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1 INTRODUCTION

The subject of this thesis is a measurement of the difference of the forward scattering amplitudes
of K% and K°, also called regeneration amplitude, in carbon at laboratory momenta between 250 and
750 MeV/c. I could not blame anyone for asking whether the knowledge of these amplitudes is a blessing
for the human race and therefore I deem a few words of introduction appropriate.

In this Section I briefly explain how our measurement of scattering amplitudes helps us improve
our measurement of the violation of so-called CP symmetry, a mysterious phenomenon which is probably
related to the imbalance of matter and antimatter in the universe. Thus the study of CP violation, to which
this work represents an important albeit small contribution, may bring us closer to understanding why at
all there are stars, planets and human beings crawling on them. I cannot think of a greater incentive!

1.1  Symmetries in physics

Symmetry has always inspired humanity: from Egyptian pyramids to modern skyscrapers, sym-
metry represents harmony and perfection. Moreover, it simplifies planning and construction. In physics,
the beauty and usefulness of symmetries was not immediately realized: the differential equations of
Newton and Maxwell favoured an analytical approach rather than an algebraic. It was not before the
revolutions of relativity and quantum mechanics that the concept of symmetry became the backbone of
theoretical physics. At the end of the 20th century, symmetries are still the guiding principle in physics
and the 21st may well see the discovery of a new fundamental symmetry of nature, so-called super-
symmetry relating bosons and fermions.

A physical system is said to have a symmetry if the underlying equations are invariant under
a transformation. Such a transformation may depend continuously on some parameters, for instance
displacement vector and rotation angles for the well known examples of space transiations and rotations.
A fundamental theorem due to Emmy Noether assigns an additive conserved quantity to each continuous
symmetry. In our examples, these are linear and angular momentum, respectively. The transformation
defining the symmetry may also be discrete, in which case there are only a finite (or denumerably infinite)
number of different ways to carry out the symmetry operation. Examples of discrete transformations are
permutations or spatial reflections. Discrete symmetries are associated with multiplicative conserved
quantities.

Three discrete symmetry transformations play a central role in particle physics and are intimately
connected by an important theorem:

1. Charge conjugation (C): transforms particles into their anti-particles, for instance e™ — e™, p

— P, K% — KO, etc. Thus positive charges—electrical or generalized ones like flavour, baryon
number, etc.—become negative and vice versa. The corresponding conserved quantity is called
C-parity.
Parity inversion (P): the reflection of space coordinates at the origin, (z,y,z) — (—z, -y, —2).
Common mirror reflections are combinations of a parity inversion and a rotation. The parity oper-
ator changes the “handedness” (chirality) of objects: left-handed is transformed into right-handed
and vice versa. “Parity” is also the name of the associated conserved quantum number.

3. Time reversal (T): the analogous reflection of the time coordinate: ¢ — —t. After time reversal,
physical processes proceed backwards in time like in a film that is run backwards from the end
to the beginning. T is a special case in so far as it is not a unitary operator (it is anti-unitary) and
therefore can never commute with the Hamiltonian. For this reason it is not possible to assign a
conserved quantum number, there is no such thing as “T-parity”!

The fundamental interactions behave differently under these symmetry operations: in the domains of the
electromagnetic and the strong interactions C, P, and T are (according to the current experimental status)
exact symmetries, whereas the weak force maximally violates C and P, a fact that is demonstrated most
dramatically through the non-existence of neither right-handed neutrinos nor left-handed anti-neutrinos.
Violation of the product symmetry CP, however, only occurs in very few (weak) reactions; so far it has
been observed exclusively in the decays of one particle, the K, meson. All experimental observations are
compatible with the hypothesis that the combination of all three symmetries, CPT (or any other permu-
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tation), is an exact symmetry in nature. There is a very strong theoretical argument for this hypothesis,
the so-called CPT theorem. Found in the early fifties by Liiders and Schwinger and thoroughly analyzed
thereupon by Pauli and Jost, the theorem states that it is not possible to construct a Lorentz-invariant
local field theory obeying the spin-statistics relation in which CPT is violated.

The framework of present-day particle physics, the seemingly unimpeachable Standard Model,
fulfils all conditions of the CPT theorem. Therefore any evidence for CPT violation would point beyond
the Standard Model, to the eagerly awaited “new physics.” Indeed many of the hypothetical extensions
of the Standard Model that are discussed today, in particular theories based on strings, no longer comply
with all conditions of the CPT theorem and allow CPT violation at some level. Likewise there are hints
from the theory of gravity that the incorporation of this fourth fundamental force into our picture of
particle physics will not come about without giving up CPT symmetry.

1.2 The strange world of (neutral) kaons

The discovery of strange particles in cosmic rays in the 1940s marked the beginning of parti-
cle physics as we know it today. It became clear that the constituents of atoms: protons, neutrons and
electrons, were not the only form of matter. This at first puzzling fact paved the way towards a much
‘deeper understanding of elementary particles and their interactions crystallizing into the quark model
of hadrons, put forward by Gell-Mann and Zweig in 1964. Today the quark model is, in slightly mod-
ified form, one of the main ingredients of the widely accepted Standard Model of particle physics. We
now know that strange particles contain at least one s quark (the letter stands for strange) which only
reluctantly decays into the first generation u quark by emitting a heavy W boson (weak interaction with
Cabibbo suppression). This explains the strangely long lifetimes of these particles.

The quark structure of matter was not the only physics revolution triggered by strange particles. In
1956, the observed decay modes of the K+ meson into 27 and 37, two final states of different parity, lead
Lee and Yang to the conclusion that parity is a violated symmetry in nature. Experimental confirmation
of this hypothesis followed in the same year and came simultaneously from the realms of nuclear and
particle physics: The predicted asymmetries were found by Wu et al. in 3 decays of polarized 6°Co nuclei
and by groups led by Lederman and Telegdi in the study of the decay sequence 7+ — ut — e*. The
latter experiments also demonstrated a violation of C symmetry.

The next surprise from the world of strangeness was due to the most peculiar of all strange par-
ticles, the neutral kaons. Similar to the K decay it was observed that also the long-lived version of the
neutral kaons, the Kp, could decay to 27 as well as to 37 (Christenson et al., 1964). In this case, however,
the final states are different eigenstates of the combined CP operator, and the implication is that CP too
is violated in nature.

Apart from CP violation, neutral kaons exhibit two other bizarre phenomena which for a long
time were exclusively seen with these particles: particle—antiparticle oscillations and regeneration of one
species from the other in the presence of matter, as a result of forward scattering off of nuclei. These
effects will be described in more detail along with CP violation in Sections 2 and 3.

Despite the ongoing efforts to measure the parameters of the neutral kaon system, it is generally
believed today that the answers to the current questions in particle physics—such as why are there three
generations of particles, how does mass arise, what is the role of gravity?—will come from the study
of heavier particles like B mesons and Higgs bosons. Nevertheless, thanks to their sensitivity to new
phenomena and easy experimental accessibility the neutral kaons remain one of the most promising
roads towards new physics.

1.3  CPLEAR and regeneration

The CPLEAR experiment at CERN pursues a novel approach to “get a look at the neutral kaon
system from all sides” (James Cronin). The method of observing asymmetries between decay rates of
initial K and K°, which will be detailed in Section 4, indeed exhibits the oscillatory behaviour of this
system in a most beautiful way and has yielded the best measurements for many of the parameters
describing it, most notably n, _.

As mentioned in the previous Subsection, neutral kaons oscillate, violate CP and when in matter,




they also regenerate. One of the main experimental difficulties when studying these phenomena is the fact
that they always occur simultaneously, i.e. we cannot turn off two effects to better measure the third. The
result of a measurement of the phase of the CP violating 27 decay, for instance, is always correlated with
the oscillation frequency Am and in addition depends on the regeneration probabilities of the neutral
kaons along their paths in the detector.

Therefore the outcome of such a measurement can only be interpreted correctly if the other ef-
fects are under control. In the case of regeneration this requires good knowlegde of the properties and
distributions of the various materials used in the detector. (Of course a measurement in vacuum would
eliminate all regeneration effects but particle detection necessitates some sort of interaction with matter!)

In the CPLEAR experiment the main contribution to the regeneration uncertainty was due to our
ignorance of the neutral kaon scattering amplitudes in the detector material. With the very large number
of neutral kaon decays accumulated by CPLEAR—a total of nearly 108—this systematic uncertainty
would dominate the statistical error on important CP violation parameters such as the above-mentioned
phase.

To remedy this unsatisfying situation, it was decided to dedicate the 1996 run periods—the last
before the shutdown of the LEAR decelerator, the experiment’s particle supply—to the measurement of
neutral kaon regeneration amplitudes in carbon. The strategy adopted for this supplementary experiment
is rather straightforward: we let the neutral kaons cross an additional 2.5 cm of carbon and study the effect
of the carbon on the decay rates, i.e. we intentionally enlarge the unwanted effect to learn more about its
significance. Carbon was chosen for its similarity with most of the detector material, its relatively high
density, easy handling and various other properties.

One can easily imagine that measuring regeneration amplitudes with a detector that is designed
primarily for the of study CP violation poses an experimental challenge. The task may be compared
with a spacecraft that has been built to fly by Jupiter and after a successful primary mission is redirected
to explore Saturn: the instruments on board are not optimized for the new encounter taking place under
different circumstances, and compromises as well as a bit of improvisation will be needed here and there,
but it is certainly a lot of fun to have a look at another planet!

The execution of this experiment and the results gained from it are the subject of this thesis.

1.4  Thesis outline

Section 2 will give a more formal introduction to the phenomenology of neutral kaons and CP
and CPT symmetry in this system will be further examined. In Section 3, the phenomenology of coherent
and incoherent regeneration is developed, particular attention being given to the peculiar experimental
situation at CPLEAR. In Sections 4 and 5, the CPLEAR detector and its modification for the regeneration
measurement are described. Section 6 explains the analysis of the regeneration data and lists the results
obtained. Finally, a dispersion relation analysis of all regeneration data available for carbon is presented
in Section 7. Section 8 briefly summarizes and concludes the work of this thesis.




2 THE NEUTRAL KAON SYSTEM

The K mesons, or kaons, are the lightest hadrons containing strangeness. A strange quark s can
combine with a T antiquark to form a K~ or with a d to give a KO state. K* and K are the respective
antiparticles, built from § quarks.

The neutral kaons only differ by their isospin and strangeness quantum numbers. As the weak
interaction conserves neither of them, transitions between the two states are possible and have actually
been observed. One consequence of these remarkable particle-antiparticle transitions is that KY and K°
are not physical states with well-defined masses and lifetimes. Instead, these parts are played by two
linear combinations (mixtures) of K® and K°. The two particles are distinguished by their decay modes:
one decays predominantly into two pions whereas the other prefers to decay into three pions. Both also
decay at essentially equal rates into the semileptonic final state 7%¢¥ v where £ stands for electron or
muon. The vast difference in phase space available for two or three pions accounts for the very distinct
lifetimes of the two particles: the short-lived species, appropriately called Ksort), has a mean life
of 89 ps (corresponding to some 2.7 cm) while the long-lived one, the Ky, ong), holds out for 52 ns
(15.5 m) on average.

Ky and Ks also differ in mass: the tiny mass difference of 3.5 eV is deduced from the measured
KO—KO oscillation frequency of 5.3 GHz. It is one of the great successes of the weak interaction theory
that this value can be reproduced by way of calculation if the contributions from heavy quarks are taken
into account {1].

The different decay modes of Ky, and Kg are interpreted as a manifestation of the fact that the
former mainly consists of a CP odd and the latter mainly of a CP even state. We write “mainly” because
a small admixture of the “wrong” CP eigenstate in Ky, has been found experimentally through detection
of its 77~ decay and later verified in other decay channels. Thus Ky, cannot be regarded as a pure CP
eigenstate and CP is not a good symmetry in the neutral kaon system.

In historical retrospect it was the Kg which was first identified in cosmic rays by Rochester and
Butler in 1947 [2]. The Kj, was predicted in 1954 by Gell-Mann and Pais in their prescient analysis of the
neutral kaon system advocating the particle mixture hypothesis [3] and found shortly after by Lederman
and his collaborators [4]. A decade later, in 1964, Christenson, Cronin, Fitch, and Turlay identified the
CP violating two pion decay of the K, [5], triggering a series of neutral kaon experiments continuing to
this day.

2.1  The effective Hamiltonian

In the analysis of the neutral kaon system it is customary to work in a two-dimensional Hilbert
space spanned by the two basis vectors of definite strangeness, K° and K°, and to incorporate the effects
of decays into some effective Hamiltonian instead of expanding the Hilbert space to include all final
states. Clearly, this effective Hamiltonian H will not conserve probability and therefore cannot be Her-
mitian. It may, however, like any quadratic matrix be decomposed into a Hermitian and an anti-Hermitian
matrix, physically corresponding to a dispersive and an absorptive part:

H=M - -;-r (2.1)
where the mass matrix M and the decay matrix T" are defined as
1
M=z (H+H) ad T=i(H-H.

Both are Hermitian 2 x 2 matrices by definition. The time evolution of a general state 1) is governed by
the time-dependent Schrodinger equation
.dy

i<~ Hy. 2.2)

This treatment of unstable particles is named after Weisskopf and Wigner, who introduced the formalism
to calculate light emission curves of atoms and harmonic oscillators [6], and was first applied to the
neutral kaon system by Lee, Oehme and Yang [7].




For our purposes it proves useful to expand H in the Hermitian basis 1, o1, 09, o3 where the o;
denote the Pauli matrices [8]:

M—%I‘:Dnﬂa.a

y

D+ E; Ey— iEg)

= <E1 YiB, D-—Es 23

D and E = (Ey, Es, E3) are a complex number and a complex vector, respectively. The physical mean-
ing of the coefficients is quite obvious [9, 10]:

D does not mix K° and K°,

E;  mixes them in a CP conserving way,
FEs violates T but not CPT,

E5  violates CPT but not T.

The eigenvalues of H are found to be

ALg=D+\/E}+E;+E}?=D=+BE, (2.4

corresponding to the eigenvectors |Ky,) and |Kg):
HiKps) = ALs|Ki,s) 2.5)

These are the physical states with definite masses my, g and lifetimes 77,5 = 1/I', g accounting for the
real and imaginary parts of the eigenvalues

>\L =mi, — —FL, (2.6&)
Ag = mg — 51‘3, (2.6b)
so that the time evolution of the two eigenstates is given by

Krp,(1) = Ki,(0)e 7 = Ky (0)e Mg~ Te/2)7, (2.7a)
Ks(7) = Kg(0)e™s™ = Kg(0)e~ims7e=(I's/2)7 (2.7b)

where 7 denotes proper time. (In order to simplify our notation we omit the kets around the kaon states
in most equations.) Writing Ky, and Kg as linear combinations of K% and KO,

1 —
Kp = —————[p.K® + - K", (2.8a)
VIpLl? + g l?
1 _
Kg = ——————[psK® + ¢sK"], (2.8b)

Vv |ps|? + lgs]?

and inserting (2.3) into the eigenvalue equation (2.5) we obtain the following relations for the coefficients:

qus *TE - E3

= T 2.9)
pLs E1LiEs

Since we know that CP violation and a possible violation of CPT are small, we introduce the small
complex quantities €1, and eg that fulfil

1— ‘
s _ 42 "L (2.10)

DL,S I+eLs




and rewrite (2.8) as

K= 2(1 + |eL|?) 1+ e)K? + (1= )k,
= JATT e iR

Note that by choosing the signs (and assuming small € parameters) we fix the relative phase! between
K and K°. Expressing €1, and g in terms of the coefficients F; reveals that their sum is a measure of T
violation whereas a nonzero difference would imply a violation of CPT:

ws & 4ol & Forfy e 4 e _iB,
: S‘ = = 2.11
s, - E & “‘; ‘T 2 E+ E; (2.11)

/ R TRy €L — € E
o dopr = = 2 : = E +3E1 (2.12)

These mixing parameters depend on our choice of the phase between the two kaon states of definite
strangeness. It can be shown, however, that §cpr and the real part of eT are to first order not affected by
a change of phase whereas the imaginary part of e is phase convention dependent to all orders [11].
We summarize the different eigenstates of the neutral kaon system.
— The eigenstates of the strong and electromagnetic part of the Hamiltonian are the states with
definite strangeness given by the strange valence quark:

K'=ds (§=+1) (2.13a)
Kl=ds (S=-1) (2.13b)
With the usual convention for the quark phases, namely Cq = +q, we have CPK? = —K°

(because the quark and the antiquark have opposite intrinsic parity).
~ The CP eigenstates are then given by

1 _
K; = 75[1{0 +K%  (CP=-1), (2.14a)
1 —
=-—[K'-K° CP = +1). 2.14b
K, ﬁ[ ] ( +1) ( )

— The eigenstates of the most general Hamiltonian (2.3) are

1 _
Ky = [(1+ er + 6cpr)K® + (1 — e — Scpr)KY),
V2(1 + |eT + dcpr[?) 2.150
1 _
Ks = [(1 + e — 6CPT)K0 - (1 — €1 + 5CPT)K0]~,
V2(1 + ler — dcpr[?) (2.15b)

where e # 0 and dcpt # 0 indicate violation of T and CPT, respectively. For the overlap of the
two states we find (to first order in et and dcpT)

(Ks|Kp) =~ 2(Reer —ilm dcpr)- (2.16)

The states are only orthogonal if both T and CPT invariance hold.
Before including regeneration effects into our effective Hamiltonian in the next Section, we will first set
out on a brief tour of the CP and CPT symmetries in the neutral kaon system.

1. For a detailed account on our phase convention see Appendix A.




2.2 CP violation

In the Standard Model, CP violation is a natural consequence of the fact that there are three quark
gererations. This leads to a non-trivial phase in the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing
malrix, the one parameter that describes CP violation in the Standard Model [12]. The only puzzie is the
apparent absence of CP violation in the sector of strong interactions.

But even though it can be well accommodated in the Standard Model, CP violation remains one of
the most active fields of both experimental and theoretical particle physics, mainly for two reasons: The
CXKM matrix is one of the weakest (and least tested) features of the Standard Model. After all it is just
a banch of parameters summarizing our experimental knowledge on flavour-changing decays, but does
notreally explain why such decays can occur let alone why there are flavours at all. Perhaps the study of
CP violation which seems to be related to the numbers of generations will shed some light on one of the
deepest mysteries in modern physics: why we live in a world with three generations. Secondly, almost
any extension of the Standard Model bears new CP violating effects. CP violation therefore constitutes a
promising window to look for “new physics”.

In this Subsection we give a brief overview of the appearances of CP violation in the neutral kaon
system within the framework of the Standard Model. To this end we first introduce some notation that is
commonly used in the context of neutral meson systems.

In the Standard Model, CPT is a conserved symmetry and we may rewrite (2.8) with pg = pr, and

gs = —(qr, as
Ki, = pK? + ¢K°, (2.17a)
Kg = pK® — ¢K°, (2.17b)
where we have omitted a common normalization factor. For the decay amplitudes into the various final
states f we write
Ap = AK® = f) = (f|Hw/K®) and (2.18a)
Ar = AR = f) = (f|[Hwx[K%) (2.18b)

where H is the weak transition operator underlying the effective Hamiltonian of the last Subsection.
The interference parameter A is defined as

_(9) (4
M= (p> (Af>' @1

Note that |q/p|, | Ay /ZTI and Ay are phase convention independent quantities.
For decays into two pions we further abbreviate

Ap = |Af]e@+01) = A(K® - (nm))) (2.20)

where I = 0 or 2 denotes the isospin of the two pions and #; and ¢y are the phases arising from weak
and strong interactions, respectively (i.e. the d; are the strong interaction 77 s-wave phase shifts). Using
CPT invariance it can be shown that

A; = AR = (wm)p) = |Ag]el-0r+ortm, (2.21)

There are four amplitudes describing the transitions from the kaon mass eigenstates Ky, and Kg to the
two pion states with isospin I = 0 and I = 2. It is customary to normalize them with respect to the
largest amplitude and to define the three amplitude ratios [13]

A(KL = (n7)1=0) _ AKp = (77)1=2)

A(Ks = (77)1=0) 2= and w= A(Ks — (17)1=2)
S T [=0

A(Kg — (n7m)1=0) A(Ks = (r7)1=0) (2.22)

€

The phases of €3 and w depend on the arbitrary phase we choose between the 77 states with I = 0
and ] = 2. We employ the natural phase implied by real Clebsch—Gordan coefficients. The parameter €




evidently is a measure of CP violation. It is therefore closely related to our mixing parameter e but not
identical to it. The relation between the two parameters is

er + itan by

= 2.23
€ 1+ epitanfy ( )

(see Appendix) and shows clearly that the mixing parameter e depends on what phase we choose for
Ay (or, equivalently, between K® and K°) whereas the decay parameter €, as we have defined it, is
independent of any phase convention. Unfortunately, many authors fail to properly distinguish the two
parameters which leads to deplorable inconsistencies.?

In the Standard Model, CP violation with neutral kaons comes in three forms:

2.2.1 CP violation in the mixing
We have seen in the last Subsection that if p and ¢ differ by more than just a phase, the mass
eigenstates are not CP eigenstates and CP symmetry is violated:

‘2‘ #1 <= CP VIOLATION IN THE MIXING
p

This is the only experimentally confirmed type of CP violation to date. It has been observed in the
semileptonic decay Ki, — 7 ¢+ and in the nonleptonic decays K, — 27 and Ky, — 77 ™. The
experimentally measured parameters are [15]

I'Ky = 7 ¢tv) - T'(Ky, = #747D)

= ) 2.24
= TRy S o)+ (K = 7+6-7) (2.24)

; AKyp, — 7t7)
_ =046t = 2.25
N+ in+ le A(KS N 7r+7r")° ( )

; A(KL — 7T07T0)
= 900 = 2.26
Moo = |moole A(Ks = 7070) (2.26)

. T iolati

My = [y el = A(K;, — w7y, CP violating) 2.27)

AKs — ntm—7y)

(The CPLEAR collaboration has also measured the parameter At ~ 4 Re e/ (1 + |er|?) in semileptonic
decays [16], but has not yet published its result.) If the mixing of the mass eigenstates is the only source
of CP violation then there is just one parameter describing it, the € of Eq. 2.22. Its relations to the above
experimental parameters are then

2Ree
5 — w and Npem =Tog = 'r’+_,7 - €. (2.28)

2.2.2 CP violation in the decay (“direct” CP violation) .
CP symmetry is also violated if the direct decay amplitude for K% — £ and the one for K® — f
are not of the same magnitude (“direct” decay means without mixing effects):

Zi #1 <= CP VIOLATION IN THE DECAY

The condition requires at least two amplitudes contributing to A; to interfere which occurs only if they
have both different weak and strong phases [17]. Such a situation is possible in the two pion decay of
the Ky, where the I = 0 and I = 2 amplitudes can interfere to give the final states 7 ¥~ and 7979, We
know from various scattering and decay experiments [18] that the strong phases Jy and d; differ by about

2. Probably the best example of such an inconsistency is given by L. Wolfenstein and T. Trinpe in Ref. 14: In their Eq. 4 they
have ¢ essentially equal to the observables n4+— and 7j00. Already in the following sentence they then claim that the imaginary
part of ¢ could be set to zero by a suitable phase convention!
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45 so that any difference in the weak phases 0y and 65 would signal direct CP violation. The effect is
wSually parameterized by

I — _.}_.. é.% i(62_60) ~ __1__.. —
€ = \/ilm <A0> e ~ \/5(62 ew) (2.29)

which has the phase ¢ = d2 — do + 7/2 and a magnitude proportional to sin(fy — 6g). For the experi-
mental parameters we get, after some isospin algebra,

!
€
=€+ —~ e+
T 14+ w/V2
2¢'
= € — ——————— ~
o0 1_\/§w

¢ (2.30)
e — 2€, (2.31)

where the approximation consists in using the experimental fact that jw| = 1/22 < 1 (AI = 1/2 rule).
By pure coincidence the phases of € and € are nearly equal. Thus we may as well take Re(€'/¢) as a
measure for direct CP violation. This quantity is experimentally accessible via

M- 2
7loo

6I
z1—6Re(;>. (2.32)

No unambiguous experimental evidence for direct CP violation exists to date. Predictions in the Standard
Model are notoriously difficult. Present estimates for Re(e’ /¢) are of the order 10~ but do not exclude
vanishing or even small negative values [19]. Three experiments are currently taking data (KTeV at
Fermilab and NA48 at CERN) or in preparation (KLOE at Frascati) with the goal of measuring Re(€’ /¢)
to a precision of 1074,

2.2.3 CP violation in the interference between mixing and decay

Even if |¢/p| = 1 and |ZT/A sl = 1, the Standard Model still gives us a chance to see CP
violation: in the interference between mixing and decay amplitudes. All we need is a nontrivial relative
phase in the interference term of the decay to a CP eigenstate:

Afgp #1 <= CP VIOLATION IN THE MIXING-DECAY INTERFERENCE

The prime example where this effect dominates is the truly golden decay of the Standard Model, Ky, —
7% [20]. Unfortunately it has a very small predicted branching ratio of the order of 10~12. Neverthe-
less, a recently approved experiment at Brookhaven (BNL-926) is setting out to tackle this formidable
experimental challenge. In the B system the same part is played by the decay BY(B?) — J/4Ksg, to be
studied soon at B factories at SLAC and KEK. Both decays are expected to provide us with extraordinar-
ily clean information on the CKM parameters and are therefore very sensitive probes for new physics.

In our brief overview of CP violation in the neutral kaon system we have only mentioned Ky,
decays. Of course we expect very similar CP violating effects in the decays of Kg, but they are much
harder to observe.

2.3  CPT violation

CPT invariance is firmly rooted in quantum field theory, the very foundation of the Standard
Model (cf. Section 1.1). Thus any experimental evidence for CPT being violated would profoundly
change our understanding of physics.

CPT violating effects, wherever they may occur, are very likely to be proportional to CP violating
effects in the same system [21]. It is therefore natural to look for CPT violation where CP has shown
or is expected to be violated, namely in the neutral meson systems. Among these, the neutral kaon
system offers by far the most favourable experimental conditions: macroscopic decay lengths and a
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fantastically small mass difference allowing very precise interference measurements. Indisputably, it is
the most promising place to test CPT invariance. Most of the tests fall into two classes.

The first class consists of phase comparisons. Thanks to the fortunate coincidence of € and ¢’
being nearly parallel we know that ¢ may split the magnitudes of the amplitude ratios 74— and 79
but not (or hardly) their phases. Any difference between ¢, _ and ¢gp exceeding the range allowed
by our experimental knowledge on ¢ would signal a violation of CPT. Today’s world average, ¢, —
¢Poo = —0.2° £ 0.8° [15] is well in accordance with CPT symmetry, but the situation has not always
been that satisfactory [22]. According to (2.30) the phase of ¢ lies between ¢4 .. and ¢gg so that the
comparison of ¢, and the experimentally relatively easily accessible ¢_ would be an even better test
of CPT. Unfortunately, there is no way to measure ¢, (because we cannot isolate a final state of definite
isospin) but under certain assumptions it can be shown [23] that ¢, is very nearly equal to the so-called
“superweak” phase defined as

2(my, — mg)

= 43.49° £ 0.08° 2.
T — T, 3.49 (2.33)

¢Psw = arctan
where we have inserted the experimental values from Ref. 15. The assumptions to be made here are
negligibly small violations of the AS = AQ rule in the semileptonic decay mode and of CP symmetry
in the decay to three pions. Both conditions are well fulfilled in the Standard Model, but it is not so clear
whether one should rely on them when testing anything as fundamental as CPT invariance. Therefore the
comparison between ¢4 _ and the superweak phase should be considered a test of the Standard Model
rather than of CPT invariance [23].
A much more fundamental test of CPT is obtained when simply considering the conservation of
probability in the neutral kaon system. For any particle with wave function 1, the decrease of its norm
must be compensated by its decay probability:

S = = 3 ) ? .34
S :

where the summation is over all possible final states f. When we insert an arbitrary kaon state [¢)) =
a|KL) + as|Ks) and carry out the multiplications, the terms proportional to |ay,|? and |ag|? yield
simple unitarity relations for Ky, and Kg. The mixed terms proportional to ay,of and of ag, however,
reveal a highly nontrivial relation:

d

o KslKe) = — > (K[ Huil £) ([ HucKr)
f

For the left hand side we have from (2.7) and (2.16)

a%:(KS|KL> = ——i(/\L — )\§)<K8|KL>

= (2i[my, — mg] + ' + I's)(Reer — ilmdcpr)

and therefore

> A*(Ks = fHA(KL = f)
2i(my, — mg) + 'L + I's

Re €T - 1Im 6CPT = (2.35)
This important result was first derived by Bell and Steinberger in a classic proceedings paper [13] and has
henceforth become known as the Bell-Steinberger relation. It allows us not only to obtain an experimen-
tal estimate of Re et =~ Ree which is completely independent of the direct semileptonic measurement
(2.24 and 2.28) but also to test CPT invariance by evaluating the imaginary part of the left hand side of
(2.35). Again all experimental data are in agreement with CPT invariance. Currently the test is limited
by the precision of CP violation measurements in the decay to three pions.
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3 REGENERATION OF NEUTRAL KAONS

Before diving into the (somewhat lengthy) formalism of neutral kaon regeneration, let us first
elucidate the physical essence of this important phenomenon in simple terms. We emphasize that re-
generation a priori has nothing to do with CP violation. Therefore this irrelevant complication will be
igrored in the following introductory remarks.

Let us imagine the production of a neutral kaon beam, for instance by protons impinging on a
target. If we further assume that the kaons leave the target at a momentum of a few GeV then the short-
lived Kg component will have decayed after a few metres and we are left with a pure K, beam. (Actually
this separation of the two mass eigenstates is a great experimental boon!) Now we send this K, beam
thirough another block of matter, carbon for instance. The strongly interacting carbon nuclei “see” the
incoming K, as a superposition of the strangeness states K? and K°. These two components will interact
very differently in matter: K° mesons are effectively absorbed through hyperon production processes
such as

Ko+p—oAtat

whereas K mesons can only scatter elastically or undergo charge exchange. Let f and f denote the
amplitudes of K® and KV scattering off a nucleus. The scattering will transform the Ky, = %(KO +K?)

state into
1

V2

Hence, a Kg component is regenerated with an amplitude proportional to f — f.

This at first baffling result is quite comprehensible if K® and K° are envisaged as orthogonal basis
vectors in a two-dimensional plane in which Ky, and Kg form an equivalent basis, rotated by an angle of
45°. The decay of the Kg component corresponds to a projection of the state onto the Ky, axis. Inside the
absorbing material, the K component (or a large fraction of it) is projected out of the Kj, state, leaving
behind a state with predominant KY content. This state must contain a Kg component. Simple analogies
involving linearly polarized light or atoms in a Stern—Gerlach type experiment can be found in various
textbooks [24,25].

Although the name regeneration clearly comes from the reappearance of Kg decays from a pure
K1, beam outlined above, we will use it as a generic term to describe any transition between the mass
eigenstates. Because of the non-zero mass difference, such transitions can only occur in the presence of
matter (in contrast to strangeness oscillations).

The regeneration phenomenon was predicted by Pais and Piccioni [26] in 1955, shortly after Gell-
Mann and Pais had published their particle mixture hypothesis [3], and still before the discovery of the
Ky, In the following years the theoretical aspects of the “Pais—Piccioni experiment,” as regeneration was
called in those days, were thoroughly analysed by Case [27] and Good [28]. The experimental search
for regeneration succeeded in 1961 when R.H. Good and co-workers reported the first observation of Kg
decays behind iron and lead plates exposed in a Ky, beam [29].

(JK"+ K = %f(KL +Ks) + %T(KL —Ks) = %(f KL E %(f - FKs

3.1  Types of regeneration
According to the different ways of kaon scattering in condensed matter one generally distin-

guishes three classes of regeneration [30,31]:

Coherent (transmission) regeneration: elastic scattering on nuclei in the forward direction where the
scatterers act coherently over an extended region of several centimetres length.

Incoherent (diffraction) regeneration: elastic diffractive scattering off individual nuclei in any direc-
tion (including forward). Incoherent addition of intensities from different nuclei, but coherent
action of the nucleons inside the nucleus.

Inelastic regeneration: inelastic scattering with large momentum transfer. Excitation or disintegration
of the nucleus.
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All three types of regeneration were observed, for the first time by R.H. Good et al. [29].

CPLEAR, being an interference experiment, is most susceptible to coherent regeneration. Only
coherently regenerated kaons can produce additional interference terms and significantly disturb the mea-
surement. The main effect of the incoherently regenerated kaons is to produce some additional two pion
decays which may be treated as a further source of (asymmetric) background. It is in most cases negligi-
ble. Inelastic regeneration is completely negligible at energies available to CPLEAR as the corresponding
cross-sections are one or two orders of magnitude smaller than their elastic counterparts.

In the following Subsection we present in detail the phenomenology of coherent regeneration for
arbitrary mixtures of K% and K° states. Ever since the pioneering work of Case [27] and Good [28] this
topic has not received much attention because most experiments involving neutral kaon regeneration send
a pure Ky, beam through a regenerator. For these measurements it is sufficient to know the Kg amplitude
after the regenerator. For experiments employing pure K® and K° beams like CPLEAR or detectors at
¢-factories, however, a K;—Kg symmetric approach taking into account all possible interference terms
is imperative. In Section 3.3 we will turn to the effects of incoherent regeneration, again working with
arbitrary mixtures of K% and K°.

3.2 Coherent (transmission) regeneration

Coherent regeneration is a further example of how the tiny mass difference Am = mj, — mg
between Ky, and Kg gives rise to phenomena involving macroscopic distances, in this case a coherence
length of several centimetres. To see this* let us consider the momentum transfer in a forward scattering
reaction of the type Ky, + nucleus — Kg + nucleus. The incoming Ky, has energy and momentum (four-
momentum) (Ep, p,) before interacting with a nucleus of mass M at rest. After the scattering we have
an outgoing Kg with (Eg, ps) and a nucleus carrying the transferred energy and momentum,

<E’) B (M + By, — Es)
P’ PL—Ps /)
Energy and momentum conservation further require
(BL — Es)® — (pf — p3)° = (B' — M)* - p"”

=2M? - 2ME'

=2M(E, — Es).
Solving for the energy difference (Ey, — Fg) we find that it vanishes provided that M? > (p;, — ps)?.
Considering the minute momentum transfer needed to turn a Ky, into a Kg without changing the direction
of flight we may certainly consider this assumption to be valid. Thus we have E, = Fg and may write

o+ ik =18+

from which we deduce
myo
Pyo

ps —pL = Am (3.1)
where the K°-subscript denotes the mean mass and momentum. Now imagine a second scatterer, some
distance d further down the neutral kaon flight path. Our Ky, may as well choose to regenerate into a
Kg at this nucleus instead of the first, bringing about a second Kg amplitude. Will there be interference
between the two amplitudes (i.e. will the two scatterers act coherently)? The amplitude regenerated
at the first nucleus will have acquired an additional phase pgd when arriving at the second nucleus.
The amplitude to be regenerated at the second nucleus travels the distance d as a Kj, and therefore its
phase will change by pr,d. (Both phases are equally affected by the regeneration process itself.) The Kg
intensity will be proportional to

lelPsd 4 ePLd)2 = 9 4 9 cos((ps — pL)d),

3. Part of this work has been published in Ref. 32.
4. Our derivation of the coherence conditions essentially follows Ref. 30.
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so the coherence condition reads

(ps —pr)d S 1. (3.2)

Inserting (3.1) we see that for low kaon momenta (pgo =~ myo) the maximum separation of two nuclei
still acting coherently on the neutral kaon is given by the inverse of the mass difference Am:

1
dmax ~ X—’n—’b— =~ 6 cm, (33)

and even larger at higher momenta. This result reflects the well known (and much lamented) fact that
the resolution achievable in a scattering experiment is inversely proportional to the momentum transfer
occurring in the reaction, usually denoted by ¢: we build stronger and stronger accelerators to study
matter at smaller and smaller distances. Here, however, we find ourselves at the very opposite end of
the spectrum: the momentum transfer needed to change a Ky, into a Kg is so small, of the order of
Am = 3.5 peV, that in this (very peculiar) scattering experiment we do not resolve structures smaller
than several centimetres! Over such distances we cannot tell where the scattering took place. This means
that a neutral kaon undergoing coherent regeneration in a solid plate of a few centimetres thickness
interacts with the plate as a whole.” In a formal treatment of coherent regeneration it is therefore most
appropriate to describe the scatterer by a macroscopic variable, namely an index of refraction (see the
following Subsection).

The maximum scattering angle 0, at which coherent regeneration is still possible is also found
by considering the phase difference of the Kg amplitudes arising from two scattering centres. If the Kg
is emitted under an angle 6 with respect to the Ky, beam axis then the phase difference in (3.2) decreases
to

92

(pscos@ —pL)d =~ |(ps —pL) — PS“Z* d.

The additional term due to the finite scattering angle  must be smaller than the original phase shift in
order not to significantly disturb the coherence condition (3.2):
92
Ps5 S Ps—PL

This gives
Ds —pL

62 =2
max PKo

(3.4)

or Bimax ~ 10~7 for low momenta and less for higher momenta.

3.2.1 Coherent scattering and complex index of refraction

We treat the regenerating medium as a distribution of scatterers. An incident coherent wave of
wave number (momentum) k will have a different wave number k' inside the medium because of the
interaction with the scatterers. For randomly distributed scatterers the difference between the incident
coherent field and the effective field inside the medium may be neglected and the relation between the
wave numbers is given by [33]

(K')? = k% 4 47N f,4:(0) (3.5)

where N is the density of scattering centres and fi(0) is the elastic forward scattering amplitude evalu-
ated at &'. Assuming that the additional term in (3.5) is very small we can calculate the index of refraction
of the medium as

k' 2N
= — =14+ ——f(0). 3.6
- =1+ = fi(0) (3.6)
It should be kept in mind that the above formula rests on two assumptions: firstly the scattering
centres (i.e. the nuclei) are distributed completely at random and secondly |n — 1| < 1 so that we may

set fi7(0) = f(0) and hence linearize in (n — 1).

n

5. Coherent regeneration is sometimes called “regeneration by a plate” [29].
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3.2.2 'The effective Hamiltonian in matter and the regeneration parameter

Here we carry on our investigation of neutral kaon dynamics governed by an effective Hamilto-
nian from Section 2.1 and will extend it to incorporate the effects of a strongly interacting medium. For
this phenomenological analysis of regeneration we assume CPT invariance but not T invariance, so that
in vacuum we are dealing with an effective Hamiltonian of the form

H=DI1l+ Eyo1 + Eq09 (3.7)
and its eigenstates

1 0 0
K = ———=[(1 + er)K” + (1 — e7)K"], (3.8a)

2(1 + lerf?) : ) |

1 —

Kg = ——=————[(1 + e7)K® — (1 — )K"}, (3.8b)

2(1 + ler[?) : |

which we will call mass eigenstates. A general state 1) can be written as a linear combination of any pair
of eigenstates:

P(1) = a(T)K® + @(1)K° = ar(1)KL + as(7)Ks (3.9)

ar(7) and ag(7) are the amplitudes for finding the state as a K, or a Kg, respectively. From (3.8) we
get the following relations for the amplitudes:

l14+¢ o +ag

o= 3.10a
VIt V2 (100
= L€ oL—Os (3.10b)

VI+e2 V2

Now to accommodate for the strong interaction of the kaons with the nuclei of the surrounding medium
we have to add to the effective Hamiltonian (3.7) a nuclear term that will be diagonal in the K°~K? basis:

H =H+ Hpy (3.11)

The nuclear contribution to the rate of change of a general state % (3.9) is given by the indices of refrac-
tion for K® and K°, defined in the last Paragraph:

dep o (n—1 0
($>nuc:lk< 0 ﬁ~1>¢

We transform into the particle’s rest frame and insert (3.6):

()= (0 ) 12
Comparing with Schrodinger’s equation for the time evolution we find
Hyye = <g .S?) (3.13)
with
%:-Mf and 7=—M7, (3.14)
m m

defined in analogy to the eigenvalues of the free Hamiltonian: X;, and As. The interaction with matter leads
to a term proportional to o3 in the effective Hamiltonian, mimicking a violation of CPT. (This comes
as no surprise as our regenerating medium consists solely of matter and not antimatter.) To obtain the
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eigenvalues and eigenvectors of H' we can therefore simply apply the general formulae from Section 2.1.
WAriting

H =D1+E . o (3.15)
we find that
D’=D+%;%, Egz%. (3.16)

Onur expression for the index of refraction (3.6) is linearized in »¢. Consequently, we must drop terms
proportional to E2 and set E' = E. The eigenvalues of the new effective Hamiltonian are then

5
to=D'+E=)\s+ 512—1‘ | (3.17)
For the eigenstates we employ expressions (2.15) with dcpT replaced by
El
§ === 3.18
E+ B (5.18)
&' is, to first order in e, equal to the regeneration parameter r defined as
A N A
pem B TN A (3.19)

2AN —  m Am— (i/2)AT"

(In all our equations Az = zy, — zg for quantities referring to the mass eigenstates and Ay = y — 7 for
variables associated with strangeness.) The parameter r is sometimes expressed in terms of the mean life
7g and the mean decay length Ag = yu7g of the Kg as

f—f NAs

{3.20
P % - iAm'rS ( )

r=im
where p = yum is the particle’s momentum, v its velocity relative to the regenerator, v = (1 — 02)“1/ 2
the usual Lorentz factor and I'y, is neglected with respect to I's [34]. The magnitude of r is typically of
the order of 10™2 for condensed matter, i.e. regeneration effects are fairly small in most materials. The
eigenstates in matter may now be written as
1 —
Kj = 1+er+r)K° + (1 — er —)KY), (3.21a)
L= e KO+ ( ]
1

K§ =

S VR Ffer 1)

Neglecting furthermore quadratic terms in r we arrive at

[(1+er —rK®— (1 —ep+ K. (3.21b)

Ki = = [(1+er)K®+ (1 —er)K® +r(K® — KY)]

L= 7
= K, + 7Kg, (3.22a)
KIS = Kg — K. (3.22b)

Having found the eigenstates and eigenvalues of the effective Hamiltonian, the time development
in matter is readily computed for a general state

() = o (1)KL + as(T)Ks = of (1)K, + o5(7)Ks.
Using (3.22) and (3.17) we have (always to first order in e1 and )
oL (1) = o (0)e™ T — ra(0)eNsT
= o3 ()T [aL(O)e_i’\LT + ras(0) (e“i’\” — e_i’\ST)]

_ e~~%(%+7)Te~i)\LT(aL(O) + 0a5(0)) (3.23a)
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and similarly
aS(T) — e’%(%—{—?)re—i/\sr (048 (O) + QQL(O)e-iA/\-r) ’ (3.23b)
where we define the geometry-dependent regeneration parameter o(L) as the fraction of Kg in an initially

pure Ky, beam after penetrating a regenerator of thickness L = yvr:

as(L)

o D) for ap(0)=1 and ag(0)=0. (3.24)

o(l) =

This ratio is—to first order in r—equal to r times a geometrical factor in accordance with (3.23) (see
also Eq. 3.33 in the following Paragraph):

) L
olL)y=r [1 — exp (IA/\%)] (3.25)

In the notation of Eq. 3.20 this reads {30]

7 1- iAmrg — 1) L
Q(L)Zi?‘(’f——_——iNAS expl[(l mTs Z)As].

5 — 1AmTg

(3.26)

3.2.3 Time development of a general state in matter

The simple formulae for the time development of a general state in matter obtained in the last
Paragraph only hold in first order of er and r. To derive exact expressions it is more convenient to
directly solve the Schrédinger equation

i=— = le = (H + Hnuc)'Qb (3.27)

as was first done by Case [27] and Good [28]. The eigenvalues and eigenvectors of either part of the
Hamiltonian are well known and their respective contributions to the change of the state ¢ with respect
to proper time 7 are given by

d

i <——q/i> =AraL Ky +AsasKg, (3.28)
dT vac

i <%> = oK %457aK’. (3.29)
dT nuc

Applying (3.10) we express the sum in the basis of the mass eigenstates and obtain Good’s equations in
the particle’s rest frame:

d + 5 ~%

1—(EZE = Ao+ xrx a1, + XX asg (3.30a)
dr 2 2

d _ -

1998 _gas+ (25 s+ (22 ) (3.30b)
dr 2 2

CP violation does not manifest itself in the equations, a fact pointed out by Good already. The solution

of (3.30) may be written as®
ap(r) =e 1 FT [ag cos(§dr) — —2—15(13)\04% + Axad) sin(Qr)} , (3.31a)
ag(r) = e BT {ag cos(Q7r) + ﬁ—lg—l(A/\ag — Axad) sin(ﬂf)] , (3.31b)

6. The general solution of the system
z1(t)= anz1(t) + a12z2(¢)

*x(t) = Ax{(t) = E2(t)= anxzi(t) + assza(t)

18




with constants
1 1
Q:-2~\/A>\2+A%2, E:»Z-(,\L+/\S+n+%).

aOL and ag are the initial amplitudes for 7 = 0. The factor e ~>*7 appearing in both amplitudes describes
the decay of the mass eigenstates as well as the absorption of the strangeness eigenstates:

’e—iZ-TIQ — e—%(FL+Fs)Te—-{§(UT+ET)7vT

where o and @ are the total cross sections for K and KO, respectively, and we have used the optical
theorem. In terms of the regeneration parameter’ r defined in the preceding Paragraph, (3.31) reads

. 0 0
aL(t) = e T !:a% cos(éi\/ 1+4r2r) — i————————aL +2rag sin(%i\/ 1+ 47‘27)] ,

? V1tdr? (3.32a)
i A 0 __ 2 0 A
as(r) = e 1T [ag cos(——/1+4r?t) + (9s T LTy sin(———iw /1+ 47.27)] '
2 V1 + 4r? 2 (3.325)

In (3.31) and (3.32) quadratic terms in s, 32 and AX/\ are neglected but no approximations concerning
the smallness of et and r have been made so far. For the calculation of the following Paragraph, however,
we do take advantage of the fact that r < 1 and limit the discussion to first or second order processes.
Expanding (3.32) up to second order in r we get

i - . . R
ar(t) = ez ()T {age_‘)‘” + rag [e_"\” — e"”\ST}

—r2a? [e_i)‘” _eidsT iA,\re—i*LT} } . (3.33a)

as(r) = o= 30T {age—i/\sr I 'ra% [e—i,\m _ e-—i)\s'r}
+r2ad [e_i’\” —e T 4 iA/\Te'i’\ST] } . (3.33b)

It is easily verified that the first order approximation reduces to (3.23).

3.2.4 Two pion decay after penetration of a regenerator

Let us consider a neutral kaon which, at 7 = 0, is in an arbitrary state and approaches a regenerator
of thickness L with relative velocity v. It enters the regenerator at proper time 77 > 0 and leaves it again
at

Ty =71+ L/yv =1+ 07

(see Fig. 1). Before entering the regenerator the two mass components evolve separately according to

is given by
z1(t)= Cre™t + Cl2e>\2t:
za(t)= Care™’ + Caze?,
where A1 and Xz are the eigenvalues of A, A1z = a¥ & A with a® := (a1 £ a22) and A := /(a=)2 + arza21. We

express the solution in the basis of the hyperbolic functions,
z1(t)= e {[C, cosh(A - t) + C, sinh(A - )],
z2(t)= e [C" cosh(A - t) + O sinh(A - 1)},
and determine the constants from the initial values at t = 0:
Ce = z,(0) Cs = A" a"z1(0) + ar222(0))
Co=12200) Ci=AYanzi(0) —a z2(0))

7. Our parameter r is essentially equal to the coefficient R/(1 — R?) in Good’s solution of the differential equations.
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Figure 1: Neutral kaon traversing a regenerator before decaying into two pions.

3.28):
aps(n) = e ST o

whereas inside the regenerator the components mix as described by (3.33):

aps(r) = e~ 30477 {aL,S(ﬁ)e“ML'S‘ST +ras,L(T1) [e—iAL'sT - e-i’\sﬂ

Friops(m) [e‘i““ — e iAsOT iA/\éTe_i)‘LvS‘sT] } .

Afterwards the wave propagates through vacuum again, so that for life times 7 > 72 we have

~iApL,s(7—72)

aLs(T) =e ap,s(m).

The two pion decay rate of a general state (3.9) can be reduced to the corresponding time-independent
decay rate Rg of the Kg eigenstate:

R(7) = Rs|as(t) +nay(1)[? (3.34)

where 7 is the ratio of the CP violating to the CP conserving decay amplitude as defined in (2.25-2.27).
Inserting the above recursive formulae for the amplitudes into (3.34) we arrive at

R(r) = Rge™ 2 (or+om)L (e—FSTS + 2Jnle” 3TATS)T Aq 4 |n]2e"F”£) : (3.35)

with
L,S =|af g|?
& 2lr||af [|a§| [ FAT™ cos(Amy £ o ~ Ag?)
— gt3Alm cos(Amry £ ¢ — A(po)]
+ 17‘|2I04(s),L12 [e:};Arn 4 oFATT 9et AL (T1+72) COS(Ade)]
+ 2|r]2|a%,812 [ei%AmT cos(AmdT % 2¢;)

e %AI‘M) cos(2p;) + Amér sin(2¢;)]

and

M = |a?||cd| cos(AmT — ¢ — Ap®) + M1 + My,




Mg =+ |rllod | [e:t%“ﬂ cos(Am(r — 1) — ¢ F )
— =37 cos(Am(r — ) = $ F )|
+ Ir[?la o8] [eFHATT cos(Am(r — r = 75) — § + A"
— cos(Am(T — 271 2) — ¢ + ApP)
4 T3 ATST cos(Am(T — 07) — ¢ F 20, — A?)
- (1% %AF&T) cos(Amt — ¢ F 20, — AP°)
— AmdT sin(Am7 — ¢ F 2, — A(po)} ,
where ¢, is the phase of r and A¢? is defined as
Ap” = g} — pf = arg(a}) — arg(ad).

The general formulae can easily be adapted to the physically relevant cases of initial eigenstates of
definite strangeness as produced in strong interactions. For K® and KO as initial states we have from
(3.8)

1 0
= — Re for K
lof? = | = |af|lag| ~ { 2~ T°CT =

5 + Reer for K

and

0 for K°
A = —
I {w for K9,

i.e. for an initial K° the terms containing A¢° in the cosine argument change their signs. Hence the
measurement of the time-dependent decay rate (3.35) for initial K° and K° allows the determination
of the magnitude and the phase of the regeneration parameter r and so, via (3.19), of the regeneration
amplitude Af.

The terms of lowest order in r may be rewritten by use of the geometry-dependent regeneration
parameter (L = yv §7), yielding

0 42 i
L£,8 = |of s* + 2ol ||af|e* 2272 cos(AmTi 2 % pp — AP
and
M = |a?||ad| cos(AmT — ¢ — Ag®)
L1lI%s ¥
012 .2AT
+ lollag|” e2™ ™ cos(Am(r — 1) — ¢ — )
012 ,—1AT
+ leller |7 e™2 %0 cos(Am(T — 73) — ¢ + @)
as lowest order approximations.
It is noteworthy that the decay rates for initial K® or K exhibit a substantial linear dependence
on the regeneration parameter 7 whereas for initial Ky, or Kg only terms proportional to r? or nr remain.
Conventional regeneration experiments dealing with Ky, beams are therefore only sensitive to the second

order of r [30].We have included second order effects in our calculations so that Eq. 3.35 applies to all
possible experimental situations.

3.3  Incoherent regeneration

For scattering angles greater than 10~7 the neutral kaon amplitudes scattered by two separate
nuclei are no longer in phase and therefore add up incoherently (cf. the discussion at the beginning of
the preceding Subsection). The Kg amplitude regenerated in this way does not interfere with the inherent
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Kg component of the incoming beam which is why this type of regeneration plays a minor role in the
CPLEAR experiment. Nevertheless we must assess its influence on our measurement.

Our phenomenological approach is based on the analysis of Good [28] but presented in the mod-
ernized notation introduced in the previous Subsection. We then examine the effect of incoherent regen-
eration for the specific case of the measurement of 77~ decay rates with CPLEAR.

3.3.1 Phenomenology

We describe the scattering of K° and K° at an angle by the amplitudes f(6) and f(6). Since in
our phase convention® Kg = :/1_5(K° — K°) the differential cross section for the scattering of the state 1)
(see Eq. 3.9) into the final state Kg is given by

douris ) _ [2(0) ~ @ (0) r _ | owlf(6) = F(0)] + aslF(8) + 70|
ds V2 2 (3.362)
where the « coefficients are evaluated at the scattering point according to (3.31). By analogy we also get
A931x gy _ @1 0) +3TO) " _ |enll(6) + T(O)) + aslf(6) = F©)]°
dQ B V2 N 2

(3.36b)

To obtain the number of Kg (Ky,) scattered at 6 into a solid angle df2 and originating from a regenerator
slice of thickness dz at position 2 we multiply by Ndz, the area density of scattering centres in dz:

ns(#,6) = ¢ |on()[F(6) = F(0)) + as(2)1(6) + FO))|° Ndzd®
dnn(2,0) = § |en (2)[(6) + TO)] + as(@)/ 6) — F(O)|” Ndwde

We integrate over the solid angle dQ = 276d6 and replace distance by proper time according to dz =
~yudT to arrive at

dnS(Tsc) = g7UNdec / d996(9) |aL(Tsc)[f(9) - 7(9)] + as (Tsc)[f(e) + ?(‘9)]
dnu(re) = roNare [ 06:(6) anm)l70) + FO) +osr)lf @) FO]

where 74 stands for the time of the scattering and €(8) is the overall detection efficiency as a function
of the deflection angle 8. Any Kg or Ky, emerging from such a scattering process is subject to further
incoherent or coherent scattering as well as absorption or decay. For our purpose, thanks to the modest
size and density of the regenerator installed in the CPLEAR detector (2.5 cm x 1.85 g/cm? carbon, see
Section 5), we may neglect muitiple scattering (i.e. further incoherent regeneration) [35]. This applies all
the more to scattering in the detector walls, of course. The remaining three processes, coherent scattering,
absorption and decay, are well described in the framework of coherent regeneration.

3.3.2 Contribution to the measured two pion decay rate

Let us assume, as in Paragraph 3.2.4, that the kaons perpendicularly penetrate a regenerator of
finite thickness L (Fig. 1). For a given momentum p = yvm they will enter the medium at proper time
71 and leave it again at 7o. We are interested in the number of additional two pion decays at some proper
time 7 > 79 caused by incoherent regeneration. This contribution to two pion decays is given by the
number of particles times their two-pionic decay rate. For Kg incoherently produced at 74 for instance,
the (normalized) contribution at 7 is

dns (TSC)RS;) (T§ Tscs 7’2)

8. CP violation may be ignored at this point as it cancels anyway in the right hand side of Eq. 3.36.
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where

2
R (737, m2) = |o (7) + nad®) ()

and the superscripts of the amplitudes « indicate that they are evaluated according to (3.31) for a Kg at
the scattering time 7y Starting from

a(ss)(Tsc) =1 and aés) (Tec) =0

we get, if we neglect the additional path length inside the medium resulting from the scattering angle,

. 1IAN .
a(SS)(T?-) = 712 (2 Tse) I:COS(Q(TZ — Tse)) + 1‘26 sin(Q (72 — Tsc)):l )

i (et 11D
a£S) (15) = —e Z-(12—7sc) Fé—g-;—f sin(Q(mp — Tsc))}
and simply

o) (1) = e s (1),

of (r) = M=) fS) (ry)

for the trajectory after the regenerator. To avoid any confusion in the final result we reserve the Greek
letter « for the amplitudes of the unscattered (i.e. only coherently regenerated) beam and rename the
amplitudes of the scattered particles in the following manner:
L S
ary, = a£ ) ars = aI(J)
L S
agr, = O‘(s ) ass = O‘(s )
The total number of two pion decays from incoherently regenerated kaons is given by the sum of
the contributions from Kg and K, integrated over the thickness of the regenerator. The final result is

. T 2
12n7$(7') = _2"7'UN/ d7ec <R:(gl7;)(7§750a 7o) I, (71, Tec) + RS) (T§TSCaT2)IS(Tl,Tsc))
m (3.37)
with
RS2 (1 75c, 72) = lasi(7; ey T2) + 1011 (75 Toe, 72) %,
Rgr) (T; Tscs TZ) = laSS(T§ Tscs 7’2) + nars (7'; Tscs 7’2)|2>
- - 2
s md) = [ d896(6) [avs(mo)lf0) + F(0)] + as(me)[1(0) ~ FO)]
(3.38)
and
—AL(T—72) ,—iZ- (T2~ Tsc) AN
apL(T; Tse, T2) = e 7L 2e 27Tse) 1cos(Qmg — Tse)) — —ﬁsm(ﬂ(rg - Tee)) | s
aLs (7 Toc, T2) = —e—‘w*”>e—i2'“2*fsc>l—ﬁﬂi‘ sin(Q(r2 — 75c))s
asr, (73 Tse, T2) = —e"D‘S(T"T?)e"iE'(TZ_TSC)%}éf sin(Q(12 — Tsc))s

ass (7 Tse, 72) = e~ A (7—72) o —iX- (72— 7sc) [cos(Q(Tg - Ta)) + l—?é\— sin (§2(7y — TSC))] .
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ar,(7sc) and ag(7sc) are the coherently regenerated (unscattered) amplitudes at the time of the scattering
e, recursively calculated with (3.31) as

1) = ¢ 20 [, (1) con(@re = ) ~ g5 (Adan(m) + M) sin(@re = )|,

ws(7sc) = 01T (Tsc—1) [as(rrl) cos(Q1sc — 1)) + Ei-d(A)\as(Tl) — Aseay, (1)) sin(Q(7s. — 71))] :

ap(m) = e LT g (0),

as(11) = e ag(0),

from the initial amplitudes oy, (0) and as(0) as given by (3.8) for initial K® and K°. RI¢(7) is to be
added to the decay rate after coherent regeneration, RSO (), to obtain the observed decay rate:

R3z(7) = Rig (7) + Rz (7) (3.39)

For all practical purposes the contribution of Kj, to the 27 decay rate may safely be neglected and
(3.37) reduces to
. ™

. T2
l2[17?(7—) = 2'7'0N/ declaSS(T;TSCa72)!2IS(Tl>Tsc)= (3.40)
T1

3.3.3 Numerical computation for n*n~ decays at CPLEAR

In order to carry out the integration (3.40) we must know the angular variation of the scattering
amplitudes f(6), f(8) and the experimental detection efficiency &(6).

f(6) and f(8) can be well reproduced by an optical model calculation which results in an integra-
tion over a weighted Bessel function. The weighing function to be applied is not the same for K® and K°
reflecting the different interaction length of the two states inside the nucleus and therefore f(8) and f(6)
have somewhat different slopes [36]. For our estimate, however, we do not take into account this rather
small difference [37] and assume furthermore that only the magnitudes of the amplitudes are affected by

the angular variation:
fe 76 _1fOl_
F) ~ f0) T O Fi@)

This last assumption is not valid in the vicinity of resonances, but the deviations will not significantly
alter our conclusions. The 6 integrations (3.38) then simplify to

IL,S(Tla Toc) = laL,S(Tsc)[f(O) + 7(0)] + aS,L(Tsc)[f(O) - 7(0)”2 Iy
with

Iy = /d605(0)|F(0)|2. (3.41)

For f(0) and f(0) we take the theoretical results of Baldini and Michetti [38]. Their values are in agree-

ment with the work of Eberhard and Uchiyama [39] who give the difference f(0) — f(0) only.
We then describe | F(6)|? by a Gauss function [30, 36],

1/6\°
2 \oy
We expect the half-width o to be roughly inversely proportional to the momentum. Experimental data

exist for K+ scattering on carbon nuclei at 800 MeV/c [37] and indicate oy = 6.8°. For lower momenta,
we use calculations of elastic Kj, scattering [40] to estimate oy. At 500 MeV/c we find a value of ~9.8°.

|F(6)? = exp : (3.42)
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For 777~ decays, our results depend only weakly on the exact angular behaviour of the scattering
amplitudes because the integral /g is dominated by the detection efficiency.

The angular detection efficiency of neutral kaons decaying to w7~ for the CPLEAR experiment,
1.¢. the probability for a scattered KO9(K9) to survive all selection criteria including the constrained fit for
7t~ decays (9C-fit, see Section 6.2), was first studied by Ch. Yeche [41], and more recently and more
thoroughly by Ph. Bloch [42]. The computed acceptance curves are fairly well approximated by the sum

©f two Gaussians,
1/6\2 1/6\?
e(0) = aexp [——5 <0—1> + (1 — a)exp {—5 (—) } ) (3.43)

02
where the values of the parameters «, o and o9 depend on the radius at which the scattering occurs. For
a scatterer at a distance of about 10 cm for instance we find o &~ 0.8, 07 &~ 1.7° and 09 = 3.5°; a smaller
distance leads to smaller widths.
Inserting the numbers for various energies and scattering radii into (3.42) and (3.43) yields values
for the @ integration (3.41) between 1 and 2.5 x 1073 [43]. For the carbon regenerator used in our
experiment we find an average of

Ip ~ 1.35 x 1073, (3.44)

Having made these simplifications it is a straightforward (albeit time consuming) task to compute the
number of additional w7~ decays caused by incoherent regeneration for any geometry as long as we
can compute the time the particle spends inside the regenerator.
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4 THE CPLEAR EXPERIMENT

When in 1982 physicists congregated to Erice to discuss the experimental programme of the
new Low Energy Antiproton Ring (LEAR) under construction at CERN, Gabathuler and Pavlopoulos
presented their proposal [44] to turn the antiproton factory into a neutral kaon factory. The antiprotons
would be used to separately produce K and K particles in large amounts in order to study CP, T and
CPT symmetry: the CPLEAR idea was born!

The whole idea is based on the fact that pp annihilation at rest not only results in multi-pion final
states but can also produce strange particles. With a probability of about 0.5%, a charged and a neutral
kaon are produced, together with a charged pion to balance charge [45]:

(PD)rest = KoKt or (PD)rest = KOKtr~ 4.1

The neutral kaon must compensate for the strangeness of the charged kaon. Therefore, if we can identify
the charged kaon and measure the sign of its charge, we know with certainty the strangeness of the neutral
kaon at the time of production. We can then separately study the decays of KO and K%—any difference
in the way they decay will be a clear signal of CP (or perhaps even CPT) violation. For a quantitative
analysis, it is most useful to form time dependent asymmetries for the decays into different final states f:

R = £)(r) - REK® - £)(7)
A1) = BB S H)(r) + RED S f)(7) (42

The physics of Egs. 4.1 and 4.2 constrain the design of the experiment: Selecting the “golden” annihila-
tion channel (4.1) from the many multi-pion channels requires fast identification of the charged kaon. For
the precise measurement of the asymmetries (4.2) a large quantity of statistics is needed, to be achieved
through a high P rate, an efficient triggering system and a large geometrical coverage. To measure the
asymmetries as a function of time, the detector must provide accurate information on the positions of
production and decay vertices as well as the momenta of the final state particles. The detector should
also be capable of distinguishing between the various neutral kaon decay modes. Furthermore the detec-
tor volume must be large enough in order to cover the Kj,—Kg interference and contain as little material
as possible to minimize regeneration effects.

The requirements are met by a set of sub-detectors working in cooperation with a sophisticated
trigger system, and a high rate, low energy antiproton source. In the following two Subsections we briefly
describe the antiproton source used by CPLEAR and give an overview of the detector and ifs various
elements.

4.1 Low energy antiprotons at CERN

At CERN, antiprotons are produced by shooting 26 GeV/c protons coming from the Proton Syn-
chrotron (PS) onto a copper target. The emerging antiprotons have typical momenta between 3 and
4 GeV/c. They are accumulated and stochastically cooled in the antiproton accumulator complex from
where they are transferred back to the PS for redistribution to the SppS and LEAR accelerators’ [46].
Antiprotons bound for LEAR are decelerated in the PS to 609 MeV/c. Inside LEAR the momentum is
reduced to 310 MeV/c by stochastic cooling and further to 200 and 105 MeV/c by electron cooling. '
CPLEAR (experiment PS195) receives antiprotons of 200 MeV/c with a momentum spread Ap/p of
0.05% at a rate of 600-800 kHz in spills of 60-90 min extraction length [48]. After a spill is delivered it
takes about 15 min to refill the stack.

4.2 The CPLEAR detector

Although there is a fixed target, the CPLEAR detector has the onion-like structure typical of
detectors at colliders. This is because the antiproton annihilations are observed at rest and the produced
particles are distributed isotropically.

Q.  After the shutdown of the SpPS ring in 1990 LEAR was the only antiproton user at CERN.
10. For a nice and readable account on stochastic and electron cooling see Ref. 47.
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Figures 2a and b show the profile and a cross section of the detector, respectively. We briefly
des<ribe each detector component going from the centre outwards. For a comprehensive presentation of
the CPLEAR detector see Ref. 49.

4.2.1 The beam-target system

The antiproton beam coming from LEAR is centred on the detector by two vertical and two
horizontal bending magnets (dipoles) followed by a quadrupole doublet. Before hitting the hydrogen
target, the antiprotons penetrate a beam monitoring system consisting of three parts:

1. Two multi-wire proportional chambers (MWPCs) measure the beam shape perpendicular to its
(nominal) axis. The output is used by a beam centring system to automatically correct for devia-
tions by changing the bending power of the dipole magnets.

2. A beryllium degrader reduces the antiproton momentum to about 80 MeV/c. It is adjustable via
its inclination to control the P stopping distribution along the beam axis.

3. The beam scintillator just in front of the target signals the arrival of an antiproton and starts the
trigger sequence.

A detailed description of these apparatus is given in Ref. 50. The target has the shape of a cylinder
(12 mm radius, 120 mm length) and is filled with gaseous hydrogen of 27 bar pressure. It is surrounded
by a small proportional chamber (15.3 mm radius at the wires) containing 96 axially placed anode wires
and 100 helical cathode strips in a gas mixture of 80% carbon tetrafluoride and 20% isobutane. This
chamber was installed in 1995 as a detector upgrade and named PCO because of its position inside the
two existing proportional chambers. It is used for background rejection at an early trigger stage (see
Paragraph 4.2.6). Unfortunately, it cannot be used for event reconstruction since it is mounted on the
beam monitor support structure and has no sufficiently rigid connection with the other tracking devices.

4.2.2 The tracking detectors

The tracking of charged particles is performed by two proportional chambers (PC1 and PC2), six
drift chambers (DC1 to DC6) and two layers of streamer tubes (ST1 and ST2).

The proportional chambers provide the trigger with a hit pattern which allows the determination
of the event multiplicity and the classification of a track as “primary” or “secondary.” A track is regarded
(online) as “secondary” if there is no hit associated with it in either PC. Since both PCs together are
99.9% efficient, such a track is very unlikely to originate from the annihilation vertex and is therefore
disregarded by the trigger. The two chambers are equipped with axially placed anode wires and helical
cathode strips at angles of 19.5° (PC1) and 27.9° (PC2) with respect to the detector axis. The gas mixture
used is 79.5% argon, 20% isobutane and 0.5% freon (by volume) [51] at a high voltage of 2700 V.

The six radially equidistant drift chambers supply the main tracking information [52]. Their fea-
tures are characterized by the high event-rates: The drift-cell size is limited to 5 mm to keep the drift
time below 120 ns, and a double sense-wire technique is used to solve the left-right ambiguity without
time-consuming software reconstruction. The anode wires are parallel to the detector axis, the cathode
strips helical at angles between 11.6° (DC1) and 25.4° (DC6). The strips of four chambers (1, 2, 4 and 6)
are read out to obtain an offline measurement of the longitudinal position 2 of a track (3 mm resolution).
The chambers are operated at 2450 V with a 50:50 mixture of argon and ethane (by volume).

Two layers of 192 streamer tubes each complete the tracking system. Their principle task is to
deliver a fast readout of the z coordinate of a track to the trigger. At a voltage of 4000 V, the tubes are
operated in the limited streamer mode, i.e. a penetrating particle sets off a fast rising charge pulse on the
anode wire. The pulse reaches the two ends of a tube with a certain time difference which is translated
to a z coordinate. The resolution obtained is 2 cm online and 1.5 cm offline. The gas mixture comprises
isobutane, argon and methylal (50%, 46% and 4%, respectively).

4.2.3 The particle identification detector

The Particle Identification Detector (PID), one of the cornerstones of the experiment, performs
the essential task of identifying the charged kaon in reaction (4.1). This is achieved with a Cerenkov
detector, the properties of which are optimised to produce light (no light) when penetrated by a charged
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Figure 2: Profile (a) and cross section (b) of the CPLEAR detector (before installation of the carbon regenerator).
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pion (charged kaon). To come as close as possible to the ideal threshold of § = 0.84 (0.81 if energy
loss is taken into account) imposed by the kinematics of (4.1), the detector is filled with the liquid
radiator CgF4 which has a refractive index of 1.25, very low dispersion and good transparency [53]. A
wavelength shifter (2,5-diphenyl Oxazole, PPO) is added to improve the photon-electron yield.

The Cerenkov detector is arranged in 32 sectors surrounding the cylindrical tracking detectors.
Each sector is sandwiched between two plastic scintillators which ensure that a charged kaon candidate
traverses the Cerenkov detector. In addition to their role as a trigger hodoscope the scintillator signals are
used, both offline and online, to identify particles by their energy loss and time of flight.

Further details on the PID can be found in Ref, 54.

42.4 The electromagnetic calorimeter

To study final states containing neutral pions, CPLEAR uses a highly granular lead-gas sampling
calorimeter, designed to detect photons with energies above 50 MeV. A comprehensive description of this
sub-detector can be found in Ref. 55. The electromagnetic calorimeter was not used for the regeneration
measurement.

4.2.5 The magnet

All sub-detectors are situated in a solenoidal magnet which provides a magnetic field of 0.44 T.
The field polarity is changed approximately three times per day to avoid biases due to geometrical im-
perfections. The magnet was formerly used in an eTe™ collider experiment at Orsay (DM2).

4.2.6 The trigger system

To select reaction (4.1) from the very large background of useless annihilations, CPLEAR uses a
multilevel hardwired processor system, the backbone of this experiment.

The first level (early decision logic) looks for a kaon candidate, defined by the telltale signal from
one of the Cerenkov sandwiches, i.e. a signal from both scintillators but no Cerenkov response. (SCS).
The kaon candidate must be accompanied by at least one additional charged track identified as a hit in
the inner scintillator of any of the other sectors. Furthermore, the early decision logic demands exactly
two clusters in the innermost proportional chamber (PCO). This eliminates a large fraction of unwanted
multi-pionic and multi-kaonic annihilation backgrounds like KK . The early decision logic takes 60 ns
to execute and reduces the event rate by a factor of 15.

, The second trigger stage uses the drift chamber information of the sector where the kaon candidate
has been found to obtain an estimate of the transverse momentum of the associated track. A p; cut at
about 270 MeV/c (minimum value) is applied to remove false kaon candidates feigned by slow pions.
This requires 400 ns and achieves a further rate reduction by a factor of about 2.6.

At the following level, called intermediate decision logic, the tracks are counted and classified as
“primary” or “secondary” which takes about 80 ns. No events are rejected at this level.!!

At the configuration stage, the full tracking information is available. The tracks are entirely re-
constructed and parameterized within 1900 ns. Again, no event selection is made.

. The register control files the tracks according to their sign and identity (kaon, pion) for further
processing (500 ns, no rate reduction).

The event is now passed on to two processes running in parallel: a kinematical cut is made on the
total momentum of the primary K pair, [px| + |pr| > 700 MeV/c (500 ns, rate reduction 2.2) while
an additional hardwired processor performs a more accurate particle identification based on energy loss
and time of flight measurements obtained with the inner scintillator, and the number of photoelectrons
in the Cerenkov detector. Events not compatible with the values expected from “golden” events (4.1) are
rejected (1900 ns, rate reduction 24).

In the case of only two primary and no secondary tracks, a dedicated hardwired processor calcu-
lates the number of showers seen by the electromagnetic calorimeter (not used during the regeneration
run).

11. The description for the data runs relevant for this work is given. In earlier data runs, specially before the installation of the
PCQO. rate reductions were also performed at the intermediate decision logic, configuration and register control levels.
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The total rate reduction achieved is around 2000 and events are read out after 34 ys.

42.7 Data acquisition

For each sub-detector, there is a dedicated readout system, called valet+, collecting the data from
the front-end electronics. The data are then passed on to an additional valet+ which combines the infor-
mation of one event (“event builder”) and transfers it via a data distribution system to two IBM 3480
cartridge drives. A small fraction of the events is directed to a VAX cluster for online monitoring.

One event typically takes up about 2500 bytes. The read out rate during the regeneration run was
between 200 and 300 Hz.

42,8 Event display

Figure 3 shows the hit pattern of a typical “golden” event. The primary kaon’s SCS signature in
the particle identification detector is clearly visible. The neutral kaon, invisible in the detector, decays
after about 15 cm into two charged pions, the tracks of which are reconstructed from their drift chamber
hits.

4.3  Regeneration effects and their correction

With our measurement of the forward scattering amplitude§ we want to improve the accuracy of
the regeneration correction applied to the observed decay rates. The correction factor is calculated for
each event individually. From the coordinates of the annihilation and the decay vertex we find out the
detector components that the neutral kaon has crossed and, taking into account its momentum, how much
time it spent in each of them. Then we subject the two-dimensional kaon amplitude—known at the time
of production from strangeness tagging—to a series of matrices along the lines of (3.31), each matrix
corresponding to a material layer penetrated by the particle. Where necessary, a correction for incoherent
regeneration is computed according to (3.40) and added to the decay rate. This small adjustment is only
required for the 7+~ analysis, owing to the high statistical precision.

It is obvious that the regeneration amplitudes of the various materials represent only part of the
input to this correction procedure. Just as important is the knowledge of the size, the atomic composition
and the location of each of the relevant detector elements. Therefore we carefully compiled all the essen-
tial parameters on each detector part to input them into our correction code. In Tables 1 and 2 we list this
information for reference.

Before the results of our measurement of the regeneration amplitudes became available the optical
model calculations by Eberhard and Uchiyama [39] were used as input to the correction code. This gave
a correction of about 2.5° on ¢_. In view of the complete lack of any kind of error estimate in the |
publication of Eberhard and Uchiyama (and their firm refusal to comment on this matter) we investigated '
ourselves the quality of their K-nucleon input data and the uncertainties associated with the extrapolation
to heavier nuclei. The study came to the conclusion that one should reckon with an average uncertainty
of £13% on the magnitudes and +9° on the phases of the calculated amplitudes [56]. Variation of the
amplitudes within these limits changes ¢, by +0.6°—roughly the size of the statistical error to be
expected after the analysis of the full CPLEAR data set. To provide a solid experimental footing for
the regeneration correction and to reduce the systematic error on ¢..— due to this correction to a level
significantly below the statistical error are the aims of our regeneration experiment, the subject of the
next Section.




Table 1: Materials used in the inner part of the CPLEAR detector which contribute to regeneration effects.

material chemical composition density
[g/cm®]
kevlar C14H1002N2 1.40
kapton CooH;1305N, 1.42
araldite 64.4% C, 19.6% O, 8% H, 4.9% N, 3% Si, 0.1% Cl 1.10
rohacell CgHuOgN 0.05
mylar C5H402 1.39
hydrogen (30 bar) H, 2.47 x 1073
air 78% N, 21% O, 1% Ar 1.21 x 1073
gas mixture PCO  80% CFy, 20% CH(CHj3)3 3.65 x 1073
gas mixture PCs 89.5% Ar, 20% CH(CHj3)s, 0.5% CF3Br 1.96 x 1073
gas mixture DCs  50% Ar, 50% (CH3)s 1.57 x 103

Table 2: The inner (cylindrical) layers of the CPLEAR detector. Some of the radii are approximate only. Most
relevant for the regeneration correction are the thicknesses of the solid layers.

component radius thickness material component  radius  thickness material
[cm] (bm] , ol [cm] [pm]
target (ol&) 0.0 11300/  hydrogen FoHep (12 moon) 12.4 13.8 araldite
1.13 7.0 550 - kevlar €too fjBomagnm 3 124 25  kapton
1.185 1350 air PC2 12.4 6000 gas mixture
1.32 100 kapton 13.0 25 kapton
PCO 133 4000  gas mixture 13.0 13.8  araldite
1.73 100 kapton 13.0 1920 rohac.ell
1.74 79850 air 13.2 13.8 araldite
13.2 25 kapton
9.025 25  kapton 13.2 68000  air
9.025 13.8 araldite
9.025 1920  rohacell 20.0 25 mylar
9.995 13.8  araldite DC shell 20.0 11000 rohacell
9.225 95 kapton 21.1 25 mylar
PCI 9.225 6000  gas mixture 211 33000 gas mixture
9.825 25 kapton 25.0 50 mylar
9.825 13.8 araldite DC1 25.0 10000 gas mixture
9.825 1920 rohacell 26.0 50 mylar
10.025 13.8 araldite 26.0 40000 gas mixture
10.025 25 kgpton 90 + 5n 50 mylar
10.025 21750 ar DCn 20+ 5n 10000 gas mixture
12.2 25 kapton (n <6) 21 +5n 50 mylar
12.2 13.8 araldite 21 4+5n 40000 gas mixture
12.2 1920 rohacell
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Figure 3: Graphical representation of a typical K® — #¥ 7~ even

t as recorded by the CPLEAR detector




5 THE CPLEAR REGENERATION EXPERIMENT

The measurement of regeneration amplitudes with CPLEAR is based on the well-proven method
of time dependent deczy rate asymmetries A¢(7) (4.2). Clearly, a layer of regenerating medium in the
decay path of the neutral kaons has an influence on the measured asymmetry of all final states f. We
choose f = o™ for various reasons: First of all, the regeneration effect is very large in this channel
(hence the need to measure it!) owing to the interference between the inherent and regenerated Kg am-
plitudes. Further advantages are the large branching ratio ensuring good statistics and the simple event
topology (see Fig. 3) allowing straightforward reconstruction with minimal background.

Our choice of the two pion final state and the geometry of the existing detector lead to several
constraints in the design of the regenerator, which will be discussed in the following Subsection.

5.1  Design and installation of the regenerator

As was briefly outlined in Section 1.3 we want to let the neutral kaons cross a solid regenerator
before recording their decays into two pions. It is not obvious how to realize this simple idea in a 47
detector. We decided to adapt the regenerator design to the cylindrical detector geometry by choosing the
shape of a tube segment. The partial angular coverage allows the selection of events with neutral kaons
regenerated in the carbon but no charged primary tracks crossing it.

Apart from the trivial (linear) effects of the density and the thickness of the regenerator, there is
one more important parameter to be considered for the experimental arrangement, the distance of the
regenerator from the KO(K?) production point. Fig. 4 shows the two pion decay rate asymmetry for the
same regenerator, set up at different distances (without the complications arising from oblique particle
tracks). It can be seen that the effect is largest for a regenerator distance of about five Kg decay lengths.

r [cm]
0 10 20 30 40 50
52(18 I ] [ [ ]

'c/'cs

Figure 4: Two pion decay rate asymmetries A _ () for mono-energetic neutral kaons of 500 MeV/c momentum
with a 2.5 cm carbon regenerator set up at 5, 10, 15 and 20 cm (arrows). The vacuum asymmetry is marked as a
dashed line.

For the highest neutral kaon momentum available through reaction (4.1), 750 MeV/c, this translates to a
regenerator distance of 20 cm, roughly the location of the inner shell of the first drift chamber. Therefore
a regenerator distance of around 10-15 cm would be ideal for measurements in the momentum range
between 200 and 750 MeV/c (below 200 MeV/c the number of events becomes very small). However,
the need for high statistics and good reconstruction quality favors a regenerator closer to the target. The
compromise made consists in placing the regenerator as close as possible to the inner shell of the first
proportional chamber (PC1). That way we still obtain a distinct step in the measured asymmetry at high
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romenta whilst having available reasonable statistics at low momenta and the essential reconstruction
efiliciency provided by the proportional chambers.

Having found the optimal position for the regenerator, there remains the question of how to install
it tere. The lack of time and manpower before the start of the regeneration run precluded the option
ofopening the end-cap of the detector and mounting the regenerator like a wire chamber. Instead the
regenerator had to be inserted into the detector through the opening left for the incoming antiproton beam.
Asttached to the end of the beam pipe (together with the beam monitor) it was brought into position in the
certral detector region. Owing to the small diameter of the insertion tube, the regenerator could reach its
final radial position only once it was inside the detector. A pneumatic device, operated by remote control
under video surveillance, was designed specially to perform this movement. It took a supreme effort on
thie part of the CERN technicians to complete this delicate construction on time.

Figure 5 shows a cross section of the inner detector with the regenerator in position.

MWPCO

Carbon regenerator

Drift chamber DC1 MWPCs 1&2

Figure 5: Expanded view of the inner detector with the carbon regenerator in position. The diagram of a typical
regeneration event is overlaid.

5.2  The carbon regenerator

We use carbon (12C) as the regenerating medium because the atomic compositions of most of the
relevant detector materials are dominated by this element (see Section 4.3). Measurements with a pure
chemical element moreover facilitate the comparison with theory and other experiments. In this respect,
the '2C nucleus is a particularly handy one thanks to its isosymmetry (equal number of protons and
neutrons).

The carbon from which the regenerator was made was manufactured by Le Carbone SA, Bern.
Their grade 2120 graphite material (very fine grain structure) has a density of 1.85 g/cm®, an open
porosity of 8%, a shore hardness of D-75 and an ash content of less than 0.1%. Higher density graphite
(“pyrocarbon”) was not available for our geometry.

The regenerator has the shape of a segment of a hollow cylinder with the following dimensions:
inner radius 5.8 cm, outer radius 8.3 cm, length 25.5 cm and opening angle 115°. This results in a
thickness of 2.5 ¢cm and a total weight of 1.67 kg. Deviations from these desired values were found to be
completely negligible for our measurement.
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Another important prerequisite for our measurement is that the density of the carbon be constant
over the entire volume. This was checked by subjecting the regenerator to a computerized tomographic
1 maging analysis [57], performed at the Institute of Biomedical Engineering and Medical Informatics at
ETH Zurich. The relative local density variations found do not exceed 0.8%.

5.3  Measurement of the regenerator position

It can be seen from Fig. 4 that the distance of the regenerator from the K%(K?) production point
has a very sizable influence on the measured decay rate asymmetry. In our situation—regenerator dis-
tance between 1.5 and 5 7s—the effects of an increased distance and a larger regeneration amplitude are
almost indistinguishable. Thus good knowledge of the position of the carbon regenerator relative to the
tracking chambers is of utmost importance for our measurement.

A priori this position is known to only a few millimetres, corresponding to variations in the regen-
eration ampltiude of the order of 10-20%. The large uncertainty arises from the fact that the regenerator
1smounted on the movable beam pipe (cf. Section 5.1) which has no rigid connection with the fixed parts
of the detector such as the tracking chambers.

Two methods were applied to determine the position of the regenerator inside the detector: a
conventional survey and a photon conversion analysis. Before comparing the results of the two mea-
surements we must choose a suitable parameterization of the position and orientation of the regenerator
inside the detector.

Three numbers are needed to describe the position of the regenerator in the plane perpendicular
to the detector axis, two coordinates and an angle. For practical reasons we work with the coordinates
(Zm, ym) of the cylinder axis and the angles w_ and ¢ under which the edges of the regenerator are
seen from the coordinate origin. The second angle can be calculated from the known angular size of the
carbon piece (115°) so that its measurement serves as a cross check.

In our experimental setup with the regenerator on the positive z-side (Fig. 6) the regenerator
distance is almost entirely determined by the value of x,, (if the regenerator is not too badly misaligned).
T is therefore by far the most significant position parameter to be measured. In contrast to z,, errors
on y,, practically cancel in the total decay rate asymmetry if the detector is @-symmetric. Although this
requirement unfortunately is not fully met by the CPLEAR detector, ¥, is still much less important than
Zn. The precision on the angles ¢, and _ finally is not relevant as long as we apply safe cuts on ¢
when selecting our kaon sample.

To fully describe the regenerator’s position in three dimensions accounting for a possible mis-
alignement with respect to the detector axis we define the inclinations Az/Az and Ay/Az of the re-
generator axis in the - and y-projections, respectively. These parameters are not very significant for the
regeneration measurement because, similarly to y,,, their errors tend to cancel in the decay rate asym-
metry.

5.3.1 Surveyor measurement

The CERN surveyors measured the z—y-positions of two marks fixed to the downstream end of
the regenerator immediately after data taking had been completed. Such positions are measured relative
to some reference axis through the detector with a claimed accuracy of 0.03 cm in both dimensions. To
relate this reference axis to the origin of the CPLEAR coordinate system as used in the offline analysis
we compare the surveyors’ measurement of the beam monitor with the beam position we see in the data.
Analysis of the last ten minimum bias trigger tapes'? written yields the following coordinates for the
position of the antiproton beam (B):

Il

B 0.08 £ 0.02 cm,
yg = —0.06 £ 0.05 cm,

where the given errors are simply the standard deviations of the ten measurements. The large error in
the vertical (y) coordinate reflects the significant difference between the positions for the two magnetic

12. The minimum bias trigger requires one charged track to be found in the detector. Minimum bias events are recorded for
calibration purposes after each change of the magnetic field polarity.
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Figure 6: Parameters used to describe the position of the regenerator in the transverse detector plane (not to scale).

field polarities (M1 and M2) which is not well understood. During that period the beam was not aimed
at the centre of the beam monitor but to a point with coordinates (—0.05, —0.07) in an attempt to avoid
annihilations in the target window.

The measured coordinates of the two marks glued on the regenerator can easily be transformed to
the four desired parameters. For the position of the centre relative to the beam monitor (BM) we get

T — zpm = 0.15 = 0.04 cm,
Ym — yam = —0.15 =+ 0.04 cm,

where an error in the positioning of the stickers of the same order of magnitude as the surveying error
has been taken into account.

Combining this with the offline data on the beam position and working out the angles we arrive at
the final result of the surveyors’ measurement which gives the following values for the downstream end
of the regenerator (z = +12.75 cm):

T = 0.28 £ 0.05 cm ¢_ = —54.0° £ 0.4°
ym = —0.14+£0.07cm @4 = 56.7° £0.4° .1)

The regenerator’s opening angle derived from these data is oo = 114.7° £0.5° , in remarkable agreement
with the expected value of 115°.

The inclination of the regenerator could not be measured by the surveyors while it was still in-
stalled. Later attempts to ascertain the inclination relative to the support structure lead to inconclusive
results—apparently the support structure was significantly disturbed during the removal procedure.

36




-20

Figure 7: Scatter plot (a) of reconstructed photon conversions in the inner part of the detector and the same
information as a surface plot (b) in which height stands for density of conversions (arbitrary units). The carbon
regenerator appears as a “mountain range” to the right of the centre. The peaks in the lower half of the plot
are higher because of the better detector efficiency in this sector. The two “craters” are due to the proportional
chambers and the central peak represents conversions inside the hydrogen target. The latter appears somewhat
asymmetric owing to the screening effect of the regenerator (e*e™ pairs escaping identification after undergoing
multiple scattering inside the carbon).

5.3.2 Photon conversion analysis

The process v — e*e™ (photon conversion) is only possible in matter and therefore the measured
density of such conversions roughly maps the distribution of matter in the detector similar to an X-ray
image.

To map the cross section of the regenerator, photon conversions were selected according to the
method described in Ref. 58 (see also Section 6.2.3). Fig. 7 shows the integrated distribution of conver-
sion vertices in the z—y plane recorded in about fifty net hours of data taking, spread over the regeneration
run. The regenerator as well as the proportional chambers and the rohacell shell in front of the drift cham-
bers are clearly visible. The radial resolution for each vertex is very poor (about 1.5 cm) as a result of
the collinearity of the ete™ pair. However, when taking into account the known circular shape of the
regenerator, a rather precise measurement of its position can be obtained from the conversion statistics.

The data set used comprises nine subsets, each corresponding to five hours of data taking. The
total number of selected conversion events is 656 961. The subsets were selected according to their
recording date with approximately one calendar week in between. This allows one to search for system-
atic time dependent effects (for instance an increasing bend downwards caused by material fatigue in the
support).

The extraction of the angles ¢_ and ¢ is straightforward: we project the r—p-histogram of
conversion vertices onto the @-axis and fit a Gaussian box function

)= [t (255.2) e (5 ) [ o= [ aven (5 ) om

with free parameters A (A'), B, ¢—, ¢4 and o to the resulting projection by minimizing

o (N{pr) = Ni)?
X2 = ;‘——Nk‘wy
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where Ny is the content of bin k. Despite the distortion due to the p-asymmetry in the detection efficiency
the fit yields very reasonable values for ¢o_ and @..

For determining z,, and y,,, we parameterize the circular shape of the regenerator with the fol-
lowing function

() = Tm €S @ + Ym sin g + /(Tm €08 @ + Ym sin 9)? — 22, — y2, + R (5.3)

describing a circle with centre (2, ¥, ) and radius R in the r—p-plane. To extract experimental values
for r(¢) the r—p-histogram of conversion points is divided into 12 ¢-slices ranging from ¢ = —54° to
@ = +54°. These slices are then projected onto the r-axis. For the conversions in the slices we would
expect a radial distribution similar to a Gaussian box (5.2) as in the angular projection. However, due
to the relatively small radial size of the regenerator (2.5 cm) as compared to the radial resolution for a
single conversion vertex (= 1.5 cm) no stable fit to a Gaussian box is possible and the data is much better
described by a simple Gaussian:
1 /r—mrg 2
- (57)

where 3(r) describes the shape of the background, i.e. conversions from the proportional chambers and
the target, as determined from the regenerator-free sector. Function (5.4) was fitted to the r-projection of
each slice with A, B, rg and o as free parameters by minimizing

N(r) = Aexp — B x B(r) (5.4)

2 (N(re) — Ng)®
o=y - M)
k
where N}, again denotes the content of bin k. To avoid the background from conversions in the target
and PCO which is not correctly reproduced by the data from the regenerator-free sector owing to the
screening effect of the regenerator, the fit is performed for » > 3 cm only. A circle (5.3) is then fitted to
the resulting 12 points by minimizing

oy e =i

i 3

where the o; are the errors on r; from the first fit. Note that although we know the mean radius of the
regenerator (7.05 cm) we cannot fix R to that value because the reconstruction efficiency is not constant
along the radial direction but decreasing towards the inner edge of the regenerator owing to multiple
scattering of the electrons and positrons inside the carbon.

The individual analyses of the nine subsets reveal no statistically significant trends in time for
any of the parameters. Separation of the data according to magnetic field polarity gives no effects either.
Hence we may perform the analysis on the combined set of all data. The result is

T = 0.27 £ 0.03 cm o = —53.9° £ 0.2°
ym = ~0.18 £0.01cm @, = 56.6° £ 0.2° (5.5)

where the errors are purely statistical. These numbers describe the average position in a region around
the middle of the regenerator (z = 0), exactly where the actual regeneration measurement was carried
out. The derived opening angle is & = 114.1° 4 0.3°, somewhat too small, but not far off.

The distribution of conversions along z gives an upper limit of 2% on the inclination of the
regenerator axis in the z direction. No information on the inclination in the y direction can be obtained.

5.3.3 Comparison and final values

Comparison of the opening angle « as derived from the measurements with the known value of
115° demonstrates the high degree of self-consistency of both methods. Furthermore the results for the
position parameters obtained from the two very different and completely independent procedures agree
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wvell within errors. The photon conversion method has the crucial advantage that its result is based on the
same instrumentation and averaged over the same range in space and time as the actual regeneration mea-
surement so that any systematic errors associated with absolute position, misalignment and movement
cancel. Any residual systematic errors are essentially unknown but expected to be small. The surveyor
measurement on the other hand locates only one end of the regenerator on the last day of data taking and
the result has to be converted to offline coordinates, but the estimated uncertainties may be regarded as
total errors.

Taking all facts into consideration we have more confidence in the photon conversion data but use
the surveyor data as an excellent cross-check and to constrain the errors on the coordinates. Specifically
we use the values for z,, and y,, from the photon conversion analysis and enlarge the error bars to
=£0.05 cm, now encompassing the surveyor results. For the angles we simply subtract a safety margin of
one degree and round down to the next integer. Therefore the following values will be passed on to the
regeneration analysis:

ZTm = 0.27 £ 0.05 cm w_ > —b3°
ym = —0.18 £0.05cm @, < 55° (5.6)

5.4  Further utilization of the regenerator

In addition to its intended role as a regenerator the carbon tube can also act as a strangeness
identification device. The carbon nuclei make possible the charge exchange reactions K’p— K*n and
K"n~ K~p or the strangeness exchange reactions K’p— A7+ and Kn— A{x® or 777~ }. The out-
going strange particle unambiguously identifies the strangeness of the neutral kaon at the time of the
interaction in the regenerator, just as the lepton from a semileptonic decay tags the strangeness at the
time of decay. Therefore such charge (strangeness) exchange events allow a measurement of the proba-
bility for a K°-KDO transition or vice versa between the creation point and the regenerator. Thanks to the
rather broad momentum spectrum resulting from the production through reaction (4.1) and the cylindri-
cal regenerator geometry this probability can be determined for a whole range of lifetimes. In this way
a measurement of the oscillation frequency Am is obtained which is free from correlation with ¢ _,
similar to our Am-measurement using semileptonic decays [59]. Preliminary results from this analysis
look very promising [60].

In a more sophisticated variant of this experiment, carried out during a dedicated 10-day run fol-
lowing the regeneration run, the carbon regenerator was supplemented by a copper regenerator covering
the remaining angle at 2 cm radius and the trigger setting was changed to collect pp— KK events
(PCO in veto). Events were selected in which both kaons revealed their strangeness inside the regener-
ators through one of the processes enumerated above. Then the measured strangeness correlations were
compared against the predictions obtained when assuming the non-separability of the K9K®wave func-
tion as implied by Quantum Mechanics or a spontaneous wave-function factorisation at creation (Furry’s
hypothesis). The results, published in Ref. 61, are consistent with Quantum Mechanics. The measure-
ment represents the first Einstein—Podolsky—Rosen-type experiment performed with neutral kaons.
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6 'THE REGENERATION MEASUREMENT

6.1  Overview of the method

We measure the impact of the regenerator on the 777~ decay rate asymmetry to draw conclu-
sions on the regeneration amplitudes. The regenerator effect is ascertained by comparing the decay rates
recorded before and after the installation of the regenerator.

6.1.1 Decay rate asymmetry in vacuum
Inserting the K, Kg decay rates and . = A(Ky — nt7~)/A(Ks — «F7 ™) into the decay
rate asymmetry (4.2) results in the following analytic expression:

Ay (7) 5(e7ST + [y |26 T) — 2y [ EOSYII cos(AmT — by ) 6.1)
(1) = :
' =T + |4 — 2o T — 20|, _[e”FOSTII cos(Amr — )

with § = 2Reer/(1 + |e7]|?) (compare with (2.28)!). It is customary to accommodate the e-terms
in a normalization factor for the rates in order to obtain a simpler expression for the asymmetry. The
definitions

1+ 1+epf?

o 7) — aR(T)
T 1=4  |1—er|?

, R
and Ay (r) o= _RET) + aR(T)

(with R and R being the decay rates for K° and K, respectively) yield the well-known formula [56]

[14—|ez1S 717 cos(AmrT — ¢y )

/ [ —
Ay (1) =2 1+ |ny—|2ets=m)7

6.2)

A simple fit to the measured asymmetry determines the parameters |74+_|, ¢4+—, Am, and «. (Note that
neither Re et nor |er| but only o (or §) is an observable quantity. It is only after presuming |eT|? ~ 0
that @ = 1 — 4 Re e7 and Re e becomes measurable!)

6.1.2 Decay rate asymmetry in the presence of a regenerator

A regenerator in the decay path of the neutral kaons complicates the expression for Ay (7)
or A’, _(7) beyond readability (cf. Eq. 3.35). We simply note here that regeneration leads to additional
terms of the form |p| cos(Amr — ¢4 +arg(p)) which profoundly alter the A _ oscillation pattern. This
change can be regarded as an additional interference, between inherent and regenerated Kg amplitudes,
or as an amplification of the asymmetry caused by the unequal interaction of K® and K° in the medium.
In our case the observed asymmetry is further modified due to the fact that the regenerator is cylindrical
in shape: the effective distance and thickness of the regenerator as encountered by the neutral kaon vary
from event to event depending on the kaon’s emission angie relative to the detector axis. Moreover the
neutral kaons are not mono-energetic but have a finite range of momenta. Therefore, instead of a sharp
step at a certain decay time (Fig. 4), we observe a more or less smooth transition in the decay time range
where the regenerator is encountered (see the data in Fig. 9).

6.1.3 Comparison of the two asymmetries

To separate the geometrical effects entering the regenerated asymmetry from the pure regeneration
effect, we must know the spatial distribution of recorded K(K®) decays in the regenerator sector of the
detector. If we only had the regeneration data at our disposal we would need a Monte Carlo simulation
to obtain this distribution. We are, however, in the fortunate position of having a large data set of 7t 7~
decays which was recorded under the same conditions but without the regenerator installed: the main
CPLEAR data set from which the CP violation parameter ny.. is extracted! Hence we use two sets of
data for the determination of the regeneration amplitudes:

1. the actual regeneration data taken in 1996 with the carbon regenerator installed as described in
the previous Section and
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2. areference set containing data which was obtained in 1995 without the regenerator, i.e. with the
original experimental set-up.

The two sets of data were taken under the same detector and trigger conditions, the only difference being
the presence of the regenerator and they were also subject to exactly the same selection procedure. The
comparison between the two sets isolates ihe interference terms arising from regeneration and minimizes
systematic uncertainties in the measurem:nt. The reference data set contains more than three times the
number of events of the regeneration data et so that the statistical errors are almost entirely given by the
statistics of the latter.

6.2  Data selection

For the regeneration measurement we use the standard selection of KYK® — 7o~ decays as
used for the CP violation measurement (Paragraphs 6.2.1-6.2.4). On top of that a few additional cuts
specific to the regeneration analysis are applied (Paragraph 6.2.5).

6.2.1 Offline selection of “golden events”

The raw data tapes contain the output of the sub-detectors for all events selected by the trigger.
In a first step, this information is decoded and converted into meaningful physical variables. A pattern
recognition program identifies track helices from the wire chamber hits. Only events with either two
or four tracks are kept and passed to the initial filtering stages. The kaon filter (FILKA) requires at
least one kaon candidate with a SCS signature and a total momentum greater than 300 MeV/c. A track
quality control routine demands at least three wire and two strip hits from the DCs as well as a non-zero
longitudinal momentum for each track and classifies tracks as primary (at least one PC hit) or secondary
(no PC hit). A good event must have at least two primary tracks and the charges of all tracks must add
up to zero.

6.2.2 Selection of four track events

The events containing two and four tracks are passed through the filters ANA2T and ANA4T,
respectively. Detailed track and vertex fits are performed at this level, the effects of energy loss and
multiple scattering being taken into account. For tracks crossing the carbon regenerator these corrections
are adapted accordingly. It is required that the number of fitted tracks equal the number of tracks found
by the pattern recognition and that the total charge be zero. There must be a primary pion, i.e. a primary
track which forms a vertex with the charged kaon candidate in the target and is of opposite charge. The
four track filter additionally demands a secondary vertex to be found and that no track momentum exceed
1000 MeV/ec.

6.2.3 Filtering of 77~ decays

At the next stage the remaining events are divided into decay classes. There are four classes
(filters) for the four track events: ANA2PI for 7™ 7~ and semileptonic decay candidates, ANA3PI for
ntn~ 70, ANAPPG for 7~y and ANACON for events where the secondary pair is likely to come
from a photon conversion (y — e*e™). Events of this last class are used to determine the regenerator
position (Section 5.3).

The ANA2PI filter applies the following cuts: the momenta of the primary tracks must be greater
than 60 MeV/c (to ensure they h:ve reached the particle identification detectors); for both the primary
and the secondary track pair the cosine of the spatial opening angle must exceed —0.98; and the fitted
secondary vertex must be at a position inside the first hits of the secondary tracks. Furthermore a con-
strained fit analysis at the primary vertex is performed, the constraint being that the missing mass equals
the neutral kaon mass (1C-fit). A x? fit probability of more than 1% is demanded.

Events passing the ANA2PI filter are further tested for their compatibility with the 7+ 7~ or the
semileptonic hypothesis. 77~ decay candidates are identified via a S5C-fit in which the four additional
constraints ensure conservation of energy and momentum for the whole event (i.e. there is no neutral
particle carrying away energy and momentum). To be flagged as a w7~ candidate this fit must yield a
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x? probability greater than 2%. In the regeneration data set the tracks crossing the carbon are corrected
for energy loss and their momentum errors are increased to allow for multiple scattering before applying
the constrained fit. The energy loss correction is based on the Bethe-Bloch formula and was checked by
comparing the 7+ 7™ invariant mass from neutral kaon decays occurring before and after the regenerator.

All events that qualify for one of the decay candidate classes are then written to so-called MIN-
RAW tapes. These tapes contain the data of the RAW tapes and further information from the filtering
procedure.

6.2.4 Micro data summary tapes for 7w~ events

The MINRAW data format is rather unwieldy for physics analysis, in particular in the 777~ case
where a very large number of events has been accumulated. A further reduction of both the number of
events and the size of each event is desirable to facilitate the analysis. The events are therefore subject to
another filter which further improves the quality of the sample. Of the selected events, only the informa-
tion relevant to the analysis is written out in a new format, called micro data summary tape (micro-DST).
The extra cuts remove events where there are large uncertainties or ambiguities in the reconstruction of
the tracks or vertices. They include a cut on the spatial opening angle of the track pairs—the cosine must
be less than 0.99—to reject photon conversions.

The result of a 9C-fit is also written to the micro-DSTs but no cut on its probability is applied
at this stage. The 9C-fit is an extension of the 5C-fit in which the additional four constraints require
the intersections of the track helices at the primary (annihilation) and the secondary (decay) vertex,
respectively, and the neutral kaon momentum to be collinear with the line joining the two vertices.

The overall efficiency of the selection procedure up to the micro-DST format (including all de-
tector and trigger efficiencies) is about 2.5% for K°(K®) — n+7~ decays. It occurs, in particular at
short lifetimes, that two configurations of the same event pass all selection cuts. In such cases the fitted
variables for both configurations are written out.

6.2.5 Selection of regeneration events

The 777~ micro-DSTs form the basis of the regeneration analysis. We first reject events in which
more than one configuration meet all 77~ selection criteria. Then the subset of events used for the
regeneration analysis is defined according to the following requirements:

~ A x? probability for the 9C-fit of more than 5% is demanded.

— The primary vertex must lie inside the hydrogen target and the secondary vertex outside the cylin-
der described by the PCO.

— The reconstructed lifetime of the neutral kaon must be greater than 1 7g.

— The momentum of the neutral kaon as given by the 9C-fit must point into the regenerator sector
of the detector: —53° < ko < 55° (see Section 5.3 for the definition of the angle ).

— The primary tracks must not cross the volume occupied by the regenerator.
— The neutral kaon momentum must be at least 250 MeV/c (see following Subsection).

These cuts are applied to both the regeneration data set and the reference data set in order to obtain two
comparable event samples covering identical volumes in phase space. No distinction is made between
neutral kaon decays occurring before, inside or after the regenerator. About two thirds of the events of
the regeneration data set fall into the first category and thus yield no information on the regeneration
amplitude (but are needed for normalization purposes, see Paragraph 6.4.1). The efficiency for these
events is somewhat low because they are likely to contain a secondary pion that crosses the regenerator
and which is subject to multiple scattering inside the carbon (Fig. 8). However, this screening effect of
the carbon affects K® and K° events in the same way and therefore cancels in the asymmetry (see also
Paragraph 6.4.1). The same applies to the events of the second category (decay inside the regenerator),
of course, which is why we make use of them in our analysis.

3174 585 events of the regeneration data set satisfy all selection criteria, about 26% of all =+ 7~
events on micro-DST. 10208 706 events of the reference data set remain after applying identical selection
cuts.
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Figure 8: The ratio of the number of events in the regeneration data set and in the reference data set as a function
of the (cylindrical) radius of the neutral kaon decay vertex. The screening effect of the regenerator results in a
lower ratio for decays before the regenerator with a pronounced minimum at the inner radius of the regenerator at
about 6.1 cm. The subsequent rise in the ratio reflects the decreasing probability of the secondary pions to suffer
multiple scattering thereby causing a bad reconstruction efficiency.

6.3  Determination of the regeneration amplitudes
To account for the variation of the regeneration amplitude A f as a function of K°(K°) momentum
we divide the data of both sets into five momentum intervals of 100 MeV/c width each. The asymmetry
(4.2) is formed from the regeneration data separately for each momentum interval. Figure 9 shows the
resulting five asymmetries. The gain in statistical precision at higher momenta is in part compensated
by a loss of sensitivity caused by the decreasing evolution time of the neutral kaon before reaching the
regenerator. Because of the smearing effects mentioned above it is not possible to extract the desired
information by a fit to an analytical function. Instead, we perform a numerical fit, using the reference
data set in the following way:
— For each momentum interval we construct the asymmetry (4.2) as for the regeneration data but
now simulate the regeneration effect for a given value of A f by applying a weight to each event.
This weight is calculated individually as the ratio of the expected decay rates with and without
the regenerator, taking into account the momentum and the path of the neutral kaon in the de-
tector. The evaluation of the regeneration-corrected decay rates is based on the phenomenology
presented in Section 3, in particular on the solution (3.31) of Good’s differential equations, and
the neutral kaon parameters of the Particle Data Group [15]. Only coherent regeneration is taken
into account as the effect of incoherent (diffractive) regeneration is found to be negligible with
our method (see following Subsection).
— The simulation of the regeneration effect on the asymmetries is performed for different values of
the real and imaginary parts of Af, resulting in an array of asymmetries AS™ (A f, 7).
— These regeneration-simulated asymmetries AS™ (Af,7) are now compared with the observed
asymmetry A (7) of the regeneration data by evaluating
(4§ (A7) = A% (7))

AN =2 05 (1) + 0% ()

7 bins sim obs

where the ¢ are the statistical errors on the respective asymmetries.
— The pair (Re Af,Im A f) that yields the smailest value for y? is the result of our measurement.
The fixed-x? curves given by x> = Xim 4+ 52 in the Af complex plane are approximate s-
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standard-deviation contours.
For most neutral kaon momenta, the inherent Kg amplitude by far outweighs the regenerated one at the
time of the decay. This means that the spatial vertex distribution of 77~ decays in the regeneration set
is well approximated by the data of the reference set and the weights applied to simulate the regeneration
effects are close to one. At very low momenta, however, we find that almost all Kg decay before reaching
the regenerator and hence our method is not applicable. We therefore restrict the analysis to neutral kaon
momenta above 250 MeV/c where the decay rates after the regenerator are still dominated by the inherent
Kg amplitude.

The quantities (A f),, determined in this way are weighted averages according to the momentum
distribution A/ (p) in the respective interval as found at the entrance of the regenerator (see Fig. 10):

 Jap dp A (PN (p)
(Af>Pi - pr,- de(p)

The differences between these spectrum-weighted means and the centre-of-interval values are small com-
pared to our statistical errors.

6.4  Systematic uncertainties
6.4.1 K% KO rate normalization

In the CPLEAR experiment, the tagging efficiency for KO is higher than for K° because the
strong interaction of charged kaons and pions with the detector material favour the detection of the
accompanying (K7 ~) pair over its charge conjugate. This leads to an offset (normalization factor) in the
measured asymmetry which is clearly visible in Fig. 9. The factor is expected to be of the same magnitude
in both the regeneration and the reference data set, i.e. the relative normalization factor e should be
close to one. We measured this factor by comparing the observed ratios of K? and K° decays before the
regenerator in both data sets and obtained oy = 1.0028 £ 0.0016, constant in phase space. Moreover
we convinced ourselves by way of a Monte Carlo simulation that oy does not change significantly for
decays inside and after the regenerator. In the analysis, we applied this factor as a correction to the
reference data set and deduced the systematic errors by varying it in its range of statistical uncertainty.
This resulted in the errors given in Table 3.

Table 3: Systematic errors on A f due to the uncertainty in the normalization of K° and K rates.

mom. range ReAf ImAf

MeV/c fm fm
250-550 <0.05 <0.05
550-650 0.06 0.2
650-750 0.06 0.6

6.4.2 Regenerator position

A further systematic error is caused by the uncertainty of &= 0.5 mm in the horizontal position
of the regenerator, i.e. the distance between the regenerator and the K%XK% production point (see Sec-
tion 5.3). This uncertainty propagates to differences in the regeneration amplitudes that do not exceed
0.05 fm in both the real and imaginary parts of the amplitudes.

The errors on the vertical position and the inclination of the regenerator as evaluated in Section 5.3
turn out to be completely negligible.

6.4.3 Compatibility of the two data sets
Any difference in running conditions between the collection of the two data samples used for the
analysis could constitute a further source of systematic error. In addition to ensuring that all detector and
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trigger parameters remained the same, we verified that neither the presence of the regenerator nor the time
difference of one year between the two runs affected the data in any unpredictable way. This was done by
analyzing events in which no particle came close to the regenerator. The asymmetries constructed from
these events are equal for the two data sets within statistical fluctuations.

6.4.4 Incoherent regeneration

We repeated the analysis allowing also for incoherent scattering in the regeneration simulation.
The correction to the decay rates is calculated according to Eq. 3.40, using (3.44) as a rough estimate for
the integration over the detector acceptance. The adjustments in the measured regeneration amplitudes
resulting from this correction are extremely small and may be neglected. This is expected because the
carbon regenerator is situated well inside the Kg-dominated decay region where coherent regeneration
by far outdoes its incoherent counterpart.

6.4.5 Limitations of the asymmetry method

Apart from the systematics specific to regeneration we must also consider uncertainties arising
from the asymmetry method, i.e. the systematic errors that also enter the CP violation measurement,
brought about by the level of background, regeneration effects in other detector components, the decay
time resolution, and the uncertainties in Am and 75. These influences were studied with essentially the
same tools as used in the CP violation measurement [56].

In the regeneration analysis no attempt is made to subtract background events. We checked that
the introduction of a background level in the analysis and its variation within reasonable limits, as known
from the CP violation analysis, has no perceptible effect on our results. Similarly, we calculated the
influence of regeneration in the detector walls and convinced ourselves of its insignificance. The impact
of the finite decay time resolution was studied in detail with the help of a mini Monte Carlo simulation
and also found to be negligible. The neutral kaon parameters Am and g, finally, were varied in their
respective ranges of accuracy according to Ref. 15, again without noticeable effects on our results for the
regeneration amplitudes.
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6.6 Further consistency checks

To further corroborate our confidence in the method of comparing simulated and measured regen-
eration effects we performed two additional consistency checks on the data.

In the first, we take the regeneration data set and apply the measured amplitudes to fully correct for
regeneration in the carbon. Then the asymmetry formed from the corrected decay rates should arise from
CF violation only. The values for the CP violation parameter 7. _ derived from a fit to this asymmetry are
indeed compatible with this hypothesis: we find |74_.| = (2.2240.20) x 1073 and |¢; _| = 41.6° £5.5°,
demonstrating that the regeneration data yield a correct measurement of 7 _.

In the other test we split the reference data set in two and repeat the regeneration analysis, using
one part as the “regeneration” data set and the other as the reference data set. The obtained “amplitudes”
are compatible with zero, as expected, proving that all of the effect observed in the regeneration data
must be ascribed to the presence of the carbon regenerator.

6.5  Additional constraints on Im A f from other experiments

The optical theorem relates total cross sections to the imaginary parts of the corresponding for-
ward scattering amplitudes. Under the assumption of isospin invariance in kaon nucleon scattering, mea-
surements of the difference between K™ and K~ total cross sections may therefore be used to put further
constraints on our results and possibly resolve the large correlation present in some momentum bins.

Unfortunately we know of only one such measurement that overlaps with our momentum range.
Bugg etal. [62] have measured K and K™ total cross sections in carbon at momenta between 655 MeV/c
and 2606 MeV/c, also motivated by the study of regeneration.!®> Applying the transmission technique
they were able to determine the cross sections to a precision of 2%, limited mainly by the systematic
uncertainty in the extrapolation to zero angle. We interpolated the values of Ref. 62 and weighed the
resulting curves according to our momentum spectrum (Fig. 10) for better comparison. The obtained
cross section difference in the momentum range 650-750 MeV, ¢(K*) — o(K™) = (—145 £ 7) mb,
corresponding to Im A f = (—4.08 & 0.20) fm, is in excellent agreement with our error ellipse for this
momentum bin. The combination of the two measurements reduces the error on the real part of Af by
more than a factor of 6 (see Fig. 11e and Table 4).

6.6  Final results

The results are summarized in Fig. 11 and Table 4 (and published in Ref. 64). They represent
the first experimental data on both the real and imaginary parts of the regeneration amplitude for kaon
momenta below 1 GeV/c and are in accordance with the predictions of Eberhard and Uchiyama [39] as
well as with more recent calculations done for the ¢-factory at Frascati [38].

6.7  Application to the measurement of 7 _

‘The main motivation for the regeneration measurement was the reduction of the systematic error
on ¢ _, the phase of the CP violation parameter 7. _ (2.25). Therefore it is of primary interest to see how
the achieved accuracy on the regeneration amplitudes propagates to the 777~ CP violation measurement.
The procedure of correcting the decay rates for regeneration has been described in Section 4.3. It is
founded on Good’s equations with the detector inventory (geometry) and the regeneration amplitudes
for all materials as input. Almost two thirds of the overall regeneration effect on ¢ _ stem from carbon
nuclei. The remaining effect is predominantly due to nitrogen and oxygen nuclei, close neighbours of
carbon in the periodic table of elements. The amplitudes for these elements are extrapolated from the
Carbon amplitudes by means of a scale factor, which is derived from the work of Eberhard and Uchiyama
[39] in the case of nitrogen and hydrogen. For oxygen and all other elements we obtained the scale
factor from an empirical power law relating the amplitudes to the mass numbers of the nuclei where the
exponent is taken from Ref. 65. The uncertainties in these scale factors, estimated from the comparison
of the two methods applied to nitrogen, are negligible with respect to the errors on the carbon amplitudes.

Now we are in a position to update our regeneration correction code with the experimentally

13. Krauss et al. [63] obtained data at lower momenta but only for K.
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Table 4: The CPLEAR results on Af = f(0) — f(0) with standard errors in the Gaussian approximation in
comparison with the optical model calculations of Ref. 39 where available; in the last row the combined result
of Ref. 62 and CPLEAR. The values of Refs. 39 and 62 are weighted according to the momentum spectrum of
Fig 10b.

CPLEAR optical model [39]
PKO (pgo) (ReAf) (ImAf) correl (ReAf) (ImAFf)
MeV/c MeV/c fm fm coeff. fm fm
250-350 315 —3.8+1.3 -24+£1.2 -0.76
350-4506 410 —-4.940.5 --1.2+1.6 -0.76 —~3.48 —3.88
450-550 504 —4240.3 —4.942.0 0.60 —4.03 —3.38
550-650 614 —-5.1+£0.6 —-2.84+1.9 0.96 —5.26 -3.81
650-750 697 —~5.7+1.8 —4.3+3.6 0.99 —6.38 —4.59
~700 —5.54+0.3 —-4.1+0.2

determined scattering amplitudes and to study the propagation of the errors to the 7% 7™ analysis. Taking
into account the result of Ref. 62 and the correlations in our measurements we find that regeneration in
the detector walls shifts the fitted values for ¢ by —2.60°+0.19° and for |n.+—| by (+0.073£0.018) x
1073. These shifts include contributions from incoherent regeneration of +0.11° and ~ +0.003 x 1073,
respectively.

Comparing this with the respective statistical errors of £:0.54° and 3:0.024 x 1073 we see that
the goal of the regeneration experiment, as stated in Section 4.3, has been achieved. The final result on
7)+-, to be published by the CPLEAR collaboration in 1998, is:

B = 43.63° £ 0.545, & 0.233,,(+0.423,,)
n4—| = (2.254 £ 00245 £ 0.0245y5(£0.010,5)) x 1073

These values are derived from the decay rate asymmetry shown in Fig. 12, assuming Am = (530.4 +
1.4) x 107 As~! [15]. Although significantly smaller than the statistical error the regeneration-induced
uncertainty remains the dominant source of systematic error for both ¢4 _ and |7, _|. As the precision of
the regeneration correction itself is limited mainly by the statistics of our measurement, we are allowed
to combine the two errors, obtaining

¢y = 43.63° £ 0.59°(£0.42%,,);
[n4—| = (2.254 £ 0.034(£0.010,,)) x 1073.

Figure 13 shows the CPLEAR result on ¢ _ with its Am-correlation in comparison with other recent
measurements. ‘
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7 A DISPERSION RELATION ANALYSIS OF THE
REGENERATION AMPLITUDE

Neutral kaon regeneration is not only of interest to CP violation experiments, it is also an ex-
tremely useful tool to study hadron scattering and has led to great strides in both particle and nuclear
physics [75]. In this Section we compare our data on the regeneration amplitude in carbon with other,
direct or indirect, measurements of this amplitude at various energies. We then combine all available
ex perimental information with the theoretical assumptions of analyticity and Regge trajectory exchange
to obtain a complete description of the amplitude as a function of beam energy. In the framework of local
relauvistic field theories, analyticity of the amplitude has been proven to follow from causality for KN
scattering and it is therefore very natural to assume it as well for kaon scattering off nuclei. The Regge
model for the description of the amplitude at high energies is very well supported experimentally [73,76].

We apply a least-squares fit of a simple dispersion relation to the available data which span an
energy range of almost three orders of magnitude. More elaborate methods [77] fail because of the
scarcity of the data, in particular in the low and intermediate energy range.

7.1 Selection and treatment of data

Table 5 summarizes all experimental efforts to determine the regeneration amplitude in carbon.
Most regeneration experiments determined the modulus and phase of A f from 77~ decay rates behind
a regenerator [5,71, 73,76, 78-82]. Two groups [83, 84] also obtained a phase measurement from the
time-dependent charge-asymmetry in semileptonic decays, thus independent of the CP violation phase

Py

Table 5: Carbon regeneration experiments,

group Ref. PK method measured  x?/dof
[GeV/c] part of Af infit
Christenson et al. [5] 1.1 Kg = nta™ mod 0.1/1
Bohm et al. [78] 2.7 Ks — wtn~ mod 1.7/1
Bott-Bodenhausen et al.  [83] 4.5 Kis = muv arg 1.2/1
[79] Krs — nta~ mod 0.0/1
arg 08/1
Carithers et al. [84] 4-10 Kis — mlv arg 13.0/13
[71] Krs — ntr~ arg 8.0/6
[80] mod 6.4/6
Albrecht et al. [81] 1640 Kis — atr~ mod 1.3/6
arg 04/3
Hladky et al. [82] 10-30 Kis — ata~ mod 1.2/5
arg 0.0/71
Roehrig et al. [76] 30130 Kpg—wtw mod 21.6/10
arg 9.0/10
Schwingenheuer et al. [73] 20160 Kpg—ntr mod, arg?® 0.3/1
CPLEAR (this work) 0.25-0.75 K°%K% — 7#t«~ Re,Im?® 12.3/10

2 Only a fitted value for the power law exponent « is published.

b Likelihood plots in the complex plane are given.

Owing to the isospin symmetry of the 1?C nucleus, K* data may be used to extract information on
the regeneration amplitude, if charge invariance is assumed. Then, with the use of the optical theorem,
‘the difference between the total cross sections of K* and K~ is a measure of the imaginary part of
Af [62,85-87]. One of these experiments [86] also derived values for the real part from a measurement
of the differential cross section do/dq?.
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Table 6: Carbon K* experiments.

group Ref. PK measured derived x?/dof
[GeV/c]  quantities partof Af infit

Bugg et al. [62] 0.6-26 op(K*) Im 17.3/9

Abrams et al. [85] 1.0-33 0.(K%) Im 38.0/41

Gobbi et al. [86] 1.68-2.26 o7(K*) Im (discarded)
do/dg?(K*) Re (discarded)

Afonasyev et al. [87] 1.8 or(K*) Im 0.7/1

Backenstoss et al. /  [89] 0 ap(K™) Im (fixed)

Seki [88]

Similarly, the K~ C scattering length, ao(K~C), extracted [88] from X-ray transition data ob-
tained with kaonic carbon [89] may be regarded as a measurement of the K scattering amplitude at
zero kinetic energy. The corresponding amplitude for K, having no inelastic channels open, must be
purely real so that Im A f = Im aq(K~C). Table 6 lists all K* experiments with carbon relevant for this
analysis.

Where appropriate, the results have been adapted to the current world averages for the neutral
kaon parameters, such as Am, 75 and 7, taken from Ref. 15. Here it is important to note that some
of these averages, in particular ¢, _, are themselves influenced by regeneration measurements so that
care must be taken when employing them to correct these very measurements. Such feedback effects,
however, were found to be very small and may be neglected in our analysis.

The corrected data are illustrated in Fig. 14, separately for measurements of modulus, phase, and
the imaginary and real parts of Af. Fig. 14c reveals a conspicuous systematic disagreement between
the total cross section result of Ref. 86 and the data of the other three experiments at the same energies.
We exclude the data published in Ref. 86 from our fit, imaginary parts as well as real parts, as the latter
directly depend on the former.

7.2 The dispersion relation and its parameterization

We use an unsubtracted!# dispersion relation as it is readily derived for antisymmetric amplitudes
[93]. Since the precision of the data does not allow fitting several pole terms, contributions from all the
poles in the complex energy plane are represented by a single effective pole:

o0 A !
ReAf(w) = ——-—-——-wff’“wQ L2 [T gy mAfW)

p T Juwa

e (7.1)

where w denotes the total laboratory energy of the kaon and P stands for principal value. The pole
term contains two parameters, position wy, and residue r. wy marks the beginning of the unphysical cut,
i.e. the energy at which production of a free A becomes possible, wp = 183.6 MeV. The integration
over the imaginary part starts at w and extends all the way to infinity. To carry out the integration, a
parameterization of Im A f is needed over this range. Guided by the data and theoretical expectations,
we have chosen the following parameterization:

— The Regge model with one pole trajectory exchange [94] is applied at energies above a certain

energy wy, giving

Im Af(w) = Blw/wy)® sin(-%[a + 1]). (7.2)

We choose the scale wg = 1 MeV.

14. sometimes erroneously called “subtracted” [92]
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~ In the intermediate energy range around 1 GeV, the total cross section data clearly indicate a
resonance. We parameterize it as a Gaussian on a background, the shape of which we describe by
the same simple power law as employed at high energies, but with a different exponent:

— Wres ?
ImAf(w) = b(w/wy)® sin(—g[a +1]) — Cexp <——;— {w———} > (7.3)

o

The transition energy wy follows from «, 3, a and b if the function Im A f(w) is to be continuous.
In the fit, we will vary wy in place of b as a free parameter.

— The sensitivity of the CPLEAR data to the imaginary part of the regeneration amplitude is not
sufficient for a parameter fit in the energy range below the first total cross section measurement
at 847 MeV. Following Refs. 95 and 96, we simply assume a linear decrease of Im A f from the
physical threshold to 830 MeV total laboratory energy, in accordance with the data.

— At the physical threshold, we fix Im A f to the value corresponding to the measured K~ C scat-
tering length. The small error on this measurement is negligible in this analysis.

— Virtually nothing is known about the behaviour of InAf = —Im f below threshold. We find
that the assumption of a zero contribution from the integral between wp and mgo in Eq. 7.1 is
perfectly compatible with all experimental information.

This gives 2 + 7 = 9 parameters to be determined in the fit. It turns out, however, that the available data
are quite insensitive to the pole position wy,. We therefore fix it to the position of the A pole, given by the
total energy needed to form a '?C) resonance,

§ = mQ(IQCA) = mQ(KO) + m2(12C) + 2wpm(120),

which gives w, = 172.3 MeV.

Further parameters are needed for experimental reasons. As is evident from Fig. 14a, there are
systematic shifts in the normalization of the moduli measured by the high energy experiments (param-
eter 3) whereas there is good agreement on the much more relevant slope parameter «. To prevent the
systematic normalization uncertainties from affecting the result on «, we allow for three additional cor-
rection factors, Ncar, Nap and Ngee for the Brookhaven [80], Serpukhov [81, 82] and Fermilab [76]
experiments, respectively, to be determined together with the other parameters in the fit. The new Fer-
milab collaboration [73] completely evaded the normalization problem by not publishing individual data
points but only a fitted cv. We directly employ this value in our fit.

7.3  Fit results and discussion

We now vary the 11 parameters defined in the preceding Subsection and compare at each data
point the prediction from (7.1) with the experimental error range. Correlations between different mea-
sured quantities are taken into account where they have been reported, in particular the strong correlations
between our own measurements of imaginary and real parts. Uncertainties in beam momentum/energy
are neglected throughout. The weighted deviations are then summed up to a X in the usual way. Mini-
mization of this x? yields the following parameters:

r=1.95+0.25 wy = (4570735%) MeV Near = 0.96 £ 0.02
C = (2.56 £ 0.18) fm a = 0.61£0.03 Nap = 1.22 £ 0.07
wres = (1130 £ 9) MeV o = 0.424 £ 0.005 Nroe = 1.07 £0.03
o = (147 £ 12) MeV B = (0.35 £ 0.02) fm (7.4)

The minimized x? is 133.4 for 127 degrees of freedom. The resulting fit function is inserted in Fig. 14,
together with an optical model calculation [39]. Including the data of Ref. 86 in our fit hardly changes
the pole residue but increases the x? to 198.0 for now 133 degrees of freedom.

Perhaps the most surprising result is the pole residue r. The fit returns a positive value although
theoretical considerations unambiguously lead to negative signs for the poles governing the amplitude
f(0) — F(0): The sign of a pole in the unphysical region depends on the relative parity of the particles
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inwolved [93]. In our case we find that the direct poles appearing in the scattering of K° (A or ¥ for in-
teraction with a neutron or a proton inside the carbon nucleus, respectively) have a positive sign whereas
the comresponding exchange poles due to the K® component are negative. Therefore an effective pole
describing the difference f — f must have a negative sign. The question arises whether there actually is
a pole in the data. To see this we build the so-called discrepancy function A(w), a simple rearrangement
of the dispersion relation that isolates the pole term:

Aw) = ReAf(w P/ dw ’ImAf vy 2er (7.5)
wA - W we — wp

i.e. welook at the discrepancy between the (measured) real parts of the amplitude and the values resulting
from the integration over the imaginary part, which is due to the unknown pole contributions. The A-
values following from our data on Re Af are plotted in Fig. 15 together with our fit result. It can be
seen that the data do not really suggest a pole but are well compatible with the one from our fit. It is
therefore conceivable if not probable that our data are located in an energy range that is still dominated
by resonances and not any sub-threshold poles. We must also keep in mind that our parameterization
for ImAf is rather arbitrary: introducing structure in Im A f (w) below and above threshold leads to
considerable shifts in A(w) and thus in the pole residue. Abundance and quality of the data at our disposal
in the low energy range for real and imaginary parts of the amplitude are simply not sufficient to decide
whether we are seeing contributions from poles or from low energy resonances, but the incompatibility of
the obtained pole sign with theoretical expectation suggests the latter. Further support for this hypothesis
stems from the fact that the optical model calculation of Ref. 39 shows a resonance between 600 and
700 MeV (see Fig. 14) which is not indicated by the data (but not contradicted either) and thus ignored
in our fit.

Earlier attempts to determine the pole residue {95, 96] relied solely on the real parts measured by
Gobbi et al. (whose data we have discarded in view of their incompatibility with all other experiments)
and lead to very different results, —23.3 and —11.7, respectively. Dumbrajs’ fit, performed with essen-
tially the same assumptions on the low energy behaviour of Im A f, is indicated in Fig. 15. We see that,
regardless of the quality of the data of Gobbi et al., it is a hopeless venture to try to learn something
about the sub-threshold pole from three data points at intermediate energies! Our data below 1 GeV
clearly refute his analysis.

The interpretation of our data in terms of poles and resonances is still the subject of investiga-
tion. As a preliminary conclusion it may be said that our parameterization, based on a simple dispersion
relation and single Regge pole exchange (Egs. 7.1-7.3 and 7.4), describes the current experimental in-
formation on the regeneration amplitude in carbon very well, barring the experimental normalization
problems mentioned above. We must be cautious, however, when interpreting the fitted parameters and
should try to avoid running into the same errors that were made in earlier analyses: probably the pole
term in our parameterization just happens to fit the data but is not physically significant. Further data
would be needed to resolve more structure, both in the unphysical (poles) and the physical region (res-
onances). At high energies our fit reproduces the results found by other Regge analyses [73, 76, 80, 82]
(corrected for changes in the neutral kaon parameters, see Section 7.1).

7.4  Determining the regeneration phase from a dispersion relation: the example of E731/E773
A beautiful example of an application of dispersion relations to neutral kaon regeneration was
given by the Fermilab E731 and E773 collaborations: they derive the regeneration phase at high energies
from their measured moduli by assuming analyticity and Regge behaviour of the amplitude. A pure power
law was assumed in the analysis of the E731 experiment (B4C regenerator) leading to a systematic error
of 0.5° on the regeneration phase [23,72]. For the successor experiment E773 [73] (CH; ; regenerator),
a more elaborate study was performed including the effects of elastic and inelastic nuclear screening,
low-energy phenomena, sub-leading Regge-trajectories and electromagnetic regeneration [90]. Even so
their procedure of evaluating the systematic error on the regeneration phase was sharply criticized by
Kleinknecht [97], a member of the rivalling NA31 collaboration. His main argument was that breaks
in the momentum power law observed with heavier nuclei at around 20 GeV/c momentum might also
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Ref. 96 which gave r = 12.2 & 3.0.

occur with carbon and even reoccur at higher energies with considerable influence on the phase. Winstein
and Briere of the E773 collaboration then gave convincing evidence that the mechanisms responsible for
the distortions in the momentum power law for heavy nuclei are well understood and that the resulting
effects are small for light nuclei like Carbon and absent anyhow at higher energies [98]. Kleinknecht
remained sceptical, emphasizing the complete lack of experimental information on the modulus of the
regeneration amplitude above 160 GeV/c momentum [99], and so the dispute went on [100, 101].

Unfortunately our results at low energies are not a great help in this particular case because the
contributions to the dispersion integral from this energy range are localized, as pointed out in Refs. 98
and 102. Our global analysis tells us at least that all data above about 5 GeV/c momentum are compatible
with a single pure power law, i.e. there is no experimental evidence for a “kink,” neither around 20 GeV/c
nor at any higher momentum up to 160 GeV/ec.

So to a large extent the judgement remains a matter of taste [14]. We believe that Winstein and
Briere have successfully invalidated Kleinknecht’s central argument: a significant break of the momen-
tum power law in the relevant energy range indeed seems very unlikely. On the other hand, however,
Kleinknecht is perfectly right when insisting on direct, purely experimental proof in an affair of such
far-reaching consequences as a test of CPT symmetry. For it is clear that if E773 actually had announced
evidence for CPT violation following from this analysis then the majority of the physics community
would have doubted the correctness of their regeneration phase rather than questioning CPT symmetry!
The Fermilab experimenters hold out the prospect of directly measuring the regeneration phase with
semileptonic decays [101].
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8 SUMMARY AND CONCLUSION

In a dedicated supplementary run with a slightly modified detector the CPLEAR collaboration
has successfully applied its characteristic K’~K® asymmetry method to determine the neutral kaon re-
generation amplitude in carbon at sub-GeV energies. The experiment measures the interference between
inherent and coherently regenerated Kg amplitude by comparing decay rate asymmetries recorded with
and without a 2.5 cm carbon regenerator installed in the detector at a distance of 5.8 cm from the neutral
kaon production point. This method yields the real and imaginary parts of the amplitudes and minimizes
syslematic uncertainties.

It is the first measurement of regeneration in carbon in this energy range. The obtained amplitudes
are in good agreement with theoretical expectations and fit well into the picture of existing measurements
at higher energies, as is demonstrated by a dispersion relation analysis taking into account all available
data on regeneration in carbon. This analysis affords new insights into the behaviour of the amplitude at
and below the kaon mass threshold, clearly refuting earlier studies that were based on poorer experimen-
tal input.

The primary objective of the regeneration experiment, a significant reduction of the systematic
error on the CP violating phase ¢ as measured by CPLEAR, has been achieved. This enables us to
publish the world’s most accurate measurement of this key parameter, an important step towards the
understanding of the mechanism behind CP violation as well as an essential input for CPT tests. Apart
from this most prominent result the refined regeneration correction has been used to improve many other
measurements performed with the CPLEAR detector. Moreover our data will also help future low-energy
neutral kaon experiments better assess the effects of regeneration in their detectors.
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A PHASE CONVENTIONS IN THE NEUTRAL KAON SYSTEM

Confusion arises from the fact that many different phase conventions have been used in describing
the phenomenology of neutral kaons, so that it appears appropriate to spend a few words on that subject
and thereby clarify our choice of phase convention.

Apart from an overall phase factor associated with all particles we are free to choose two phases
when dealing with neutral kaons, namely the phase between the strange and the non-strange sector and
the phase between K° and K (“the relative kaon phase™). The first phase is usually fixed by demanding
that the phase of the CPT operator be the same when acting on a K° or a two pion final state [11].
Then the remaining phase between K® and K° may be fixed by choosing a phase either for one of the
two-pionic decay amplitudes!® of K©,

Ar = Al (I=0,2),

or for the CP operator acting on the state K°, but in general not both.

In the first case it seems natural to choose either one of the amplitudes to be real and positive.
This results in the famous Wu—Yang convention [103] for 8y = 0 or the so called quark phase convention
for 02 = 0. The two most common choices for the CP phase, both in general incompatible with either of
the above-mentioned conventions, are

CPK" = K", (A.1)
sometimes called the charge-parity convention, and
CPK’ = -K°, (A.2)

which might be called the negative charge-parity convention. This choice of phases turns out to be the
most natural in the framework of the standard model where everything is expressed in terms of quark
fields {104, 105]. We will therefore refer to (A.2) as the SM phase convention.

We do not see any benefit in working in a completely phase independent framework and adopt the
SM phase convention (A.2). In this convention the mass eigenstates are usually expressed as (cf. Egs. 2.8
and 2.15),

1 -
Kpg =~ [pK? 4 ¢K°]
VIpl? + 1qf?

1

20+ e P)

[(1+ ET)KO + (1 - GT)KO]

with
p—q

ET P (A.3)
where CPT symmetry is assumed. We emphasize that this T violation parameter is not identical with
the decay parameter € of (2.22). The e defined there is (at least in principle) a measurable quantity and
therefore has the same complex value regardless of any conventional phases, whereas e1 does depend
on our choice of phase. In the literature the phase-dependent epsilon is often labelled with a tilde ()
[105, 106] or a bar (€) [107, 108], or avoided altogether [104]. The expression for e corresponding to
(A.3)is

p— qe—Qi(‘)o

p+ qe—2i90
and illustrates how choosing a value for 8y fixes the phase of p/q and vice versa. From (A.3) and (A.4)
follows that

(A.4)

€

1—e % tep(l+e?®)  er+itanby
€= . L = . (A.5)
1 4 e—2i00 er(l — (3“2190) 14+ epitanf

15. See definition in Section 2.2; 87 does not include the strong scattering phase shift §;.
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and we see that € = eT only holds in the Wu—Yang convention. In the SM phase convention 4y and A,
are only complex if there is direct CP violation (or CPT violation) in the decays to two pions, an effect
that so far has escaped experimental observation and therefore must be very tiny. This means that 6 is
very small and (A.5) may safely be written as [106]

(A.6)

So, in our phase convention, et is very nearly equal to € and in circumstances where effects from direct
CP violation and CPT violation may be neglected (as is the case in this work on kaon regeneration) we
are left with only one parameter describing CP violation, namely

e~y =225 x 1073 x exp(i43.6°). (A7)
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ZUSAMMENFASSUNG

In einem Zusatzexperiment mit leicht modifiziertem Detektor hat die CPLEAR-Kollaboration die
ihr eigene KO—K°-Asymmetrie-Methode mit Erfolg angewandt, um die K1 —Ks-Regenerationsamplitude
in Kohlenstoff bei Energien unter einem GeV zu bestimmen. Das Experiment miflt die Interferenz zwi-
schen urspriinglicher und regenerierter Kg-Amplitude durch Vergleich der Zerfallsasymmetrien, welche
einmal mit dem Kohlenstoffregenerator im Detektor und einmal ohne denselben aufgezeichnet worden
sind. Der Regenerator hat eine Dicke von 2.5 cm und befindet sich in einer Entfernung von 5.8 cm
vom K°(K%)-Produktionspunkt. Diese Methode erméglicht die Messung von Real- und Imaginérteil der
Amplituden und minimiert systematische Fehler.

Es handelt sich hier um die erste Messung von Kaon-Regeneration in Kohlenstoff in diesem
Energiebereich. Die erhaltenen Amplituden stimmen gut mit theoretischen Erwartungen iiberein und
passen auch gut in das Bild bisheriger Messungen bei hoheren Energien, wie eine Dispersionsanalyse
unter Beriicksichtigung aller verfiigbaren Daten iiber Regeneration in Kohlenstoff zeigt. Diese Analyse
gewihrt neue Einblicke in das Verhalten der Amplitude in der Néhe der durch die Kaonmasse gegebenen
Schwelle und widerlegt eindeutig &ltere Arbeiten, welche auf Daten von geringerer Qualitét beruhten.

Das primire Ziel des Regenerationsexperimentes, eine deutliche Verringerung des systematischen
Fehlers der von CPLEAR gemessenen CP-verletzenden Phase ¢.._, wurde erreicht. Dies erlaubt uns
nun die Publikation der weltweit genauesten Messung dieses bedeutsamen Parameters — einerseits ein
wichtiger Schritt im Bemiihen um die Entschliisselung des Ritsels der CP-Verletzung, andererseits aber
auch eine Verbesserung vieler CPT-Tests. Neben diesem wohl bedeutendsten Ergebnis konnten auch
viele andere mit dem CPLEAR-Detektor durchgefiihrten Messungen von der verbesserten Regenera-
tionskorrektur profitieren. Dariiberhinaus werden unsere Daten wohl auch zukiinftigen niederenergeti-
schen Kaon-Experimenten helfen, die Regenerationseffekte in deren Detektoren besser abzuschétzen.
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