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Abstract

We present a branching fraction measurement of Cascade Beta Decay, =° — YL Te™ 7,
based on the E799-1I experiment data-taking in the Summer of 1997 at KTeV, Fer-
milab. We used the principal decay of =° — An® where A decays to a proton and a
7w~ as the flux normalization mode. This is the first observation of this interesting
decay mode which under d and s quark interchange, is the direct analogue of the
well measured Neutron Beta Decay, n — pe~ 7, . For 626 events with an expected
45 4 18 background events, we measured the branching fraction of Z¢ — Xte 7,
decay to be (2.6040.11(4zq:.) £ 0.16(4ys.)) X 107* in good agreement with predictions

based on SU(3) flavor symmetry models.



Chapter 1

Introduction

Though the neutral kaon system has been studied for many years, it remains a rich
hunting ground for possible new discoveries. The KTeV experiment at Fermilab [1]
was armed with an intense source of high-energy kaon decays together with a state-
of-the-art detector. It’s two main objectives were to measure the value of the C P-
violation parameter Re(€’/€) with a very high precision of order 1 x 107%, and to
study rare decays of K, and 7° particles. The neutral beam however, contained a
copious amount of neutral hyperons, A and =° which made KTeV a unique facility
to study the rare decay of these particles as well.

This thesis will focus on the hyperon physics at KTeV, especially the beta
decay of =°. In this chapter, we present an overview of some topics in neutral

kaon and hyperon physics which have been addressed by KTeV.

1.1 CP Violation in the Kaon System

Symmetries and invariance principles within physical systems have contributed a
great deal to our understanding of those systems at the most fundamental levels.

Indeed, some of the greatest insights have stemmed from experiments that have



discovered an unexpected invariance principle, or have discovered a violation where
a symmetry was expected. As an example for the former, the Michelson-Morely
null experiment led to the invariance of the speed of light as one of the principles
of Einstein’s special theory of relativity.

In the study of elementary particles and their interactions, searches for sym-
metries have had invaluable consequences. Of particular interest in quantum field
theory are three discrete symmetries; charge conjugation (C), parity (P) and time
reversal (T'). According to the C PT theorem [2, 3], particle interactions are invari-
ant under the combined operation of these three operators. This C PT symmetry
leads to some very basic predictions, such as the equality of the masses, lifetimes
and magnitude of electric charge of particles and anti-particles [4].

Perhaps the intuitive way of preserving C PT symmetry of particle interactions
would be to have interactions that were invariant under each of three individual
operators C', P and T, as they were believed to be valid symmetries of the nature.

However, in 1956 Lee and Yang [5] proposed that parity violation could explain
the 7 <0 puzzle, where two otherwise identical particles decayed into both a P
even 27 state and a P odd 37 state. Both 7 and 8 were later known to be the same
particle, K*. They suggested that the parity nonconservation could be established
by observation of an angular asymmetry in the 8 decay of polarized nuclei, or the
decay chain 7 — p + 7, and p — e+ ¥, + v,. This proof was furnished in
the following year in the famous ®°Co experiment of Wu et. al. [6], and shortly
thereafter, in the pion decay sequence by Garwin et. al. [7] and Friedman and

Telegdi [8]. The confirmation of parity violation led to the recognition of the V-A



nature of the weak interaction [9, 10].

A consequence of the C'PT theorem is that if one of the operations, C, P or
T is not conserved, then at least one of the other two is not conserved either [11].
Landau pointed out that the parity-violating weak interactions were invariant un-
der the combined operation of C' and P [12]. For example, CP transforms the
left-handed neutrinos to right-handed anti-neutrinos and these two states are phys-
ically observable. On the other hand, operation of C' or P alone transforms the
neutrino into one of the charge conjugate states, which has not been observed. In
1964, however, the notion of C P invariance and 7' invariance had to be abandoned
by the discovery of C' P violation in decays of long lived component of the neutral
kaon demonstrated by Christenson, Cronin, Fitch and Turley [13]. Since then,
C, P, and CP violation have been observed only in the weak interactions. The
strong and electromagnetic interactions are invariant under these operations in all
experiments to date.

It has been almost 35 years since the initial discovery of C P violation, yet we
don’t completely understand the true origin of of this phenomena. The origin of
C and P violation is less a mystery. They arise from the left-handed nature of the
interactions of the W boson. While the Standard Model might be able to explain
the phenomena of C'P violation by introducing a C'P violating phase, we would
still lack the knowledge of the origin of this phase. It is also possible to explain

C P violation from interactions beyond the Standard Model.



1.1.1 CP Eigenstates in the Neutral Kaon System

Let us look at some elements of phenomenology of the neutral kaon system and
summarize the experimental results. The strong interaction produces the K° and
K° mesons which are eigenstates of strangeness. K° are produced for example

through strangeness conserving interactions such as:
T +p— K°+ A

K° and K° are CP conjugates of one another. With an appropriate choice of

phase we can write:

CP|K®) = |K°)

CP|K% = |K°) (1.1)

From these however, one can construct the C'P eigenstates:

1 0 70 _
K1) = 7§(IK )+1K%)  CP=+1
) = —(|K%) ©|E)) P =i (1.2)

V2
If C P were conserved by the weak interaction then |K;) and |K,) would be the

weak eigenstates in which case they would have well defined masses and lifetimes

with the following C P-conserving decays:
|K1> — 7T07T0 CP:—|—]_

|K1> — 7T'+7T_ CP:—|—]_

|Ky) — 70707 CP=«<l (1.3)



in addition to other decays to non-eigenstates of C P. Because of the large phase
space for the 77 final state, the |K;) would have a much shorter lifetime than
the |K3). In fact K; and K, were known as the short lived and long lived kaons
respectively until the discovery of C'P violation in which the decay of the long

lived kaons into two-pion final states was observed.

1.1.2 Indirect CP Violation

One method to explain C'P violation is to suppose the short lived and long lived
kaons are mixtures of K; and K, [14]. The tiny C'P violation is then a result
of the opposite eigenstate admixture in a nearly C'P eigenstate. The mixing can
occur through virtual AS = 2 as shown in Fig. 1.1.

Let us examine the mixing of eigenstates in more detail. For clarity, we assume
CPT is conserved in what follows. We begin this kaon phenomenology with an
effective second order Hamiltonian H.ss [15, 16, 17] on a two-state system with
time dependent amplitudes ¥ and ¥ for K° and K states, respectively. The H,;s
has to contain terms second order in the weak Hamiltonian in order to incorporate

A S = 2 that mixes K° and K° and should satisfy the Schrédinger equation

d (¥ N
’LE B = Heff B . (14)
v v
H,ss is a 2 x 2 matrix connecting K° and KOstates, which can be written as

the combination of two separately Hermitian matrices, M and , :

Heff = M<:)>’L7§ (15)
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Figure 1.1: K° < K° AS = 2 Box diagram in the Standard model.



where M and , are the 2 x 2 mass and decay matrices in the K° and K° basis.

One finds the eigenstates are

K = ﬁ((l 1 9IK%) (1 ©6)|K)
Ks) = ————((1+9|K% + (1 5¢)|E?), (1.6)
2(1 4 €2)

and in terms of K; and K :

Ki) = (1K) + )

|Ks) = \/H—EZ(IK1>+EIK2>) (1.7)

where the mixing parameter, €, is given by

o _ (K| Heps| K®) < (K°|Hops| K°) (18)
2(mp <ms) +i(, s <, 1)

g

with mr s (K s mass) and , s (KL s decay rate) the eigenvalues of M and
, respectively. As we can see the non-zero C P-violating parameter arises from
nonequal off-diagonal elements of the Hamiltonian, meaning an asymmetry in the
rate of particle-antiparticle transitions.

€ is measured to be a very small parameter with amplitude:
le| = (2.25 £ 0.08) x 1072 (1.9)

So the interpretation of Eqs. 1.7 is that K1(Kg) is mostly dominated by CP
odd (even) amplitude K,(K;) and the C'P violation is due to the K;(K>) con-
tamination. € determines the size of the C P-violation contamination. The K;
contamination in the K, decays into the two-pion final state.

This CP violation due to the asymmetric K° < K° mixing is called “indirect

CP violation”.



1.1.3 Direct CP Violation

There is another possible channel for C P violation called the “direct CP violation”.
In this case the C'P-odd state K3 can decay directly to the C P-even final state of
two pions. This AS = 1 transition predicted by the Standard Model is shown in
Fig. 1.2 for the decay Ki, — 7%7°. Diagram (b) shows the strong penguin diagram
contribution to this decay. The electroweak counterpart in which the gluon is
replaced by a photon or a Z boson, also contributes. The diagrams for the decay

_|_

K; — w77~ are similar.

Yo

A ol

Yo

d

(b)

Figure 1.2: (a) Tree level diagram contribution to K; — #°7° (b) Penguin

diagram contribution to Ky — 7%7°.



The strength of this transition is conventionally expressed by means of the

parameter € defined by the expression
1

eb2=0) (22 (1.10)

where §; are the 77 phase shifts at the K° mass for a state with isospin 7 and the

A; are defined in terms of the K° decay amplitude by

(I = j|Hes| K°) = Aje™™ (1.11)
and similarly for the K°

(I =j|Hess|KO) = Ase®s. (1.12)

If we define 7 as the ratio of the decay amplitude K7, — 77 to that of Kg — 7,

— (mtm” | Heps| K1)
" (mtm~|Heps|Ks)
7m0\ H, ;| K
— <0 0| 71 KL) (1.13)
(r7°| Heys| K's)
then from equations 1.11 to 1.10, one finds
Ny- = €+¢€
Moo = €26, (1.14)

The value of Re(€'/€) can be found by measuring the double ratio of the four

K s — 27 decay rates:

 (Kp = 7)), (Ks - wtn) e

, (K — 77°)/, (Ks — 7°7°)  |nool?
e+¢€ , €, €
— ~|14+3-12~1+6Re(— 1.15
| —gal’ L3P~ 14 6Re() (1.15)
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The most recent values of Re(€'/¢€) have been measured by two groups. NA31 [18]

at CERN reported

!

Re(S) = (23 £ 3.4(sar) £ 5.5(aya)] x 1074, (1.16)

€

a three-sigma deviation from zero. However E731 [19] at Fermilab reported

!

Re(S) = [74 % 5.2(stat) + 2.9(eysr] X 107 (1.17)

€
consistent with zero.
Improved versions of these experiments, KTeV /E832 at Fermilab and NA48 at

CERN, were designed to measure Re(€'/€) with an accuracy of order 107

1.2 Rare Decay of Neutral Kaons

Besides the m7 decays of the K; and Kg, some rare decays of K containing
C P-violating amplitudes could yield information regarding direct and/or indirect
C P violation. Of special interest are the three highly suppressed decays of K,
to n%ete™, 7°utp~ and 7% which have large “direct” C P-violating amplitudes.
The third one, K;, — 7%, is essentially purely direct C P-violating in the Stan-
dard Model. A detailed status report of this decay mode can be found in [20].

A list of decays of K and w° being studied by the KTeV collaboration is
presented in tables 1.1 to 1.3. The overview of the rare decays can be found in
the KTeV design report [1]. Some of the rare decays are highly suppressed and
beyond the experimental reach at present. Figure 1.3 presents the branching ratio

of the observed rare decays and the known limit as well as sensitivity of KTeV to

the unobserved rare decays of Ky,.



Table 1.1: Rare decays of K, at KTeV.

Decay Mode Interest
K; — mltey Background to K;, — n°ete™
K — ete vy Background to K;, — n°ete™
K; — ete"ete™ Form Factor
Ky — 7%y, 1° — eTe ™y Chiral Perturbation Theory
Ky — 7%, 7° — ete ™y Chiral Perturbation Theory
Ky — 7%y, 7% — ete™y Chiral Perturbation Theory

K;, — 7%%ete™

K — 27°% 7% — eTey
K; — ete”
K —efey
K; > ntr—ete”
K; > nrnteFet
K — K*eTu(p), K* - nfntnT
Ki — mintrTeTu(v) (Kos)
Ky — ptp”
Ky — ptpy
Kp —ete putpu~
Ky — ppptp

K; — mletu®

Chiral Perturbation Theory
Normalization
Unitarity
v*~ Form Factor
CP & T violation
Lepton number violation
Vua measurement (K, beta decay)
Chiral Perturbation Theory
p measurement in CKM matrix
Form Factor
Form Factor
Form Factor

Lepton number violation
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Table 1.2: Rare decay of K, with a direct CP violation component at KTeV.

Decay Mode

Interest

K; — 7w%te~
K — 7%tu
0

0

Kp — 7%, m° - ete ™y

Kp — 7%, 7% — 4y

CP violation (€'/e =~ 1

(

CP violation (€'/e =~ 1
(
(

)
)
CP violation (€'/e > 1)
)

CP violation (€'/e > 1

Table 1.3: Rare decays of 7° at KTeV.

Decay Mode Interest
Kp — 37°% 7% — eTe Unitarity
Kp — 37% 7% — eTe vy Form Factor of 7°

K; — 37°,

Kp — 37°% 7% — eteyy

0

Kr — 37°%, 7% — et yu¥

70 5 ete"ete”

Parity of 7°

Radiative Corr. for 7% — eTe vy

Lepton number violation

12
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Figure 1.3: Sensitivity of KTeV to the rare decay of Kaons.
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1.3 Neutral Hyperon Physics at KTeV

KTeV experiment was mainly designed to study the Kaon system. The detector
was far (about 94 m) from the production target to ensure mostly Kz, in the neutral
beam would reach the detector. However, a copious amount of neutrons, and
some very high momentum hyperons ! entered the detector along with K’s. The
Lambda and the Cascade were the only two hyperons with lifetimes long enough
to be observable at KTeV. Table 1.4 presents a list of some hyperon topics which
have been studied at KTeV. The last column in the table shows the main physics
interest of the decay, like Branching Ratio (BR) measurement, form factors, and
etc. In this section we briefly describe the motivations for studying these decays
and some recent results [22]. The semi-leptonic decays of hyperons which is the
main focus of this thesis will be overviewed in more detail. The two-body non-
leptonic decays which are the dominant decay modes of hyperons will be discussed

as well.

1.3.1 Hyperon Semi-Leptonic Decays

Though the weak interaction is assumed to be well understood, the decay proper-
ties of strange quarks inside hadrons are not, because the strong force has not yet
been accommodated in the standard model of electroweak interactions. One way
of studying strange quark decay is through the hyperon decays. In this section,
we overview our knowledge of Hyperon Semi-leptonic Decays (HSD). These decays

known also as beta decays are represented by A — Bly;, where [ can be either an

!Hyperons are baryons which contain at least one strange quark.
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Table 1.4: Neutral hyperon program at KTeV. Ngyen: i1s the number of events

observed in the previous experiments and Nir.y is the number of candidates at

KTeV: 7 means the decay hasn’t been studied yet.
Decay mode Nevent | NeTev Physics Interest
=0 Yte v, 0 1100 BR, Form Factors
20 - Stetu, 0 66 BR, Form Factors
20— Ytuto, 0 5 BR
=0 —» A7° A — pe ¥, | Many | 6000 Form Factors
20— A7° A - ppTo, 28 ? BR, Form Factors
=0 — N0 85 7000 BR, Asymmetries
=0 — Ay 116 1000 BR, Asymmetries
=0 — An%% 0 ? BR
A® — pry 72 7000 BR
»0 — Aete” 314 10 BR, X° Parity
20 — Avy 0 ? BR
=0 — A7% and Z° - A7° | Many | Many | Precise mass, Polarization
20 pr, B0 — prt 0 0 AS =2 (SM test)
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electron or a muon, are similar to the familiar and well understood nuclear beta
decay, n — pe~ v, . Figure 1.4 shows the Feynman diagram for the decay of our

interest =0 — Y *e~ 7, . The muon channel of this decay is also possible and being

studied at KTeV [23, 24].

VeV
eu
W
S 3> > u
> a v
S > S

Y

Figure 1.4: Feynman diagram for Cascade Beta Decay, =° — XTe 7, .

The fact that hyperons carry % spin, contain one or more strange quarks and
the mass difference between the parent and daughter baryons are large, makes
their semi-leptonic decays rich sources of information on the role of strong force in
the decay processes. HSD can be conveniently described by the older V-A theory
which includes more than electroweak theory. For =° — Y *e~#, the transition

amplitude in the V-A theory can be written most generally: 2

G 0\ a
M = 7g<z+ | Jo | Z0%r (1 + 5 ) (1.18)

2The presented formalism can easily be extended to other HSD, A — Bly;.
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where G is the universal weak coupling constant. In Eq. 1.18 the leptonic current
is left-handed and the hadronic current can be expressed in terms of vector and

axial vector components as follows:
(B ] Jo | 2% = Vou(BT) (Vi + A )u(Z) (1.19)

where V,,; 2 is the Cabibbo-Kobayashi-Maskawa matrix element [21] for strangeness
changing AS=1 decays. u(=°) and u(X") are the Dirac spinors of the initial and

final baryons. The vector and axial vector currents can be written as:

fé(qz) fﬁ(qz)

= 2 Y 1.2
Vo fi(@ Ve + Moo Oupq” + Mar Ga (1.20)
2 2
¢* = (pe+p,)" = (p=o ©pyt)* (1.22)

There are 3 vector from factors f; (vector), fo (weak magnetism) and f3 (in-
duced scalar); plus 3 axial-vector from factors g; (axial-vector), g, (weak electric-
ity) and g3 (induced pseudo-scalar) which are functions of the baryons momentum
transfer squared, q2. Time reversal invariance implies that all of them are real.
Determination of these form factor will shed light on the internal strong force that
keeps the quarks together as well as its interplay with the electroweak force which
is responsible for the decay of the hyperons. f3 and g3 are suppressed by the mass

of the lepton and can be ignored in the case of decays to an electron.

3Vus = sin(f¢) to a very good approximation. For AS=0 decays, Vi,q = cos(fc). ¢ is called

the Cabibbo mixing angle.
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Integrated Observables

Because of the low statistics of HSD, one has to lump events together to produce
certain integrated observables; namely, the total decay rate (or alternatively the
branching ratio), lepton-neutrino angular correlation, the asymmetry coeflicients
in the decay of a polarized initial baryon, and the polarization of the decay baryon
in its own rest frame for an unpolarized initial baryon. These experimentally
measurable quantities have the advantage that their definitions do not assume
any particular theoretical approach. We follow the calculations of Garcia and
Kielanowski [25] to summarize some of these variables. In the following relations
AM is the mass difference between the initial and final baryons and é is defined
as (AM/Mzo). For the decay =° — Lte v, AM = 125.5 £ 0.6 MeV/c and
6 = 0.0954 + 0.0005. For convenience, we keep terms only through the first order
of é. Detailed calculations of these variables can also be found in reference [26].
The total decay rate can be extracted from the branching ratio measurement

of the decay. It is a function of the form factors:

2 5 3 9
Rate = =800 ((1<:>§5)f12—|—(3<:>§5)gf<:>45g1g2) (1.23)

The polarization of the X T is observed via its two body decay ¥t — pr° (see
Sec. 1.3.2 for definitions) which has a large asymmetry ayx = <0.98. The distri-
bution of the cosine of the angle between the proton and the e~ in the T frame
1s

d 1 .
= E(l + Seazp - €), (1.24)
P

1

where S, is the YT polarization in the electron direction averaged over phase space



19

and

2 5 10 7 1
GO (2 309l + (2630 hn <301

2 2 2 10
®§5f1f2 + §5f291 ©§5f192 @?59192)- (1.25)

Rate x S, =

Similarly, the X *polarization in the neutrino direction averaged over phase
space 1s

2 5 10 7 1
Rate x 8, = S£820) (562} + 2 e56)h + 366

2 2 2 10
‘|'§5f1f2 + §5f291 ©§5f192 + ?59192)- (1-26)

We can also measure the e < v correlation, defined as

N(cos(é,v) > 0) < N(cos(é,v) < 0)

% = N cos(6,5) > 0) + N(cos(,9) < 0) (1.27)
In terms of the form factors we have:
Rate x o, = ZE&MY (1 @25) e+ ga)gf
+469192). (1.28)

From these equations we can see the dominant effects come from the ’direct’
vector and axial-vector form factors f; and ¢;. f, and g, give rise to smaller

contributions proportional to é.

Cabibbo Hypothesis

The Cabibbo theory (CT) [27] is based on the V-A theory, assuming perfect SU(3)

symmetry. It also postulates that only first-class hadronic operators * participate

4First and second class currents are defined based on their transformation properties under

G-parity.
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in weak interactions, V,, and A, are octet SU(3) operators where V,, is also related
to the electromagnetic current through conserved vector current (CVC) hypothesis,
and the universality of weak interactions is determined by an angle 6¢.

With these postulates, CT relates the form factors of different HSD to one
another by SU(3) flavor symmetry. In this limit g, vanishes (no second-class
current) and the remaining three form factors for e-mode processes at ¢*> = 0 are

of the form

f1(0) = CrFy + CpDy
f2(0) = CrF>+ CpD,

91(0) = CrF + CpD (1.29)

where F's and D's are the reduced form factors and Cr and Cp are products of
SU(3) Clebsch-Gordon coefficients. Since the weak vector current and the electro-
magnetic current are assumed to be members of the same SU(3) octet, the vector
form factors are related to electric charges and the anomalous magnetic moments

of the nucleons. This results in

A(0) = 1 (1.30)

Mo

£(0) = m(,up@,un):2.60 (1.31)

for =% — Xte .. pp and u, are anomalous magnetic moment of the proton and
the neutron, respectively [28].

No similar connection can be made for g;. Therefore, the value of F and D are
undetermined. The three free parameters of F', D and 6¢ in CT are to be fixed

within HSD. For Cascade beta decay g = F + D, which is similar dependence as
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the well studied neutron beta decay. Thus, in the flavor symmetric quark model,
differences between these two decays arise only from the differing particle masses
and CKM matrix elements (V,; rather than V,4).

From the neutron beta decay the ratio g;/f; = 1.2670 £ 0.0035 and from K%,
decays, the best measured value of V,;, is |V,s| = 0.2196 + 0.0023 [28]. Based on
the SU(3) flavor symmetry assumption, a branching ratio of (2.61 4+ 0.11) x 10~*
can be predicted for Cascade beta decay [29]. With an order of 1000 =° — Xte 7,

events, g1/ f1 can be measured to about 0.2.

SU(3) symmetry breaking in HSD

The postulate of SU(3) flavor symmetry in CT is the weakest of all the postu-
lates. Since we know SU(3) is not an exact symmetry in the real world, one must
eventually find discrepancies between CT and experiment. An application of the
Ademollo-Gatto theorem [30] protects f; and Vj, to first order in the SU(3) sym-
metry breaking. However, the second order corrections may be needed to check
the consistency between the value of V,, measured from K2 decays and HSD. The
symmetry breaking effects for g; are of the first order. Recently, several models
have been proposed to predict the SU(3) symmetry breaking corrections to the
form factors (see for example [31, 32, 33, 34]) in HSD and =° — X *e~7.decay in
particular. They calculate a 20 <30% correction to the form factors. An inde-
pendent and precise measurement of f; and g¢; can either verify or rule out these
models.

Perhaps g, would be the most interesting form factor to measure, provided high
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statistics experiments can be performed. Given SU(3) is broken, g, is also subject
to an expected 20 <30% correction, predicting a nonzero value. The possibility
of having a larger g,, implies the existence of second-class currents which is not
accommodated in the Standard Model. Several models exist that try to predict the
value of g;. This value is very sensitive to the models. In the case of Z° — Y Te 7,
decay, for instance, the non-zero prediction of g, ranges from ~ 0.05 to ~ 1.1.
Experimental data are certainly needed to guide the theory [35]. The beta decay
of A would be a more desirable decay for g, measurements since they can be
produced with a fairly large statistics, and the mass difference between the initial

and final baryons is large (6§ ~ 0.2).

1.3.2 Hyperon Non-Leptonic Decays

The dominant decay of hyperons is for a strange quark (s) in the parent hyperon
to be converted into an up (u) or a down (d) quark as the hyperon itself decays
into a meson and a baryon. The dominant decay modes for spin—% hyperons,
except for X° which decays electromagnetically, all have a 7 meson in the final
state, and therefore the decays are usually represented by B — B'm, where B and
B’ are initial and final state baryons. The basic Feynman diagrams for the two
non-leptonic decays, =° — A7° and A — pm~ observable at KTeV are shown in
Appendix C.

Because of the complications of the strong interaction, one needs an effective
weak Hamiltonian to describe these decays. When a spin—% hyperon decays non-

leptonically, the daughter baryon is also a spin—% particle while the daughter meson
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has spin zero. Conservation of angular momentum implies this Hamiltonian is re-
stricted to having only [ = 0 (s-wave) and [ = 1 (p-wave) components. The most
general decay amplitude that satisfies Lorentz invariance, must be a sum of scalar

and pseudo-scalar quantities and can be written [36]
M ="' (A + Bys)u (1.32)

where A and B are the s-wave and p-wave amplitudes respectively. Since the final
state pion is a pseudo-scalar and has negative parity, the u’'Bysu term which is
also a pseudo-scalar is called the parity conserving amplitude. The term @' Au is
a scalar and has a positive parity and is called the parity violating amplitude.

We now define s = A and p = (E'&M')/(E'+ M')B for the s-wave and p-wave
parts. s and p have the advantage that they appear in an analogous manner in
the decay rate and asymmetry formulae [37]. E’ and M’ being the energy and
mass of the daughter baryon in the rest frame of the parent particle. Using these
definitions and Eq. 1.32 the decay rate becomes [38]

(E'+ M')

_|q| 2 2
=g B

e (1.33)

where M is the parent hyperon mass and | ¢ | is the momentum transfer of the
decay.

Other quantities of interest are the so called decay asymmetry parameters
which describe the angular distribution of the daughter baryon and its polarization.

The decay parameters can be written in terms of s and p amplitudes

2Re(s*p)

a:—|s|2—|—|p|2 (1.34)
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2Im(s*p)
P=TF+ 1P (1.35)
s P elp )
- (1.36)

with the normalization condition a? + 3% + 42 = 1. The angular distribution of

the daughter baryon in the rest frame of the parent hyperon can be written as:

1d, _ 1
, dQ 4w

(14 apPp - ps) (1.37)
where Pg is the polarization of the decaying baryon and pp: is a unit vector
along the momentum direction of the daughter baryon in the rest frame of the
parent hyperon. It is known that some hyperons are produced with a significant
polarization [39, 40, 41]. Equation 1.37 can be used to measure the polarization
of A, A, Z°, EO, if a 1s known.

The polarization of the daughter baryon in its own rest frame is

- (a+ Py pp)ps + B(Ps x b)) +vlbs x (Pp % pp1)]
P - PB (1.38)
1 + aPp - pp

which simplifies to

P;I = af)B:, (139)

if the parent hyperon is unpolarized. Note that a polarization vector is only simply
well defined in the rest frame of the polarized particle, and so the polarization
terms in the left hand side of the above equations are measured in the daughter
particle rest frame, while those on the right hand side are measured in the decaying
particle.

Experimental measurements of § and v are difficult, requiring measurement of

both parent and daughter polarization. However, the measurement of o can be
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made simple, in the case when the daughter baryon itself decays. As an exam-
ple let’s consider the decay of =% — An® with the subsequent decay of A — p7—.

0

For the sake of simplicity, we assume =" is unpolarized. From Eq. 1.39, the A

polarization is known to be

Py = azp,. (1.40)

The A decays in turn to a proton and 7, with the proton distribution given by

Eq. 1.37

1d, 1 S
L Lt b (1.41)

This equation is independent of ¢ angle and can be integrated over this angle.

Therefore, using 1.40, Eq. 1.41 can be rewritten as

1 d 1 .
Sl B <y P
, d(cosf) 2( +arazpp - Py)

= %(1 + aAaEPAcos(H)) (1.42)

where P, is the unit vector in the direction of A polarization in the A rest frame.
The decay parameter product ajpasz is extracted by measuring the slope of the

decay angle 6 distribution.

1.3.3 Weak Radiative Hyperon Decays

Despite their seeming simplicity, weak radiative hyperon decays (WRHD) are the-
oretically unexplained, and limited experimental data are available [42]. Experi-
mentally, there are only two quantities relevant to the measurement of these decays:

their branching fraction and the asymmetry of the photon emission with respect
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to the initial spin direction. Despite this, there is only one accurate measurement
of a WRHD asymmetry - the decay ¥ — py, where the asymmetry is unexpect-
edly large and negative. [43] Theoretically, these decays are difficult because of the
involvement of weak, electromagnetic and strong forces. One recent attempt has
indicated that experimental measurements of the two Z° WRHD (Z° — X% and
=% — A«v) may resolve some of the questions surrounding this topic [44].

=° — Y°y was measured in 1989, with 85 events observed [45]. The mea-
surement of the branching ratio and asymmetry of the decay was three standard
deviations away from the closest theoretical prediction. We observed about 5000
events on top of a background of 1400 at KTeV which hopefully will lead to a
more precise branching ratio and asymmetry measurement [46]. Fig 1.5 shows
the invariant mass for our data.

A measurement of =°

— Ay decay rate was reported in 1990, with 115 signal
events [47]. The measurement of the branching ratio and asymmetry differed from
the expectation at the 1o level. We collected about 1100 of these events at KTeV

during the E799 winter run (Fig 1.6).

1.3.4 Three Body and other Radiative Hyperon Decays

Besides the weak radiative decays, KTeV did well on the other hyperon decays
where photons are emitted. A three body hyperon decay is basically an inner
bremsstrahlung of the corresponding two body decay mode [48]. We study both
Lambda and Cascade three body radiative decays at KTeV. Fig 1.7 shows the

mass peak for A — pr~v for the one day of E799 winter data. Based on the
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Figure 1.5: The radiative decay of =° — X%y for the E799-II summer run.
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yield, we estimate about 5000 of these events observable at KTeV. The previous
measurement saw 72 events [49].

=% — A7n%y decay contrasts with the previous one in that both the final state
particles are neutral and thus the inner bremsstrahlung process is presumably not
applicable. This means that the branching rate is dominated by direct emission
processes. No previous observation or limit has been placed on this decay ® and
little theoretical work has been performed on it [50].

Finally, KTeV was even sensitive to decays of the 3° neutral hyperon. None
survived from production at the primary target, since they decay at that point and
the final state products would not pass all of the filtering, sweeping and collimation
of our beamline. However, because we saw more than 5000 events of the type
=° — ¥°y, we could use this decay chain to tag rare decays of the »° with a BR
down to the 1072 level. One interesting decay to look for is ¥.° — Aete™. There is
no BR measurement of this decay mode, although an experimental observation of
314 events was made in 1965 [51]. This decay is interesting in that it can be used
to measure the relative parity between the »° and the A. Alff et al., measured
this relative parity to be even. However, they were not able to measure the BR
of the decay. KTeV can use the decay ¥.° — Ay followed by dalitz decay of n°

to ete™y as the flux normalization mode for the BR measurement. There is one

QED prediction from 1958 of the branching ratio to be 0.00545 [52].

5This decay is not listed in PDG [28]
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Chapter 2

The Beam and Detector

This chapter will describe the beamline and the detector used in this measurement
as part of Fermilab E799-11 experiment. Both E799-1T which was designed to study
rare decays of kaons and hyperons and E832 whose goal was to measure the direct
CP violating parameter € are referred to as “ the KTeV” experiment. They used
the same beamline and detector with slightly different setups.

The E799 data were collected in two periods, from January to March of 1997
(known as the “winter run”) and from August to September of 1997 (known as

the “summer run”).

2.1 The Beamline

The Fermilab Tevatron supplied 800 GeV protons during a ~ 23 second period
“spill”, approximately once every minute. Within each spill, there was a 53 MHz
“bucket” structure due to the accelerator radio frequency (RF) of the Tevatron.
This RF signal was used in our experiment so that the trigger could be synchronous
with this substructure in the spills. The buckets were separated by 19 nsec, and

the protons arrived in a 2 nsec period at the beginning of each bucket. The target
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typically received 4.5<55.0 x 10'2 protons per spill for the winter run, and 3.5 x 102
for the summer run.

The primary beam of protons then were tuned to be incident on a beryllium
oxide target which was 30.5 cm long (~ 0.9 nuclear interaction lengths) with a cross
section of 3.0 mm x 3.0 mm. The targeting angle was chosen to be 4.8 mrad in the
vertical plane so that we could eliminate most of neutrons from the beam and still
maintain a high neutral kaon flux to reach the decay volume of the experiment.
The horizontal targeting angle was set to be very small (less than 0.02 mrad).
It was essential that the beam impinge accurately on the target and be stable.

Table 2.1 summarizes the specification of the KTeV primary beam. [53]

Table 2.1: KTeV primary beam specification

Proton beam energy 800 GeV
Proton intensity 5.0 x 102
Length of run 1 year
Targeting angle -4.8 mr (vertical), <0.02mr (horizontal)
Targeting angle variability -4.0 mr to -5.6 mr
Beam size at the target < 250um (horizontal and vertical)
Beam spot stability < +50pum (horizontal and vertical)
Beam position stability < 4+100pm (horizontal and vertical)
Beam angle stability < +25um (horizontal and vertical)

Secondary particles leaving the target were formed into two nearly parallel
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neutral beams by a series of collimators, absorbers, and sweeping magnets located

downstream of the target as shown in Fig. 2.1.

0 100
| | | | | =
| | | | meters
0 10 20 30
KTeV Target Hall
Pb Absorber
NM2BPMH2 sweep2
NM2BPMV2 Msweepl  movesble (NM2PB) — (NM2S3)
\NMZSEED2 (NM2S2) Absorber (Be) /
NM2SEED \ Early Sweeper (NM2S1) \ (NM2ABS1) / Spin Rotator
get Mdtch Line L4 D|p0|e

o]

E‘L"'\. "'\."'\."'\."'\."'\."'\."'\."'\."'\."'\."'\.E _I)(:On RA
f T

o W o 'H.'H.'H.'H.Iql \/lagne y SR3e NM2SR
< LA LT F
() U "
NM2wC2 2 | Beamelev. 733/11 Common Absorber (Be) Q@
NMZWCS/ N

NM2ABS2 \
A ol // | . // |__ ( N)M 5 \ Sumps
Tungsten Collimator Primary Proton Dump Primary Collimator
(NM2CF) (NM2BD) (NM2TCOLL)
30 cm BeO Target
(NM2TGT)

o e

Figure 2.1: Schematic plan view of the collimation and sweeping system.

A lead absorber was placed at 18.5 m downstream of two sweeping magnets and
a copper beam dump to convert photons to electron-positron pairs which would
be removed by other two sweeping magnets. Two nearly parallel neutral beams
were then defined by the “primary collimator”, at z=19.8 m. There was two holes,
1.09 cm x 1.09 c¢m each, at the upstream end of the collimator where the centers
of the holes were separated by 3.19 cm.

We used two different sizes of beam. For the winter run, the solid angle of each

beam was collimated to 0.5 mrad x 0.5 mrad known as “small beam”. For the
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summer run, this angle was increased to 0.7 mrad x 0.7 mrad, known as “large
beam”.

There were two more collimators further downstream (not shown in the figure).
The “slab collimator” was used to eliminate particles with high transverse momen-
tum which could cross-over the beams. The “defining collimator” at z=85.0 m was
placed to trim and define the edges of the two beams.

The “spin rotator” dipole magnet (shown in the picture) was the only magnet
whose magnetic field pointed in the horizontal direction (defined as z axis). All
the four sweeping magnets had their magnetic field downwards in the vertical
direction. Knowing that =%and A hyperons are produced polarized, with their
polarization being perpendicular to the production plane, the sweeping magnets
could be tuned to rotate the polarization vector in the beam direction (defined as
z axis). The spin rotator could then be used to rotate this vector into the vertical
direction, allowing the measurement of the hyperon polarization (see Sec. 1.3.2).
The polarity of this magnet was flipped on a daily basis.

Finally, there was a “final sweeping magnet” at z=90 m just upstream of the
decay volume to sweep all the remaining charge particles in the beams. Short
lived particles in the neutral beam, like Kg (¢7 ~ 2.7 cm) and to a lesser extent A
(¢t ~ 7.9 cm) and =° (¢ ~ 8.7 cm), decayed before reaching the decay volume of
the experiment about 94 m downstream of the target, enhancing the percentage
of Ki, (er ~ 15.5 m). The ratio of the number of neutrons to the number of
K ’s was about 3 for E799 beam. Flux calculations show, the number of A’s and

=0
=

’s reaching the decay volume were approximately 2% and 0.2% of the number
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of Ky ’s, respectively. Due to their short life time, only high momentum A’s and
=%s survived at this point. Figure 2.2 shows the momentum spectrum of =° in
the decay volume of the experiment.

In order to reduce the interaction of the beam with materials, the decay volume
was in a vacuum with a pressure ~ 1.0x107® Torr. In fact, the vacuum tank started

at z=50 m. The end of the tank was sealed by a window with a diameter of 0.9 m

made of Kevlar and aluminized mylar, referred as the “vacuum window”.

2.2 The E799 Detector

The detector is shown in Figs. 2.3 and 2.4, and the z positions and the trans-
verse dimensions of the detector elements most relevant for hyperon analysis are
listed in Table 2.2.

We first define the coordinate system used. The origin of the coordinate system
was center of the production target, and the line from the production target to
the center of the Csl electromagnetic calorimeter is defined as the z axis. The
neutral beam travels in positive z directions. The y coordinate is defined to be
vertical, with upward direction to be positive, and the positive = direction is then
towards the left (or “west”) when viewed from upstream to require a right-handed
coordinate system.

The individual elements of the detector are described below.
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Table 2.2: Positions and Dimensions of the detector elements. The positions are

given at the front face of the detector with respect to the target.

Detector Element | Position(m) | Transverse Size(m)

Vacuum Window 158.89 -
DC1(z plane) 159.42 1.30 x 1.30
DC2(z plane) 165.56 1.64 x 1.44

Analyzing Magnet 170.01 inner: 2.9 x 2.0

DC3(z plane) 174.59 1.74 x 1.64
DC4(z plane) 180.49 1.90 x 1.90
TRD1 181.17 2.18 x 2.18
TRD8 183.36 2.18 x 2.18
V bank 183.90 1.90 x 1.90
V’ bank 183.95 1.90 x 1.90
Csl 186.01 1.90 x 1.90
HA 188.97 2.24 x 2.24
Mu2 194.83 3.93 x 2.99
Mu3X 196.59 3.93 x 2.99

Mu3dY 196.63 3.93 x 2.99
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2.3 The Spectrometer

The main measurement apparatus for charged particles was a charged spectrometer
which consisted of four drift chambers (DC’s), two on each side of an analyzing
magnet as shown if Figs. 2.3 and 2.4. Helium bags were placed between the drift
chambers to reduce the effects of multiplescattering on the measurement of particle
trajectories and momenta.

Each chamber contained four planes of sense wires, two each in the z and y
views referred to as X, X', Y, and Y’ planes. The sense wires were 25 um gold-
plated tungsten, while the field shaping wires were made of 100 pm gold-plated
aluminum. The field wires formed a hexagonal “cell” around each sense wire as
shown in Fig. 2.5.

The wires in a sense plane were separated by 12.7 mm. The two sense planes in

1 were staggered to resolve the two-fold

each view, offset by 6.35 mm or a cell size
ambiguity that results from ionization drifting towards the nearest wire, rather
than in a specific direction. The four chambers were of different sizes (Table 2.3),
with the largest downstream, to increase acceptance for high angle tracks.

The chambers were filled with a mixture of 49.75% Argon, 49.75% Ethane, and

0.5% isopropyl alcohol by volume. For the summer run we changed the mixture

to 49.5% Argon and 49.5% Ethane with 1.0% isopropyl alcohol for additional

LA cell size is sometimes defined as the distance between two adjacent sense wires in a plane
(or the diameter in the hexagonal cell) which is 12.7 mm. However, half of this distance which
is the distance between a field wire and a sense wire at the center of the hexagonal, corresponds

to the maximum drift distance for our chambers and therefore a more natural unit to refer to.
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Figure 2.5: The drift chamber sense and field wire geometry, viewed from the

above, along the vertical z-sensing wires.
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quenching. When charged particles passed through the gas, they produced a trail
of electron-ion pairs, electrons being drifted towards the sense wires, while the ions
drifted towards the field wires. With the typical applied voltage of -2450 to -2550V
to the field wires relative to the sense wires, the electron drift velocity was of the
order of 50 pm/nsec and was roughly constant over much of the active chamber
volume.

The signals from the drift chambers were then amplified and discriminated by
electronics located on cards mounted on the chambers’ frames [54] . The discrim-
inated signals with 40 nsec width were fanned out to the trigger system and a set
of LeCroy 3377 Time-to-Digital converters (TDC’s) with a resolution of 0.5 nsec.
A common stop was provided to the TDC’s by the Level 1 trigger signal.

By converting the drift time measured at the TDC’s to a drift distance, a
position measurement could be made from each chamber wire hit with an accu-
racy of about 100 gm. The details of the chambers’ calibration, alignment and
performance are discussed in Chapter 5.

The 2.9 X 2.0 m analyzing magnet applied a nominal p, (transverse momentum)
kick of 205 MeV to the charged particles corresponding to a vertical field of about
2 kG. The magnet, located at z = 170.00m, was placed between DC2 and DC3.
The magnetic field would simply bend the straight z-view tracks between the two
chambers and the momentum of charged particles could be measured from this
bending angle.

The drift chambers’ intrinsic resolution was measured to be

%P —0.016% x p + 0.38% (2.1)
P
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Table 2.3: Drift chamber sizes, measured in wires per sense plane.

DC number | View | Number of sense wires per plane
1 X 101
1 Y 101
2 X 128
2 Y 112
3 X 136
3 Y 128
4 X 140
4 Y 140

where p is the momentum of a charged particle in GeV/c. The first term comes
from multiple scattering in the spectrometer and the term second term from the

spatial resolution of the chambers.

2.4 The Transition Radiation Detectors

The main particle identification for the =° — Y *e~ 7, analysis came from the CsI
calorimeter for which the 7 /e discrimination was better than 500:1 for 90% elec-
tron acceptance. The E799 detector used a Transition Radiation Detector (TRD)
system to enhance 7 /e discrimination by adding a 276:1 rejection for 90% electron
acceptance. This extra factor was necessary to increase the sensitivity for some

0.+

kaon rare decays such as K;, — 7°eTe”. It was also necessary to identify and tag
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A — pe~ v, decays from the principal decay of =%, Z° — A7° whose decay topology
is almost exactly similar to the dominant decay of A — pr~ (Sec. 6.5) . We could
use the TRD’s to remove some background events of the decay Z° — Lte 7.
However, since the background was small and fairly well under control, and the
Monte Carlo simulation of TRD’s was not implemented completely at the time,
we decided not to use them for the BR measurement.

Eight TRD’s of 2.1 m x 2.1 m were placed between drift chambers and the
trigger hodoscopes. Figure 2.6 shows the schematic layout of the TRD design.
The details of construction and performance of the TRD’s can be found in the
final design report [55]. Presented here is only a brief description of the most
important features of this detector system [56].

Each TRD consisted of a radiator, an active MWPC volume, and two buffered
gas volumes. The radiator to produce 10 keV TR X-rays was a 15 cm thick
polypropylene fiber mat (density of 0.5 g/cm?). There were two beam holes in
the radiator with a size of 15.5 ¢cm x 15.5 cm each to reduce beam interactions.
The gas volumes and radiators were segmented by aluminized mylar, called the
entrance window. MWPC consisted of vertically mounted cathodes and anodes.
The cathode was a wire plane consisting of 85 pm diameter Be-Cu wires with
2.5 mm spacing. The entrance window was kept at a slightly higher voltage than
the cathode forming a 1.5 mm mini-drift gap. The anode to cathode gap was
6.5 mm, and the anode was a wire plane consisting of 25 pm diameter gold plated
tungsten wires with a 5 mm spacing. The planes were lined up so that each

anode wire sat directly behind a cathode wire. The anode wires were ganged into
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channels consisting of two wires each in the central 60 cm covering the two beam
holes with an effective pitch of 1 cm. In the outer region, 4 wires were summed into
a channel with an effective pitch of 2 cm. This gave a total of 112 channels/plane,

or 224 channels/chamber. Therefore, there were 1792 channels for the 8 chambers.
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Figure 2.6: The schematic layout of the TRD detector.

The gaseous detector needed at least 24 mm of Xenon gas for good X-ray de-
tection. The ionization energy loss could fake a TR signal and reduce the 7/e
separation ability. To achieve a high yield of TR and to minimize the ionizing

energy deposit, a gas mixture of 80% Xe and 20% CO, was chosen. Since a 0.1%
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change in concentration of main components could result in a 1% change in gain,
the composition of active volume gas was monitored by gas chromatography sys-
tem at 100 ppm levels. With the operating high voltage of -2400V, the gas mixture
gave a drift velocity of 5 cm/usec. The voltage was automatically regulated by
monitoring the gas pressure so that each chamber maintained the same gain. This
was necessary for two reasons. First, since a TRD is a detector that measures the
pulse height to look for X-rays above a minimum ionization signal, any variation
in gain would have caused changes in the 7 /e rejection and the performance for
particle identification would vary with temperature and pressure variations. Sec-
ondly, the TRD system also used the pulse height information on-line to generate
a level 2 trigger. Variation of the gain would cause changes in trigger condition
which would be unacceptable for physics analysis.

The buffer volume was filled with a safe gas of C,Fg that was X-ray transparent
and had the same order of density as Xenon so that it helped to support the
entrance window. This kept the inner aluminized window flat to within 100 pm.

The pulse from each channel was sent to the preamp mounted directly on the
chamber. The preamp amplified the current pulse to produce an output voltage
directly proportional to the input charge. It had a high gain of ~ 40. The output
of the preamp was differential to improve noise rejection, and was passed into a
postamp by a cable whose length was a part of time delay requirement of the
trigger system. The postamp first translated the differential input into a single-
ended signal. Next, the pulse was shaped so that the length of the pulse tail

was reduced. That would keep the ADC gate width as narrow as possible to
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minimize accidentals. The shaped pulse was finally sent to a low gain amplifier
stage. This additional stage of amplification allowed the signal channel to be tuned
for optimizing its gain.

After the second amplification, an output was sensed by Analog-to-Digital-
Convertors (ADC) (LeCroy 4300B FERA ADC) with a gate width of 300 nsec
through co-axal RG-58 cables. Another output after the pulse shaping was dis-
criminated also at the front end of TRD, and used to form a second level trigger

signal.

2.5 The Trigger Hodoscopes
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V bank V' bank
Figure 2.7: Schematic drawing of V' and V' bank front view.
The first level trigger used two planes of vertical scintillator hodoscopes, labeled

as V and V' bank counters, upstream of the CsI calorimeter. The hodoscopes could

count the number of charged particles reaching the calorimeter.
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Figure 2.7 shows the geometry of the hodoscopes. They had a dimension of
1.9 m x 1.9 m with two beam holes cut in the counters. Five different width
counters were used: 9.92 c¢m, 11.82 cm, 13.74 cm, 15.63 cm and 17.76 cm. Both
V and V' banks consisted of 1 ¢m thick scintillators viewed by PMT’s mounted

through light guides.

2.6 The Electromagnetic Calorimeter

The electromagnetic calorimeter consisted of 3100 blocks of pure CsI crystals.
Each crystal had a length of 50 cm (about 27 radiation lengths and 1.4 nuclear
interaction lengths). 2232 of the crystals in the inner region (1.2 m x 1.2 m), had a
cross section of 2.5 cm x 2.5 cm with two beam holes of size 15 cm x 15 ¢cm as shown
in Fig. 2.8. The beam holes allowed the neutral beam to pass through without
interacting. The other 868 crystals in the outer region had a cross section of 5 cm x
5 cm. The length of the crystals was chosen to achieve excellent energy resolution
and linearity. However, the difficulties in manufacturing such long crystals required
that about 80% of them were processed from two halves (25 cm long each) glued
with Epo-Tek 305 epoxy, which was chosen for its high UV transmission. The rest
were uniform single crystals.

In a totally active calorimeter, the parameters which affect the energy reso-
lution and linearity are scintillation light yield and scintillation uniformity. On
average, the actual light yield for the crystals were 20 photo-electrons per MeV
which resulted in a less than 0.4% of energy resolution for energies greater than

3 GeV. The individual crystals were wrapped by mylar with thickness of 13 pym
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Figure 2.8: Beam view of the KTeV Csl calorimeter array.
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to optically isolate each crystal and optimize the uniformity of the scintillation
response [57].

The scintillation spectrum could be approximately characterized by a “fast”
and a “slow” component. The fast spectrum peaked at a wavelength of 315 nm
with a time constant of ~20 nsec, while the slow component peaked at 420 nm
and had a time constant of ~ 1 usec. From 80% to 90% of the scintillation light
was emitted within 100 nsec.

The Csl array was housed in a light-tight blockhouse where the temperature
was controlled to £0.1°C. This would reduce the gain fluctuations due to the
temperature variations. Besides, the blockhouse environment was kept dry with a
humidity of 4% or lower to protect the crystals which were slightly hydroscopic.
The temperature and humidity of the blockhouse were monitored at several loca-
tions and displayed by the KTeV slow control system described in Sec. 4.2.

The scintillation light produced by electromagnetic showers in the Csl crystal
was detected by a photomultiplier tube (PMT) mounted on the back of each crys-
tal. The large crystals used six-stage-dynode 1/2 inch Hamamatsu R5330 PMT’s,
and the small crystals used five-stage-dynode 3/4 inch Hamamatsu R5364’s. Both
types of the PMT’s had a gain of 5000 with a typical high voltage of <1200V.

The signals from each crystal were then digitized by a Digital PMT base, or
DPMT [58] . The DPMT was an auto-ranging device, with eight binary ranges.
The input current, I, was split into eight binary ranges, i.e. into 1/2, 1/4, 1/8,
1/16, 1/32, 1/64, 1/128, and I/256. Then each of the eight split currents were

integrated, with a clock speed up to 53 MHz. Next, it was determined which of
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the eight binary ranges were inrange, and the integrated current from this range

was digitized with an 8-bit FADC. Thus the DPMT produced an 8 bit mantissa and

a 3 bit exponent, for 16 bits of dynamic range. The DPMT’s had a very low noise

level (less than 1MeV), and they had a wide dynamic range. The DPMT’s were

calibrated using a laser flasher system. After calibration, additional nonlinearity

due to the DPMT was well under 1%.
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The Csl calorimeter was used to measure the energy and position of electrons
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and photons. It was also used as a particle identification detector for e/n sepa-
ration. Figure 2.9 shows E/p for electron in K9, events, where E is the energy
measured by the Csl calorimeter and p represents the electron momentum mea-
sured by the spectrometer. Since the Csl crystals were 27 radiation lengths long,
electrons deposited almost all of their energy in the calorimeter and had a peak of
unity in the E/p distribution. Due to a finite resolution in momentum measure-
ments, the F/p was smeared with the resolution expressed in Eq. 2.1. Subtracting
the resolutions in p in quadratures, the intrinsic resolution of the calorimeter is
shown in Fig. 2.10 as a function of electron momentum. The energy dependence
had a form of

9.
9E _ 0.45% + 0%

E vVE

The 1/ E dependence resulted from photo-statistics in scintillation light. The

constant term of 0.45% accommodated other effects such as non-uniformity in
light collection efficiency, uncorrected light leakage, internal calibration error, fluc-
tuation of light yield due to temperature variation, electronic noise etc [59].

In summary, the Csl calorimeter was able to measure the position of the elec-
tromagnetic showers with a precision better than 1.0 mm. The energy resolution

was better than 1% for energies above 4 GeV, and the e/n rejection was about

500 : 1.

2.7 The Photon Veto System

We used various photon veto elements to insure that no photon or charged particle

could escape the fiducial volume of the detector. We describe the four types of
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photon veto counters used in E799 in this section [20].

Table 2.4: Positions and Dimensions of the photon veto elements. The positions

are given at the front face of the detector with respect to the target.

Veto Element | Position(m) | Transverse Size(m)

RC6 132.60 inner: 0.84 x 0.84, outer radius: 1.00
RC7 138.60 inner: 0.84 x 0.84, outer radius: 1.00
RC8 146.60 inner: 1.18 x 1.18, outer radius: 1.44
RC9 152.60 inner: 1.18 x 1.18, outer radius: 1.44
RC10 158.60 inner: 1.18 x 1.18, outer radius: 1.44
SA2 165.12 inner: 1.540 x 1.366, outer: 2.500 x 2.500
SA3 173.99 inner: 1.692 x 1.600, outer: 3.000 x 2.400
SA4 180.02 inner: 1.754 x 1.754, outer: 2.372 x 2.372
CIA 185.19 inner: 1.842 x 1.842, outer: 2.200 x 2.200
CA 185.91 inner: 0.150 x 0.150, outer: 0.180 x 0.180
BA 191.09 0.60 x 0.30

Table 2.4 lists the z positions and the transverse dimensions of the photon veto
elements. Each photon veto counter had a sandwich structure of radiators and
scintillators. The light yield in the scintillator was detected by PMT’s. Five “Ring
Counters” (RC6-RC10) were located inside the vacuum decay volume, upstream
of all other detectors. They had a round shape at outside, to fit the shape of

the cylindrical vacuum tank as shown in Fig. 2.11. They consisted of 24 layer
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scintillator tiles with a thickness of 2.5 mm followed by lead sheets. For the first
16 layers, the lead sheets were 0.5 radiation lengths (X,) each. For the rest of

8 layers, the lead was 1 X, thick each, resulting in a total amount of lead to be

16 Xo.

HEINENEN
% %
L -
I I

Figure 2.11: A typical RC viewed Figure 2.12: SA4 viewed from up-
from upstream, located inside the stream. SA’s and CIA had different
vacuum region. The RC’s dimen- dimensions as shown in Table 2.4.

sions are shown in Table 2.4.

There were three “Spectrometer Antis” (SA2-SA4) outside and just upstream
of drift chambers 2 to chamber 4. The Csl Anti (CIA) covered outside of the
Csl calorimeter. The rectangular shape of SA and CIA matched the outer shape
of the drift chambers and the CsI calorimeter as shown in Fig. 2.12. The gen-
eral configuration of the three SA’s and the CIA were the same. Their sandwich
structure consisted of 32 layers of lead sheets with a thickness of 0.5 Xg each, and

scintillators with a thickness of 2.5 mm, leading to 16 X, lead in total similar to
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the RC’s.

Collar Anti

5cm

Csl Calorimater sem

Figure 2.13: The Collar Anti located just upstream of the CsI calorimeter.

The “Collar Anti” (CA) was located in front of the calorimeter and just around
the beam holes like a picture frame (Fig. 2.13) to catch the events that wouldn’t
deposit energy in the Csl completely. It consisted of 3 layers of 1 cm thick scintil-
lator followed by a layer of 2.9 X, tungsten.

The “Back Anti” (BA) was placed downstream of the calorimeter and in the
beam region to detect the photons and charged particles going down the beam
holes. It was composed of a 60 layer lead-scintillator sandwich, and a total depth of
lead of 30 radiation lengths or one nuclear interaction length. BA was divided into
3 parts, 10 radiation lengths each, longitudinally to distinguish electromagnetic
and hadronic showers from their shower shapes. The first two sections were to

detect photons and the last to detect hadrons.
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2.8 The Hole Counters

A typical hyperon decay at KTeV produced a high momentum proton (or anti-
proton) which stayed in the beamline. In order to trigger on such events, a small
fast scintillator counter, known as a “Hole Counter” (HC) was placed in each
beamline in back of the CsI calorimeter in the hole of the Hadron Anti (Sec. 2.9)
steel filter [60]. Each counter was 6.296 x 6.296 in? (16 x 16 cm?), and 0.0625 inch
thick. The scintillator material was Bicron 404 plastic organic scintillator. Lucite
light pipes of 0.0625 in thickness made of 10 fingers of various widths, from 7/16
to 3/4 inch, were glued to the upper edge of the scintillator with Bicron 600 UV
optical glue. The lucite light pipes were bent at a right angle and then twisted by
heat treatment to map on the 0.75 inch diameter photo cathode of a Hammamatsu
R3082 photo tube. The HC’s were operated 50 V above the plateau point which
was done with a cosmic ray telescope trigger. The typical operating voltage used
at KTeV was 1250 V. The z location from the target of these counters were 189.6
meters, with a large error of .01 meters. Each counter was wrapped in two layers
of black mylar, 0.5 mil thick, that had an 0.008 pym reflective Aluminum coating

on the side facing the scintillator material.

2.9 The Hadron Anti and Muon Counters

A bank of scintillator hodoscopes, called “Hadron Anti” (HA), was located down-
stream of the Csl calorimeter immediately after a lead wall (at z=188.5 m) [61].
The HA was used to reduce the trigger rate by vetoing the events producing

charged pions or muons. In particular, for the hyperon trigger, HA reduced the
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trigger rate by a factor of about 3.5 by vetoing on the pions from the decay of
lambda, A — pr~. Figure 2.14 shows HA’s configuration and dimensions. The
HA was placed upstream of the BA as far as possible to minimize the rate due to
backsplash radiation from the BA and the neutral beam dump. Both the lead wall
and the HA had a single large (34 cm x 64 cm) beam hole to let the photons going
into beam holes be detected by the BA (sec. 2.7). Also, there was a 1 m thick
steel wall with a proportionally large hole placed downstream of the HA to shield
it from the backsplash. The lead wall was used to produce hadron showers and to
absorb leakage of electromagnetic showers from the calorimeter. The thickness of
that was chosen to be 15 cm (0.9 interaction lengths). The light yield produced
by the scintillation counter was detected by PMT’s. The first level trigger used an
analog sum from all the HA counters as an input.

The three Muon Counters (MU2, MU3Y and MU3X) were the most down-
stream detector elements in the experiment [62].

The MU2 hodoscope consisting of vertical scintillation counters was placed
downstream of the BA after the neutral beam dump and an additional 3 m thick
steel. Mostly muons were expected to survive such a large amount of material.
MU2 was designed to reduce the trigger rate by rejecting events decaying to muons.
It had to have a very large transverse dimension to be able to catch the muons
which were further scattered in the steel. The other two hodoscopes, MU3Y and
MU3X consisting of horizontal and vertical counters respectively, were placed far-
ther downstream followed by another layer of 1 m thick filtering steel. They were

used at trigger level.
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Figure 2.14: The HA hodoscope composed of 28 scintillation counters.
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Being the most downstream, the Muon Counters had the largest dimensions of
all the detectors. The number of scintillation counters as well as the dimensions
of each hodoscope is shown in Fig. 2.15. Individual counters had dimensions of
15 ¢cm x 150 cm. The two counters forming one paddle were overlapped by 1 cm
to reduce the inefficiency for the muon going through the gap between the two

counters.
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Chapter 3

Triggering and the Run

The trigger for E799 employed a three-level system. The first and second levels
used the logic constructed from only electronic hardware, while the last level,
carried out on-line event reconstruction computing to filter the events. There
were two types of three-level triggers. The “CALIBRATION Triggers” designed to
collect data for cosmic muons, pedestal measurements and the Csl laser calibration.
The “BEAM Triggers” designed for the physics trigger. Each of the 16 beam

triggers was optimized to collect one or more specific rare decays.

3.1 Level 1 Trigger

The first level trigger used prompt signals from the detector, like scintillator coun-
ters, calorimeter total energy sum and the logical OR of the drift chamber signals
to make a quick decision on cutting the rate from ~ 80 kHz to ~ 20 kHz. Hence,
it was very fast and available for each 19 nsec bucket (no dead time) in the spill
structure.

The 16 beam triggers used different combinations of 80 Level 1 logic sources.

These trigger sources were sent to a series of LeCroy 4508 Programmable Lookup
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Units (PLU) and LeCroy 4516 Programmable Logic (PL), which were programmed
and could be changed via CAMAC. At the same time, the RF signal provided by
the accelerator was passed into the PLU and PL to strobe the trigger sources.
We call the time strobed RF bucket as “in-time” bucket. A combination of PLU
and PL generated an output signal by looking at the firing pattern of the Level 1
trigger sources [63].

Finally, decays with high rate were prescaled before reaching the second level,

which means 1 out of the prescale factor would be selected at random.

3.1.1 Drift Chamber Stretcher/OR

The purpose of the Stretcher/OR (also known as DC FAST-OR) modules was to
monitor discriminated drift chamber signals and to prepare them for use in the
level one trigger. A level one trigger would then reject events which didn’t have
enough qualifying drift chamber hits for adequate tracking.

The Stretcher/OR module performed several tasks for this purpose. It moni-
tored the drift chamber output ECL signals on the twisted-flat ribbons with high
impedance amplifiers so as not to degrade those signals as they passed by the
Stretcher/OR inputs. It stretched the 40 nsec drift chamber pulse to 90 nsec,
about 10 nsec greater than half the nominal maximum drift time. Outputs from
the X © X' (Y &Y’) planes were added in groups to form effective hodoscope
“paddles” for use in the trigger logic at NIM levels [64, 65].

The front end of the Stretcher/OR circuit is shown in Fig. 3.1. A 10114 ECL

line receiver was used to pick off the signals on the twisted-flat ribbon from the
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drift chamber discriminators. Since the circuitry which follows the input was DC
coupled, a 10114 was used which was always in a definite logic state.

The Stretcher/OR circuit accepted two input ribbons of 16 twisted pairs each.
One ribbon handled signals from wires of the X-plane and the other handled
signals from the X'-plane immediately behind those handled by the corresponding
X ribbon. The OR circuits are combined to form two “paddle” outputs, A and B,

such as:

A=X1+X+ X+ Xu+ X5+ X+ Xo + X

+X0 + Xy + X5+ X4+ X5+ X+ Xh+ X, (3.1)
or in the case of Y sense wires:

A=YV1+Yo+Ya+ Y +Ys+Ys+Yr+ Vs

Y Y Y Y Y A Y Y Y, (3.2)
and

B =Xo+ X0+ Xu1 + Xz + Xuz + Xis + Xis5 + Xis

+Xo+ Xjo+ Xi, + Xy + Xi5 + X1y + Xi5 + X6, (3.3)
or in the case of Y sense wires:

B=Yy+Yio+ Y1 +Yio+Yis+Yis+ Y5+ Yie

+Yg 4+ Yo+ Yi1 + Y5 + Vi3 + Vi, + Yy + Ve (3.4)

Therefore each chamber could be represented as a collection of “paddles” eight

sense wires wide (10.16 cm paddle width). The first three pairs (DC1Y, DC1X
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and DC2Y) required 7 Stretcher/OR modules each (14 paddles wide), and the last
plane pair (DC2X) required 8 modules (16 paddles wide) since there were different
numbers of sense wires per chamber plane, as shown in table 2.3. The first level
trigger used the Stretcher/OR for the upstream magnet chambers only (DC1 and
D(C2). Figure 3.2 shows the symbolic representation of the Stretcher/OR logic.
The hatched central modules in X <X’ planes of DC1 and DC2 were used in the

hyperon trigger as described in section 3.4.

Hit Counting Discriminator

Each of the 14 (16) Stretcher/OR modules provided a 90 nsec NIM output pulse
when the corresponding paddle in a drift chamber plane was hit by a particle. All
the paddle outputs of a plane were then examined by a discriminator to search
for a combination of in-time hits. A custom designed module was built to do this
task. The circuit is shown in Fig. 3.3.

The transistor summed all of the switched currents and produced an output
voltage at its collector proportional to the number of switched inputs “on” at any
give time. The output of the summing transistor was then fed to a single LeCroy
MVL407 chip with 4 comparators. Each comparator was biased to switch at a
level between two sum values. Switches were set to give outputs for number of hits
greater than 0, 1, 2, and 3. Provision was made to give each multiplicity value up
to 2 NIM level fanouts. Total transit time of the signal was about 9 nsec.

Since overlap widths were always smaller than the 90 nsec output of the

Stretcher/OR modules, the probability of an accidental coincidence with a given
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RF bucket became smaller as the required hit multiplicity was increased. For ex-

ample, the requirement of 3 or more in-time hits (for a 4 track decay, say) was less

likely to be satisfied by out of time hits than the requirement of 1 or more hits.

The I-sum circuit was built on a board to mount in the crate with the Stretcher-

/OR modules. A small, low current supply was appended to this crate to provide

the positive voltage needed by the summing transistor. Since the Stretcher/OR

inputs were at the front of the rack and outputs were at the back, we put I-sum

inputs at the back and outputs at the front to minimize overall transit time. The

I-sum module resided in the middle of the cluster of Stretcher/OR modules that

fed it, further reducing transit times.
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3.1.2 Calorimeter Total Energy

A very rapid measurement of the total energy, E;, deposited in the Csl calorimeter
was used as a trigger source signal in the first level trigger.

The summing system consisted of sixty first level sum boards, each of which
generated a sum of between 19 and 57 input channels. These first level sums were
further summed, on the second level sum boards, to provide quadrant and full
analog sums [66)].

The input to this system was a dynode signal from the photomultiplier tubes,
which was roughly 16 pC per GeV energy deposited in the crystal. The E; system
would also provide a hit crystal information to cluster counting system described
in Section 3.2.2. It tagged those RF buckets for which the crystal in question had

an energy deposit in excess of a preset threshold as a so called HCC bit.

3.2 Level 2 Trigger

The second level trigger consisted of DC hit counting, Csl hardware cluster count-
ing and the TRD information to reduce the rate of the events that satisfied the
Level 1 requirements to ~ 2 kHz. It took the level 2 a longer time, about 3 usec,
to respond due to delay in the pattern recognition for the CsI Hardware Cluster
Counting and BANANA /KUMQUAT hit counting of the drift chambers. That
corresponded to a ~ 26% dead time at level 2.

The input signals from Level 2 sources were sent to another series of PLU’s
(LeCroy 2373) with a Level 1 signal. When the event satisfied the Level 2 re-

quirements, each PLU generated the outputs, which were used to form a 16 bit
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trigger mask; the bitwise-AND of all the lookup units was the final 16 bit trigger
mask [67].

3.2.1 The Stiff Track Trigger

All the hyperon decay modes accessible to KTeV were characterized by the pro-
duction of a high momentum proton collinear with the beam axis and since few
high rate kaon decay modes had such a characteristic, a “Stiff Track Trigger”
(STT) was designed to identify such stiff tracks at the second level as fast as pos-
sible [68, 69]. The STT was used to select events with a high momentum track
(> 50 GeV/c) going down the left or the right beam hole to determine the track’s
change in slope before and after the analysis magnet from the pattern of latched
drift chamber hits in the center of the beam hole regions in the horizontal view.
These latched hits were provided by specialized modules (so-called “kumquat” for
the drift chambers 1,3 and 4 and so-called “banana” for the second drift chamber).
The STT was based on several electronics modules that combined inputs received
from 52 wires of the drift chambers in each beam hole, with 11 wires from the first
and the second chambers and 15 wires from the third and the fourth chambers.
The logic of the STT trigger was the following. If there were either 1 or 2
adjacent wires hit in the instrumented area for each chamber, the STT computed
the corresponding horizontal position, “zpe,”, in each drift chamber and then
calculate the quantity “(zpcs < zpes) < (zpe2 ©zpe1)”. This quantity is pro-
portional to the change in slope of the track. If its value was between -7 and +7

inclusive, the event was selected by the STT, otherwise the event was rejected.
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+X STT—LEFT = .FALSE.
DCH DC2 DC3 DC4
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o | [ R
—
I ]
X1 =6 k2 = 10 " k3=16 . ka=16

dsl = x4 — x3 — (x2 — x1 ) = =4 STT—=RIGHT = .TRUE.

Figure 3.4: Diagram of STT. In the right beam hole we have a track with a
sufficiently small change in slope passing through the instrumented region in all
4 chambers, so the STT result (-4) for the right side is TRUE. On the left side,
the track does not pass through the instrumented region in all 4 chambers, so the

STT result (10) for the left side is FALSE. Thus the event is accepted.
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Any other combination of inputs caused the STT to reject the event. Therefore,
if for example the negative track traveled through the area instrumented by the
STT, the event would be rejected. Accidental in-time activity in the instrumented
area would as well cause the STT to reject the event. It was also possible for a

track to travel down the beam hole and miss the area instrumented by the STT.

3.2.2 Hardware Cluster Counting

The second level trigger used a hardware cluster counting (HCC) that determined
the number of isolated showers deposited in the CsI calorimeter. The cluster
finding algorithm took advantage of a pattern recognition and parallel processing

technique to reach a relatively fast decision under 2 usec. The details of the

algorithm and the HCC can be found in [70].

Patterns of Struck Blocks Pattern Value

EB . 0- No turns

EE Ei i} E +1 -oneright turn
EI m E ﬁ 0- Noturns

E H -2 - Two right turns

ﬂ u n E -1 -onel€ft turn

Figure 3.5: All possible hit patterns for a 2 X 2 array of blocks. The value assigned

to each group of patterns is shown to the right.
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The idea for the cluster finder is that an isolated cluster could be enclosed by
a continuous perimeter. To define the perimeter, we considered only the crystals
which contained the energy above 1 GeV, based on the information from the F;
board. If one were to travel in a given direction around the perimeter of a cluster,
one would complete a 360° turn upon returning to the starting position. In the
Csl calorimeter which consisted of rectangular blocks, a circle around any cluster
corresponds to four 90° turns. While traveling clockwise around the perimeter, if
we assign a +1 for every right turn and <1 for every left turn, the sum of right turn
minus left turn should be four. Applying this procedure to the whole calorimeter,
we could simply count the number of right turns and subtract the number of left
turns. The resulting is four times the number of clusters.

Right or left turns were determined by examining the pattern of the hits in 2 x2
arrays. Figure 3.5 shows all the possible configuration of hits in such a group and
the assigned number for each pattern. Since each crystal belonged to four different
2 x 2 grids, each crystal was used to determine four different pattern values. The
sum of all 2 x 2 pattern value was four times the number of isolated clusters in
the arrays. The outer edge of the calorimeter as well as the boundary of the small
and large blocks of Csl in which the 2 x 2 arrays contained a mixture of the two
different sizes were treated in a special manner.

The Hardware Cluster Counting Unit then produced 4-bit cluster count which

was sent to the trigger system.
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3.3 Level 3 Trigger

The last stage of the triggering used software filter codes on-line to reconstruct and
write the tagged events on the magnetic tapes (DLT’s). A total of 24 Challenge

SGI CPU’s (200 MHz~160 MIPs each) was used to process and filter the events.

The resulting time to process was 3 msec per event.

3.4 Hyperon Trigger

Three bits (out of 16) of the beam trigger were dedicated to the hyperon data
in E799. There was a “Hyperon Minimum Bias” trigger (bit 12) with a large
prescale of 20 000 and loose trigger condition to study the efficiency of the other
two hyperon triggers. The “A-trigger” (bit 11) was built to trigger on hyperon
shape events and selected mainly A — pr~ events and Z° — A7n° events where
A — pr~. It had a prescale of 50 and was mostly used to study the principal
decay of Z°’s as the normalization mode for most of the =° rare decays. The main
hyperon trigger (bit 10), called “=°-beta-trigger” was a subset of the “A-trigger”
to select hyperon beta decays. It was modified several times during the run as we
learned how to reconstruct Cascade beta events efficiently. Also the prescale of 2
at the beginning of the run was removed for the last three weeks of the winter run

and subsequently for the entire summer run.

3.4.1 Trigger Requirements

The first and second trigger requirements for the hyperon triggers were:
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- Trigger 10
WV« LIHOLETRK * ET, x HA DC «x PHV1xCA (Level 1)
x2HCY *x2HCY _LOOSE « LAMBDA_ RAx HCC _GE?2 (Level 2)
- Trigger 11
1V« LLHOLETRK x ET, x PHV1 (Level 1)
* LAMBDA_ RAx HCCDUM (Level 2)
- Trigger 12
1V« HC (Level 1)
+*HCCDUM (Level 2)

where each required element means:

e 1V- A hit in one of the two hodoscope planes.

e LIHOLETRK- A track down the beam hole. A fast OR of the vertical
wires in the beam region in the first and second drift chambers is performed
and combined with the activity in the hole counters. A track is said to
have gone down the beam hole if there is a least one hit in each of the two
first chambers and enough activity in the hole counters. For the minimum
bias trigger, only activity in the hole counters is required. This beam hole
requirement in addition to 1V means that at least two charge tracks are in

the event.
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e PHV1- The various photon vetoes — ring counters (RC), Csl calorimeter
anti (CIA), spectrometer anti (SA) — are quiet, according to the standard
minimum ionizing particle thresholds used. It means that no photon or

charged particle has escaped the fiducial volume of the detector.

o LAMBDA_RA-There is a high probability to have a high momentum track
down the beam hole. This is the Stiff Track Trigger explained in section 3.2.1.

It is not used in the minimum bias trigger.

e ET,(ET))- There is at least a total of 18 GeV (11 GeV) of energy deposited
in the electromagnetic calorimeter. The lower threshold of ET} was used for
the beta trigger in the winter as well, but it was raised to ET; since Cascade

beta events deposit a total energy of typically greater that 20 GeV in the
Csl.

e HA_DC- There is no activity in the hadronic scintillator plane named the
hadronic anti (no energy deposited above the lower threshold). This means
that the event has no hadronic activity in the fiducial region but in the beam
region.

o HCC _GE2- There are at least two on-line hardware clusters in the calorime-
ter.
2HCY +«2HCY _LOOS E- There are two hits in each drift chamber horizontal

wire planes, with a possible hit missing in one of the two upstream chambers.

The third level trigger performed the reconstruction of the events selected by

the previous trigger levels and applied more refined selection criteria on them. The
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events finally recorded on tapes were either those selected by the minimum bias
trigger which bypassed the third level or those selected by the “=°-beta-trigger”
or by the “A-trigger” that fulfilled the following criteria:

-At least two good tracks with some possible sharing between the hits in the
chambers’ vertical wire planes that form a two track vertex.

-The highest momentum track points down the beam hole and the other one
to the calorimeter.

-A track momentum ratio (high/low) of at least 2.5 (characteristic of hyperon
decays).

-At least one track with a momentum greater than 90 GeV/c (modified to 85
GeV/c during the data taking).

-The charged vertex (assuming A) has to be at less than 16 c7p from the
target .

- 1 out of 250 events that fulfilled the first two trigger levels are selected ran-
domly to bypass the above requirements. These events are used to check the

=0_

efficiency of the third level trigger for the “="-beta-trigger” or for the “A-trigger”.

3.5 The Run

The E799-1I data taking focused on collecting physics data to study rare decays
of kaons and hyperons. The physics runs took up most of the run time. However,

we were also taking some special runs for the purpose of detector calibration,

!The charged vertex proper time is defined in terms of the reconstructed mass, momentum

and lifetime of A, and its traveled distance as: ct/cTa = Mpr2yta/(cTaPpr).
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diagnostics, monitoring and etc.

3.5.1 E799 Physics Run

A typical E799 run took a few hours during which the data collected from different
trigger sources were being written out onto 10 DLT tapes simultaneously. The raw
data on about 950 tapes were then “split” off-line based on trigger types and level 3
tags. We collected about 200 million events on 91 tapes from the hyperon triggers,
60 of which came from the summer run. The split data were further “crunched”
to smaller subsets onto Data Summary Tapes (DST’s) for the final analysis. The
length of the runs were limited to the capacity of the DLT tapes (about 15 GBytes),
a maximum of 12 hours. The runs ended automatically when the tapes were full
and had to be replaced by fresh ones. They were also stopped when a problem
occurred with the detector or with the beam. An average E799 run lasted between
4 to 5 hours. We used a higher intensity beam for the winter run (about 5 x 10'?
protons per spill) than for the summer run (about 3.5 x 10*® protons per spill).
However, the beam size was wider for the summer run (12 cm x 12 cm at CsI)

than for the winter run (10em x 10em at Csl).

3.5.2 Special Runs

The main special runs taken in E799 were “Muon Runs”, “Pedestal Runs”, and
“Laser Runs”.

In order to perform the relative alignment of the drift chambers (section 5.4),
straight through trajectories were needed. Short muon runs (about 10 min) were

taken on a daily basis to collect an order of 100 000 events for this purpose.
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Also, these runs were used for the on-line calibration and monitoring of the time-
to-distance relations (section 5.3). Muon beams were obtained by placing two
beamstops, made of 28.5 cm and 21.1 cm thickness steel and located at z=46.4 m
and z=>50.1 m, respectively, in the beam line. Most of the hadrons were absorbed
in the beamstops, and only muons could enter the fiducial region. Muon runs had
a different set up than the normal hadron runs in that the intensity was lower
(typically 3 <4 x 10! protons per spill) and the main analyzing magnet was off.
The muon events were triggered by the coincidence hits in any V, V', and the
muon counters, which were also used to study the gain of the muon counters and
to calibrate them.

Pedestal runs were taken occasionally for pedestal measurements. Although
the pedestal data were collected during the off-spills on physics runs, there were
some cases which needed much more pedestal data, e.g. after swapping some
modules of the detectors, etc. We tried to take the pedestals during the beam
down times as much as possible, to save beam for the physics runs.

Finally, Laser Runs were taken for calibrating DPMT’s as described in sec-
tion 2.6. These data were also collected during the off-spill, but sometimes larger
samples were needed. Especially, after swapping DPMT’s laser runs were carried

out to test the result of the repair before resuming physics runs.
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Chapter 4

Data Acquisition

This chapter describes the KTeV Data Acquisition (DAQ) system [75]. The KTeV
DAQ consisted of a high rate data collection system as well as a slow control
system to monitor and control the detector. The KTeV Fast DAQ was capable
of a maximum average throughout rate of 160 MB/sec into the level 3 trigger,
had 3600 MIPs for full on-line event reconstruction and level 3 software trigger,
and could output to DLT tapes at 18 MB/sec. The KTeV Slow DAQ system
ran independently of the main DA and was an automated system for monitoring
and controlling various technical aspects of the experiment such as high voltages,
low voltages, environmental parameters and gas systems, for reporting and acting
on changes in the status of the detector and for maintaining the safety of the

experimental equipment.

4.1 The Data Acquisition System

The Fermilab Tevatron delivered 800 GeV protons to the fixed target program in
a 60 spill structure. Each spill protons were delivered in 19 nsec contiguous rf

buckets for ~ 23 seconds, and no beam was delivered for the remaining 37 seconds
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in the cycle. In order to use the entire 60 second spill cycle time, data from an
entire spill had to be buffered until the Level 3 had analyzed it. Given the above
design parameters, the Data Acquisition System (DAQ) needed to handle a total
data flow of 20 kHz event rate x 7.5 kB event size or 150 MB/sec and buffer a
total of 150 MB/sec x 23 seconds or 3.45 GB. The level 3 filter was designed to
save only 10% of the data coming in , and thus the DAQ had to write out saved

events at an average rate of (3450 MB/60 sec)x10% or 5.8 MB/sec.

[ KTeV Data Acquisition System ]
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Figure 4.1: Block diagram of the KTeV DAQ.

Figure 4.1 shows a block diagram of the KTeV DAQ. Data from sub-detector

systems flowed into the memory nodes along one of 6 “streams” of RS485 cables,
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with a maximum bandwidth of 40 MB/sec/stream. Thus the maximum total data
flow along the streams was 240 MB/sec. The data from each stream were buffered
in dual ported VME/VSB memory while being shipped to a Challenge L deskside
server via a VME to VME interface. There were a total of 4 sets (or “planes”) of
VME crate/Challenge machine pairs, giving a total of 24 memory nodes (4.62 GB
total memory) in the DAQ matrix. The RS485 cables into each plane were daisy
chained, allowing data on the cable to be sent to any specific plane or combination
of planes.

Figure 4.1 also shows a block diagram of one stream on one plane of the KTeV
DAQ. There were many different types of front end crates and modules in the
experiment, but each crate was read out over a FERA bus by a FERA readout
module designed and built by Fermilab (DYC3 or CTIRC). On receipt of a level 2
trigger, the data from each crate was read into the FIFO of this module, and the
data from all crates in a stream were pushed serially onto the RS485 cable. Each
RS485 stream was daisy chained to a memory node on each plane, connecting four
nodes in total. Each memory node consisted of 3 VME/VSB dual ported memory
modules, a board containing a DM115 receiver device and a DC2 controller device.

Data would flow up the RS485 cables to the memory node, consisting of a
DM115/DC2 pair, a triple width VSB bus, and 3 VSB/VME Dual Ported mem-
ories. The combination DM115/DC2 was a commercial board, made by Access
Dynamics, which plugged into the VSB bus at the back of the VME crate. The
DM115 accepts RS5485 data and pushes them into an 8 kb FIFO. The DC2 did a

data DMA over the VSB bus from the FIFO into the dual ported memory, made



82

by Micro Memory, Inc. In addition to controlling the DMA, the DC2 attached
the sub-event size to the top of each event, made a table of event VME address in
the memory and kept a counter of the total number of sub-events processes. The
slowest step in this process was the DMA step and access to the memory, which
went at about 22 MB/sec. Because of this limitation, in order to push each stream
up to its maximum of 40 MB/sec, it was important to be able to switch planes on
an event by event basis. By doing this, each DC2 saw only one out of three events
and thus the maximum aggregate rate per stream was limited only by the RS485
rate.

The data were pulled from the VME crates into the SGI Challenges over a
VME to VME interface (PTI940). In order to achieve high VME DMA rates,
sub-events were blocked in groups of roughly 1000 (“super-events”) for pulling
into the Challenge. The six super-events, one from each stream, were then sent
to one of the 8 level 3 filtering jobs running in parallel. The individual events
were fully reconstructed and selected for off-line analysis according to the on-line
level 3 criteria. The computing power for this filtering corresponded to about
3600 MIPs with three SGI Challenge computers. The fourth plane (VME crate +
SGI Challenge) was used for processing calibration events and for detailed on-line
monitoring of a percentage of the physics data.

After the level 3 selected an event, it built the event (i.e. copied it to contiguous
memory space) and sent it to a separate process which handled the tape media

I/O. The built event was then written to a specific tape drive depending on trigger

type.
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The level 3 processes analyzed events in parallel. Histograms of relevant pa-
rameters for the filtering were made independently on each CPU with HBOOK,
and stored in shared memory. A separate process dumped all the contents of the
shared memory, plus a sum of all histograms in shared memory, to a file on an
NFS mounted disk. Thus monitoring of the histograms could be done on a CPU
by CPU basis, plane by plane basis or summed over all planes, to check for inefhi-
ciencies in any one process or global problems in detectors. In addition to physics
parameters, DAQ parameters such as CPU usage per process per spill and event

sizes per crate or stream were also histogrammed.

4.2 The Slow Control System

The KTeV experiment operated an automated system for monitoring and control-
ling various technical aspects of the detector, such as high and low voltages, en-
vironmental parameters, gas pressures, etc. This automated system, called KTeV
Slow-Control (KTeV-SC) or Slow-Data Acquisition (SDAQ) system, was used for
reporting and acting on changes in the status of the detector, and for maintaining
the safety of the experimental equipments.

The KTeV-SC system was flexible, easy to reconfigure or modify, extensible,
and scalable. This system provided a fully automated package to collect, store,
present and distribute monitored data.

The KTeV detector was located in an underground area whereas the control
room was located in a surface building. For a smooth running conditions KTeV-

SC provided a relatively low-cost system of remote monitoring and control. The
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KTeV-SC monitored the experimental conditions locally and then generated alarm
signals in the control room when problems were detected, in order to alert users
in the control room to take some actions manually or remotely via the provided
KTeV-SC graphical interfaces.

Monitoring several parameters of the KTeV experiment was critical not only
for the off-line reconstruction but also for the safe operation of the experiment. For
this reason, the KTeV-SC ran independent of the main KTeV Data Acquisition
System (Sec. 4.1).

The complete system was built as a number of independent subsystems, which
was integrated at the KTeV experimental Hall. During the commissioning and
operation phase of the experiment, the KTeV-SC was partitioned to allow different
subsystems to work independently in order to minimize possible interferences.
Furthermore, all the subsystems used the same underlying KTeV-SC services (data
display and visualization, alarm handler, database, etc.) to create an efficient

monitor/control system.

4.2.1 Architecture of the KTeV-SC

The KTeV-SC comprised a physical hardware and a software layer. The physical
hardware front-end layer was built from CAMAC hardware crates, I/O boards,
etc. The software layer drove the hardware elements directly or through a variety
of standard buses such as IEEE-488 (GPIB), RS232, RS422/RS488. The physical
back-end was implemented on SGI workstations running UNIX. These layers were

connected by an ethernet network.
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In this section the different building blocks of the KTeV-SC hardware and

software configuration will be described.

Hardware Architecture of the KTeV-SC

The basic KTeV Slow-Control (KTeV-SC) system hardware building block config-
uration consisted of the operator interfaces (OPI’s), I/O controllers (I0C’s) and a

local area network (LAN) communication link. This configuration is presented in

Fig. 4.2.
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Figure 4.2: The overall basic KTEV Slow-Control building blocks.

Each OPI ran on a color graphics UNIX workstation which was an INDY
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workstation from Silicon Graphics Inc. running IRIX UNIX and used the X-
Window manager.

The KTeV detector electronic systems were interfaced to front-end I/O con-
trollers. The I/O controllers included three CAMAC Serial Highway systems
(IEEE Std. 595) configured in a “Ring Architecture”. The CAMAC Serial High-
way had proven to be a valuable method for implementing multi-crate CAMAC
systems. Each CAMAC Serial Highway could support up to 62 CAMAC crates for
total lengths of about 300 meters. The JY411S (Jorway) SCSI version of the Jor-
way 411 CAMAC Highway was used. The Jorway UNIBUS and QBUS CAMAC
Branch interfaces had been used before at various experiments in FNAL. These
modules were upgraded to run from the SCSI bus of the OPIs as well.

Furthermore, the I/O controllers included three Programmable Logic Con-
trollers (PLC’s). These were connected to the LAN via a local PC, running Win-
dows95. The programming of the PLC’s was done by the DMACS interface tool.
The DMACS interface provided the user with alarm, data logging and supervisory
control capabilities. The PLC’s were SIMATIC T1545 (from Siemens Industrial
Automation Inc.) controllers that integrate logic control, continuous control and
advanced mathematics. The PLC’s executed user-generated programs to make
decisions based on the state of input sensors (z.e. limit switches, etc.) and control
output actuators (i.e. relays motors, etc.).

Finally, data from the Accelerator Monitor and Control system were provided
to data servers with the help of the Simple Acquisition of Data services (SAD).

The SAD services were designed to fulfill the need of the KTeV and other Fixed
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Target experiments to perform Epicure (for EPICS User Resource Enhancement)
data acquisition from their experiments’ computers in a simple and computer
platform independent manner.

SAD acted as an intermediary between an application on a foreign node and the
data acquisition services on an Epicure node. It utilized the Remote Procedure Call
(RPC) facility to implement client/server communication between a VAX/VMS
system running Epicure and the KTeV’s UNIX OPI. RPC simplified the task by
using XDR (eXternal Data Representation) to transparently convert data formats
between platforms and by allowing the client/server communication to be written
as simple function calls. The SAD client was linked into the KTeV application.
Data acquisition services were remotely invoked by making User Task Interface
(UTI) function calls. The UTI functions were actually simple wrapper routines
around RPC code which packed the function parameters into a single structure and
unpacked the returned data from the remote procedure if needed. The UTI also
performed any necessary deallocation of RPC allocated memory. The SAD server
ran on a VAX/VMS node with Epicure and Data Acquisition Requester server
(DAR) installed and executed the procedure functions. These remote procedures
would call normal Epicure data acquisition services exactly like a standard Epicure
application and return the data to the client.

The LAN communication link was standard Ethernet which tied the I0C’s
and OPT’s together to form a network. The same LAN was used by the main
KTeV-DAQ to provide the connectivity with the KTeV-SC, Epicure Accelerator

control/monitor system, etc.
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Software Architecture of the KTeV-SC

The basic KTeV Slow-Control (KTeV-SC) system software configuration is shown
in a simplified form in Fig. 4.3. The software was entirely developed in house. It
was written in a mixture of C, FORTRAN, the Tool Command Language (TCL)
language, and the EXPECT language. TCL has two features. It is a scripting
language and an interpreter for that language which made it easy to be embed-
ded into a KTeV application. EXPECT is a TCL-based toolkit for automating
interactive programs. The Graphical User Interface (GUI) was written in Tool Kit
(TK) language (based on TCL), which is the TCL associated X window toolkit,
and in Bell Labs Tool (BLT) module, which is an extension of the TK language.

The KTeV-5C was multi-tasking and was based upon a main software compo-
nent process called SDA(Q) Control Task. This process was responsible for control-
ling of and communication between the various tasks that were launched by it.
Several of these launched tasks were responsible for data acquisition and handling,
such as: polling controllers, alarm checking, logging, archiving, and displaying
different sets of parameters. The exchange of information between the SDAQ)
Control Task and the various launched task processes was performed via pipeline
inter-process communication.

The configuration of the SDAQ Control Task was implemented with the help
of an input ASCII parameter files where one could add or remove a task process,
add or remove different monitoring channels, etc.

In addition, trending facility was provided by the KTeV-SC system. The dis-

play manager graphics was the graphical front used to create displays containing
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trends, symbol values, and bar graphics. The parameters to be trended in a spe-
cific chart or in a real-time and historical trending graph, could be predefined
or defined on-line. Also, several features were provided by the system: historical
trending was possible for some of the archived subsystem parameters; zooming and
scrolling functions were provided; parameter values at the cursor position could be
displayed. Most of the trending features were provided by the BLT GUI module.

The handling of alarms was performed centrally by the SDAQ Control Task.
All the various task processes were transmitting the alarm information into the
central SDAQ) Control Task; the alarm information existed in only one place and all
users would see the same status. Then the various error messages were presented
to the user by the display manager graphics task. It warned the user when the
alarm occurred and provided alarm viewing and logging.

The logging of data was performed once per spill on disk for most of the pa-
rameters, or on a set frequency that is predefined in an input ASCII parameter
file. The logged data was spill-run number stamped in the database, as will be
described in Sec. 4.2.4.

The communication with the main KTeV-DAQ was done through local ASCII
files that were written/read by the SDAQ Control Task and the main KTeV-
DAQ as well. In this architecture, the integration with the KTeV-DAQ allowed
only message passing (data and actions), since the two systems were operationally
independent, and they relied on different architecture and technologies.

Finally, a communication protocol was defined which used Remote Procedure

Calls (RPC’s) to send data between the Epicure Accelerator Monitor/Control
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system and the KTeV-SC system, as described in Sec. 4.2.1.

4.2.2 KTeV-SC Detector Subsystems

We now describe the slow control aspect of the various KTeV detector subsystems
(see Chapter 2).

The high voltage was supplied by the LeCroy-1440, CAEN SY527, and Berkeley
COW high voltage units. The monitoring of temperature, humidity, and various
other environmental variables was performed by the KTeV low voltage multiplexer

system. The overall structure of the KTeV-SC system is summarized in Fig. 4.4.

CsI Calorimeter

A TI545 PLC was used to perform the control algorithms for the blockhouse
(the system that houses the CsI electromagnetic Calorimeter) and its electri-
c