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SECTION EFFICACE TOTALY DE KL ET REGENERATION COHERENTE DE KS

SUR WOYAUX ENTRE 30 ET 130 GaV/c

ABSTRACT

-

Des mesures 3 haute statistique des sections efficaces totales (£1.5%) et
de la regeneration ccherente (£3%) sur ¢, A1, Cu, Sn et Pb permettent de
tester en détail la phenomenolcgie de Glauber-Regge & haute energie,

Les 8tats in&lastiques intermédiaires, dont la contribution dans le Pb est
de l'ordre de 10% a 100 GeV/c, sont correciement prédit par un moddle de
Karmanov-Kondratyuk améliocré, Les résultats peuvent étre interprétés avec
des rayons quadratiques moyens nucléaires &gaux aux rayons &lectromagnéti-
ques correspondants, La prédiction du modale pour la section efficace totale
des KL est directement compatible avec les données,alors que la prédiction
de la régéneration cohdrente sur noyaux nécessite un intercepte de la tra-
jectoire de 17w, aw(O):O,éot0,0I, nettement différent du mdme inter;ept,

@w(O)mOUQ&tO.Ol, mesuré sur cibles Elémentairesg.

A Louig Dick



XL TOTAL CROSS—-SECTION AND Kg COHERENT REGENERATTON OW NUCLET

BETWEEN 30 AND 130 GeV/ce

ABSTRACT

High—statistics measurements of total cross—section {(#1.5%) and ccherent
regeneration {(%3%) on C, Alw Cu, Sn and Pb, allow the Glauber-Regge
phenomenology toc be extensively tested at high energies. The inelastic
intermediate states, which contribute as much as 10% in Pb at 100 GeV/e,
are properly accounted for by an improved Karmanov and Kondratyuk model.
The data can be interpreted with nuclear gtrong interaction RMS radii
equal to the corresponding electromagnetic radii. The model prediction
for theiﬁh total cross—section is directly compatible with the data, while
the prediction of_KS regeneration ¢n nuclel requires an @ intercept
aw(0}=0,40i0.01 significantly  different from the same intercept

aw(G)=O,QQ$O°Ol measured with elementary particle targets.
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L, INTRODUCTION AND MOTIVATION.

1.1, Neutral kaons.

They are many Interesting effects associated with the existence of tfwo

neutral kaons, which are distinguished by their strangeness:

STkey = + x°y
~ ~ (1.1
g; E%a& ?} - - Elyiﬁ;? .

Ameng them, the existence of two states with distinct lifetimes and the

CP violation phenomenon are the most important’.

Since CP ig %nown to be comserved by the weak interactions in general,

one expects the decay eigenstates to be
_ I T T I
VE K.Y = Ky +[K"
KE%R@?

#

(1.2}

!

Ky = 1R

[H

such that

CPikyy = +[KyY
CPIK Y= - K>

(1.3)

. . G 0 - .
But, in the K -K7 system, P has been found te be violated, although at

the 10~_3 level only. The true decay states are thus

ZHE EKg? = Ky + e 1<,y

VITTT K= Ky ) + ek

(1.4}



In the superweak theory of CP viclation, the complex parameter £ I1s

equal to n+_y where

- £ T i “{{:% b

In this euperiment we shall exploit the fact that in a ., beam, there is
i

_ . . . C . . . =0 -
an almost egual mixture of particles (K ) and anti-particles (K}, Indeed,

from {1.2) and (1.4)

Vala +1er) [K D= (g} - (1-)1K> e

and KL'S are thus idealy sulted for comparing particle and anti-particle

properties,

Two kind of processes are readily accessible

(i) K, total cross—section measurement, i.e. the process
]

KL_-@% S HL-@%A

which is directly proportional to the sum of the KO$ K° scattering
amplitudes at t=0 :
£fod f’"{’ }
. o4 -0l
Cp = YT I 12070 (1.7)
P )

{1i) K. coherent regeneration measurement, i.e. the process
[

NL'?”” A s %g% A

cs o s s . . o G ZO
wnich 1s directly proportional to the difference of the X'y K scat-

tering amplitudes at t=0 :

(L. 8)
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We shall now examine in details the motivation for studving these two

processes with high asccuracy, and for several nuclear targets,

1.2, Total cross-section measurement

Total cross-sections of charged particles aye difficult to measure hecause

of Coulemb interference effects. Neutral particles of course do not suffer

from this inconvenience, and thus allow very precise measurements to be per—
formed easily. It is probably for this reason that total eross—sections on
nuclear targets have been measured first for neutron besms at Farmiiab eﬁergieszﬁ
In these later experiments, substantisl departures from the standard Glauber
model of hadron-mucleus interactions® have been observedg.andninterpreted

"effect, i.a2., from the

to come from the so—~called "inelastic secreening'
contribution of inelastic intermediate states’'. The present experiment with
kaons will confirm this e2ffect and study its atomic number dependence with
an increased precision. Furthermore, since the kaon—nucleon total cross=—
section ig smaller than the corresponding meutron-nucleon cross—saction,

the kaon mean free path inside the nucleus is larger, and the inelastic
screening effects will hence be comparatively bigger for kaons than for neu-
trons. Finally, the kaons have the technical advamtage over neutrons that
they can be detected in vacuum (through their semi-leptonic decays), while
the neutrons need z converter to be detected. Provided one properly takes
care of the well-known rvate effects i1 sueh an experiment, it becomes

poseible to davise a virtually systematic—free measurement of the KLmnucleus

total cross—sections.

1.3. Regeneration measurement

It iz wall kpown that a most powerful technique for the study of the dif-
ference in behavior between particle and anti-particle is that of coherent

regeneration. The power of this technique results in part from the following:



i .

a) The events rate for the process KL + target = KS + target is

directly proporticnal to the absclute square of the difference of the

particle/anti-particle scattering amplitudes. Thus, as one measures
this difference directly, an important source of systematics involved

in substraction of two large numbers is eliminated.

) Even through the vield of anti-particles (from the production target)
falls rapidly with energy, one does not suffer: the weak interaction
acts to convert the dominant Ko's (particles) into ¥ {anti-particles)
s0 that the neutral KLbeam contain an falmost) equal mixture of

particle/anti-particle.

In this experiment, we will exploit the effect of coherent regeneration,
optimized to perform a high statistics study of the atomic number

- - . s o =0 . .
dependerice of the difference between the K and K scattering amplitudes.

Apart from allowing a semsitive test of the Glauber model in the

30-130 GeV.anergy range, rageﬁeration measurements have also the

following attractive features:

{i} The I{O9 g° amplitudeé difference measured by KS regeneration is
keeping only the ¢ = -1 Regge-poles contribution. Thisz elimination

of the diffractive term allows the poles, and thus the Regge theory,

to be studied directly. In isoscalar targets (i.e. C}, the w~trajec—
tory will be the dominant one left to be exchanged®, while in I # 0
targets (heavy nuclei or hydrogen) the p-trajectory will alsec contri-

bute.

(i1} A systematic study of Regge phenomenology on nuclei should help
understanding the discrepancy between the w intercept measured on
a2l =90 nuéleus (i.g. carbon gives am(0)=0.a0i0.01_5) and the same
intercept obtained by Regge fits to the elementary particles total

6 -

cross—sections (i.e. o (0)=0.44%0.01 "). For instance, in measure-~
w

ments on nuclei, a coupling with the pomeron may arise that can



(iii)

(iv}

(v}

_S_..

; . C I . . ‘
modify the intercept’. The study of the atomic number dependence of

regeneration could thus vield information on the relative importance

‘of such "Regge cuts” contributions.

The full regeneration amplitude is equaly sensitive to the imaginary

£ o O @ s s yra -
part and the real part of the K7, K amplitude difference. In heavy

nuclei, because of the rise of the total cross—-sectiouns, the Glauber
model predicts a change in slope in the momentum dependence. In such

effects the real parts of the kaon-nucleon amplitudes are essential.

The regeneraticn amplitude is known to be about 2.5 times larger o
neutrons than on protons., Therefore, regeneration will be particularly

sensitive to the neutron distribution inm heavy nuclei and will alliow

the comparison of proton and neutron denmsity distributions*?.

The inelastic intermediate states will certainly contribute to the

regeneration signal., As this process is neot well known at present,

t iz of course intevesting to observe it in regeneration as well.

e

This phenomencn, which arises bhecause of the rescattering of excited
beam particles within the nucleus, vields infeormation om the space-
Eag

~time development of strong interaction ingide nuclear mattar,

4

Together with the high—statistics, svstematic—free measurements of the

K. total eross-sections themselives, as well as their momentum dependence,
\.(, b}

A

this experiment will study AL, Cu, Sn and Fb over the momentum range

30 to

13C GeV/e. Coupled with present data on H and C, this will provide

measursments over a wide sweep in atomic number.






2, EXPERTMENTAL METHOD

In erder to significantly reduce systematic errors for this and subsequent

experiments, the neutral beam—line was configurated so as to have two

sharply separated beams of equal sclid angle close to each other. Such a
double beam arrangement allows one of the beams to be used for monitoring

and the other one to contain the targets.

The major advantage of this technique comes from the fact that the same

detection apparatus can be used simultanecusly for beth the monitoring -

and the measurement. Thers is thus no independent beam monitor which in
single beam experiments is a important source of systematics. As every
accelerator pulse contains both the monitoring and the measured data, any
intensity fluctuations in the beam or instabilities in the apparatus are

of negligible consequence.

Of course, the roles of the two beams have to be interchanged every pulse
by alternation of the target(s) between the beams. This insures that the
result is insensitive to differences in fluxes in the two beams (i.e.

arising from their slightly differemt production angles) and to any possible

differences in the sfficiency for the detection of decays from the heams.

2.1. Total cross-sectlon measurement

With the double beam, the total crqsénsection g&gKL# Nucleus) is

measured by placing an absorber in ome of the beams, far upstream of the

decay region in which semi-ieptonic decays from the two beams are

detected (Fig. 2.1). Alternating the absorber batween the two beams, one

insures the equality of the incident fluxes of the two beams. If NT ig the

number of transmitted and N_ the number of incident kaons (monitored in the
4

other beam}, the total cress-section in perfect geometry is readily given by



/

g%gza A _ ‘gﬁgﬁzj {(z.1)
Ao LA ‘ hﬁy

where Aﬁﬁ}’ L are respectively the atomic weight, density and length cof

. 3
the target, and /V Avogadro's number.

‘The main advantage of this double beam technique comes of course from
the fact that the sawme apparatus is used to measure NT and NE simultaneously.
But, furthermore the average intensity through the detector is kept constant,
i.e. the well-known "target—in', "target-out' rate correctioms of single
beam transmission experiments arve absent. N
Because of the length of the beam line required for the regeneration
measurenent, (see 2.2) it was pessible fto measure the total cross—section

in Ygood geometrv™. Wirh an absorber detector distance of 302 m and a beam
spot size of 5,75 cm x 5.75 cm at the gpectrometer, only twe minor (a

few percent)} corrections with respect to (2.1) were needed, viz.

(1} Diffraction in the absorber

&

This correction is to take into account KL“S which diffract in the ab-
sorber and yet remain within the beawm. This correction requires the
knowledge of the sclid angle afl defined by the collimators and the
scattering parameters of the (Klmnucleus) interaction. The latter para-
meters could be determined with sufficient precision from the model used

to interpret the data,

Let us parametrize the differential elastic scattering on the nucleus as
" o

G2y P de '
) ‘

PEY P TR

Cp ¢ b oexp(-bltl) G

Where flis the ratio of the elastic to the total (KL -nucleus) cross-

section. The probability of a KL to sgatter elastically n times in the



absorber is

Py o) | ~
: () =TT PP () (2.3

where ¥ = L/¥, and X = A/(G%!Q,AP ) is the mean free path for scattering.
On the other hand, the probability of a n-scattered KL to stay in the

beam is

¥

oA b %‘ﬁ

P N S e N (2.4.)
13

Doy b
r, (n)= <

Hepce, the puwber of detected KI*S in the transmitted beam is

.

Nrﬂ = f’\f}: € z.»j 5 o F’a E (‘3\'?:} £g (2.5)
b L A

—r

. % : . . ) .
where NIe = NT i1s the true transmitted number of KLES we wanl to

measure.

{2y Scattering from one beam into the other

Thieg is the following effect: K 'g may diffract from some beam line

1"

element {i.e. a collimator), or the absorber itself, into the other
beam. Lf ¢ is the probability for a KL *o scatter inte the other bean,

the number of observed decays are proportional to

abs
Np“ = Wp s e g = Np(2sce)

(2.6}

oh : -
Ng.g:; ;iffl. +C !\fgf.? - ﬂ/i,f(:’f--{:fﬁ

As ¢ will be small, and x approximately 2, the correcrion fo NI will be

neglected.
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v, 1

To caleulate ¢, we simulated this beam ' ‘cross—talk" effect in a

Monte Carle program. We found that in fact the main contribution came
from a 7.5 em thick lead radiacor located 35 m upstream of the
absorber. A verification of this was provided by plugging one beam

and observing diffracted events in it (See paragraph 6.3). .

Comb?ni ng the corrections (2.5) and (2.6), the frue number of transmitted

KL’S is

2
b b o= {4y .
N? e NO «;{' s cd 4+ 4R p&%z ; %S‘ (2.7)
Eﬁw,’ﬁ - ’ o

where a, b, ¢ are slowly varving functions of the momentum fo be
determined self-consistently via the Glauber model {z,b}, and a Monte

Carlo (g,

2.2, Regeneration measursmant

The KS regeneration process, i.e. the reaction KL + A-ﬁnKs + A has the
feature that in exactly the forward direction the amplitudes from ali

the nuclei in a macroscopic target add coherently,whereasg the rate of

. 2 2.2
regenerated events is proportional to {f fg L, as opposed to dlf*

fraction regenerarion, where the rate ig proportional to gf-fézLN .

The forward coherent peak eliminates the necessity (and uncertainty)

of an extrapolation to t = O, Although the indicent neutral KL iz not
measured, this coherent signal can easily bé isolated if the regenerator
is lotated far enough away from the production target te define the

incident KL direction accurately.

With a double beam, ccherent K. regeneration is measured by placing

"t
a4 regenerator bleck in one beam, and an identieal absorber block, far
upstream, in the monitoring beam to correct for absorbtion in the

regenerator (Fig., 2.2). In the decay region (i.e. in the vacuum pipe
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located between the regenerator and the spectrometer), one detecis

Kn2 decays of KS

the monitoring beam. Nete that the blocks, and hence the functions

's behind the regenerator, and Ku3 decays of KLES from
of the two beams are constantly interchanged.

The main advantage of the double beam method 1s that the XKu3 rates
do not have te be corrected for diffraction in the regenerator, as
would be the case when detected directly downstream of it. For the
same reasom, the Ku3 sample does not have to be corrected for Kni's

with 2 pion decaying in flight.

PR - . - 1 g
The phenomenclogy of kswregeneratlon is well known . One finds that

. . R Lo . .
the Intensity of m 7 decays, behind a regenerator of thickness L is

3 N T
I{Kan,%, p)= NE e (-1/x) BROKW) T é

= i ; ) ¢ 4 §oe
E/D(ﬂf,,) éﬁﬁéﬁ{f&m‘g“é -4~%%%§%fq%w Lxy {fwﬁ‘mL@ + 5 f:: @)g f

= Ny gxp [-L/x) BR(xw2) Ty

where { is the proper time elapsed between the exit from the downstream face
of the regenerator and the decay, and BR(Kn2) the branching ratio of

—eun—.
chﬂw T

The regeneration amplitud%faﬂp,L) is connected with the forward amplitude

difference (f-%) by

v [He- T Ao emp(iBL)
ﬁ(?;“}%&wng . ) 1B



where

&m%“mhmgf)“%(;}@” @19

and

4 ., (2.11)
oo 3 { ™ wmﬁ}

L

and N is the number of scattering centers, Nﬁﬁ%ﬁ/ﬁ.

The contribution of the CP-violating KLmﬂm-Zﬁ decays is given by the
momentun independent amplitudeqz+un Independent knowledge of this am—
plitude would allow, by a fit to the proper time distribucion (2.8),
to measure 0. Because of the availability of the second beam for mo-
nitoring, we did ot use this so~called "interference method", but
‘rather the statistically much more powerful technique of observing
the decay of the regenerated KSYS in the repion where the i})%z term
in (2.8) is dominant. This cheice determined the length of the decay
region, whigé was taken to correspond fo Lwo szlifetimes at 100 GeV,

i.e. 11 m.

For thin regenerators (i.e. BL<<1), the expression (2.9) becomes

o
frd
b
S

¢

o "' f
jﬁ{ﬁ'sLD awmg%my ) L (
so that the leading term in (2.8) is proportional to

| (2.13}

Z/ﬁi@ L’?, mfo(ﬂij}{)
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This last expression maximizes at L=2X; therefore all our regenerators

(and absorbers!) were chosen to be two kaon interaction lengths long.

For the menitering beam, the rate of Ku3 decavs in the decay region is

given by

f{ffﬁﬁ? ) fef ot p {wﬂﬁ/}) BR{X Exﬁﬁf?;g,mjg(mafg) (2.14)

A

A

so that by taking absorbers and regenerators of sams L. one measures .
. & A

directly the incident number of KL{S?.NTu

At a given kaon momentum p, the limits of the decay region will
4 N S dior g -
correspond to the proper times ﬁl(p) and ©,(p). Thus the number of

detected Kn2 and Ku3 decavs will be

N!&fiww E’/} A yﬁfwiﬁp/}j f(é’*g"{ "‘ﬁg/} gy (2.0

-ﬁ
ar
-

fﬂz,
T (Ka?, fé}é@} de e

 p)- U"

k"‘“’*"‘"ﬂm

o

In this expression A(Kn2, p) and 4{Ku3, p} are the detection efficiencies

e

-{.v..‘_
by the apparatus (acceptance) of the Kq—ﬁw T % and KL—~avﬂvu decays,
integrated over the entire decay region. These acceptances, as defined in
{(2.15) and (2.16), will be calculated by a Monte Carlo program {(Sce

Chap. 5).

Let us now suppose that we know §§= arg(f*%) and take for??+ the

t ——....
measured value. The only unknowns left in (2.15) are thus gf~f§ and
the normalization factor Ny exp(~L/X} . Dividing (2.13} and (2.16) we
eliminate this later term and obtain an equarion for ff f£
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As % enters only in the (small) interference term, together With%? .
" + -

it is sufficient to take it from a CGlauber-Regge model in a self-

consistent manner. In fact this model shows that even for heavy nu=

clei the dominant contribution to £-f is, as expected, the pltrajectory.

¥
5

F is thus simply given by the phase of theljRegge amplitude, i.e.%.

' ra 4 ; ‘ 3
G= v C{“’%} SR E&*us{m}+ﬁi (2,17}

il

e

Tor the same reason, the uncertainty 11%? ] will have only & small
o
effect. Therefore, we obtain a virtually systematics-free measurement

of the modulus.gfwfiu

We shall now examine various backgrounds and systematics affecting

the regeneration signal {Kv2 decays) and the flux monitoring (Kup3 decays).

Backgrounds in the KnZ signal consist of leptonic decavs which fake,

over a limited kinematical vange, Eri's. KﬁS“s are effectively removed

alrea&y at the trigger level by identifying the muons. Ke3's can be

reduced with the (off-line} requirement that the electromagnetic energy

that is measured for each particle in a shower counter be inconsistent

with its momentum as measured by the spectrometer. The Kn2's must also
.

be corrected for diffraction regeneration. These diffracted &S°s have

& much breoader t dependence than the Kq?s from the coherent peak. Together
with the residual Kel's, the diffracted Kn2's result in a small, essen-—
tiaily flar background in the momentum transfer distribution, which can

be substracted by extrapolation under the coherent peak to £=0 (See Fig.5.3).

Systematics in the Ku3 decays used for flux monitoring are as follows:

(2} The bBranching ratic Kwa%=ﬁuv iz known only to 2%, This induces
an gverall normalization uncertainty, but will not affect conclusions
ag to momentum or atomic number dependence; (b} 7-u deecavs in flight of
other decay modes may simulate Ku3 decays. The contribution of theée at

the trigger level was about 5%, with Ke3 with 7m~decay in flight dominating.
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This background will be corrected by Monte Carlo; (¢} The Ku3 have to
be corrected for diffraction scattering inm the absorber, and for scattering

from one beaw into the other. This correction was the same se for the

total cross-section measurement, i.e. (2.7) .

2.3, fﬁ+ measurements

As the apparatus detects simultaneousivy Km2 and Ku3 decays from both

beams, the Kn2 yield in the monitoring bheam 2llows

a

measurement of’?+w,
From (2.8) withj?=0$ and (2.15, 2.18) one gets easily | .
¢ Bod e Kl owl
N{iv“&; v) - ER(Knz) A L(Knt p) i 5{:”}% 2 (2.18)
Nhp)  BR(KuZ) Akl 0

A5 both decays come from KL?S in the absorbed beam, the correction (2.7)
drops out in this case.

The determination of ﬁ? provides a comsistency check of

the experiment
and can serve as an indicator of the systematic uncertainty

due to the use
of the Ku3 normalization,
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3. BEAM LINE AND SPECTROMETER

3.1 Beam line

This experiment was performed is the Mb neutral beam at Fermilab.
Fig. 3.1 shows the main components of the beam line and Fig. 3.2 the
spectrometer. The beam, consisting of nautrons, gammas and kaoms, was
produced by bombarding a 0.16 om % 0.16 cm % 20 em Be target with 400-CeV
protons. The distance from the target to the regenerater {516 m or

Z& 8¢ ﬁs) insures the total shsence of any KSQS,
The production angle (7,25 mrad} and the sizes of the two beams are
determined by a fixed collimator 113 m from the production target. This
1.22 m thick steel collimator has fwo 1.27 cm x 1.27 cm holes, separated

=

by 0.32 em, defining twe 5.8 cm % 5.8 cm beam spots, on top of each other,

at the regenerator. Further control ig provided by remotely adjustable

collimators, at 202 m and 312 m. Fach of these 1.22 m thick steel collimatore

are preceded by a 1.22 m long copper slab, respectively 0.57 cm and

0.89 cm wide, insuring a perfect separation of the two beams.

The final bednm spot sizes durine normal running were approximatelw
P [ ¥

35.75 cm x 5.75 cm square with a vertical separation of 1.3 cm.

Sweeping magnets located immediately downstream of =ach adjustable
collimator insure that only neutral particles enter our apparatusg.
Evacuated beam pipes, equipped with mylar vacuum windows, were placed
through all long streches of the beam line, to minimize the interaction

of particles with air.

£ lead converter at 79 m served to Suppress gammas in the beam. This
converter, entirely mounted withip a sweeping magnet, consisted of twelve
0.64 cm thick slabs of lead, each spaced approximately 5 cm apart. The
magnet provided continuous sweeping of the shower produced along the length
of the rvadiator., With the lead radiator in place, the beam at the apparatus

consists of KL“s and neutrons, in the approximate ratioc 1 : 5.
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A neutron counter telescope, located approximately at 200 m, just before
the first adjustable collimator, provided 2z relative beam monitor. This
neutron monitor consisted of a veto counter, followed closely by & neutron
converter (1 cm Al), and by two counters {(separated by 1.2 m) in
coincidence. The ratio of the neutron monitor ("NM") to a secondary
emission monitor ("SEM'") of the incident proton flux provided a reliable
continuous measure of the targetting efficiency, Furthermore, a slow-
sweep oscilloscope display of suitably integrated neutron monitor pulses
revealed the time structure of the beam spill, including large spikes

during which the electromics was gated off.

A measurement of the KL spectrum from 30 to 130 GeV/c appears in Fig. 3.3.
We observed 3 x 105 KL‘S total per 1012 400-GeV protons on the target,
which was a typical intensity. This spectrum was obtained from the chserved
KﬁB decays in vacuum, and corrected for the detection efficiency of our

apparatus.

3.%Z. Targets

The C, Al, Cu, Sn and Pb targets were chemically pure, naturally occuring
isotopic mixtures. They were carefully machined blocks, with thicknesses
chosen to be of about two kaon interaction lengths, and such that each

pair of absorber and regemerator had precisely the same length. The
densities of the targets were checked by two independent methcds im

srder to make sure that no holes were hidden inside. The physical parameters

H

of our targets are listed in Table 3.1.

3.3. Absorbers (upstream target)

The absorbers were located immediately downstream of the fixed collimator
at 114 m from the production target. A1l the different absorbers were
mounted on a "revoelver'-style moving machine which, under remore control,
was able to rvock a selected target from ome beam info the cther one

(see Fig. 3.4.) . A special "half-length" Sn absorber was included in order

to study possible systematics in our total cross=—section measurement method.
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As the beam spot size was only of 1.3 em x 1.3 cm at this position the
apsorbers could be made relatively light-weight so that the mecanical
design of this machine was easy. However, because of the limited access
to this high radiation enclosure of the Meson Laboratory, the machine

had to be made very reliable, and its electronics radiation hardened.

3.4. Regenerator (Downstream target) and sweeping magnet

The regenerator was placed within z magnet, to sweep out locally produced
charged particles. To contain the beam spot amply the regenerators were

of 7 cm x 7 cm mross-sectional area. The mecanical congtraints om the
machine needed to displace such a block weighing 10 to 15 kg within the

10 em % 18 cm magnet gap were quite severe. The design allowed a given
target to be translated from one beam inte the other ome in 3 to 4 seconds,
which was fast enough to alternate the function of the beams on a burst-
by-burst basis (see Fig. 3.5.). The longitudinal position of the
regenerator inside the sweeping magnet was optimized in order to be as
close as possible to the entrance window of the decay pipe so as to datect

as many regenerated KS‘s as possible.

3.5, Anri-counter and decay region

An anti-counter (Cl) was installed between the sweeping magnet and the
entrance window of the decay pipe to veto the‘charged particles, imsuf-
ficiently swept by the magnet. This an;i“counter consisted of a 1.6 mm thick,
18 cm x 8 cm in size, scintillator viewed by a RCA "Quantacon” phototube.

In order to handile thé very high counting rate, the photomultiplier gain

wag set to deliver only small pulses: these had to be further amplified

before driving a fast updating discriminator,

The entrance vacuum window of the LI m long decay pipe was a .13 mm chick

mylar window, and.the residual pressure (435jmm Hg) in the pipe wasg
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carefully monitored so that multiple scattering and secondary interactions

(i.e. regeneration) were negligibie.

3.6. Trigger counters

The arrangement of the scintillation counters was chosen with the following

criteria ¢

1.} A meutral particle should enter the decay pipe and decay into a

WY owithin i,

2.} A candidate "V" has two and only two tracks, and they are roughl

left symetric,
3.} Accidental rates should be minimized.
.3 The amount of matrer within the spectrometer should he winimal.

We shall elaborate on these aspects of the trigger below.

rig

charged

hig-

To insure comdition (1), an anti-counter (Cl, already described) wag placed

immediately downstream of the regenerator, and a MWPC (MF) was placed

immediately downstream of the decay pipe exit window. Cl was large enough

to cover the area of the regenerator in its two DDSlLlODa and ‘had high

R

efficiency to veto charged particles produced in the regenerator. The

proportional chamber MF, 86 cm x 43 cm in area, constituted a massiess

counter. Its fast output was required in coincidence.

The basic two tracks trigger was defined by twe vertical counter hodoscopes:

C2, near the front MWP( table, and C3, downstream of the back table.
hodoscope was logically divided into left and right halves, centered
the beam line. A track on the left (right) side of the apparatus ﬁas
given a signature in each bank C2L (C 2Ry, ©3L (CBR\. Bach half of (2

consisted of 12, 7.5 cm x 35 cm scintillators 1.6 mm thick, arranged

above and 6 below the beam line, CZ thus defined four guadrants. The

Each
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thickness of the CZ elements, and their wrapping, were chosen so as to
minimize multiple scattering. C2 was used in a majority logic so that

one and only one element on each side (R, L) was required to fire.

C3, which consisted of 24 vertical strips 5 cm x 122 em x 0.67 cm in size,
was located downstream of the last proporticnal chamber and therefore

could not deteriorate the resclution.

Ch was essentially identical to C3, except that its strips were horizontal,
and its main purpose was to rveduce the accidentals. Only one hit in €4
was required, since some of the events had both their tracks in a nearly

horizontal plane.
The baszic two-track trigger defined by the ahove counters was thus:

PZ = CL-MF-C2L-C2R-C3L-C3R-C4
411 the neighboring counters within the hodoscopes were arranged to
overiap by about 1.5 mm in order to-aveid "eracks" that would have spoiled
the uniformity of the pgeometrical acceptance. The only exception was the

left-right separation im C2 and C3 which resulted in a 4-mm wide vertical

gap centered on the beam axisg.

3.7, Particle identifving counters

In addition to the trigger counters above, special counters were emploved

to identify the electrong from Kel decays and the muons from Eu3 decays.

An array of 12 overlapping lead-lucite shower counter units {5C),

60 cm x 20 cm each, were placed dowostream of C4. Each unit consisted
of 15 sheets of lead (15 radiation length total) interspersed with 18 sheets
of lucite (1 radiation length total) mated smoothly to an adiabatic lucit
light collector. 411 SC's were identical, except for two of the central

units through which the beams pa2ssed, which had 2 3 cm x 3 ¢m hole to aveid

interaction with neutrons in the beam.
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The excellent electron identification provided by this SC has heen
extensively used in the analysis of the two previocus regeneration

experiments performed in the same beam line®''"

. The much cleaner back-
ground situation of the present experiment (mostly because of tﬁe relatively
shorter decay region), did not necessitate to use the SC's other than for
background study purposes.

In front of the lead-lucite shower counter was a 2 radiation length

"thin" shower counter, This second electron identifier was made out

of two halves, left and right, each of them consisting of two 110 cm ﬁ

60 em x 0,6 cm sheets of lsad, immersed in & tank of liquid gcintillator
viewed by 4 photomultipliers. The output signals of each of these counters
was recorded by ADC's, just like the other "thick" shower counters, but
the former signals were also summed, on the left énd on the right, to pro-
vide, after digcrimination, a real-time electron veto signal. This feature
was used tosuppress Ke3 decays in s special run intended to measure the CP.

~

violating KLto 2 pilons decay branching ratio.

The muon counter, C5, consisted of approximately 3 m of steel (16 pion
absorption lengths and a muon range of 2.5 GeV), followed by & hodoscope
_(CS) congisting of twelve vertical 16 cm = 160 cm x 1.3 cm scintillators
overlapped by abveout 2 cm. The pion "punch through” probability was
negligible. The C5 outputs were stored for sach event so that the spatial
information could be used off-line to identify which of the two tracks
belonged to the muon. Because of the multiple scattering of the muons
in the steel this identification was not always unambiguous. We therefore
celculated the probability for either track to have hit the struck counter(s)
and identified the mwuon as the track having the highest probability.
C3 entered the trigger in coincidence for Kyl triggers, and in vete for
¥r2 triggers. Since the normalization was done in this experiment relative
to Xp3 decays, the efficiency of €5 had to be regularly checked in special
runs; in these the beam block was closed so that only genmuilne mucns could
reach the gpectromerer, Using & single track trigger it was then easy to
measure the absolute efficiency of the C5 counters and to study the muon

identification procedure.
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3.8. The analysing magnet

The analysing magnet used in the experiment had an average field set to
provide a transverse momentum kick of 206 GeV/e. This value, which equals
the momentum of the pion in the two pion decay mode, maximizes the ac~-

ceptance ratio of the K¥2 to semi-leptonic decays.

The field integral was measured with a flip-coil magnetometer at every
point on a 7.3 cm grid in the transverse plane throughout the region de-
fined by the trigger counters, and longitudinally from -90 cm to +90 cm.
The field was highly uniform (varying by less than 2.5%) through the area
defined by the trigger counters, while its stability with time was better
thaen 0.1%. A non-negligible horizontal field component, corresponding to

a few MeV kick in the nom~bending projection, was measured and corrected
for in the anmalysis. The magnet.gapg 66 cm, defined the vertical acceptance

of the spectrometer.

3,9, Multiple~Wire Proportional Chambers

The five MWEFC's used in the experiment were of the mow common variety
Charpak chambers and had a 1.6 m=m (1/16™) wire spacing and & 4.8 mn
{3/16") cathode to anode gap. The semsitive areas of the chambers were !
6C cm x 120 cm for the 3 front chambers, and 95 cm % 140 em for the 2

back chambers.

The chambers were continuously flushed with a mixture of 80 % Argom, 2C 7
CO2 and .25 % of Freon.

The efficiency of the chambers was plateauing at 3.8 te 4.0 kV, and the
plateau was about 200 té 300 V long. In between the beam spills, the high
voltage was lowered by & few hundred Volts in order to keep the dark cur-
rent low and save the chambers, During the spill, the dark current was
typically of 1 to B/ﬂA, The normal chamber strobe width was 50 ng wide,

and the timing curves were typically 90 to 120 ns wide.



Four of the chambers comsisted of %, ¥ planes each, while the second

. . ] o
chamber 1n the spectrometer had its wires slanted at 45 {(u, v, planes).

The vertical plane of the third chamber in the spectrometer was split
into separately read-out left and right halves. This served to remove
left-right ambiguities. The dead regicn at the split was only about 5 mm

wide.

The 800C wires of the spectrometer were read-out by & fast priority en-—

coding read-out system that will be described in paragraph 4.3.

3.1C Component list

In table 3.7 we list all the slements in the spectrometer, relevant di-
mensions and thicknesses in radiation lengths. The radiaticon length of

most elements in this table contains a contribution from the surrounding
air. To minimize it, all the frees regions between the detectors, and the

magnet gap, contained helium bags.
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4, TRIGGER LOGIC AND DATA ACQUISITION

4.1, Trigger electronics

The fast logic used in the experiment comsisted almost entively of stan~

dard NIM modules. A schematic of the trigger circuitry and of its inter=-

commection with the camac is shown in Fig. 4.1. The fast decision was ta-
ken on two gsuccessive levels,

The first level consisted of the coincidence

C2=C1-C2L-CIR -

which was latching the information of all the hodoscopes into the camac pattern

units. Then the two-track trigger was built up as
P2={02-MF} - (C3LeC3R-C4)

The basic gigpnature of the Kﬂ2 andrrKuSndecaﬁs were thug given by

KPI2=P2+(5

and

PMUI=P2.C5

The much more abundant RMU3 triggers were usually prescaled down by 2, 4

or & and ored with the KPI2 signals to define an event candidate (EVENT).

The second level made use of specially designed combinatorial ECL cir-
cuit which provided an exclusive signal insuring that, save for left-
right and up~down overlaps, tliere was one and only one hit on either side

of the CZ. This exclusive signal C2 wasg generated from the C2 hodosceope
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information latched at the first trigger level. Its PUrpose was to wveto

the strobing of the proportional chambers in case of a (background) trig-
ger producing 2 multi-hir configuration in C2. Thus the coincidence EVENT
«C2X produced a valid event interrupt and initiated the strobing of the '

MWPC e and ADC's, while the condition EVENT»(2Y + EVENTeC2 resulted in an

'

h

early reset of the patterp units.

. . . 5 - 4 .
The first~level Erigeer rate wasg typieally of about 10 per beam spill,
while the usual data taking rate was around 200 - 300 events per beam
,pill, being essentially limited by the data-acquisition system buffer

size, .

4.2, Camac electronics

A1l the real time information was interfaced to the on~line computer via

a camac system. The event, beam spill and other synchronisation interrupts
were .fed into a CERN-designed "Look~at—me® grader? which also generated the
dead"time.signals iohibiting the trigeer logic. The camac contained pattern
units for the 112 bire of bodoscope information, event flags and moving-

machine status bits. For the shower éounter information 20 ADC channels

of 8 bit resolution wers recorded per event. At the end of every beam spill
32 camac scalers were read out to monitor various rates and to record

the SEM and the neutron monitar {NM). The neutron-monitor sigpal was also

recorded in anti-coincidence with the total dead time (M%), so that the

% . .
ratio NM /NM gave z direct meagure of the true live time (see Fig. 4.1.7.

4.3, MWPC readous

The MWPC read-out was making use of a fagt priority encoding scheme designed

%, ALl the chambers were read our simultaneously under

by T.A. Nunamaker
control of so called "coupler boxes”, one for each chamber plane, which

contained a buffer for up to 16 fully encoded wire addresses,
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The wire information was first strobed by the event trigger into z shift

register which latched the struck wires., The latched wire information was

ered into subgroups of 8 wires and then into groups of 64 wires. The pri-
ority encoders, distributed along the chamber plane, found in sequence the
group, then the subgroup containing the highest priority struck wire (i.e
closest to the coupler box). The 8 bits of shift register containing thie
wire was then transmitted to the coupler bhox which calculated its address.
The £ull process of encoding & struck wire took less than 2 micreseconds;

s¢ that, in principle, the full MWPC system was available in less than 10
microgeconds for recording & new event. But, in our experiment, this dou~

ble buffering capability was mot used,

The buffered wire addresses were finally sent serially to a camac scanner
which was reading out, under program control, the 10 chamber planes sequen-—

tiglly at & rate of about 20 microseconds per wire address.

&

4.4, Trata acquisition computer

The on~line computer was a 32 K, 16 bit, Data General "Supernova'. The

memory cycletime was 800 ns and the computer was equipped with a fast

0
-
m

s
D

floating-point unit, a 256 K fixed head disk and & 800 bpi 75 ip

drive.

The raw data, ascquired via camac during the 1 second beam spill, were
buffered in a 16 K, 16 bit fast externsl stack so that the full memory

was available for programs.

The function of the computer during the beam spill was restricted to the
read-out of the camac under program control. The read-out dead time was
of the order of 400 to 800 microseconds per evant.because the  computer
wasg used to admpact and check the data while reading it in. For. instance,
a minimum and maximum number of struck wires was preset and the computer

rejected directly the events £alling out of this range.
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4.5, On-line pattern recognition

The prime design specification of the on-line computer system was to be
able to reconstruct all the events completely (fv 250/burst!) ip real time.
The motivation was that one could use the 10 seconds between beam bursts
to precesgs the data. Indeed, it Wés found that the off-line processing

of the data on a CDC 6600, using the same highly optimized algorithm, was
only two times faster than on the Supernova. The reason is that simple
pattern recognition programs make only minimal usage of the resources of
large general purpose computers, so that the execution time depends ulti-

mately only on the main memory cycle time, : .

'The on~line program had several subroutines, first debugged in Fortran,
and then translated inte assembly code in order to make best usage of the
Supernova features. The main steps of the on-line pattern recognition

program were the following :

(1) An event was retrieved from the hardware stack and unpacked. Ex-
tensive diagnostic display of the detectors' performances was made at this

level (see paragraph 6.1 ).

{2) The pattern recognition started by looking for straight tracks in the
side-view projection in which the trajectories of the particles are eg-
sentially not bent by the magnet. The tracking road width was of 4 wire

spacings, and the program allowed for 1 intermediate plane to be migsing.

(3) Having found at least two tracks in the side view, the program pro-
ceeded by using the slant chamber ta find 1 oer Z points of the tracks in the
top-view. The split chamber was used alteady at this level to make sure
that the event was not ambiguous by looking that it did not have both

tracks on the same (left or right) side.

(4) The tracking in the top view started at the front of the magnet where
usually the side-view information, linked by the slant and the split cham~
bers; allowed the first fronmt track segment to be found right away. The

search road width was 4 wires wide.
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{5} The track segment candidates found at the freont wevre next extended
to the magnet center plane were their intercepts provided a pseudo-plane

for tracking at tbe back of the top—-view.

(6) The back track segments were found by tracking for straight lines
uging as one end=-point the pseude-plane in the center of the magnet. The

road width was 2.5 wires.

(7Y The final step in the top-view tracking was te find two pairs of seg~
ments, matching within 2.5 wires at the center of the magnet, defining

two bent tracks with a vertex upstream of the first chamber.

The reconstitution efficiency was bhetween 55 % and 65 7 of the triggers,
depending on the running conditions. It was as high as 75 % for KMU3 trig-
gers which generally had a cleaner signature than the KPI2's. Thie Tecon—
struction efficiency was our best monitor of the apparatus. It was dis-
played at the end of every beam spill and dropped immediately in case of a

hardware problem.

The unsuccessful events were eitrher non~-reconstructable because of an
cbvious defect, or ambiguous. This second class, of about 5 %, consisted

mostly of multi-prong events, or events for which it was not possible to

fird a unique sclution to the tracking. The ambiguous events were discarded

in the final analysis.

The throughput of the on-line system was of 150 to 250 events per pulse,
and usually a few events were left in the buffer at the beginning of the

following beam spill, at which time they were discarded to read in new data.

An off-line production program fitted a second order spline to the found
tracks in both views, calculated their momenta using the field map, and
wrote a compressed data tape summarizing the kinematical parameters of the

events,

Although the "raw'" MWPC hits were also recorded, in parallel, ontc the
on-line tapes, the output of the "real-time" pattern recoguition was

final, and never had to be reconsidered.
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5. MONTE CARLO AND CUT PROGRAMS

”

5.1, Monte Caric mrogram

In order to obtain the numbesr of K2 and Eu3 decays that actually oc-
cured in the decay region, the probability for a Kw2 or Ku3 to be ac—
cepted by the spectrometer is needed. This probability, which is called

the acceptance of the apparatus, 1s ecalculated by a Monte Carle (M.C.).

in principle the acceptance of the apparatus for sz given decay mode is a
function of the kaon momentum and of the vertex of its decay point. However,
for the purpose of this experiment we can assume the Kn2 and Ku3 proper

time distributions to be known. It is therefore sufficient to calculate the
n2 and KU3 acceptances integrate@_over the entire decav region according

te the definitions {2,15) and (2.16).

In calculating the aécaptance5 Em? and Ku3 events were generated with

the complete physics, and the action of the apparatus was simulated in all
respects. That the Monte Carle program was indead successful was tested by
comparing real data and M.C. for distributions which are sensitive td ﬁro—

blems that would influence the calculated acceptance.

In order to simulate rescolution effects which would cause events to migrat
from one bin to another (either in momentum, or any other variable} as
closely as possible, the M.{. kaons were generated with approximately the
observed momentum spectrum (Fig. 3.3)., The real transverse beam dimensions
were used an KLﬁs were generated at random in one beam or in the cother.

Next, they were made to decay in a volume starting exactly at the anticounter
CL and ending at MF. Kr2 decays were generated according to the decay low
{2.8), while Ku3 events were generated according to a flat distribution in

proper time.
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In the KnZ decay of the kaon, the pions were distributed on a unit sphere
with & momentum 206 MeV/c. For Ku3 decaye, the energies EU and EW were

generated on a Dalitz plot with a density given by the matrix element’’:

MM wﬂqﬁi {fjiﬂ%gg*c%g] (5.1)

afgﬁaifﬂ
A gﬁk?{ (2B, B, ~m, £1) + e, (%5;}» ~£,)
P (B -4 5
c = %_s%; ﬁ*’;
ey wel L2 EL My = Ept Ep +Ey

where f (t) was parametrizaed as
-+

P )

{{% (£ = 4+ 2 &/ mg (5.2)
.
with F}xonosm and §‘==-0,11 .

The momenta of the charged particles were than Lorentz-transformed to the
laboratory frame, and the tracks traced through all the elements of the

gpectrometer, .

Multiple scattering was simulating in each eiament listed in table 3.2,

4 the matter in the spectrometer was on the average mostly of low 7 ma-
terial (Mylar, plastic scintiliator, air, ...), we used the Molifre theory’*
to generate a2 standard angular distribution corresponding to 0035 radiation
lengths of carbon, This.standard distribution was sampled at random, and the

- . 3 ¥ - iz
actual deflection was obtained by scaling the sample 8,by the factor®

/o = L5 4 RN e .
Qf@; = J;:{ﬁ_ﬁém &ﬁﬁg(A}j (5.3
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where % was the thickness in radiation lengths of the given spectrometer
element, The Molidre correction was found to be significant for the thin

elements of our spectrometer,

The pions were allowed to decay anywhere in the spectrometer, The resul-
ting muons, distributed isotropically in the center-of-mass of the pions,

were Lorentz~tranasformed to the laboratory Iframe.

The bending of each track through the analysing magnet was calculated
using the actual field map. A small bending in the vertical plane, due

to a non—-negligible horizontal field component, was also allowed for.

The muons were allowed fo pass through the mueon-filter with the proper
amount of multiple scattering generated with the complete Molidre for-
mula, Hits in C5 were recorded and actual counter inefficiencies (as

measured with special muown runs) were allowed for,

Counter boundaries, with the same dimensions and locations as the experiment

were used and struck counters were recorded for later use.

The intercepts of the tracks in the read-out planes wers "digitized" to
reproduce the discrete gpatial information given by the wire chambers.
When a track intercept was approximately equidistant from two wires, this
digitizarion included the simulation of adjacencies (spreads). Thus, one
or two wires near each track position were struck according to the ob-

' (allowing for measured chamber

served frequency, and then “struck wires'
inefficiencies) were stored for later analysis, just as the actual propor-
1

tional chambetrs hits.

Oniy very basic geometric cuts (simulating the action of the trigger
electronics) were included in the M.C. These were {Z boundaries, C3 boun-
daries, and a requirement in CZ and C3 that one track lie on the left

gside, and ome on the right. Furthermore, to simulate the cuts introduced
by the on—line reconstruction program, the stored chamber hits were checked

to lie within the "roads" used by the pdttern recognition program, and
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events that would not have heen reconstructed were rejected. If the events
survived thege hagic Cuts, they were written onto tape in the same format

as the on~line data tapes, te be processed by the same cut pProgram,

We shall now discugs various.sthdies performed to ascertain thar the
resolution of the apparatus was well undarstood.

&
Of particular interest was whether the M.C. program correctly simulated
the data in its treatment of chamber digitization and multiple scattering.
“Deviation histograms® were obtained by connecring a straight line between
the first and the last hit of a track in the side view, and then plotting
the deviation of each hit frem this Ilipe in the intermadiate planes. These
histograms served mainly as a monitor of consistent operation, since mul-
tiple scattering contribution to the resolution is comparable (as was found)

to the digitization contribution.

Since the deviation due to the multipie scattering has 1/p dependence,
while the conmtribution from digitization is momentum independent, we can,
by binning the squares of the deviations versus l/pz5 separate tha two
effects. Fig. 5.1. shows such a plot, and from the slopes of the lines we
see that the agreement with M.C, in the multiple scattering is of the order

of 10 Z.

The degree of agreement between the M.C, simulation and real data ig
ultimately reflected in the comparison berween observed distribution of

kinematical_quanéitiesy and those predicted by the M.C.

Let us defipe the "visible momentum” and the "visible energy" of the

decays by

R TR e £ . - F .
A=h e v = Eg 0 £y (5.4)

where the labels 1, Z, refer to the two charged tracks, interpreted as
pions or muons., The "good geomerry" of the spectrometer allows us to de-

. " . - B ~ . -
fine the incident direction of the beam by a unit vector w. Thus, the
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visible momentum can be decomposed into longitudinal and transverse

components
;’;Z“’“"Eé *? | | .. (5.5)
such that |
=R, k=T R 5.6)

For ¥rn2 decays, one kinematical quantity of interest is precisely the
sguared transverse momentum of the kaom, P Another is the invariant

mass

T &
o A - {5.7
.m'ﬁ“ﬁ' I’ ﬁ"&fv )

where both prongs of the "V are interpre;ed as piong. A typical T ey
distribution is showm in Fig, 5.2., and a pi distribution in Fig. 5.3.

By binning the data and the Monte Carle inm 10 GeV wide momentums bins,

one can study the momentum depéndeuce‘cf the Dy distribution variance, and
of the pi distribution logarithmic slope. Fig. 5.4 and Fig. 5.5 show a

data-¥.0. comparaison of these two quantities.

Since the neutrimo in Xu3 decays are not observed, the kaon momentum

?ii ig not exactly calculable for these events. But, as we Know the

incident dirvection, there are only two solutions for the three-body decay :

Fe= T (4 2 VARE) S

were the average of the two solutions is

i o 1

i ' + Vi
R= Y me-ve + 5 ) /2l EG 2 1) (5.9)

and the argument of the sgquare rost is

mre=t-[4- 5 /pp ][4 - (SR ] (5.10

. 1 ;
m%%g - Py FEt/
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‘hese two solutions correspond to the longitudinal components of the

Im the

. s - 1 hd 1 e
neutrine momentum being forward or hackware with reaspect to I
o K

limit of purely transverse neutrino womentum, those two solutions become

equal and we may call the event an "unambizvous" Fu3 | a typical dis-

tribution of ARG is shown in Fig. 5.6. In this distribution, unphysical

events with ARG{0 occur because of the finite resolution.

5.2, Cut program

For the final selection of events to be used in the analysis, a cutf pro-
gram was used that applied (as far as appropriate) the same cuts to real

and M.C. EwZ and Ku3 data.
The general type of cuts were the following :

(1} Geometrical cuts
- A 2.6 om wide vertical strip was cut out at C2 in order to aveid

possible misreconstruction because of the splits in C2 and chamber 3.

- A %6l .om, horizontal and vertical aperture cut was applied at C3
to reject events raconmstructed with a track outside of its aperture.

N

-~ Events with two tracks on the same side of €3 were rejected,

(23 Vertex cuts :
= To suppress background events generated by interactions in the down-—
stream window of the decay pipe, the vertex of the event was reguired

to be at least 40 cm upstream of it.

= The half distance of closest approach of the two tracks divided
by the distance of the vertex to the first MWPC had to be & .0003, This

cut insured the quality of the vertex.
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(3) Momentum cuts:

~ All events with any track momentum below 10 Gev/c were eliminated.,
43 the range of muons in the muon filter was of 2.5 GeV, this cut in-
sured that no muon had to low an energy to penetrate the steel. Also,
as the resolution of the spectroﬁeter was gquite sensitive to the
multiple scattering, this 10=GeV cut minimized possible problems

in the simulation of this effect.
~ Events with both particles of the sams sign of charge were rejected.

{4 Kinematical cuts :

'~ The invariant quantity’?®

() [ me ot s ] [ am2) G

. . G - . .
were m 1s the mass of the 7 and mﬁ,the mags of the charged pion, is

strictly positive for ¥n3 decays. By requiring

{Eﬁ’;}a < -5 {5'3@1?/5)?{

one rejects completely all the Ku3's.

-~ ¥or Ku2's the invariant mass m_. Was required to be within 20 MeV
N PEa

of the kaon mass

Mer = Ml < 20 MeV

it

-~ Tor Kp3's, the "unambiguous™ cut on the argument distribution was

set at
hre| < 005

From (3,8) this cut implied that for the accepted Ku3 decays, the two

solutions did not differ by more thang/ARG= 10 % from thelr average.
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3.3, Background substraction

Looking at the KnZ momentum transfer distribution in Fig. 5.2, one

sees that the coberent signal is confined to the reglon pt2<(500
(Mev/c}zw Thus, the region p%T?SOO {MeV/c)23 can be used to estimate
the amount of background (diffracted KSFS’ Ke3's, inelastic events,..,)
under the cohérent peak. Assuming that this background is flat, we used

the following very simple background substraction recipe

fgﬁ@ Ton e
§ .a i Y, ) i !w{ .
N (,g,{’«;gé”&) - {d?g Il p) ol o> v (Kt p) (5.12)
toveacted  J UQ‘*}%? d . Pt
o Lo

As this technigque was also removing some good events (scatrerad by
the resolution) from the coherent signal, we applied the same formuls
to the M.C., so that the calculated En2? acceptance included the losses
due to this background substraction. In the analysis section we shall

bPresent several checks of the correctness of this procedura,

For the KRu3 decays in the monitoring beam, having removed all the
Ew3 s, the only substantial source of background left were the Ke3
decays with the pion decaying in flight. This background was calculatad

with the Monte Carlo by replacing the muon in the three body decay

section by the electron. Letting A(Ke3,p} be the probabilicy for s
Ke3 (with the pion decaying in flight) to be accepted as & K3
decay, the corrected number of Ku3's in thus
T LN I -
W, 1 NI BR (Ke? _pk(aﬁﬁ.p) 1 ‘
N (Ka 0) = NKadp ) 4 - ) ! (5.13)

uerecfed L &R(ﬁﬁ?} AL%M3;$ j

5.4, Acceptances

The acceptances (integrated over the decay region) calculated by the
Monte Carle program, inmcluding all the cuts, are given in table 5.1,
A(Kr2 ,p) and A(Ku3 ,p) are graphically displayed in Fig. 5.7 and
Fig. 5.8.



b DATA COLLECTION AND ANALYSIZ

6.1. Spectrometer tuning and calibration ruuns

As the pattern recognition was done in real time, the full apparatus
had to be first understcod and optimized. This preliminarvy phase con-
sisted in taking samples of datz that were written onke tape to be

rescanned by the on—line reconstruction program.

The first samples were of single track muons, taken with the beam
block closed and the analysing magnet off, which allowed the coor-—
dinates of the MWPC's to be aligned. The MWPC's were timed in and
plateaved with these straight-through muons, and the on—line computer
caleculated their efficiencies and spreads (i.e. the average number

of adjacent wires that fired par track). The chamber efficiencies were
above 98 7, except for the slant chamber which was only about.95 7
efficient, and the spreads were typically around 1.20. The counter
efficiencies were also measured with straight through muons. (5 was
88.7 % efficient, C4 and C2 above 98 7, but €2 (a much thinner hodo-
sCOpe) was oﬁly about 95 7 efficlent with some counters as low as 90 %.
The €5 efficiency was particularly watched because it affects directly
the Kpy3 normalization. For this purpose, special muon runs with the
magnet on were taken at the béginning and at the end of the main data
taking period. The C& efficiency was found to be stable at 98.7 Z and
showed nc appreciable momentum dependence above 10 GeV/c. The "roads®
used in the pattern recognition program weve determined by rescanning
various samples of two-track data, until an optimum was found : the
roads had to be wide encugh to allow for multiple scattering, but also
narrow encugh to be able to resolve track projections which were close
te one another. The pattern recognition algorithm was than certified
by studying the reconstruction efficiency. Lost events were plottéd

on & storaze oscilloscope screen, and explained to come from an obvious
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defect (missing chamber hits, false triggers, multiprong events,...) or

to come from well-understood and unbiased Limitations of the program
{tracks to narrow to be resolved, non unigue solutions, toc complicated
events, ...). Further studies were made on larger sampleg (i.e. about

105 events), to insure that these losses were neither momentum dependent,
nor a function of the decay vertex position. The on—line program was
than “frozen'" for the full experiment, and although a few small software
"bugs" were later discovered, their effect were included in the Monte

Carlo rather than corrected during data taking.

During all data runs, a number of checks were made By meansg of the
§n41ine_program to insure proper and consistent operation of the equip-
ment. Monitoring the efficiency of the MWPCTs amd counters was parti=-
cularly important. For the chambers, this was done by histogramming the
frequency of hits in each plane, which for "V7s" was peaking 2t 2. After
~their initial timing-in and plateauing, the counter hit frequency
allowed their efficiency to be monitored relatively to one anether. 4
full diagnostic of one of the MWPC planes was done in turn for every run.
This included a full illumination plot and various histograms in groups
and subgroups of wires to display possible defects of the readout elec-

tromics.

The reconstructicn efficiency itself was of course 2 sensitive monitor
cef hardware problems, which were detected, without any delay, by a

decrease in the event retrieval.

The total number of hiﬁs in the MWPC's was also a ”global” monitor of
the apparatus. With 10 chamber planes, and 2 tracks in each, a
"perfect event" is one in which there is a total of 20 wire hits

(see Fig. 6.1.). Studying the distribution (sharply peaked at 29) of
the number of hits ?er event, 1t was found that events with less than

16 hits were never reconstructed, and those with more than 48 were
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mostly background. Both kinds were rejected at the input level by the
data taking program, in order to save space in the buffer, and time
for reconstructing 'cleaner” events.

Finally, various scaler rates were monitored continuously. These were
sensitive indicators of the various problems that would not necessarily
show up on the on—-line computer diagnostic outputs. The sczler ratas
monitored quantities such as beam intensity, targetting efficiency, dead-
time of the apparatus, various accidental rates, as well as the ef-

ficiencies of various trigger elements.

6.2, Total cross=-section dats

The data for the total cross—section measurement was taken in the
configuration described in paragraph 2.1, with the muon counter 5
required in the trigger. Thus XKu3 decays in the decay pipe wers

detected.

In table 6.1, we summarize for 21l the targets variocus number of events
from the trigger level to the final date sample after all the cuts. The
targets included C, A1, Cu, 5o and Pb, the length of which were of about

two interaction lengths, and one so called "half~length

target of about

one interaction length of Sn, for systematics studies.

In order to imvestigate the scattering from one beam inte the other,
data were taken without any absorber but with one of the holes in the
fiwad collimator carefully plugged, for several thicknesses of lead

radiastor (0, 2.5 cm, 5 cm, and 7.5 cm).

After reconstruction, it was crucial that we know from which of the
twoe beams the-KL decaved. Figure 6.2 shows a vertical profile of the

reconstructed vertex position showing that one can associate sach event
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with & particular beam with negligible ambiguicty.

One interesting check was of course to verify that the "double bean"
technique did indeed lead tc the cancellation of rate effects. As the
two beams were at slightly different production angles, the rate in the
upper beam was aBout 7 % larger than in the lower beam. Let us write

n and N for the number of kaons in the absorbed and the monitoring beams.
We thus define two attenuations aH=NL/nH and aL=NH/nL labeled according

to the beam in which the absorber is. Similarly, the attenuation usad

to calculate the total cross-section is aw(N8+NL}/(nH+nL)= In order to

exhibit rate effects, we thus plot in Fig. 6.3 the ratio aH/aL and in
Fig 6.4 2 axp(L/X) as a function of the beam intensity: both
guantities should be equal to 1 and independent of the rate. To obtain
these plots we used the fact that, because of the accelerator running
conditions and problems, the data runs were actually taken with varying
intensities on the primary target as measured by the SEM. In Fig. 6.3
we see clearly a correlation with the beam intensity, while the correct

attenuation in Fig. 6.4 does not show any rate dependence.

6.3, Corrections to the total cross-—section -

The extrapolation éo zerc angle with formula {2.%) requires knowledge
of the elastic scattéring parameters for KL on nuclei. They were
estimated by the Glauber model, and for instance the KL elastic dif-
fraction logarithmic slope was found to be closely approximated by

2
b1 A8

-2 . ~4
(GeV/c) 7. The solid angle, dd=6.4x10 ~ strad, was calculated
from the measured aperture of the collimators. The setting of these
collimators was kept the same for all the data rums, including rege~

neration measurements.

The correction for scattering from one beam into the other cne was
determined by a special Monte Carlo program. It used the exact lon-

gitudinal and transverse positions of the collimators, and allowed
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for multiple scattering through the lead radiator, the slabs and

the collimators. Fig. 6.5 shows the calculated probabiiity of a kaon
to scatter from one beam into the other as a function of its momentum,
under normal running coﬁditions (i.e. 7.5 cm of Pb radiator)., One
sees from the figure that the momentum dependence camn be approximated

a8

c o= 3.8 10 (6‘1>

In Fig. 6.6 we show a measurement of this probability as a function
of the Pb radiator thickness. This figure clearly demonstrates the
correlation between the thickness of the Pb radiator (which acts és

& kind of secondary target) and the amount of sgcattersd events . The
intercept at zero corraspends roughly to the probability of a kaon to
leak through 1.22 m of steal (¥ 5 10“&}. The average beam momentum
being 65 GeV/c, the measured scattering probability for 7.5 cm of Pb,

{2.0£0.2) 1C 7, is in good agreement with the Monte Carlo czlculation.

Thus, the complete correction t¢ the number of transmitted kaons,

given by formula (2.7}, was

N’g;n ﬁfow/ +d gt o 6) - - (6.2)

were ¢ 1s calculated with (6.1) and d is found in table 6.2 for the
corresponding target. We estimate that the accuracy of this correction

is of the crder of 20 I.

6.4, Total cross—section results

In table 6.3 we give the results for the total cross—section measured
with unambiguous Ku3 's. The unambiguous cut, &ARG%<n019 insures that

the uncertainty on the momentum of the kaon (+ 10 %) is compatible
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with the binning of the data (10 GeV/c). But, as this unambiguous
cut discards about 57 7 of the total number of Ku3's, it is worth

trying te find & method to use all of them.

In our momentum range, the total cross-section iz almost constant
with momentum, This is clearly shown by the smallness of the slope

“ecoefficisnt of linear fits to the data in the form
Ep=h + B p (6.3)

given in Table 8.1. Thus, to first approximation, the momentum spectrum
of the attenuated and the monitoring beams are the same. Therefore, we
can use a weighting technique to use not just the unambiguous Ku3

decays, but all of them,

Let 5{p) be the momentum spectrum of the kaons detected by oﬁr apparatus
as obtained from the unambiguous Ku3 sample. For the determination of
S(p), the decays in the monitoring beam from all the targets can be
added together. Therefore this momentum spectrum can be considered, in
primciple, as "exactly known". To the two solutions of the XKu3 kine~
matics we give the following weights

S {@$ : ; 4 (g
Wy () = ) W, (7) s

Slha)+S(p) " Slee) S (e

and both sclutions are entered with the corresponding weights in their

(6.4)

regpective momentum binsg.

The total cross-section calculacted with "all" the Ru3d's are given in

table 6.4,

The systematic errors on the "unambigous" method come from uncertainties
on the target parameters {Table 23.1) and on the corrections (6¢.2), The

resulting systematic error is thus of the order of 0.5 to 17 .
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Although the "all" Ku3 method is simple in itself, the.systematic
error in it is in practice very difficult to calculate. Also, the me~
thod is, in principle, only correct to the limit of a total cross-—
section constant with momentum. We thus prefer to obtain an estimate

of this systematic  error by comparing the results of the two methods.
Comparing:the results of the fits to (6.3) for bhoth methods, we see

that they agree within better than 1 Z for all targets.

Finally, an independent investigation of possible systematics was pro-
vided by the special "half-length" Sn target. This second measurement
of the Sn total cross—section (in different rate and background con-
ditions} is readily seen to be compatible with the first one. Comparing
the results of the fits to (6.3), we see that the results for the two
target lengths, with both "unambiguous' and "all" EKu3 methods, are

consistent to better than G.5 Z.

6.5. Regeneration data

1% and carbon® having been measured in the same

Regeneration on hydrogen
beam line previously, in this experiment we measured coherentg KS rege—
neration on the heavier ﬁargets Al, Cu, Sn and Pb. The number of triggers,
reconstructed events and events after cuts for these targets are given

in Table 6.5. The Kuld triggers were prescaled by a factor of 2 or & as

indicated in the same table.

A special run was taken in order to obtain an independent measurement
of the CP wviolating amplitude 41%4 Tnstead of having an absorber in

one beam and a regenerator in the other ome, as for the regeneration
measurements, the absorber was removed to yield more "vacuum"” Kn2 's.
Also the thin shower counter was put in anti-coincidence in the trigger
to remove as many as possible Ke3.'s at the trigger level already.

For this run, labeled “ﬁi”:‘in Table 6.5, the Ku3's were prescaled

‘4

by a factor of 8,
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6.6 Regeneration results

The regeneration amplitude is readily obtained from the data using the

method described in paragraph 2.2, after having corrected the Ku3 ‘s

according to (6.2) and (5.13), giving the results listed in Table 6.6.

The various physical parameters used in the calculation are given in

Table 6.7. We took the Particle Data Group values'®, except for }n+_] ,
for which we used the average of all the published measurements

10

compiled in” ", plus several more recent results'®, giving

3

in. | =¢2.183 = 0,023) % 10 (6.5)

o]

6.7. Bvstematics in rageneration

The determination of the regeneration amplitude requiresrthe precise know-—
ledge of the ratio A(KﬂZ,p)/A(KpB,p} of the acceptances. Mistakes in the
M.C. would therefore result in a systematical error. As the momentum—

7 dependence of this fatio is a rather smooth function of momentum, we
expect that the numerous checks made are sufficient to insure that this
dependence is pfoperly understood. But, the correctness of the relétive
normalization provided by the M.C. is much more difficult to ascertain.

We will therefbre concentrate on these systematics affecting the

normalization of the result.

There are 3 main sources contributing to the systematics in the re -

generation results

(1) Uncertainties in the target parameters (Table 3.1) and in the

physical comnstants {Table 6.7).
(2) Uncertainties in the gu3 normalization.

{3) Uncertainties ig the ¥r2 background substraction.



_47_

As the first contribution is obvious, we will now examine the

. systematics in the XU3 normalization. Firstly, there is the problem

of the muon identification. To study this procedure consisting of

determining which of the two tracks in a Eu3 decay is the muon,

we applied very severe cuts on the Ku3 data, i.e. we reiected all

the events with more than 1 counter (or 1 adjacent pair of overlapping

caunters) nhit in C5. On genuine muons, as recorded in the special

single track muon runs, this cut removed 5.7 7 of the tagged events,

Applving this cut te the Monte Carlo as well (te take care of pion decay

in flight), and correcting for the 5.7 7 measured loss, we recalculated |
Eég to find the same answer within 0.3 %. This test insures that

they are essentially no accidentals in C5, and that the multiple hits

in that counter are understood in terms of delta rays.

Secondly, there is a possible systematics in the Ku3 normalization

1

to come from the "unambigucus" cut. But as 43.2 % of the data events

are accepted by this cut, and 43.7 Z of the M.C. events, we estimate

this systematic uncertainty to be less tham .5 % .

To proceed with the systematics in the EKw2 background substraction,

~

we rvecall that there are 3 main contributions to the background under

5
the ccherent peak in the p = distribution :
L .
.g C 2 o 2
{1) Diffracted KS s, which have a P, dependence in exp (—bpt 3

Lo -2
with & 13 Aw:»}’ {(GeV/c) 7.
(2) Ke3's with pion decay in flight.
(3 KS*S inelastically produced in the target.
c 2 . .
The two latter contribution have a p’ dependence that can be considered

; : Z
as flat in our momentum transfer range, éhpim 1000 (MeV/c} ™.

Our background substraction formula (5.12), is assuming the background to be
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essentially flat. Ke3's and inelastic K_ 's are thus taken care of, but we

E
underestimate the diffractive background by the factor

2
L~ exp(-b bp) (6.6)

which is about 20 % for Pb. To evaluate the relative importance of this
bias, we need to know the ratio of the number of coherent KS?s ovar the
number of diffracred sts in the momentum transfer interval ﬁ%pi . This so-
called "Good ratio™, is a property of the regenerator it_salf; indepen—

dent of the regeneration amplitude. For a thin regenerater the Good

ratio takes the simple form'®

RenN / ~ 4rNL/ fapo 6T

coh Ndiffr
which gives about 8, 13, 22 and 53 for our respective Pb, Sn, Cu and Al
regenerators. But, for thick regenerators, mulfiplse scatﬁering cor—
rections are increasing R to a value which (for twe interacrion length
regenerators), is about 3 times larger as given by (6.7). In the case
of Pb, which i{s the worse, we have thus R 20 and the srror om the
number of coherent Krn2's (implied by our flat background assumption) is
of the order of 1 7. The resulting systematical uncertainty on the Pb
feééneration i1s therefore around (0.5 %, and becomes, for the lightest

targets, much smaller.

In Table .6, the statistical errors gquoted include the contributions
from the acceptances (Table 5.1). We estimate the total systematic error
(resulting from uncertainties in the physical parameters, systematlcs in
the cutting, the background substraction procedures and the acceptances

calculation with the Monte Carlo, to be of tha order of 27 to 3Z.
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6.5, yn+_| determination.

An indication of the systematics in both EU3 normalization and Ke3 background
substraction in K72 is provided by the measurement of the CP violation pa-

rameter ﬂ+n§. 4dding together the "wacuum' ¥7w2 and Ku3 decays in the monitoring

beam for our 4 targets, we get from formula (2.17) En+m§ = (2,15£0.05) x lO~3 .
Congidering that with our standard cuts the gignal (£r2) to nolse (Ke3) ratio
is only of about 1 tc 4, the result is in reasonable agreement with the .
world average (6.3}, By tightening thé cuts on the Kn2's, one could somehow
improve the above signal to noilse ratio, but it is not worth while as a much
better Ke3 rejection can be obtained by employing the shower counters. To do
50, we took a special runm optimized in order to get a good determination of
!n+mlu As already described in 6.5, we recorded KnZ decays with the thin

shower counter in anti~coincidence in the trigger.

The number of K72 decavs in the vacuum beam (no absorber and no regenerator)

is given by (2.15, 2.8) with L=0, i.e.

&}

N
5, X Erﬁg g "“LIZ; .
MU{KﬁZeP}mN mﬁ@mz}&{%ﬁﬁu%%+ﬁ 5 Eg_ di (6.8)

il .

4
while the nusiber of Ki2 decays behind the regenerator in the other bsam is
still giveun by (2.8). In this measurement the Tegenerator acts as a converter,
monitoring the incident KI flux we can obtain with our measured results
of p and of the total cross—section. We thus get from (6.8) and {2.8) an
equation for n&_[g With our standard cuts we £ind

= (2,18630,029) x 1077

Ls this merhod makes dirsct use of only Kr2's in eithey beam, we can apply
very tight shower counter cuts to reduce even more strongly the Ked background,
We obtain finslly

In__| = (2.20£0.,045) % 10" (6.9)



-..50...
where the error includes the statistical errors and the errors on the

external parameters,

The comsistency of our two independent determinations of ]n+ [, their

stability under various cuts, and their good agreement with the world

average, are positive indicationms of the wvalidity of our methods.




7. GLAUBER MODEL OF ¥ NUCLEUS INTERACTIONS

The Glauber model® highly successfully describes elastic hadron-nucleus
interactions up to shergies of a few GeV. At higher energiles, it has

been since long anticipated that the inelastic intermediate states (IIS)

would spoil this agreement'’. Measurements of neutron-nucleus total
cross~sections at Farmilab® have in fact shown that a significant correction
of about 5 % has to be applied te the Glauber prediction in order to

secure agreemant with the data. This inelastic shadow correction is due

to the rescattering of beam particles excited within pucleus, An

excited hadron can, in a subseqguent collision, be converted back into its
ground state hefore leaving the nucleus ; such an effect incfeases the
mean free path within the nucleus., It is thus intuitively obvious that
the tctal cross-—section on the nucleus will as a result decrease,

whereas production precesses like coherent regeneration will increase.

Using 2 coupled channel optiecal model, Karmanov and Kondratyuk * have
estimated the magnitude of this inelastic shadowing in heavy nuclei.
Their first assumption i1s to keep only the first-crder inelastic
process where, in the multiple scattering chain, the projectile gets
excited only once and scatters normally befo%érﬁeturning into Lts
ground state {(see Fig. 7.1).

0f course, this assumption neglects the more complicatad diagrams in
which the projectile gets excited several times. But, as the effect
of II5 is at most of the order of 10 %, one may safely ignore those

processes contributing at the 1 Z level only.

Their second assumption is to take for the excited states the same
scattering properties as for the beam particle. This hypothesis can
be best understood in the gpace-~time picture of strong interactions :
The formation time of an inelastic state of mass M takes a finite

time on the order of the inverse pion mass {i.e. about 1 fermi). The

corresponding formation length in the laboratory is hence L= (E/m)(l/mﬁ)y
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where E/m is the Lorentz dilatation factor, and 1s at high energies
much larger than the nuclear radius'® In the parton language this
means that ths wee parton which interagts with a target nucleon does
not "know'" inteo which state the inc omlng particle will finally
transform. Thus it ig expected that the scattering properties of the
iﬁelastic state within the nucleus will not differ too much from those

or

Fh

of the ground state, This prediction has recently heen verifisd
diffractively produced inelastic states at Fermilab by studying dif-

fractive dissociation on deuterium®?.

Thelir third assumption is tov connect the preducticn (absorption)
amplitude of the inelastic intermediate states to the diffractive
dissociation of the projectile. This assumption is thoroughly

diécussed by Kaidalov and Kondratyuk®® with much attention given to

the non—diffractive inelastic background. Also, it is obwious that the
excitation and the desexcitation of the projectile within the nucleus
are, in some sense, time-reversed pfocesses, Therefore, setting spin and

isospin complications aside, their respective amplitudes are simply

.

complex conjggates if only vacuum quantum numbers are exchanged. In
fact, for a pure Regge-pole exchange
: ' ‘ "iWﬂi v S R
Hwe—n) =%e I (W—n7) 7.1)
where 7@ is the glgnature andc{ﬁ?the trajectory function. A pomeron
wmthaﬂ@ 4 gives the desired result. Assuming that the main contribution
to the inelastic intermediate states at high energy comes indeed from

diffractive digsociation, the inelastic screening correction will be

proportional to

M?_w‘?“_q?f’&’i (7.2)
-{?WE{{“?M’ - '72

where the differential cross—section corresponds to the inclusive reaction



K+ N — X + N

We will parametrize this reaction as

de fd . ¢ i ) LY 0.3
= ldhr—— 3 ——(tz0) ey (Y
s Kl Librereata Rt

. ' . . < . .
and take, in agreement with the second assumption, fequal to the elastic

slope parameter.

Maintaining the three basic assumptions of Karmanov and Kondratyuk, we
have rederived their ressult in the framework of the Glauber model. We
obtain a more complete formula, valid for all nucleil (e&en as light as
deuterium), which includes the effect of the inelastic states on the real
part of the hadron-nucleus amplitude. Our model takes also the &t~
distribution of the diffractive dissociation into account. (For the
details of the derivation see appendix A). The complete formulae used

in our model are the following

We take for the nuclear density the usual spherically symetric dis-—
tributions, 1l.e. for heavy nuclei (A7 27) the Woods-Sawmon distri-~
bution :

' i RN - -3
/ﬁ(k‘} :E_gﬂﬁl (d, + {T%T.) )(«j + 8..%50(‘%);]] Sy (7.4)

-

for light nuclei (27> A7 2) the harmonic oscillator distribution
' & '2»‘\:'5/ ) 7% 1 .
plr)=2 (&) Tlae(2-3)d (- 7.5)
J T J fﬁf{g joy oap [-cv) , (

and for deuterium the gaussian distributicn

_LF"’ . .
} 7 ﬁarr/p (“ V‘L/(}?’/\, 3 7.6

2l = (ng
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The classical Glauber-Franco formula for the forward elastic scattering
, 2 .
amplitude at q =0 reads?!

& ] Y 7. N o
gf@;g Q%[ﬁ# 5@(‘“3?(%})3(&“ Bn(%)p 7 .7

o

where Eﬁpand iy are the nuclear-averaged profile functions on the target
rroton and peutrons

@

)= (@W 1)1, , (%’Jj@i'w,ﬁmv) sinlgr) g

. . . . . 2. .
The elementary elastic scattering amplitude f n{q )} which has to be
B

. © =0

fed in for both ¥ and k&

on proton and neutrons, is parametrized as

5 ‘{ P P ;..‘g’,‘sk‘ 4 fm ‘%f
o (4?)“;? (+a) 6 exp (R 4% +54%)

7.9)

As usual, 0 is the relevant kaon-nucleon total crogs—section, a the ratig
of real to imaginary parts of the amplitude and B, § the ¢ ~dependence
cosfficients.

The inelastic screening correction to this nuclear elastic anplitude reads
: o
(Fom®
A-2 d'e
o] |t LSy g (e

J di dmv
T
(m+myg)

ji%(.):: -2;a p&'(ﬁr ;)

S,

In this expression we do not distinguish the pr

otons and the neutrons
of the target.

We take therefore an average nucleon profile function
defined by

i

A z N l
p-2) =6-3,) (-2,) .

’
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For the inelastic formfactor we find

@ (Qﬁﬂ) - ¢ (m&z}w?ﬁ op (,; \92/;}52'« @aﬁ&){ﬁ"”g;@a{}. .<7“12>

2 o L

with 4
| L = > (@,Mm)

and

This explicit formula is chtained by using a‘Gaussiaﬁ nuclear density
for the nucleus in the caleulation of the imelastic screening. This
unessential approximation is made in order to reduce the number of
numerical integrations that would be needed otherwise. The radius of this

gaussian is taken so to match the RMS radius of the nucleus, i.e. :

G, defined by‘{7,13)3 is the minimum longitudinal momentum transfered in

the production of the inelastic intermadiate state of mass M, Finally,

-ty

because of the numerous approximations made, the accuracy o this

4

inelastic screening correction formula will be, at best, of the order
of 10 Z. <Considering the serious uncertainties in the current knowledge

of diffractive dissociation, this accuracy seems adequate,

Now one has to mention that in principle there is a correction arising
from the interaction of the neutral Kaons with the electrons of the target.
This interaction is due to the finite E° charge radius which is one
consequence of the compositeness of the kaon. The strange quark being
heavier than the down quark, one expects the ° electro-magnetic form
factor to be negative, while the EK° form factor will have the opposite
sign. The ¥®electron scattering amplitude is purely real and in the

- . . 2
forward direction equal to®?
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We )bk

Where<;fkf>stands for the absolute value of the squared x® charge radius,
and®{ is the fine structure constant. But, the elementary particle cross-
sections from which we obtain the amplitudes (7.9) are the strong in-
teraction cross-sections, i.e. corrected for electro-magnetic effects.
Thus, assuming negligible electroe-magnetic screening, the charge of the
nucleus is essentially canceling the efféct of the electrons in the
forward direction. As in any case, with optimistic model predictions of
the neutral kaon form factor233 the contribution from the electrons zlone
caleulated with formula (7.15) would result in a less than 2 % cor-—

rections to the regeneration amplitude om Pb at 100 GeV/c, we can safely

neglect this effact.

Finally, combining the Glauber and IIS contributions, the total

forward -srattering emplitudes will be
(o) = 1510) « (o)
. “r ) .
o)z {*5 P ()

We can now calculate the total cross-—section

Gy (KL+h— K 2 A )= “““ . [g(g/; Ty] o

and regeneration amplitude

ﬂ(i{g*ﬁ‘ ff(+ﬁ}“ E{ﬁ) a)}

where in (7.16) to (7.18) the " " sign refers to the z°,

(7.16)

o~
]



§. INTHERPRETATION OF THE DATA

8.1 The results

In Fig. 8.1 and Fig. 8.2 we present our total creoss—section and regeneration
results, together with all other, i.e. lower enevrgy, data kpown to us. On
these graphs we have drawn the curves of interpolation fits to. the data in
our momentum range, i.e. 30 to 130 GeV/c. For the total cross-section we

used the form
pont = '
Cp= b+Bp (8.1)
and for regeneration

foo 4 -
b ] ~f K== _
(F-B1/el = Xop (®.2
. The parameters resulting from these .fits are given in Table 8§.1.

Looking first at the total cross=—sectione data, we see from both Fig. 8.1.
and the slopes of the fits that the mowmentum dependence changes sign from
the lightest to the heaviest targets. While the tetal cross—sections for the
light nuclei are essentially constant, the totsl cross—section fér Pb is
clearly decreasing as a function of the momentum. As the kaom~-nuclzen total

cress-sections are well known to be rising above 50 GeV/e, this behaviour

suggests the need for some correction such &s inelastic screening.

In Fig. 8.2, the available low energy regeneration data has been scaled
fox‘bﬁ+%=2~183x10—3 wherever the "interference method” had been used in

the original analysis. For carbon, it 1is known that the regeneration
amplitude is.dominated by the exchange of a single Regge~traliectory, the

L . A single power=law fit {8.2) to the FNAL data extrapolates nicely

j ﬁhe low energy points at a few GeV, a spectacular confirmation of Regge
phenomenology. For Ph, however, while the power-law exponént in our momentum

range is compatible with that for £, ths single power—law does not extrapolate



down to the few GeV region: the dats show & change in slope. In Fig. 8.2
we have also included preliminary Pb regeneration data obtained in the
same beam as a by-product of an experiment aimed at the measurement of the
KD form factor ", Thess data are in good agreement with ours, thus con-
firming the change in slope. The experiment also provides a measurement of

or Pb, vielding arg (f-f) = =(12422)°

h

the phase of the regensration amplitude

when constrained to a constant value in the 35 — 115 GeV/c range.

We now want to compare these results with the Glauber model of hadron-

nucleus interactions. To do so we will take the most "matural” approach, i.e.

(i) celeulate the nuclear scattering swmplitude £(0), £{0) with the standard
Glauber model (mo IIS) assuming the nuclear matter density distribution to
be identical to the charge distrubution as measured by electron scattering

and mesic atem transitions:

(11} attribute the discrepancy between this prediction of the total cross=-

section, 4w/p Im(f+f) , and the data to the contvibution of inelastic screening;

{iii) predict the puclear regeneration amplitude, (f-f)/p, assuming the amount
of inelastic screening tc scale with the respective elementary total cross-—

sectionsg:

\

n

(iv) interpret any residual discrepancy between this prediction of regeneration

and the data as possible insufficiencies of the model.
In Fig. 8.3 we summarize in an erganigram the details of this program.
We shall mow start by the parametrization of the inputs of the model, i.e.

. . Wt e o =0 =0
~ The forward elastic scattering amplitude of the K E'n, K'p, K'n
g amp Ps P

channels.

- The inclusive forward diffractive dissociation differential cross—sections

i 2 2 -
d U(KO}/d;dM and d G(KO)/dth2 .
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~ The proton and neutren ﬁuclear density distributions
A Z)
_/ng :zjﬁ% z:g/? {wu A, L)

8,2, Forward scattering amplitude parametrizatian

From isospin - -invariance of strong interaction the neutral kzon amplitudes

are obtained from the corresponding charged kaon ampliitudes:

Fpy = 1K)

H%‘i%) = 4 %i%) (8.4)

For caleulating only the nuclear total cross~sections by the Glauber model

the direct wvse of the measured charged kaon totzl cross-sections and rTeal
parts would be sufficient., For the prediction of the regeneration amplirude,
which involves the difference of two relatively large amplitudes, one has
first fo smooth out the input data to eliminate the experimental point=toe

point fluctuations. The modulus of the regeneration amplitude also require

w

a precise knowledge of the resl part of the forward amplitude, which at
high energies 1s poorly known. We thus had to rely on & Regge model and
dispersicn relations teo parametrize the kaon—nucleon amplitudes. The
complete formulae used are given in appendix B. We assumad strong exchange
degeneracy of the éﬂg Az} and (w,f} trajectorigs, and a 1ogz(p) increase

of the Pomeron trajectory with momentum.

The main problem encountered in fitting the {E,N} cross—-sections with ocur
Regge model is that the w intercept am(O) was found to be equal to 0.4420.01
(in agreement with other standard phenomenological analyses, i.e.®), while
the same intercept inferred by the power law dependence of regeﬁeration in

carbon is 0.397+0.003 ° .
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order to find out about thisdiscrepancy, we shall compare the results

=
i}

of the Glauber model with the data, using as inputs the amplitudes obtained
by constraining uw{O) to either its "elementary"” value (i.e. 0.44), or to

its value coming from carbon regeneration (i.e.0.40).

Appendix B describes these fits and gives the resulting parameters (Table
8.2), as well as the parametrization of the elastic slope coefficients

(7.%). In Table 8.3 we list for a few snergies the fitted total cross-
sections and real to imaginary parts ratios calculated with these parameters.
Predictions of regeneration on hydrogen and charge exchange reactions

included in this table are in excellent agreement with the data,

8.3. Diffractive disgociation parametrization

The differential cross—section for the diffractive production on nucleon

Y
e

of states with mass M is poorly known for ksons. Nevertheless, one sxpects
theoretically that diffractive processes are scaling with the cotal cross-

section, i.e.
o AT
Cp (oMo Gp  (bN - bN)

mméﬁgaﬁﬁ%fﬁ) d¥e_ {bN~@§fﬁ}
(

8.3)

Clearly, at low M, this is only an approxiﬁation ag the guantum numbers

£§r différent projectiles are not the same. For instance, with prctons one
expects ﬁfresonances, and for kaons ¢ like bumps in the low missing mass
region (M%<10 GeVz}. But, in the high excitation mass reglon, the sc—called

"triple~pomeron” coupling term is expected to dominate’®. The calculation

. . . - . . . 2
of the ILS contribution with formula (7.10), involves an integration over M,
Thus, in fact, to first order only the "sum rule” implied by integrating
(8.3) on both sides is reguired to be valid for our estimation of the

inelastic screening te be correct.
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. 2 2 . cep .
Congequently, we will take for d ¢/dedM” a fit to the proton diffractive
dissociation pp-»p¥ given by Murthy et al®, and scale if for KO, K°

according to the law (8.5). The explicit form is

i
d G/dthZ\t&O ,Mz}

,\
2
N
(W3]

-
i

| 2 3k 5
26,470 =35.97u 18,470 =4, 141 +0 . 345y

P
=
v
L3 ]

S
i

y
b, 4/M” (8.6)

2

where p= M~ - L.17

Finally, we recall that the IIS correction is a 107 effect at most, and
that our treatment of it is only an approximative one. At this level of
precision it turns out that the scaling relation (8.5) and rhe asscciated

sum rules are certainly adequate.

8.4, Nuclear matter density distcribution parametrization

In the Glauber model, the relative size of the projectile in its
interaction with the nuctleons 1s given by the t dependence of the forward
scattering amplitude. Thus the matter distributions to be used for the
nucleus have to be taken as measured by polht-like projectiles. The proton

distribution must therefore be taken identical to the charge distribution,

but there are no such direct measurements possible for the neutron dis-
tribution.However {because of charge independence of strong interactions),
for light nuclei and especially for I=0 nucleil the neutron distribution
must be essentially equal te the proton distribution. The only uncertainty
left‘in the parametrization of the neutron distribution is thus for

heavy nuclei. For such neutronrich nuclei, some nuclear shell models pre-
dict neutron RMS radii 0.2 to 0.3 fm larger than the correspending proton
RMS radii®®. This is in contradiction with several recent experiments, i.e.

1 GeV proton—nucleus scattering interpreted with the Glauber model, which
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have consistently shown that this difference was in fact compatible

with O, or at most of 0.05 to 0.1 fm®’. We shall therefors cake for

the nuclear matter distribution the charge distribution measured in
electron scattering experiments. The parametefs, taken from the

%, are given in Table 8.3.

compilation
As it is well knewn®®, the prediction of total cross—section by the
Glauber model depends essentially only on the RMS radii of the nucleus.
The mean radius and the skin thickness have, for a given RME, cnly second
.order effects, affecting mostly the structure of the diffraction pattern.
On the other hand the regeneration amplitude is much more sensitive to

" wor instance, & variation of 0.1 fm in the neutrom

the nuclear surface
skin thickness parameter § in (7.4) for a given RMS radius produces a
0,12 change in the total cross-section for Pb, whereas the regeneration
amplitude modulus changes by about 0.6%. Similarly, for a given skin
thickness, a change of 0.1 fm, in the RMS radius of the neutron digtri-
bution alone produces a 0.77% change in the Pb total cross—section, whereas

the regeneration amplitude modulus changes by 27,

4lthough this sensitivity to the neutron distribution is quite substantial,
we will Egg fthecause of IIS and uncertainties in}%%mb be able to actually
"measure' the neutron distribution parameters in the heavy nuclei. However
we will be clearly in position to see wether the neutron and proton

distributions are compatible within a few 0.1 fm or not.

8.5. Neutron—nucleus total cross-sections

The precise neutron—nuéleus data Murthy et al.® were the first to
clearly reveal the inelastic screening effects at FNAL energies.
Comparing their results to rather old measurements of the nuclear charge
radii, Murthy et al. concluded that nuclear matter distributions

different from the electron scattering results were required (see alsogl);

Their data are in fact in excellent agreement with more recent measurements

of the electromagnetic radii.



Using the fits teo the neutrom-nucleon croas—section described in
appendix B, and summarized in table 8.2, we obtain the predictions

of the (n, Cu) and (un, Pb) total cross—section shown in Fig. 8.4. Dne
sees that our more complete treatment of the II3 produces some anti~
shadowing at low momenta, thus improving the agreement between the mo-
del and the data. (A more complete medel of IIS would introduce, aside

*
from the diffractive states, N contributions that would also produce

antishadowing at low momenta®? ).

To show how well the A-dependence of the IIS is predicred, we plot in

Fig. 8.5 the discrepancy between the standard Glauber model (without

LI8}), and the measured total cross—sections at 200 GeV/c for 211 puclei

H .

studied by Murthy et al. The accuracy of the inelastic screening
prediction (with the same parametrization of the diffractive dissociation

as Murthy et al.} is guite remarkable.

E.6. Kaon-nucleus total cross—sections

In Fig., 8.6 we present”the prediction of the kaon-nucleus total cross-—
sections., The lack of data in the low-energy region does not allow a
detailed comparison of the momentum dependence of the tetal cross-section
as it was possible for the meutron-nuclei data. Neverthelass, the
agreement 1s seen to be very good and thus the scaling rule {§.3) iz found
to be valid withour any adjustment.

Specifically we took

'&Tﬁ ' . z {Kﬁfy élg
—= (K XN ) = 2T N—s %N
b dbv ( ' 6"?(%;\1) olf anv ('? | i ) (8.7)

i w. T R -
E. d f.:ﬁ {WN__?W);@W(@,W 4 [ph—>XN)
Ak dr Fplpny  dbdm
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The A-dependence of the inelastic screening correction at 50 GeV/c
is shown in Fig. 8.7. The agreement is excellent again, except may

be for carbon.

An interesting display of the A-dependence of the ITIS is obtained

by plotting the relative correction of neutron and kaon total ecross—
section on the same graph, Fig. 8.8. Because of the larger mean free
path of kaons inside the nucleus, the IIS contribution is in heavy
nuclel larger for kaoms than for neutrons. The IIS correction for

kaong has zlse & maximum for AYIZ0

The IIS contribution measured on heavy nuéiei, extrapolated down to

A=2 by the model, gives a very precise self-consistent prediction of the
inelastic shadow correction for the deuteron. This can of course have
very useful applications for extracting total cross—sections on neutrons

from deuteron data.

8.7. X regeneratiom
5 :

The success of the Glauber model with IIS for the total cross-section
permits 2 univocal prediction of the regeneration amplitude, provided

the scaling assumption (8.3} and the w intercept are correct. The first
condition is necessary because the IIS correcﬁion on the total cross-—
section corresponds to the sum of the KO, 7 amplitudes, while for the
regeneration cne needs the IIS correction to their difference. Thus

the relation (8.5) provides the link allowing the II8 correction

to regeneration to be self-consistentlyconstrained by the total cross—
gectlon measurements. The second condition dg important because a variation

.01 ‘ _ .
of 0,01 in the w intercept results at 100 GeV/c (as 100 = 1.05) in a

5% difference in the prediction !



In Fig. 8.9 we compare the Glauber model prediction with IIS to the

data taking uw(O)xO.Aq as given by standard Regge fits. (We recall
that this value of aw(O} igives a good agreement with the preliminary
results for regeneration from Hydrogen'“). The prediction disagrees
with the data by 10 to 207 at 21l momenta, and for all nuclei. In

heavy nuclei, the IIS contribution merely increases the disagreement.

In Fig. 8.10 we compare the data with the Glauber model including 118,

taking ¢ {0)=0.397(as cbtained from regeneration on carbon). The
W .
agreement 1s excellent at all momentz and one sees that the IIS correction

is essential to secure agreement at high energy for the heavy nuclei.

An other feature of the data from heaﬁy nuclei, i.e. the Ehange in

slope when going from low to higﬁ energies, iz also predicted correctly.
This effect is simply & consequence of the rise of the total cross—
sections with energy. For instance, keeping only the first two terms

of the Glauber series, one has approximately
v/ Aog) 2L
{,(ﬁ-%- (¢ (h-2) - / (8.8)

where § is a function of the nuclear density. Thus, if the élementary
kaon-nucleon total cross—sections increase with energies, the Gilauber
shadow correction becomes larger at high momentum'®. Because of the
(A~1} factor in (8.8), this effect is too small to be observed in light

nuclei,

. . el . ,
When . comparing the nuclear phase (L.e. ~1327) predicted by our medel for
. , . ) P 34

Pb, with the phase measured in the neutral kaon form factor experimentc”,

. . ¢
the agreement is less good. But, as the phase in our wmodel was -126

Q

before taking the IIS correction into account, it is possible that our

oversimplified model of 118 cannot predict the phases accurately,
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We thus conclude that, in Regge phenomenology, the scattering on nuclear
targets can be interpreted self-consistently by taking for the w-

trajectory an effective intercept that differs from the one measured with

elementary targets. Furthermore, the magnitude of the IIS correction

required by the data is pro@er;y predicted by our model.

8.8 Criticism of the model and input parameter dependence

in the previous paragraph, we have seen that the data can be interpreted

quite natuvally. For instance, we find it unmecessary to introduce
{1} Different nuclear matter distributions for proton and neuiron.

(ii) Special shadowing or antishadowing effects such as "pionisation™™"

that could partly cancel the effects of diffractive intermediate states.

{iii) Complex nuclear effects in which “space—time" effects and
“ladder graph" comtributions”® would totaly invalidate the use of

the Glauber model.

The only "new' concept we had to introduce is possibly that of an

Veffective"

aw(O) in nuclear matter.

To make these conclusions more quantitative, we have to evaluate

the "precision" of our model. Because of the number of approximations
made, especialy in the IIS prediction, this task is quite a difficult
one. We thus content ourselves of calculating the effects of typical
input parameter variations on the predictions at 10 and 100 GeV/c
{Table 8.3)., As an.exemple, from this rable we see that a 10% increase

in neutron RMS radius in Ph 8

would imply a 207 increase in the re-
generatio; amplitude prediction. This would put the prediction in clear
contradiction with the data. As the regeneration amplitude is known to
come mostly from neutrons, this is a strong indication of the correctness

of conclusion {1i) above.
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8.9, Conclusion

The general succesg of the Glauber-Regge phencmenclogy found in in-
terpreting the data of this experiment shows that low momentum transfer
interactions on nuclei at high energies are to a high degree of precision
explained by standard concepts. The main conclusions that may be drawn

from this success are:

{i} For the nuclear physicist, that the RMS radii of the nuclear
matter density distributions of pretons and neutrons are egual to

within & few percent.

(ii1) For the theoretician, that the Glawvber and Karmanov-Kondratyuk

models areadequatéto describe the data up te 130 GeV/ec.

(i1i) Tor the Regge phenomenologist, that the hadron~nucleus interactions
at high energies can be self-consistently interpreted in terms of an
"effective' w intercept, substantially different from the "elementary"

& intercept.
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A, CLAUBER MODEL WITH INELASTIC INTERMEDIATE STATES

A.1L. Coherent processes at high energyv. Transverse and longitudinal coordinates

The coherent processes we shall describe with the Glauber model are reactions

of the type
E + A —>¥ + A (A1)

where B is the beam particle of mass =T end A, A', is the target nucleus.

X is the produced system of mass mX=M (may be equal to B, i.e. w=M).

The squared four-momentum transfer is given by

- € = (8- = (A-p)" (42)

where the particle symbols also represent their four-momenta,

The requirement of coherent reaction implies that the momentum transfer

will be small, and hence also that the nucleus will have a small recoil
momentum in the laboratory system. The nucleus can therefore be treated in

the non-relativistic limit, and t i1s given by the target recoil momentum p,

. z A 2
Foull
-t p | =pl a4y (43)
P T FL TRy
The reaction (A1) is kinematicelly possible omnly if mx‘;;mR (i.e. M;?m)n
This lower bound implies that, even 1in the exact forward direction, there

2 o
is a minimum longitudinal momentum transfer {, such that @ = t . , and
g mMIn

‘ ? 2
~& = Ppo = § # Q" a4

Assuming the beam particle womentum p_=p to be large, one finds that

B
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.
- v M7= e
ﬁz%f - F“L } @ - i E’.&? ¢ (A5)

Finally, we introduce the notation we will use throughout for the decom-
position, into longitudinal and transverse variables, of high energies

coherent processes kinematics.

Longitudinal coordinates:

Beam axis.

3

g Minimael lenmgitudinal momentum transfer.

"Transverse coordinates:

s d

& impact parameter vector,
d Transverse momentum vecLor,

Thus, the phase of a propagating state will be written as

exp ¢ (0T + % F) - (46)

P S
A.2, Standard Glauber model

In the high—energy and small momentum transfer limit, a scattering amplitude
in the forward direction £(J) can be connected to a so-called profile fun-

ction F(ﬁ):

2

“H@) i Eﬂg)g%. i p {fgé%?) M) (A7)

2

=3

or

if

"(8Y= == (A wpl-i38) 4(7) (s5)

fwipl _ /

L na,
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The two-dimensional Fourler transforms extend over the impact parameter
i -
plane (b), or the momentum transfer plane (q). The Glauber model’ expresses
‘ —? o -~ - 4
the profile function of a nucleusgﬁA{b) in terms of the elementary profile

functionsiﬂj{EZ) of its nucleons by:
- e ‘ {AQ
(?‘}j 49)

According to (A7) the scattering amplitude of the nucleus is then

[ o 1 < = ba sy =y =
n i i e -
o= =L T gap {ie& ©j {t? (410}
A ?3,‘!3‘",[ o @ ) — k /
where
ot {1 -
WA“‘:‘*{&%EP@H{? (A11)
is the nuclear averaged profile function. In an f;éepenaent particle modeT

of the nucleus, one calculates this average by taking the game nuclear

density dlstrlbutlonjﬂ{r} for all the nucleons. Then

qﬁgg,...b > T"‘Ev { e () (812)

implies

A
By= 4717 E‘f}. - M{ﬁ}j (A13)
J=4

L

N

4

where
M&(?) f&i v /‘S [7) F (- } (Aﬁ}

Assuming the usual parametrization of the elastic scattering amplitude,

L

K

%1)"-": (c,';;ﬂ oG exp (““{3 %ﬁfg‘} . {AL5)

and a spherically symetric nuclear density normalized such that (ggaﬁ(fﬁgiw
. ) L
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the averaged profile function of 2 nucleus becomes

éib/} = M‘”‘““ﬁ)g‘}d"’}j {ﬁ}’@ ﬁ% gv"f L?} Sm v’) (A16)

o
In & given nucleus one has to evaluate this profile function on protons,

E P (Géfﬁﬁ ﬁuka} ﬁgﬂ) and on neutrons, E% (gﬁ ; &M ; g’g%)}so that

the forward scattering amplitude on the nucleus is finally

ke (e T 2 g "?ND} -
p&(@)m-ﬁégbéﬁ%&mdﬁa;g 4 - ij _ (417)

elastic intermediate states,

g
[
=t

Considering a single species of nucleons, i.e. neglecting differences

between protons and nesutrons, the Glauber assumption (AY9) can be written

= 2y fﬁ %i-f'ﬁ A - )
RO IO o

i=4
In this series, each term corresponds to the interaction of the projectile
with a subset of j nucleons. In the case of elastic scattering, for all
the CJ> such subsets, there is only omne possible comtribution, whereas for

inelastic scattering there are j! possible diagrams. The inelastic profile

function is therefore : ) v
. A 344
3’?!; {§> = 2 (mi} (ﬁﬁ z H F xgﬁ (419)
j_':ﬁ _ ! @ few =4

where the second sum is over all possible multiple scattering chains allowing
for inelastic interactions. In practice one needs drastic simplifying as-—
sumptions in order to make calculations possible. As we are interested in
inelastic interactions returning the projectile to its initial state, we
shall assume the the dominant diagram is the one where the projectile,
excited throughf?#, rescatters like an unexcited projectile witﬂnli?’ﬁ . and

—
15 returning t‘!:m’oug_ghTfr1 into ity inifial state:
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They are <§> such inelastic rescattering processes possible; assuming all

of them to be equivalent, we have finally

A ,:;-M{ﬁ% AL
S A “t%- , )
INIGIE ¥ ) ﬁjz)?

P

y
;;-ﬂ A " ‘Q‘h (AZ1

Rearangeing the combinatorial factors this can be written as

éﬁb\“ %‘} L4 (Mﬂﬁ 2? ( f:‘ U;j (422)

In deriving (A22) from (419} we have implicitely hidden the "z ordering"
complications arising from the extra phase shift introduced by the minimum

longitudinal transfer © invelved in the inelastic process. From (A5} Q is

s
%Qz“'Vﬂ

vy

3 {A23)
where M is the mass of the excited state of the projectile of initial mass m
and momentum p. Because of this Iongitudinal momentum transfer, the profile

function of #n inelastic state propagating aleng z reads:

, | L BAe . Y -
Wwﬁ-"}“@a e &{E’rg St ??{"ﬁi’%>

- (824)
iy

Then, calculating the nuclear averaged profile function < %f%g“yon {A1G),

onte gets 1-fold integrations cf the type”" :
-4 &

“ﬁﬁwwf (8 (2 2) ﬁz:{ (3,-%) . [ -
6%, £ {;u J /ﬁ,{ v} | oaree (A29)
- o8 &4 B

Te aveid these integrations, we shall again assume the equivalence of all
the diagrams containing pairs of exc1tatLon/desaxc1tat¢on and assume identical

rescattering properties for the excited and ground state of the projectile

and write

“(3) = ap-0)1a-3 ()1 < PRI B> a



In this expression the longitudinal

integrations are understood with the
constraint 2, Ta

With the usual parametrization of the inelastic amplitudes

'P{(%‘) - _zf?‘{.'f::a) %Wg%{?} , “gwgé_liﬁ);; {3(5-:0) g{;;:,p {.:é é’:) (427)

Q (@‘%} (£28)

e )| e gf{%/‘g (429

and | &ﬁ
&
N 4 prommarisney e Faki
Q)= § [or 2 (5) pUrmome (- 25 1) o

For diffractively produced inelastic intermediate states, the amplitudes

£% and f* are complex conjugated. Therefore {(Kaidalov Kondrd*yuhze)

% T 1
o U Sy [t L2 o
ot b dmr -

Inserting this into (A28) the nuclear averaged profile function becomes

. A-f ( 2
EZM-WA{& :@,/MJ"} /gm ﬁfmw $(RL) ww

The calcuiﬁtlon of the inelastic rescattering form factor é}(Q b} can be

carried out analytically in the case of z gaussian nuclear density

_ -3
P =@ e (/e -
vielding

(@* \v = W %F (- y,’f;{z—« ,@tg"’){ﬁ«-@y{ (s'&‘&}] , (834

&
WL
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where

%@L =

e f i

A 23’? | (435)

In this form factor, the complex error function araises because of the
z~ordering (Ikeda®®, Trefii®®). This ewtra phase produces anti-shadowing

at low momenta in heavy nuclei. Although the gaussian approximation (A23)
is known to be correct only at the 10 % level for heavy nuclei, we shall
use 1t for the inelastic form factor because the integrations (AZ9,A30) are
numerically quite time consuming. Finally, with (AL0O), the corresction to

the scattering amplitude {(AL7) due to the inelastic intermediste states is

/ LBl oy 1
?‘fr PN ‘ i Py "_ﬁ § 5 Z...d Y """“
Fp{{g}'}:wm?ﬁﬁh{iﬁ;.ﬁ&/}&?’uiﬁiﬁ.,_zﬂé jggﬁ -_?Ggfé% g‘?{i&ﬂ?g) (4.36)

In practical calculations we shall take for the elastic profile function

E”; an average defined as

| . , Y
{‘ﬁ”ﬁyég(i“gpéé {‘E’Eh:}ﬁ (A37)

Formula (A36) expresses the inelastic shadow correction im terms of nuclear

form factors -and the inclusive diffraction dissociation cross—section of

the projectile on nucleocns :

e N—s X + N | (838)

A4, The Karmanov-Kondratyvuk formula

Let us see under which assumptions our result (A36) can be simplified in

. the case of the inelastic shadow correction to the total crogs-section
& b ” (d'ﬁ»% imf.‘?"; “} . ‘
G = 2 RIRARE'S (439)
7 g P

. . . . ' L.
If one neglects the g dependence in the inelastic form factor, therfore
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taking the limit\g’;-«a?aO in (A30), one sees that Céé’%} Q'/p(\hfbi’-{av &3}

Neglecting the z-ordering as well, {A29) then bacomes
+00 5
'y s T [, Qe 1
@ {& ‘@} e I ,«P@'&} *%"”** 5’ (A40)
- B ‘
Similarely, in the Iimit &-#0,0 =*0 the elastic profile funcLlon (A16)

v

simplifies to
r}

Sy { él%n/f’ (%H??“-%- é‘*;}“’ - [ {E‘:«) (A41)

4
- Gl

= '%} o

f—

@a RN

Finally, taking the limit A -»d  the power series in (A36) can be replaced

by an exponential giving

:,? dzg’ m

ﬁ&alm (& inj (ALDY

&c;%,ﬁi:‘mémﬁ {3% éﬂ"pﬁ;»--«(f"? E"”’)} (

This 1s with {(A40,A4L) the Karmanov-Kondratyuk rasult™,

A.5. Deuterium case., Pumplin-Roce formula, Gribov formula.

Setting A=2 -in 6&36} we obtain

F¥a~giyp gcé% ;(a% e j:di“ D) (&;E:f\? (a43)
J P

performing the impact parameter integration we find

¥, -l it Bfe) T e oy
P | g el A

This the Pumplin-Ross formula®’ which gives, via the optical theorem, the

following correction to the hadron~deuteron total cross—section

b6 i (o B @ @]

This vesult can be obtained starting from the clasvlgal Gribov formula®
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with the diffractive dissociation parametrized as.

d*¢ 7, d ¢ (o)
Y (e BERL gup (YE)
dA d / g & pv P é{

and the deuteriuvm form factor written as
!y g ]
g(tﬁ’“} x Eap éE@fﬁ.}

where

(ALBY

(A4T)

(A4B)

(A49)
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B. REGGE MODEL OF THE FORWARD SCATTERING AMPLITUDE

B.L. Regge poles

For high=-ener small-angle scattering, 2 single Regge-pole contribution
[=] o f) L3

to a g-channel amplitude A = A(a+b—sc+d) is an expreSCion like’

&“ £) = “{é {ep@u’}; u&w'ﬁw@i J{y)*‘m’”) (B1)

where
. 4y ' |
Vo=s(sew) (82)

. 2 v, .
E; is a scale factor (1% =1 GeV™) and E:ﬂ il 18 the signature. Thus the

total amplitude will be
Aty =2 B, (s¥) (39)
. J .
é
where the sum extends over the trajectories that can be exchanged.

In the laboratory system, with PP the beam momentum, one has

Vo= % (5 —u)= m&gm%%?ﬂ' (B4)

and the optical theorem rteads -

g’fy = %:‘F Tn &{%ﬁé:‘:@;} (B5)
v

It is convenient for the fits to introduce the notaticn

'ﬁﬁ %?? =, ' ' .
g = .,.g% {&zé';(gj%é) {B6)

such that the imaginary part of
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S(s £) = ? 'SE . (B7)

which corresponds to (B3}, gives directely the total cross—section.

The basic formula of the Regge theory, (Al}, provides an explicit separation
of the t dependence £from the s, u dependence. It turns out phenomenclogically,
for our purpose of parametrizing the amplitude near t=0, that such 2 sepa-

ration is also posgible for (B7)., One finds

S(st)=eap (Ll +3£) TSI (5,620) 0w

wa

where one thus neglects the individual t dependences of the trajectories &)
. J
and of the residues (E}), but one leaves a common t dependence factor des-

cribing the forward elastic scattering peak.

B.2. Imaginary part of the forward amplitude

We now concentrate on the total cross—section parametrization. Let us
denote the diffractive component of the total cross—-section, iL.2. the

Pomercn, by D{zb). The Regge phenomenclogy gives:

£

s (Kp)

s {K7p)

(Kn)

DiKg) =+ 3:{; -afgj; % Sf; -+ S}%
DKTe) + 55 - 8, -S0 = &,

D(Kn) + ST -5, 4 8% - S,

L

(B9)

i1

vp

|42 ]

11

( ) (K) + ST+ 8% - 8% - ST,

The same formulae hold for proton—nucleon scattering, provided one substitutes
w - - . . ' gy

p for K and p for X . For pilon-nucleon scattering, the corresponding

formulae are
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5 {'ﬂ*"p) = Siw%) = Di{nk) 4+ ;@’é o g;
(B1O)

g é’i’?m“} ,; S{'ﬁ'ﬂ;%’:} = D (W) g%’ B S}

Of course, while the intercepts of the Regge trajectories are expected to

be the same.for all three families of incident beam particles, their respec—
tive residues are different. Nevertheless, this equality of their inter-
cepts will help us in fitting unambiguousiv(B9) and (B10) td the data, a
task that would otherwise be difficult because of the number of free para-
meters. To reducs the numbe¥ of free parvameters, we will furthermore assume

strong exchange degenerzcy, which is the assertion

@éﬁmﬁi

w%# = Ngéxﬂ

This strong exchange degeneracy hypothesis (which results theorstically
from the absence of u~channel, or "exchange" forces) implies that the

+ : . . . g .
(K W) and (pWN) total cross—sections depend only on the diffractive term.

Explicitely

- I 7 , { o,
CplKp) = Im D) + %vao}%‘ﬁ v )

H

Ep (k') = Tm D (K¥y)

o @zﬁ} (B12)

Ga (Kn)=Tm D (n) « %i%ww %,

Go (Kn)=Tw D (W)

. .k A ~
In this model, the only contribution t{:G&(h.n) andifT(k,p} are from the
Pomeron. Ln order to accommodate the observed difference in these tweo cross=—
-sections, we will allow the Pomeron contributicn to be different for

proton and neutron targets. In agreement with the Pomeranchuk theorem
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(stating the equality of total cross—sections of particles and anti-particles

on the same target at infinite momentum) we set therefore
£ g — ¢ . P !
D(ky) = D(ktp) = D(Ky)

(B13)

D¥n) = 0m) = 0 (Kn)

Fy

Clearly, this distinction between D{Kp) and D(En) cannot be given too much
physical centent, as it will "buffer” experimental errors as well as pos~

sible exchange degeneracy breaking.

For the Pomeron we take a Frolssart like behaviour of its momentum depend-
ence. This parametrization of the diffraction term is currently favored by

. g : . .
many phenomenologlstsz' and has recently received theovetical support from

parton models®”. We shall write
- £ ; SR ‘
Tw U avﬁ-ig;} = f.‘i%\g? + \}9? &if wﬁf{;éfj:}

(B14&)
T

LA 4 éﬁ E}iﬂ‘§ -

i

/ . \
" "z”-}??% w;‘; xf?/’fmf

B.3. Real part of the forward amplitude

The real part of the Regge-pole contribution is directly given by (Al), it
thus remains to find the real part corresponding to the diffractive term
(B14}. This reazl part could be directly obtained from analyticity and cros-
ging properties in the asymptotic regiom. But, in order to obtain a precise
prediction for the real part in the intermediate region already, we shall
express it by the dispersion relation
L=
, 7 T DIKN) |
R@f {)kﬁﬁ‘yj}z = p {;ﬁ:}ﬂ, (B15)
7 / YO ) %"Lw ?‘L,.
Vo

And, in this relation, the threshoeld pd'will be adjusted in each channel




g

to give good agreement of the real parts at 5 GeV/c with the recent disper-
sion relation calculations of Jemni et al.’!. This prescription insures that
resonnance and threshold effects, which have logarithmic terms affecting the

intermediate energy regiom, are properly taken care of.

B.4, Fitting and results

In our approach the real parts are essentially predicted from the imaginary
parts. The fitting procedure consists thus primarily in adjusting {(B12, Bl3,
B14) to the total cross—section data iz,

As it is well known, the kaon-nucleon and proton—nucleon total cross-section
differences are dominated by the w-trajectory. It is thus easy to extract
the'omega contribution and one finds aw(0)=0~44i0,01 for kaons and um(O)z
0.46%0,02 for protoms, in excellent agreement. From (B10) one sees that

the piop~nucleon total cress—sect jon difference is dominated by p exchange,
¥irting the pion data one gets O (O) 0.57£0.01 . The ap(@) obtained by
fitting kaons to (B1Z) gives @Q(O} Q.SstO,GB and 1s thus in good agreement
with the pion induced intercept. On the other hand, the D contribution to
the proton-nucleon scattering is too small to give relevant results in an
unconv*ralned fit. 5o the p intercept & (0)=0,12+0,28 found by fitting (BL1Z)

to the proton.data is meaning less.

Having adjusted the threshelds in (BLl5} tc give reasonable real parts in
the low energy region, one 1s in position to check the quality of these fits
by using them to predict cross—sections for charge-exchange reactions and

regeneration 1n hydrogen. One has

<
K*n ”"F%"{ %:*\} = 8(%{? S{E{ ? (B16)

{ T
< (KT > K'n) @% 15 (e -S () e
. E Qﬁfkg} - Kgn ?é = *};{ %g Uﬁ"%n) S(;Kﬁyg)g (518)

H

SR RS

WMMWB
Am%



These three predictions are tabulated in Table 8.3 together with the fitred
total cross—sections and calculated real parcs for the four kaon—nuclecn
channels. In Fig. B.1 and Fig B.Z we compare charge~exchange and regener-
ation in hydrogen with the data. Considering that these three predictions
are based on small differences of the fitted amplitudes depending on both
the imaginary and real parts of the fitted amplitudes, the agreement with
the data (above the resonnance region) Ls excellent. HEspecially the agre-

. . . . s i
ement with the preliminary results of regeneration by H at FNAL energlesl’
p ¥ g ¥

is a strong indication of the correctness of the omega intercept, l.e.

am(O}mOu44iOa01 .

The internal consistency found by us in the Regge fits to the kaon-nucleon
system strongly suggests that the value of mm(O) derived from regemeration
from carbons, {i.e, &w{O}EOﬁ397iO.OOB} after correction for In+p[=2.183

=3, . 1 1 1 . . PR
z 10 7) is mot the "true" w intercept, but rather an intercept modified
by "nuclear effects”. To see what the "carbon intercept' would imply for
regeneration in hydrogen, we have drawn in Fig. B.2 the prediction obtained

by constraining the total cross—section fits to ¢ {0)=0.40 . The difference
b w

is over 507 in the modulus and over 15° in the phase at 100 GeV/c, in clear

disagreement with the data.

In Table 8.2 we give the parameters resulting from the fits in the four

following cases @

(i) Normal £it yielding aw(0)=0.@4i0,61 and aD(O}=G,55iO¢02 .
{ii) Constrained fit with up(0)=0n57 .

{(iii) Constrained fit with ag(0)=0.57 and am(0)=0.é0 .

{iv) Constrained fit with aw{O}=O,QO .



B.5, Forward elastic peak parametrization

We take for the elastic scattering parameters defined im (BB} the results

33

of an "eye—-ball" fit to the data compiled in®’. This procedure is precise

enough (i.e. $107) for our purpose. We find
(?t»{wrz 6.5 + .4 &5@) Se)=4.8 (319)
BFY=tvs + <16 b sP)=%.0 o
()
b

6 (K
E% {f?iw}x o + .i4 “&f{f) | 5 {wt?«ef (B24)

4]

s o+ 48 fls) Sl G

fo + .1 {%f@} §{m)= 0.3 (522)

ze e | ‘ﬁaz’ “’iﬁfifk}, szg (%‘{?):‘-gnﬁ (B23)

o>

it
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