 0.635 .009
Lead Glass 480.274 226.59 122.01 60. 19.9

p-filter 490.142 >200cm. >100 cm. 300 cm,
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Figure 5. A schematic of the regenerator region, showing the relative arrangement

of the regenerator, regenerator anticounters, and lead plug.
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We used two anticounters to define the entrance to the decay region. In the regen-
erated beam we place a 1.27 cm. thick lead plug, which converted photons from Ky
decays and neutron interactions upstream of this point; an anticounter immediately fol-
lowed. In the vacuum beam there was only an anticounter. These two regenerator
anticounters (RA) were 12.06 cm. high by 10.16 cm. wide with 12.05 cm. between their
centers. They were made of polystyrene scintillator and were thin (.16 cm.) to lessen
both neutron interactions and regeneration. Each was viewed by a single RCA 8575
photomultiplier®’; we used a transistorized base used to withstand high rates, which had

been used for an identical purpose in a previous experiment.?

2. The Decay Region and Conversion Hodoscope

The decay region itself was an evacuated pipe 1.22 m. in diamter and 13.6m long,
kept at a pressure under 204 Hg. The pipe was terminated with a thin Aluminum win-
dow on the upstream end and sailcloth on the downstream end. Downstream of the
pipe, in air, was the conversion hodoscope. Figure 6 shows the arrangement of the hodo-
scope in the neutral mode. The precise locations and properties of the apparatus

described in this section appear in Table 1.

The hodoscope began with an anticounter (A) 55.88 cm. wide by 27.94 cm. high. It
was viewed by four photomultipliers whose outputs were summed and discriminated.
This counter, in the neutral mode, was used to veto charged particles leaving the decay

region. This anticounter was followed by a .053 cm. (nearly .1 radiation length) lead
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sheet of the same transverse dimensions as the A counter. This sheet converted exactly
one photon out of four from a K;—27° decay 24% of the time. Following the lead were
two scintillation banks used to detect the converted pair. The first bank (H) consisted
of 22 horizontal staves 1.27 cm. across and 55.88 cm. long. The second bank (V) con-
sisted of 44 vertical staves 1.27 cm. across and 27.94 cm. long. The A anticounter, the
lead sheet, and the V and H banks then covered the same transverse area. The indivi-
dual staves in the V and H banks were placed as close as possible to each other to lessen
the uncovered area; the gap between a counter and its neighbor was roughly .05 mm.
The entire assembly of the A anticounter, lead sheet, and V and H banks was placed in
a light-tight box.

For charged mode data-taking we removed the A anticounter and the lead sheet.
This was the only change made to this region to change from charged to neutral data-

taking.

3. The Separation Pipe and Its Window

Following the conversion hodoscope was a 43 m. long, 1.8 m. diameter vacuum pipe
in which the decay products could separate. The pipe was terminated at the down-
stream end with a rectangular Mylar/ sailcloth window. It was critical that the window
be as thin as possible; multiple scattering in the window degraded the transverse posi-
tion resolution, and hence our ability to distinguish between the beams, at the decay

vertex some 60 m. upstream. In contrast to the resolution requirement we had to con-
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Figure 6. A schematic of the Conversion Hodoscope as arranged in the Neutral
Mode data-taking. The conversion of a photon is depicted; the distance between the

electron and positron is greatly exaggerated.
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sider the megajoule of stored energy from the vacuum; a failure of the window would
have been disastrous. The window therefore had to be especially thin yet strong. A
further complication arose because the window marked the beginning of the spectrome-
ter; from this point a rectangular vacuum pipe ran through the apparatus to transport
the neutron beam. The window had to be coupled to the pipe and so have a hole in its
center! The window and pipe were coupled by a specially designed slip joint; the win-

dow could deform freely while the pipe was being evacuated.

4. The Charged Particle Spectrometer

The charged particle spectrometer followed the window. It consisted of four drift
chambers, a dipole magnet, and scintillation counters, and performed muon and electron
identification. The overall layout was shown in Figure 4; the dimensions and properties
are given in Table 1. Table 2 contains information relevant to the precision and perfor-

mance of the drift chambers.

The chambers were 2 m. wide by 1 m. high with a central hole for the passage of
the beam pipe. Each chamber performed both z (left/right) and y (up/down) determina-
tions using two measuring planes in each view; the two planes in a view were offset by
half a cell to remove the twofold ambiguity. The cell structure is shown in Figure 7.
The most downstream chamber was split in the ydetermining view; we knew whether a

track at a given height was on the left side or the right side of the spectrometer.

The electron and positron tracks in the neutral mode will in general be close; the
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TABLE 2

PARAMETERS OF THE DRIFT CHAMBERS

Property

Value or Comment

Number of Chambers
Size

Number of Sense Wires
Gas

Drift Velocity
Resolution

Dead Time

Readout

4 (2 z and 2 y-measuring planes/chamber)

2 m. in z by 1 m. in y (approximate)

680

Argon/Ethane 50/50 at Atmospheric Pressure
50 p/nsec. (nominal)

160 p/chamber, 220 p/plane

100 nsec./ wire

EBinned in 6.3 nsec. bins
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Figure 7. The cell structure of the drift chambers. A typical track is indicated.

The dimensions are in inches.
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pair is separated only by multiple scattering before being bent apart by the analysis
magnet. We therefore need to know the limitations on resolving nearby tracks. The
first limitation is the dead time of a wire, about 100 nsec; with our drift velocity of 50
jt/nsec., this resulted in a minimum resolving distance of about 5 mm. Arrival times of
hits on the wires were binned in 6.3 nsec bins by our readout system. This corresponds
to about .3 mm. The details of the readout system have been covered elsewhere?® and

we will not discuss them here.

The analyzing magnet was a conventional dipole 254 cm. wide by 101.6 cm. high.
It provided a py kick of 212 MeV /c in the charged mode and 107.6 MeV/c in the neutral
mode. The field map had been accurately measured when the magnet was constructed

and had been checked in a previous experiment in the same beam line.3°

Multiple scattering throughout the spectrometer was minimized; helium- filled bags

were placed in the spaces between the chambers.

Following the last drift chamber was a scintillator plane (G) consisting of 40 staves,
each 10.16 cm. high by 60.96 cm. tall and 0.635 cm. thick. The staves ran vertically; 20
were above the pipe center and 20 below; the staves immediately above or below the
beam pipe were offset to permit its passage. Immediately upstream of this bank was a
‘lead curtain’ which could be moved in and out of the spectrometer. The curtain con-
sisted of five radiation lengths of lead; its purpose was to initiate electromagnetic
showers of electrons from Ke3 decays so that the shower could be detected in the G

counters. Recall that Ke3 decays are a background to the K72 signal.
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The lead glass followed the G bank; it is the most intricate portion of the
apparatus and we shall reserve further discussion of it for Chapter IV.
Downstream of the glass was an eight foot thick steel pile. Hadrons and electrons

stopped in this filter; behind it was a plane of scintillation counters, allowing us to iden-

tify muons.

5. 37° Anticounters

37° decays were dangerous both for reasons of trigger rate and background. Hence
the neutral mode anticounter system was designed to detect photons which otherwise
would have escaped the apparatus. All counters had three radiation lengths of lead
before the scintillator to convert photons; the probability of rejection is greater than
95%. We discuss these anticounters in turn from the most upstream to the most down-

stream.

The first anticounter was located 380 m. from the target, roughly 25 meters
upstream of the decay region. It surrounded the vacuum pipe and rejected 37° decays
upstream of this point. Immediately following the conversion hodoscope was another set
of anticounters (decay region anti, or DRA), which surrounded the conversion hodoscope
in the zy plane. The next set of counters was located above and below the aperture of
the analyzing magnet (hence magnet anti, or MA). Just before the gzbank was the ‘col-
lar anti’; four counters surrounded the vacuum pipe and overlapped the inner ring of the

array (the fourteen blocks closest to the center). Photons or electrons striking the collar
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anti would also strike the inner ring of the glass; these showers would be difficult to
reconstruct because much of the shower would be inside the beam pipe, and it was
therefore useful to reject these showers in hardware. The drift chambers also became
inefficient around their edge; it was therefore useful to veto particles passing near this
edge as well. Finally, at 535.2 meters was the ‘back anti’. This counter was designed to
pick up photons which had traveled down the vacuum pipe and emerged after the muon
filter. Many 37° decays sent a photon down the pipe, so it was useful to detect as many

of these as possible.

C. Charged Mode Trigger

The charged mode trigger was designed to search for two charged tracks, originat-
ing in the decay region, with one in the upper half and one in the lower half of the spec-
trometer. For part of the charged mode data-taking the trigger rejected both electrons,

using the lead curtain, and muons, using the steel filter.

The trigger first required that the regenerator anticounter in the regenerated beam
be off (EZG,,). Neutron interactions and inelastically produced Kg were vetoed, as well
as coherently produced Kg which decayed upstream of the RA; charged particles were
vetoed directly and photons striking the lead plug would convert and veto the event.

The counter in the vacuum beam was not in veto but was tagged and recorded.

The RA requirement insured that no charged track entered the decay region; the
trigger from the conversion hodoscope required that two charged tracks leave the decay

region. The trigger demanded that at least one H counter and at least one V counter
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(>1H - >1V) but fewer than three H counters (3H) had fired. We suppressed neutron
interactions in the hodoscope by requiring that no H counter have more than ten times
the minimum-ionizing pulse height (H;,). The lead sheet and the A-counter were

removed for the charged mode data-taking.

The scintillator requirement at the G-bank looked for one upward-moving and one
downward-moving track, as required by momentum balance. Recall that the G-counters

were split up/down; hence this requirement is simple to implement (G, © Gy,yn)-

The charged mode data-taking was of two sorts, distinguished by lepton rejection
in the trigger. In the so-called ‘biased’ running, electrons and muons were eliminated in
the trigger. Muons were eliminated by placing the muon bank in veto. Electrons were
rejected using the lead curtain(which was removed when not in use). Electrons shower-
ing in the lead would deposit more energy than minimum-ionizing particles; the trigger
checked for five times the minimum-ionizing pulse height in any G counter (@) The

‘unbiased’ runs rejected neither muons nor electrons in the trigger.

Finally, the magnet anticounter, decay region anticounter, and collar anticounter
were in veto as well (MA - DRA - CA).

We have discussed the scintillation portion of the trigger. The trigger also used the
drift chambers by measuring the time at which a particle passed through them. The
trigger then compared this time to the time of the scintillation trigger to reduce false
coincidences. To explain how these ‘mean timers’ worked, we refer to Figure 8 which
shows a track passing through the two offset planes in one of the views of a chamber.

Let the particle pass through the chamber at time ¢ (we assume that the particle passes
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Figure 8. The principle behind the use of ‘mean timers'. A track is shown passing
through the two offset planes of a single view of a chamber. The distance from the

track to the sense wires of the ** plane is indicated by d;, and the drift velocity is v.
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through the chamber instantaneously). Then

i+
¢ + o (3.1)
=1+ o

[

where ¢; is the time that a signal arrives at the wire, v, the drift velocity, and d; the

appropriate drift distance. Hence the average of the arrival times is

h+ b d + dy d
— =t —"=t+ — 3.2
2 2v, 2v, (3.2)

This relation is true independent of the point of passage of the track through the cell for
tracks traveling perpendicular to the chamber (The correction for the small angles of real
tracks as well as nonuniformities in the drift velocities are negligible for this discussion).
A measurement of the mean time thus measures the time of passage of the particle
through the chamber! The calculation of this mean time was ingeniously performed in
hardware.3! By using all the hits in a chamber, we can search for two tracks, which
appear as two pairs of hits with the proper mean time. We required one of the first or

third chambers to have two tracks in the z-view (MTA2 + MTC2).

The machine pulse delivering the beam actually consisted of discrete ‘buckets’ 18.9
nsec. apart, spaced evenly over the entire 850 msec. spill. A radiofrequency signal (53.1
MHz) with this period is sent to all experiments. We placed a crest of this waveform in
coincidence with the scintillation portion of the trigger; since the spill is bunched we can
improve the time resolution of the trigger by requiring it to occur within one of the
buckets. If this preliminary trigger was satisfied a coincidence signal was formed and

delayed approximately 500 nsec. until the information from the mean timers had arrived.
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A final coincidence checked that the data acquisition computer was ready to accept

another event.

The full charged mode trigger was then:

RA, - >1H->1V-3H- Hy, -
Gup* Gaown ' MA - DRA - CA - MTA2 + MTC2 - RF

and in the biased mode we added Gy - i.

D. Neutral Mode Trigger

The neutral mode trigger was designed to search for electron-positron pairs ori-
ginating at the conversion hodoscope. It also made requirements on the amount and dis-

)

tribution of energy in the lead glass calorimeter.

The trigger demanded that there be no charged tracks before the lead converter.
Both of the regenerator anticounters were in veto (I-QZ), marking the entrance to the
decay region. The requirements at the conversion hodoscope then searched for a con-
verted pair. The A counter vetoed (Z) charged particles leaving the decay region. The
lead sheet was next; if a single photon was converted, the pair had no chance to move
apart before it struck the H bank. Hence the trigger searched for one charged track,
requiring >1H - >1V + 2H. Neutron interactions in the lead could fake electron-
positron pairs; there would be no hit in the regenerator anticounters or the A counter,
and possibly a single hit in each of the H and V banks. To suppress neutron interac-
tions we required no H counter have more than ten times the minimum-ionizing pulse

height (Hjp).
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Figure 9. The arrangement of the Lead Glass. A typical group of nine is indicated

by the cross-hatched region in the upper left-hand corner.
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The trigger aléo used the G-bank. The magnét separated the tracks in the z-view
(left/right) but not the yview (up/down). Aside from multiple scattering, the electron
and positron followed the yview trajectory of the parent photon. The tracks therefore
rose or ~fell together; as in the charged mode trigger, the up/down arrangement of the
G-bank made the requirement simple to implement. We demanded either two upper-
half G counters or two lower-half G counters have fired. A veto on three G counters

- completed the requirements (2G,, + 2Gg,y,) * 3G.

The lead glass was actively used in the trigger through the ‘mass box’. The
calorimeter consisted of 804 lead glass blocks in a ‘fly's eye’ arrangement, as shown in
Figure 9. The outputs of each photomultiplier were sent to ADC’s. The outputs were
‘picked off’ and added together in groups of nine blocks; a typical group of nine is shown
as the cross-hatched region in the Figure.

The calculations of the mass box presumed all channels of the calorimeter had
_ identical gains. In adding outputs to form groups of nine, and in the calculations which
follow, the outputs from the different groups of nine were added together without
correct,in.g for differences in gain among the channels. We attempted to make the gains

as equal as possible before the experiment started, as we will discuss in Chapter V.

The mass box calculated the total energy in the glass by summing the groups of

nine. A cut of 40 GeV was applied to
Er=YE; (3.3)
'

The first moment was then obtained:




- 53 -

Ey= ZE;:C; ' ‘ (3.4)

:
The z; correspond to the center of the i t4 group of nine. In performing the sum, the E;
were attenuated acco?ding to the distance of the particular gi-ou‘p‘ of nine from the
center. The size of the attenuation represents the value of z; groups near the center
were attenuated the most. The quantity Ey / Eris then a measure of the center of
energy of the event in the glass.. Good events must fall within the beam pipe, at about

4 15 cm.; we cut at £ 40 cm.

Finally, the second moment was calculated:

E, = Y Er? . (3.5)

)
where r; is the radial distance of the group of nine from the center. It is easy to show
that for a particle traveling along the 2 axis and decaying into photons at vertex Z

meters from the lead glass, the invariant mass is given by:

2 Erb
22

We chose to cut at a mass of 250 MeV/c 2 for a particle decaying at the entrance

(3.8)

to the decay region. This becomes a progressively higher mass cut as the decay vertex

moves toward the glass.

The magnet anticounter and decay region anticounter were in veto; the other
anticounters were tagged and recorded offline. The scintillator trigger was delayed and
placed in coincidence with the decision from the mass box, which took roughly 175 nsec.

The trigger was placed in coincidence with the Fermilab RF just as in the charged mode.
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In summary, the neutral mode trigger was:

A-21H-21V-2H- Hy - RA - (2G,, + 2Gy,,,) - 3G -
MA -DRA - Er- Ex- (ErE) - RF




CHAPTER IV

THE LEAD GLASS

The lead glass calorimeter v;ras the most important and most demanding portion of
the apparatus. We relied on its performance at every step of the analysis of the neutral
mode data; The response of each cell of theAcalorimeter had to be understood at all
times. The experiment required linearity over a wide dynamic range: the energy of an
individual photon was often as high as 75 GeV; the energy deposit ;:f an interesting
shower in an individual block was often as low as 100 MeV. Nonlinearities in the
response of any of the photomultiplier tubes, their bases, or the ADCs could wreck our

reconstruction.

The calorimeter and its monitoring system were therefore designed to extract as
precise information as was possible. In this chapter we first describe the materials and
construction of the calorimeter, with necessary brief asides into optics and the physics of
electromagnetic showers. We then turn to a discussion of the ADC system. The moni-
toring system and its uses and limitations are explained. Finally, we describe the cali-

bration of the calorimeter and indicate the problems and our successes.

~55-
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A. The Lead Glass and its Properties

The lead glass used in the calorimeter was Schott Optical Glass Type F2.32 As
noted in Chapter III, the glass was placed in a ‘fly’s eye’ arrangement in a stack 39
blocks across by 21 blocks high with a § block by 3 block gap in the center to permit the
passage of the beam. The dimensions of an‘individual block were 5.81 c¢cm. in z by 5.81
cm. in y by 60.96 cm. in 2. The radiation length of Schott F2 glass is 3.06 cm.; hence
one. block was just under two radiation lengths square and twenty radiation lengths
deep. These parameters are important: the longitudinal depth of the glass determines
how much of the shower is contained in the array as a whole, and the transverse com-
ponents determine how much of the shower is contained in an individual block and how
much is shared with its neighbors. The sharing of energy allows us to determine the
impact point of a photon or electron by comparing the energy deposited among the

different blocks.

The longitudinal containment of an electromagnetic shower is logarithmically
dependent upon the shower energy; for showers in our energy range of 1-100 GeV we
contained between 95% and 98% of the energy. The radial dependence of the energy

distribution in lead glass is again only weakly dependent on the energy; roughly 90% of

the shower is contained in a cylinder centered on the shower axis and one radiation

length in radius.33
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B. Light Coupling and Optical Filters; Photostatistics

The development of electromagnetic. showers fluctuates from shower to shower. In
a photon-induced sho;ver, the location of the first conversion determines where the
shower begins. In a lead glass block of finite dimensions and attenuation length these
fluctuations cause variations in the amount of collected light. Lead glass has an attenua-
tion length which is strongly dependent on wavelength, varying from one meter in the
blue to tens of meters in the red. A one radiation length (3.08 cm.) shift in the location
of the first. conversion causes a 3% variation in the amount of blue light collected, where

our photomultipliers are the most sensitive.

To decrease this contribution to the resolution we have followed Morrison et.al. 34
by placing an optical filter between the lead glass block and the photomultiplier. The
filter, Wratten 2A%, cut off transmission of light with wavelengths shorter than 4400 A .

The filter cut the light level by 1/3, as measured in beam tests.

In order to hold the filter in place and to optically couple the block to the pho-
tomultiplier we used a Sylgard Optical Gel. 38 The filter was embedded in the gel,
which made optical contact with the photbmultiplier on one side and with the block on
the othér. The gel was stable; it did not yellow as glue often does. It also had an index
of refraction (n==1.45) well suited to transmit light between the lead glass (n=1.6) and
the photomultiplier (n=1.4).

A 1 Gev sho'wer provided approximately 800 photoelectrons. This was calculafed in
a Monte Carlo which included the average shower development, the photocathode quan-

tum efficiency, and the optical filter. A minimum- ionizing particle passing through the
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block, according to the same program, should leave the equivalent of 2/3 GeV in a
block. Both of these figures were verified in the data. We can then calculate the
expected resolution of the glass. In a linear calorimeter, the observed number of pho-
toelectrons is proportional to the energy and is Gaussian-distributed. The statistical
error will then be the error from the number of photoelectrons combined with the sta-
tistical error of the amplification process. The RCA photomultiplier manual®? derives
. the statistical error; we need to know the average gain, which is 80000 for our ten-stage
tube. Equation (47) of that manual then applies with the result that:
ESY Oy Y-
— — — — —_— RN e—
E N E 800 E vE
where N is the number of photoelectrons per GeV of shower energy, and ) is the average

gain per stage of amplification.

C. The Photomultipliers and the Bases

We chose an Amperex 2202 10-stage photomultiplier with a bi-alkali photo-
cathode.3® The photomultiplier ran at approximately -1200 V. The base was of our own
design. It was designed to handle up to 100,000 photoelectrons without nonlinearity.
We included a tunable potentiometer in the base design; hence we couid adjust its gain

if necessary.

We discovered in our initial tests that the gain of the photomultipliers varied with
the light level to which they were exposed; this shift was often of order 10% for the few
pA of current expected in the experiment. We therefore measured for each photomulti-

plier the gain shift at different light levels and graded them accordingly. Tubes with less
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than a 1% shift at ten times the expected light level were assigned to blocks near the

center of the array where the rates were highest; those with progressively worse depen-

dence went further out.

We wished to méke the array response as uniform as possible; recall that our ‘mass
box' made no differentiation among the gains of the channels. We therefore measured
the gain of each photomultiplier and of each base and matched them in order to minim-
ize the initial gain spread. Photomulﬁpliers were tested using a standard radioactive
source shining on a scintillator and a single base; the voltage required to give a pre-
selected response was recorded. The bases were sorted according to their response using
a standard photomultiplier and an LED (the potentiometer of the base had been

adjusted to give the highest possible gain).

The photomultipliers and the bases were then paired; a high-gain photomultiplier
would be paired with a low-gain base. | The combination was assigned to one of twenty-
six high voltage distribution panels. The typical voltage change from one panel to the
next was 10 V; the typical gain change of the photomultiplier/base pair was 0.1% per
volt. The initial gain distribution of the é.rray, as measured by minimum-ionizing parti-

cles, is shown in Figure 10.

C. Assembly and Construction o

We have discussed the individual elements of the array: the blocks, the photomulti-
pliers, and the bases. This section will describe how these elements were assembled into

a cell of the calorimeter and how the calorimeter was constructed. Figure 11 shows the
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Figure 10. The initial gain distribution of the array, as measured by minimum-
ionizing muons. The histogram shows the mean number of counts above pedestal
registered for a muon for each channel of the array. The average response is about

forty counts.
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Figure 11. A schematic of a calorimeter cell (not to scale). The top, cutaway pic-
ture shows the phototube within the layers of mylar and conetic shielding; the photo-
tube and these layers are contained within a magnetic shield can epoxied to the lead
glass. The expansion ring, used to push the optical gel against the block and provide
good optical contact, is indicated. The bottom diagram shows the arrangement of the

optical gel and filter. The size of the gel is exaggerated.
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final arrangement of the individual elements within a cell.

The photomultiplier/base pair was soldered together. A phenolic can was placed
around the base flush with the photomultiplier. A potting compound protected and
insulated the base. The potentiometer in the base was adjusted with a screw which

extended past the potting compound.

After the potting compound had hardened, the optical gel was poured into a dam
" on top of the photocathode and the filter inserted; the gel hardened around the filter.
Two pairs of Mylar and conetic f0il%? were then wrapped around the photomultiplier, for

electrostatic and magnetic shielding respectively.

The assembly of the pbotomultiplier and the base were supported by a magnetic
shield can. The can was glued to the lead glass block; then a dam was made and epoxy
poured around the outside of the can. After the epoxy had bhardened, the photomulti-
plier and base ﬁere slipped inside the can. The epoxy Supported the weight of the can
and of the photomultiplier and base. An expansion ring was placed behind the base and
inside the shield can; when opened, it pressed against the phenolic can around the base,

ultimately pressing the optical gel firmly against the face of the block.

(We encountered problems with using epoxy on the glass. Because of failures in the
heating and air-conditioning systems, our storage room for the lead glass constrﬁction
phase had severe temperature fluctuations. A 40° F swing in 24 hours occurred several
times. The different expansion rates of the glass and of the epoxy caused over 1/3 of the
blocks to crack at the corners. The glass cracked in a repairable way; a piece cracked

off, still attached to the epoxy, rather than the glass having shattered and formed
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shards. We could then cleanly repair the damage with epoxy, gluing the glass and epoxy
back on to the glass with no detectable loss in strength of the support or the quality of

the response).

Finally, the block was wrapped in 0.5 mil Aluminized Mylar to optically isolate it

from other blocks. The unit was then ready for stacking in the array.

We attempted to stack all the blocks along an ideal grid. However, the blocks
varied in size and were not perfectly rectangular; the largest deviation was under 1 mm.
A random arrangement of blocks would cause an uneven array with mechanical stresses
on the glass and worsened posiﬁon resolutioh in the reconstruction. To avoid these
problems we measured the blocks at three places along their length and used a computer

program to find an acceptable configuration.

No attempt was made to make the individual blocks light-tight.\ Instead, the entire
array was placed in a light-tight, temperature controlled house which allowed the tem-
perature to vary by no more than 1°F. Red safety lights were used to illuminate the
house if necessary; since the photocathode efficiency is low in the red, we did not need to
turn off the high voltﬁges to make the haif-dozen repairs and adjustments required dur-

ing the data-taking.

D. ADC System

We used a LeCroy 2285 12-bit ADC*® to read out the glass, with a gain of 0.1
pC/count. The system had two special features. First, each channel had a preset pede-

stal which could be subtracted; this pedestal could be updated at will. This first feature
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made possible the §econd: the system had ‘sparse 'readout’; only channels satisfying a
preselected criterion were read out. The ADC processor searched for channels which had
more than 5 counts (roughly 80 MeV) after the automatic pedestal subtraction. If a
channel satisfied this test, that channel and the channels before and after were read out.
In our arrangement, this resulted in a block and the blocks to the left and to the right
being read out; the blocks above and below were queried independently. The arrange-

. ment is illustrated in Figure 12.

The gate width was 175 nsec. We set the peak of the signal about 40 nsec. into
the gate, contrary to LeCroy’s instructions that the signal be a minimum of 50 nsec. into
ihe gate. Figure 13 is a plot of glass response as a function of this timing determined
from electrons. We see a clear dependence of about .4%/nsec. The timing drifted with
gma.ll changes in the magnitude and phase of the Fermilab-supplied RF (the received sig-

nal changed; we do not mean to imply that the RF structure of the machine varied).

The ADC’s were DC-coupled so that 60 Hz noise had to be carefully minimized ;
the average pedestal jitter was under a channel. This is important for two reasons: (1)
80 Hz noise is a slow variation compared to the 175 nsec gate, and (2) the noise tends to
be coherent over all channels; at any time, all the channels of the ADC see the same sign
and magnitude of the noise. Therefore when we sum over different channels to obtain
an energy, the error will grow linearly in the number of blocks read out. Since a typical

event might have 100 blocks read out, a one channel systematic error in the pedestals
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would produce an 1.66 GeV mismeasurement of the total energy.

E. Moniforing Sysfem
The monitoring system had two design goals. The first was to monito;- the perfor-
mance of the calorimeter throughout the data-taking, detecting dead or saturated chan-
nels, high levels of noise or similar problems. The second was to study long-term drifts
as an aid to the calibration. Non‘linearities and other problems proved so severe that the
system was not useful for the second goal; for on-line monitoring and trouble shooting,

the system behaved admirably.

A schematic of the monitoring system appears in Figure 14. The light source was a
Xenon corporation nanopulser?!; the device is a spark gap which produces light. It pro-
duced a spectrum and pulse shape comparable to Cerenkov signals in the glass. Light
levels large enough to saturate every block in the array were easily obtained. We nor-
mally ran at a light level equivalent to a 20 GeV shower. The nanopulser had two prob-
lems. First, it produced a great deal of RF noise; considerable care went into shielding
the system. Second, the spark gap degraded with use; the point of the gap wore away,
gradually increasing the light level. Eventually the gap would require an adjustment.

. The pulser completely broke down twice and had to be replaced.

A fiber optics system*? was used to distribute the light. A common end containing
over 40000 fibers was exposed to the light source. The individual fibers in this common
end were fanned out to one of 44 legs. This randomization eliminated spatial variations

in the light level over the common face. Since both the intensity and the spatial distri-
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Figure 12. The effect of the five-count threshold on the ADC readout. Each square
'indicates a lead glass block, or channel of the array; the number within the square is the
number of counts above pedestal, which is ideally proportional to the energy deposited
in the block. The top row has no blocks above the five-count threshold and hence none
of the blocks are read out; the bottom row has one block above threshold and hence

three blocks are read out.
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Figure 13. The lead glass response as a function of timing. The plot shows energy
E measured in the glass divided by the momentum p measured in the chambers as a
function of the relative arrival time of the signal with respect to the beginning of the
ADC gate. The mean of E/p increases as the signal moves further away from the

beginning of the gate, indicating a threshold effect in the ADC system.
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Figure 14. A schematic of the monitoring system for the Lead Glass. The light

from a spark gap illuminates a fiber optics system which in turn illuminates each block -

of the array. Two reference phototubes are used to monitor the light level of the spark

gap for normalization; their gains are monitored by using an **! Am source.
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bution of light from the spark gap varied from flash to flash, without the randomization
it would have been impossible to know how much light went into any given photomulti-
plier, making any monitoring impossible. Thirty-nine of the forty-four legs were in turn
used to illuminate similar 24-leg systems. Twenty-one of these twenty-four legs are
fanned out to individual blocks. The legs were mechanically held in place just next to
and pointing directly at the face of the block opposite the photocathode, through a small
gap in the Mylar wrapping.

The light level was monitored by two reference photomultipliers which were cou-
pled to lead glass blocks identically to the rest of the array. The only difference was
that an 24'Am-doped Nal crystal illuminated these blocks as well. We could monitor
the gains of the reference channels by following their response to the sources. The gain

of a reference channel at time ¢ is given by

Nal (#)
Nal (t,)

where Nalt) is the response to the source at time {. The monitoring then went as fol-

Gref (t) = Gref (to) (4.1)

lows: the spark gap produced a flash of light; the response was recorded by the ADC's.
Now if the response (number of channels above pedestal) of the § ** channel is denoted

by R; (t), and its gain by g, then

g () R (Y
grc[ (to) o R,c, (to) (4.2)
and then
R{t
ot = —— A s

ch] (t) / Gref (t)

The response of the reference tubes is corrected by their source-measured gains;
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variations in the overall light level of the flash are taken out by normalizing to the
response of the reference channels. Hence by calculating g; (£) we can monitor the gain
of any channel. We measured the gain four times during the spill and once between
spills. The Nal response was measured once between spills. In addition, before and

after each spill we measured a pedestal for each channel.

F. Calibration

The gain of each channel must be accurately known in order to determine the
energy of photons and electrons. In an ideal calorimeter, which is linear in response and
unchanging in time, we only need to determine one number for each channel: the gain,
which converts counts in the ADC to energy deposit in the block. A real calorimeter is
more complicated. First, the gain may change as a function of time. Second, there may
be no single ‘gain’ at all: if the calorimeter is nonlinear, each channel has a time-
dependent function to be determined rather than a single constant. Nonlinearities can

occur in the photomultiplier, or the base, or the ADC, or the physics of the shower!

We found a further complication in our attempts to calibrate the array. Recall
that we attempted to compensate for gain changes with exposure to light by placing the
most unstable photomultipliers at the outside of the array. Despite these attempts,
there were substantial gain shifts with the presence of beam. Figure 15 shows the shift
in gain, as measured by our monitoring system, from beam-on to beam-off conditions.
We also found significant variations within the spill itself! Figure 16 shows the time

variation of the gain within the spill for randomly chosen channels; we see up to 10%
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Figure 15. The shift in gain from beam-on to beam-off conditions. The histogram
shows the change in gain for each channel of the array as a result of the presence of the

beam. The average change is 2.5%.
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Figure 16. The variation of the gain with time within the spill, for randomly
selected channels. The gain changes in the presence of the beam and immediately starts
to relax to its quiescent value. Depending on the individual phototube, the gain as a

function of time can take on different forms.
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Figure 17. The standard deviation of the pedestals for a typical run. For each
channel of the array, the mean and standard deviation of the pedestal over a three-hour

run was computed; this plot shows the standard deviations.
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Figure 18. A typical distribution of the lead glass response to a muon. A muon
deposits roughly 40 counts in a block; the average depends on the gain of the individual

channel,
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Figure 19. The average nonlinearity in the more nonlinear of the two neutral
mode data sets. The nonlinearity is plotted as the percentage correction relative to the
response at 450 counts above pedestal; hence, for 200 counts, the energy should be mul-

tiplied by 1.02 to remove the nonlinearity.



Correction Relative to 450 counts (%)

10

-85~

O

O
| Yo %]

200 400 600 800

Counts above Pedestal

1000



- 86 -

variations, although the average shift was only 0.1%.

Our calibration then had to take into account slow drifts in gain, shifts with the
presence of beam, and nonlinearity. We have used several techniques which compliment

and check each other to calibrate the response over as wide a dynamic range as possible.

Before proceeding we must describe the calculation of the pedestals. The automatic
pedestals subtracted by the ADC system were based on pedestals measured at the begin-
ning of a two or three hour run of the experiment, and updated only occasionally within
that time. As mentioned at the end of the preceding section, we measured the pedestals
before and after each spill (we determined separately that there was no significant
change in the pedestal during the spill and in the presence of beam). Fifty spills, or 100
of these pedestals, were averaged together and used to adjust the automatically sub-
tracted pedestals in the offline analysis. Each of these 50-spill averages (about 10
minutes of data-taking) also had a standard deviation; a typical distribution of these
standard deviations from one three-hour data tape appears in Figure 17. Eight runs
with rapid pedestal changes were recalculated with 1-spill averages instead of 50-spill

averages.

The simplest method of calibration used Cerenkov light from muons, which do not
shower. They deposit approximately 40 counts, or the equivalent of a 2/3 Gev elec-
tromagnetic shower. To calibrate to muons we inserted a beamstop (about four meters
of steel) around 100 meters from the target and used the muon bank to trigger. We
then measured the response with the ADC’s. A typical (pedestal-subtracted) ADC dis-

tribution for muons is shown in Figure 18; the peak is at about 40 channels. We took
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the mean of the distribution between 20 and 100 counts to obtain the gain. The gain
shift with the beam severely limited this method; however, we could use the ‘muon gain’
as a starting point for more sophisticated calibrations, and as a ‘fall-back’ if these
methods lacked statistical power in an individual block. The muon gains were used

extensively during the run to analyze the data offline.

If the time-dependence of the gains and gain shifts with the beam were the only
problems, we could have corrected for them using our monitoring system. The non-
linearity mentioned at the beginning of this section dwarfed these problems. Our cali-
bration method used the data themselves; hence we did not worry about beam-
on/beam-off shifts. The .1% average change during the spill did not significantly contri-
bute to the resolution and we ignored it. The remainder of this section will examine our

two methods of calibration and how they attacked the problem of nonlinearity.

Before proceeding let us quote the’size of the nonlinearity and explain why it is a
problem. Our neutral mode data was divided into two sets, as we shall describe in
Chapter V. Figure 19 shows the average nonlinearity measured over all channels for the
more nonlinear of the two sets. At energies from 10-20 GeV, the average nonlinearity

takes the form

Emeal = Etruc X (1—'004‘Etrue) (4'5)

so a 20 GeV photon is mismeasured by 4% relative to a 10 GeV photon. The nonlinear-
ity is a problem because our reconstruction algorithms are sensitive to the energy meas-
urements. We now explain the essence of the reconstruction method to clarify the prob-

lem. Consider a 7° decaying into two photons z meters from the lead glass. Then using
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the small-angle approximation

o2 o2
m2, = 2, Ey(1-cosbyq) A% 2E,Ey(1 - (1 - -fz-)) = ElEz‘—; (4.6)

where E; and E, are the photon energies and rlzz is the distance between the photons at

the lead glass. The z-vertex is then given by

2

12
P = E\By— (4.7)

m

x°
It is clear that a shift in the energies biases the z-vertex measurement. Our reconstruc-
tion method, developed in Chapter VII, uses equation (4.7). Hence a 1% mistake in the
energies becomes a 1% mistake in zvertex , or about 0.7 meters (the upstream end of
the decay region is 74 meters from the glass). But 70 cm. is 5.5% of the 13 meter decay
region! A software cut in z-vertex therefore induces a 5.5% error in the rate of accepted
K for only a 1% error in the energy scale. The error does not necessarily cancel from

K; to Kg because the upstream end of the regenerated beam is defined in hardware

through the RA. We must therefore understand this nonlinearity and correct for it.

The first method of calibration uses the electron-positron pair from the converted
photon. The energy in the glass (F) is compared to the momentum measured in the
chambers (p) and the ratio E/p is formed. This method has several advantages. First,
there are approximately 20000 pairs for each data tape; we found we could recalibrate
the experiment every 14 hours of running. Second, the track momenta are accurately

measured. Finally, the data and the calibration are taken simultaneously.

This disadvantage of this method arises from the effect of bremsstrahlung. As soon

as the pair is created in the lead converter it begins to lose energy. The photons then
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travel along the electron’s trajectory and strike the glass near the point that the uncon-
verted photon would have struck. The tracks are bent away from this point by the
magnet in the 2-direction; multiple scattering further changes their impact point. If the
tracks are well-separated from the bremsstrahlung and from each other, nieasuring E/lp
provides an accurate calibration; if the tracks are too close, the showers overlap both
with the random bremsstrahlung and each other and the calibration is imprecise. These
effects become significant for 10 GeV electrons; the usable momentum spectrum does not
extend past 15 GeV/c. Since many of the photons from K—27° decay were 20 GeV or

more, this is a significant limitation.

One of the difficulties of lead glass calibration is that one must sum over many

blocks to obtain the shower energy. We avoided the problem by using only the central-

block of the shower and then requiring that a constant fraction of the shower energy be
deposited in the central block. This was accomplished by demanding the track extrapo-
late to within the central quarter of the stfuck block. Figure 20 shows the fraction of
deposited energy in a block as a function of the impact point of the shower; we corrected
for the variation in the containment over the central quarter of the block .

The number of counts in the ADC for that block was then divided by the track
momentum. A table of the mean of this ratio for each channel as a function of the
number of channels was then formed. The table was reformed approximately every
seven runs, or 14 hours of data-taking.

The E/p distribution of electrons in our K—m°7® sample after the calibration is

shown in Figure 21. The high end shape seen in the Figure is affected by the extra



Figure 20. The fraction of energy deposited in a block as a function of the impact

point of the electromagnetic shower.
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Figure 21. The energy in the glass divided by the the momentum in the chambers
for electrons from the K—n°r’ data sample. The low end tail arises largely from
misreconstructed tracks; the high end shape is affected by the presence of

bremsstrahlung showers fusing with the showers from the electrons.
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Figure 22. The FWHM | E of E[p vs. 1/VE for electrons. E (energy) measured
in the glass is divided by p (momentum) measured in the chambers and a plot similar to
Figure 21 is formed as a function of momentum; the FWHM is computed for each of

several momentum bins. The results are presented in the plot.
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energy from the bremsstrahlung while the low end tail is due to misreconstructed tracks.
Figure 22 is a plot of FWHM/VE vs. 1/VE in the range of electron calibration. A fit
yields 6% /VE + 2%, both typical of lead glass and in agreement with our naive expec-

tations.

Before examining the next method, we must discuss a correction to the data.
Recall that a five-count threshold determined which channels were read out by the ADC.
In practice, this leads to blocks with finite energies in good showers not being read out.
Figure 23 shows two showers, one at 20 GeV and one at 4 GeV. A typical number of
channels for a real shower is shown in each of the blocks. The 20 GeV shower only loses
0.8% of its energy while the 4 GeV shower loses 6% ! A shower shape measured from
the data was used to calculate the ‘missing block’ correction. We did not concern our-
selves with this correction in the electron calibration; there we had enough data to cut

on the central portion of the block, making this correction just an overall constant.

The final method calibrated the array to photons.*® Neutrons interacting in the
lead converter would occasionally make a #° and two tracks, which then triggered the
apparatus. These event have a known 2z-vertex, that of the converter. Equation (4.6)
then gives us the 7° mass. The distance between the photons is well-measured (the algo-
rithm is discussed in Chapter VII) and is only weakly dependent on the gains. We there-
fore measured the gains iteratively, adjusting the gains as a function of counts in the
ADC to minimize the width of the 7° mass peak. We only had 600 7° events per tape,
as opposed to 20000 electron-positron pairs. Therefore we could not cut on impact point

and had to apply the missing block correction to calculate the energies.
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The photons from 7° decay have a mean energy of 15 GeV and provide adequate
statistical power from 10 to 40 GeV, which compliments the range of electron energy
well. The 7% mass peak after the calibration is shown in Figure 24. Finally, in Figure
25 we plot the 7° mass as a function of 7° energy for the more nonlinear of the two neu-
tral mode data sets. The top half of the graph is based on an electron calibration
assuming linearity; the bottom half is the same plot using the m° calibration. The
improvement is dramatic. The two methods of calibration were then combined?? to

determine the final set of gains.
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Figure 23. Two showers, one at 20 GeV and one at 4 GeV. The boxes represent
blocks and the contained numbers represent counts above pedestal, as in Figure 12.
These two typical showers show how the readout threshold can cause a significant,

energy-dependent loss in the measured energy of a shower.
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