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Abstract

This note describes the preparation of the Dalitz plot for the reaction pp—K*7FK at
rest from 2-prong triggered data. Minimum bias data were used for an estimate of
the branching ratio. Major part of the work is the diploma thesis of Matthias.
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1 Introduction

The spectroscopy of scalar and tensor mesons is one major investigation of the

Crystal Barrel experiment. We already have published the observation of the

I=1 resonance ao(1450) [1] which is expected to decay to K°K*, K°K° and

K*K~. The extraction of the I=1 scalar and tensor partial waves in the present

annihilation channel is an essential input to arrive at conclusive information about

KK couplings for both, I=0 (7 S-wave; fo(1500)) and I=1 scalar resonances.
The work is devided into two main parts:

1. Data preparation
2. Partial Wave Analysis

The data selection concentrates on the pattern due to a missing K and two
oppositely charged particles. They are characterized by two tracks starting in the
liquid hydrogen targed and showing up in the PWC (SVTX) and the JDC. The
channel with K, interacting (with ~ 50% probability) has a third PED ! but
contains background from channels 2prong plus vy with one « from the 7% 7 or
1’ decay not detected.

The data reconstruction started with two prong long track triggered data
taken in June 1994 (about 7.8 - 10°) which yielded about 12,000 events in the
Dalitz plot. To ensure a consistent treatment not all of the 13 Mio June’94 2
prong data were used in this first step (2 different trigger setups were applied).
Minimum bias data from June 1994 were analysed.

The data selection proceeds the following:

1. cuts due to topology
2. kinematic cuts

3. separation of charged m and K

2 Trigger

For the run periode 1994 the following 2 prong trigger setup was used:

Trigger conditions as read from DAMO bank :

PWC_1 lower,upper bound : 2 2
PWC_2 lower,upper bound : 2 2
JDC  lower,upper bound : 0 15
FACE 1lower,upper bound 0 15

Iparticle energy deposit



Name of trigger preset file : 2-Pr;default
Name of hardware trigger : /cbl/pro/TRIGGER/bsvpljl.sts
Name of JDC multiplicity file : /cbl/pro/TRIGGER/j4mxx22.par

3

Software

For MC studies and the reconstruction the standard CBOFF code was used :

4

The

CBOFF version 1.30/00

LOCATER 2.01/00
BCTRAK 2.04/00
GTRACK 1.36/00
CBKFIT 3.09/00
CBGEANT 5.05/00
GEANT 3.2130
Selection

signature of the channel K*z7FK, with the K, missing: two tracks in the

JDC of opposite charge sign which should show up in the barrel, too. Due to
the missing Kz, no additional entries in the crystals e.g. belonging to photons are
expected. After matching the hit crystals to the tracks no further PEDs should
remain. The charged pion and kaon can be distinguished by their differential
energy loss in the JDC.

4.1
The

1.

A

JDC

following criteria for selecting two long tracks are applied :
2 tracks in TTKS bank

charge sum zero

at least 1 hit/track above layer 20
at least 1 hit/track below layer 4
more than 9 hits/track

x?2 per d.o.f. of a track lower than 1.2 (good track)

So we arrive at a data sample of good two prong long track events of 5,598,275
events.



cut no. remaining events

events on tape 7,720,872
1. 2 tracks in TTKS 6,837,591
2. charge sum zero 6,599,505
3. 1 hit above layer 20 6,151,781
4. 1 hit below layer 4 5,814,748
5. more than 9 hits 5,808,287
6. 2 < 1.2 5,598,275

Table 1: Selection based on JDC information.

4.2 Barrel

The pre-settings for the reconstruction were the following :

minimum energy for xtal in "TBEN’ EMINBC 0.8 MeV

minimum energy of cluster ECLUBC 4.0 MeV
minimum energy for xtal in "TBCL’ EXTLBC 1.0 MeV
minimum energy of PED EPEDBC 10.0 MeV
minimum energy to start a cluster ECLSBC 4.0 MeV
subtract pedestals QSUBBC true.

In addition to this standard definition of a PED in the Crystal Barrel offline
software the following criteria have to be fulfilled: The energy of the central crys-
tal (E£1) of a PED has to be greater than 13 MeV. The ratio of this energy to the
sum of the energy in the next eight neighbours including the central one (Ey) has
to be g—; < 0.96. Split-off PEDs were identified by DOLBY-C [2].

Now one has to find the PEDs which belong to the two charged particles as they
deposit energy in the crystals. A PED is considered matched to a track if the
angle 6 between the shower direction of this PED and track extrapolated to the
barrel entry fulfils the condition : cos(#) > 0.98. This method finds to 99.4 % of
all tracks a corresponding PED. Additional PEDs in the same cluster are con-
sidered as matched, too (cluster matching). Information about matched tracks is
provided by the offline code.

PEDs which belong to a track can be found using the TAXI algorithm [3]. In
our case the use of the TAXI algorithm recovers 11 % of events with no un-
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matched PED compared to the cluster matching. The distribution of the number
of unmatched PEDs after applying the matching criteria is shown in fig. 1.
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Figure 1:
Number of PEDs after matching.

Of course, too many PEDs are rejected by the matching procedures. There
are "cluster matched’ PEDs which can be combined to a 7% or 7, and most prob-
ably belong to background channels (7F7=7% 7+7—n and KTK™ 7% see section
background 5.5). The ~+y invariant mass of all PEDs not explicitely connected to
the tracks by the cos(f) criterium is shown in figure 2. Clearly visible is a 7° peak.
The n peak is dominated by a large combinatorial background. An event is re-
jected whenever one or more combinations of the vy invariant mass mm fall into
a mass window mm € [105, 165] MeV /c? for 7%, and mm € [500, 600] MeV /c? for
the n . The missing mass spectrum of the rejected events is displayed in figure. 3.
The majority of events rejected does not come from the one missing K, region.

cut no. remaining events

2 long tracks 5,598,275
1. 0 unmatched PEDs 156,229
2. no m¥ or n combination 132,846

Table 2: Selection based on information from the crystals.

We end up with 132,846 events. The missing mass spectrum of all accepted
0 PED events is shown in figure 4. Both charged particles are treated as pions.
Therefore one expects the peak of the signal channel (hatched region) to be
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centered at 728 MeV. In addition one observes the collinear events 7rn~, KK~
and the 77~ K, K, events with two K, not detected. The fit of a gaussian plus
a polynom of first degree to the K, signal yields about 12,000+600 K*n¥K;,
events.

In fig. 5 the total momentum of the remaining events is plotted against the
total energy (all charged particles are treated as pions). The marked areas are
populated dominantely the following:

A : completely reconstructed events
Tt~ (B = 1877 MeV; piy = 0 MeV/c) and
K+K_ (Etot = 1620 MeV, Ptot — 0 MeV/C)
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Figure 4:
The 77~ missing mass after the
00 200 400 600 800 1000 1200 1400 preselection : two long tracks and no
Missing Mass [MeV/c’] additional PEDs in the barrel.

B: K*¥7FK, with one K missing
The events are seen as a characteristic band which spans the allowed mo-
mentum range from 0 to 747 MeV /c of the K. The enhancement at a K7,
momentum of 615 MeV /c is due to events from the reaction pp — K*Kj ; K*— K*rT.

C: KgKj with Ky, missing
The Kg decays into 777~ resulting in a 2prong event, if the K, is missing
(Eior = 938 MeV; Py = 798 MeV /c).

D : two K missing
Well separated from the K*7FK;, events one sees the 77~ K K, events.
Both K; do not interact with the crystals. The border line of region D
corresponds to a missing mass of two K, exactly.

E : missing 7°
7tr 7% events with 27 missing which belong to a 7° are found here. The
dashed line in region E marks the position of events with a 7° missing.

0

The final states 77~ 7% K¢K; and KT K~ appear in the kinematic neighbour-
hood of the signal and therefore are potential background channels.

4.3 K; missing mass window

Since we are looking for K¥7FK,, events with the K, missing the missing K¥7~
or K7 mass has to be at about M(K,,). As we don’t yet know which combina-
tion is correct we try both hypotheses. An event is accepted if it has at least one
entry in the mass window:
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Figure 5: Total energy and total momentum. For the cal-
culation of the energy all charged particles were assumed
to be pions. For explanation of the regions see the text.
Region B corresponds to the K*rTK, events.

Missing Mass K~
350 MeV/c? < or < 650 MeV/c% (1)

Missing Mass K7+
In fig. 6 the missing mass of all accepted events is shown (17,524 events; 5,526
events have one, 11,998 events have two entries in the mass window.). The asym-

metry in the Ky, peak is due to the combinatorial background: high momentum
particles have an enhanced probability for two entries in the window.

4.4 Total energy cut

To reduce background mainly caused by badly reconstructed K"K~ events a cut
is applied to the total energy. Events were accepted if the total energy was lower
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after the cut for one missing Kj,.
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than 1400 MeV (corresponds to about 2%m,—mg, ). An amount of 17,265 events
remained.

4.5 Anti-K¢K}, cut

As one recognizes in figure 5, KgK; events with the Kg decaying into 7+7—
are kinematically close to the KEnFK,, events. The cosinus of the opening angle
between the two decay pions of the Ky is expected to lie between 0.3 and 0.6. The
average decay length of the K is 4.3 cm leading to a secondary vertex. To reduce
feedthrough from KgKj events a cut against the opening angle of the tracks and
the distance of the secondary vertex from the center was applied :

0.1 < cos(f) < 0.7
and

(2)

radius of intersection point of the two tracks in the xy-plane

outside the target : 75, > 1.2 cm.

The cut was optimized using Monte Carlo events. 17,208 events remain.

4.6 Separation of the hypothesis by dE/dx

Kinematic cuts already well define the final state. The next step is to separate
K™7n~K;, from K 71K}, and both from remaining K"K~ X or 777~X events. To
distinguish the different possibilities the information from dE/dx is used. Figure 7
shows momentum versus dE/dx for the 17,208 events accepted. The two bands
of the pions and the kaons are clearly visible and a third band which appears for
positive particles only and is due to protons. For momenta lower than about 450
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MeV/c a destinction of kaons and pions with a probability greater than 97% is
possible using the y?-method. In this lower momentum region we find 76% of all
events. For momenta above 450 MeV /c it is possible to confound K;K*7~ with
K, K™ 7". According to the Monte Carlo simulation less than (0.75+ 0.05%) of
the events are assigned to the wrong hypothesis. For the dE/dx calibration an
identical procedure is applied for data and Monte Carlo. It is described in the
next section.

4.6.1 Calibration

Figure 8 shows the dE/dx distribution for momenta between 440 and 460 MeV /c.
One would expect a sum of two Landau distributions. However, due to the applied
truncated mean method [4] and the limited amplitude (dE/dx) and momentum
resolution they can be approximated with two gaussians. The separation can be
made up to 1.5 o of the two gaussians.

The maximum momentum of charged particles in the channel under consid-
eration is 750 MeV /c. Therefore a simplified Bethe-Bloch formula is used:

dE M N-g
- <E>(theo) - @ [lnl_ﬁ2 _/8 :| ' (3)

This function was fitted to 7+7~7° and K"K~ 7 data (and separatly to the cor-
responding Monte Carlo data) for either pions and kaons. Coefficients for the
protons were calculated since the statistics for the protons was too low to be fit.
The calibration of the June’94 data revealed:

M, = (1.7474+0.001) x 104 N, =(216+0.19) x 10® for pions.
Mg = (3.4244+0.005) x 107*  Ng = (7.44+1.00) x 10>  for kaons.

These dE/dx functions (shown as lines in fig. 7) are used to calculate a x? for
the particle hypothesis 7 ,K or p:

9 (dE/dm(theo,Tr) - dE/dm(measured) ) ?

Xpt =
OdE/dx

(4)

2 (dE/d-T(theo,K) - dE/dx(measured) ) 2
XK+ = :

OdE/dx
From the fit of Gaussians to the dE/dx distributions in different 3 intervals we

derived a O4E/dx = dE/dx,,,, x 0.142.

The Monte Carlo data were calibrated with the same method. There was a
momentum dependent discrepancy observed compared to data, different for pions
and kaons (see fig.9). The deviations were corrected relatively to the June’94 data.
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This allowed the application of the same theoretical dE/dx functions eqn. 3. Also
the dE/dx resolution was adjusted to the June’94 data.
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Figure T:

The dE/dx for all 17,208 events with
at least one entry in the missing
mass window.

Figure 8:

The dE/dx distribution for the
events with a momentum between
440 MeV /c and 460 MeV /c.
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All events containing a proton according to the dE/dx - x? are rejected. In the
next step, for each event the x? are combined the following:

2
Xﬂ'

2
X K-

o

2
X Ktn-

2
X KK~

_ 2 2
= X7T++X7r_

_ 2 2
- X7T++XK_

2 2
XK++X7r_

2 2
XK++XK7

Hence, the signal events are defined the following:

K 7ntK;

Kt K,

2 2 2 2
X K+7T_ < X 7T+K_ and X 7T+7T_ and X K+K— ’

2
X K-

2 2 2
XKt - and x v and x KK

(6)

In table 3 the classification due to the dE/dx is summarized. 12,670 events were
selected as K*7rTK, ; 256 events contradict the classification of the missing mass

cut.

K+7T7KL

7T+K_KL

atn= X

KTK™X

events

6430

6240

3280

1002

Table 3: Classification using dE/dx.
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4.7 Kinematic fit

After the separation of the hypothesis into K7~ K, and K~ 7K, based on the
dE/dx a kinematic fit CBKFIT [5] was applied.
In the June 1994 run all transversal momenta (p,,) of charged particles are mea-
sured 0.5% too low. Therefore, before fitting we scale the momenta the following:
P;:y = 1.005 * pgy

Also the errors of the three charged particle track parameters have to be
corrected:

e U : track direction at the origin,

: -1
e « : track curvature (= pxy)’
e tan A : slope of the track helix with respect to the detector z-axis.

All three o are scaled by a factor 1.3. This is established with the 777~ 7% and
K*K ™70 data samples of the considered run-period. For the K*7FK; data the
pulls the confidence level distributions are shown in figure 10. Events with a con-
fidence level greater 10%, either being K~ 7K, or KT 77K, were accepted. After
the cut on dE/dx and the kinematic fit an amount of 11,373 events remained.

15
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Figure 10: Distribution of the pulls and the confidence level for the June’94 data
(both hypotheses added together). Both hypotheses are added together. The solid

line is the expected Gaussian with ¢ = 1 and mean at 0.
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4.8 Summary of the selection

Cut remaining events

events on tape 7720°872
(6) 2 long tracks 57598275
(8) 0 PED’s 132'846
(9) 350 MeV/c* < missing mass < 650 MeV/c? 17524
(10)  Eu(K*7F) < 1400 MeV, Kg Cut 17208

K7tK, K'r K,

(11) XZE/dm(KiWJF) beste Hypothese 6’430 67240 12’670
(12)  c(K*nFKz) > 10 % 5774 5599 11’373

Table 4: Selection of the K*#FK,, final state.

There is a small difference between the number of K; K™7~ (5774) and K, K~ 7+
(5599) events. The origin of the asymmetry is established in CB-Note 310 : the
different cross sections of K™ and K~ for reactions with protons in the hydrogen
target and with the nuclei in the CsI(Tl)-crystal are responsible for the slight
difference. Important to note, that the difference is momentum dependent only
below 250 MeV /¢ kaon-momentum, as will be demonstrated below.

The asymmetry in each Dalitz plot cell i = (m?,, m?;) considering the statis-
tics is given in terms of a x2. With N;* the number of events n;" per cell normalized
to all events in the Dalitz plot:

N — N2
X; = % "8 (7)
N7 - N}
* = TNF N7 )

The following table shows the determination of the x? for different binnings of
the Dalitz plot:

binning X" Neelis X*/Neells
20x20 256.7 235 1.09
25x25 426.2 397 1.07
30x30 564.0 563 1.00
40x40 931.4 868 1.07
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The signed chisquare for a 25x25 binned Dalitz plot is shown in fig. 11: The
K~ excess (left) and K™ excess (right).
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Figure 11: The chisquare comparison between the two data samples with differ-
ently charged kaons. The left plot shows the Dalitz plot cells with an excess of
K~ K7™, the right plot the Dalitz plot cells with an excess of K™ K7~ events.

There is no closed region of significant deviations. In the K~ channel one
observes a clustering for low K~ momenta. More events belonging to the K+ K7~
channel in comparison to K~ K;nt are found at high K+ momentum. In fig. 12
the number of K~ K; 7" events is divided by the number of K™ K7~ for different
K-momentum regions:

N(K-Kpr*
= N K () )

A constant fitted to the momentum-ratio spectrum fig. 12 for momenta above
250 MeV /c gives €4 = 0.94 4+ 0.02 with a x? = 1.16.

According to fig. 12 (left) the small difference between K, K™ 7+ and K, K* 7~
varies slowly with the charged kaon momentum: there is a small slope in the ratio
p(K ) /p(K™) which is also seen in the Monte Carlo (see there). The excess of K~
versus Kt at low momenta (p < 250 MeV/c) can be explained by their different
behaviour in the crystals: a K~ excites more crystals than a K. Because of the
enlarged cluster of hit crystals the matching probability of K~ is increased against
the Kt at low momenta (see CB-Note 310). The region below 250 MeV /¢ kaon
momentum is sparsely populated in both channels. Therefore, no further effort
was put into the understanding of this phase space region. Effects concerning the
charged tracking are corrected by the Monte Carlo, which will be shown in the
next section.

18
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Figure 12: The ratio of K~ channel events and Kt channel events versus momen-
tum. The original momentum spectra are superimposed. A constant (left) and a
straight line (right) were fit.

5 Monte Carlo

For the determination of the reconstruction efficiency, the acceptance and the
contribution of possible background channels the CBGEANT [6] program is used.

5.1 Selection

The K, was generated as non-interacting particle (geantino). Corrections con-
cerning the interaction probability of the K, in the crystals were taken from the
investigations in the channel K;K;7°[7]. In total 600,000 K*7FK}, events were
generated. The events went through the same selection chain as the data. Table 5
summarizes the selection.

The reconstruction efficiency for the channel pp — KT7FK, with a non-
interacting K, arrives at:

To this reconstruction efficiency corrections for interacting Ky, which are hid-
den under the charged tracks, have to be applied (see section 5.3).

The asymmetry in dependence on the momentum is shown in fig. 13. The
average for p(K~)/p(K*) = 0.94 + 0.01 compares well to the data, where we
found a ratio of 0.94 + 0.02. Also the parameters of the fitted slope correspond
to the values in the data considering only momenta above 250 MeV /c and giving
an average ratio of 1.
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Cut remaining events

generated events 6007000
(6) 2 long tracks 213’718
(8) 0 PED’s 146’717
(9) 350 MeV/c? < missing mass < 650 MeV/c? 130’610
(10)  Eu(K*7F) < 1400 MeV, Ky Cut 128’580
(11)  Xig/ae(KF7F) best hypothesis 95'324
(12) cd(K*n¥Ky) > 10 % 85’679
Table 5: Selection of the K*7FK,; Monte Carlo events.
£ X/ndf 4787 / 38 £ X/ndf 41.73 ]/ 37
i = o i :‘1) -0.1 350;832
X er N
3 3
§ 4 > :; oo
N X
2 K = 2
200000, 000cc0s .‘..i ++++¢M”¥Mowu%
0 ZE)MON 4(50 6(50 0 2(50 4—(50 6(50
p(K) [ MeV /c] p(K) [ MeV /c1

Figure 13: The ratio of K~ channel events and K+ channel events versus mo-
mentum. The selected Monte Carlo spectra are superimposed. A constant (left)
and a straight line (right) were fit.

5.2 Acceptance

The interaction probability as a function of the K;-momentum is parametrized
the following [7]:

P — A4 (1 — A)ePEL)/B (11)

with A = 0.50 £ 0.01 and B = (145 &+ 28) MeV/c. The function leads to the
interaction probability of (54 +4) % averaged over the whole phase space.
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The survival probability for the Ky, is given as:
Psury — e—TQ/C’)/,BT , (12)

with ro = 0.4 m the mean distance between target and crystals, § the velocity
and 7 = 5.1 x 10785 the lifetime of the K.

The K*r¥ identification probability PX*™" (e KiF:FK[) results from sec-
tion 5.1. The acceptance for each Dalitz plot cell is calculated the following;:

poce — PKivr:F % (1 o Pint) X Psury (13)

The combined acceptance P%< for the channel pp — K*nFK, is displayed in
fig. 14.
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Figure 14: Variation of the acceptance in the K*rFK;,
Dalitz plot.

One recognizes a strong decrease in the population in region A of the Dalitz
plot. Here the charged kaons are slow enough (p(K) < 200 MeV/c) to decay within
the JDC into p*v. This introduces a kink into the track. The reconstruction
software resolves the structure into two particles. Therefore, our selection rejects
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these kind of events. In region B one looses events with slow pions (p(7) <
50 MeV /¢) which cannot reach the crystals (they are bended back into the JDC by
the magnetic field). In fig. 15 the lines of constant acceptance for non-interacting
Ky, are shown. It decreases for increasing K; momentum and causes the drop in
region C of the Dalitz plot fig. 14.
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Figure 15: Lines of constant accep-
- - . ! tance for the K, in the K*nFK,
' m (K, 1K, 10) [Gev Hc’] Dalitz plot in intervals of 0.03 [7].

The acceptance over the Dalitz plot is formulated as relative deviation from 1
smoothed over phase space. It is

N, bin

€ = Nl Y
Nyin AT,
>t N

(14)

€ relative acceptance of cell ¢
N; number of MC-events in cell 4

Npin  total number of cells filled.

The number of measured events in each Dalitz plot cell will be corrected by the
factor ¢; = 1/e;.

Events with both charged particles having a momentum higher than 450 MeV /¢
may be ambiguously identified. This is region A in fig. 16. Misidentified K*7FK,
events are reflected with respect to the dashed line. Therefore, they do not leave
region A. In region B / C of this plot the pion / kaon has a momentum be-
low 450 MeV /c. In region D both charged particles have a momentum less than
450 MeV/c. The evaluation of the Monte Carlo data reveals a misidentification
rate of (0.75 £ 0.05)% of all events.

5.3 Acceptance correction for Kj interacting

An interacting K, can hide in a crystal cluster belonging to charged pions or
kaons. For this effect an enhanced probability exsists at the KK threshold - here
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both kaon momenta are parallel - and in the region, where the charged pion is
parallel to the K. The concerned areas are displayed hatched in fig. 17.
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0.5 u Figure 17: Dalitz plot regions of en-

hanced probability for a hidden in-

0.5 1 2 s 15 , 42 teracting K (marked in hatched
m?(K 17K, 70) [GeV7rc’] style).

The effect should be reproduced by the Monte Carlo, at least above a Kj,
momentum higher than 230 MeV /c (below that value the GEANT [8] output is
not reliable). The systematics of the topology of interacting K, was checked with
the annihilation channel K;K¢n® with Kg — 77—, which was enhanced by a
trigger based on the silicon vertex detector (July’95 data). In this annihilation
channel one has a pure kinematical environment for the study of the momentum
dependent behaviour of the K, in the crystals.

5.3.1 Selection of K;Kgm°

The following selection criteria were applied to these data:
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1. two opposite charged tracks and any number of PEDs,

2. each track at least an entry in layer 18 or above,

3. simple secondary vertex fit for the Kg; no downstream annihilation,

4. opening angle between tracks at secondary vertex between 20° and 160°,
5. w7~ invariant mass equal Kg,

6. 7y invariant mass equal 7°,

7. missing mass Kgm° equal K7,

8. exactly one 7°(in particular exclude Kg(nt7™)Kg(r07%)70),

9. K, not in the direction of the 7, 7~ or that of the decay v belonging to

70,

10. invariant 777~ mass in the range between 400 MeV and 600 MeV.

From 3.36 - 10® events on tape we extracted 5323 K, Ksm" events.

% Entries 59319 10000F Constant 9.767
S 300001 P1 0.2583E+05 Slope —0.3691
o P2 490.1
N P3 11.73
» P4 4019.
2 P5 482.6 7500
IS P6 39.98
@ 20000+
5000
10000
2500
051 L 0 J
200 400 600 800 1000 0 20 25
invariant 7't mass / MeV distance of vertex / cm

Figure 18: Left: The invariant 777~ mass, fitted to two Gaussian functions. The
parameters are given in the box. Right: The Kg vertex distribution, giving the
decay length distribution in the labor system (the slope is expected to be -0.37
at a mean Kg momentum of 500 MeV/c).

The invariant 7+7~ mass and the Kg vertex distribution is shown in fig. 18.
Only events with one 7° plus an arbitrary number of additional PEDs were further

considered. The missing mass is shown in fig. 19(left). To determine the direction
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of the K, a kinematic fit was performed, treating the K;, as missing; the additional
PEDs have not been considered. Since we only want a sophisticated determination
of the K, direction we do not insist on a good fit quality. The additional PEDs
are not allowed to lie in the outer barrel region or in the same cluster as the
PEDs already resolved. The K, - direction is not allowed to match any PED
which already belongs to the two charged particles or the 7°.

The number of PEDs after subtraction of the two matched PEDs and the
PEDs assigned to the 7° is displayed in fig. 19(right).

Entries 11092
P1 2201
P2 5101 2250 -
500 - P3 4850
Pa 2185

Ps 0.6328E-01 2000

1750

1500

1250

1000

750

500

250

1 1 1 1 1 1 1 1
0200 300 400 500 600 700 800 900 1000 6 8 10
KST[O missing mass / MeV number of PEDs

Figure 19: Left: Missing mass Kg7m’. Right: Number of PEDs (neither assigned
to the tracks nor to the 7’s of the 7°).

5.3.2 Topology of the K; PEDs

In the following some characteristics in comparison to the Monte Carlo are pre-
sented:

The fig. 20 shows the number of fired crystals grouped to a PED which is
assigned to an interacting K, with momentum greater than 230 MeV /c (dots are
data, the line is Monte Carlo). A small deviation is observed at high multiplicities:
data PEDs are bigger here.

In fig. 21 the opening angle between the calculated Kj, entry in the barrel
and the next nearest PED is shown (reference point is the center of the CBAR
detector). The expectation is zero degree with some spread. We observe reason-
able agreement between data and Monte Carlo. In fig. 22 the angle between the
direction of the first nearby PED (see before) and the next nearest PED is shown.
Also here one recognizes a compatible description of the spectrum by the Monte
Carlo.
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Figure 20: Number of crystals per K; - PED (dots: data, line: Monte Carlo)
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Figure 21: Left: Opening angle between Kj, - direction and nearest supernum-
merary PED (data). Right: Opening angle between K, direction and nearest
supernummerary PED (Monte Carlo).

A more detailed comparison of the topology of the K, PED was done defining
an axis connecting the calculated Kj, entry in the crystals and the next nearest
PED (see fig. 23). The projections of the crystal positions onto this axis and onto
an axis orthotogonal to this one are shown in fig. 24 and fig. 25, respectively. The
plots demonstrate, that the Monte Carlo PEDs of an interacting K, are slightly
smaller. The probability, that a hit-crystal cluster of a charged particle and that
of a K, merge is slightly enhanced in data compared to Monte Carlo. The average
deviation in the description of the K7, interaction in Monte Carlo versus data is
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Figure 22: Left: Opening angle between nearest and next nearest supernummerary
PED to the K, - direction (data). Right: Opening angle between nearest and next
nearest supernummerary PED to the K, - direction (Monte Carlo).

taken into account in the acceptance correction (see there).

Vam

Figure 23: Definition of the K di-
rection axis (x). A projection of the
hit crystals to this axis (x) and the
orthotogonal axis (y) is performed.

5.3.3 K, (interacting) in the Monte Carlo

We now come to the preparation of the additional acceptance correction for the
signal channel. In the first step one has to set a criterium for the identification
of an interacting K, already at the level of the Monte Carlo and before the re-
construction. In order to determine whether a Monte Carlo K was interacting in
the barrel (interacting in the sense that the CB-offline program will find at least
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Figure 24: Left: Crystal position (data). Right: Crystal position (Monte Carlo).
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Figure 25: Left: Crystal position orthogonal (data). Right: Crystal position or-
thogonal (Monte Carlo).

one PED originating from this K;) a K;, K°7° Monte Carlo sample was produced
where the K° and the 7% were defined as geantino particles (no interaction what-
soever). In this Monte Carlo every PED found by the reconstruction software has
to originate from the K;. The parameter choosen to tune the Monte Carlo is the
maximum energy deposited in a single crystal ES, .. It is accessible from the MC
data banks. (solution of the puzzle):

e EC : maximum energy deposited by the K; in a single crystal (values

from the Monte Carlo)
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The interaction probability is defined via the PED-multiplicity analogous to
[7]. Hence, we consider the parameter k extracted from the Monte Carlo with the
offline reconstruction:

) N(PED) >0
il = 1
x(offline) N(PED) = (15)
which has to be equal to
N(ES,.. > X)
— max 1
M = N <) 1o

The aim is to find the threshold value X of Ef ., for which the condition
k(offline) = k(MC) is valid. From fig. 26 one reads that a  of about 1 is achieved

at X =11 MeV.

N
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15+ ~

E(max) > x / E(max) < x
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1E

*x
* x
Xk x %
*
**************
xxxxx
|
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e Figure 26: Variation of the ratio k

C .
R T T I S for £}, .. depending on the cutoff pa-
maximum energy deposited in a single crystal / MeV rameter X.

Remark: The rough determination of the interaction probability via the de-
scribed procedure yields a constant value of Pj,; = 57 + 7% for momenta above
230 MeV /c.

5.3.4 Acceptance correction

Using this knowledge, one is able to simulate the full channel K; K*7~ and to
concentrate on events with interacting K, flagged by X. The offline reconstruc-
tion which demands non-interacting K7, should reject this data sample completely.
Due to the hidden K, this is not the case. Instead one gets the relative acceptance
Dalitz plot fig. 27 where the entry A; in each cell is defined as:
4, = e (17)
L Nint

gen
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The total acceptance correction using the momentum dependent interaction prob-
ability FP; is calculated the following

Here B; is the acceptance correction for K; K*7nT with K, missing as described
in section 5.2:
Nm'iss
Bi = N:f;ss (19)
gen

After inclusion of the corrections for the K, interaction one gains the final ac-
ceptance correction. In the PWA-fits the acceptance correction due to the K,
hidden effect was varied by plus/minus 5% with no influence to the results.

Correcting the reconstruction efficiency (10) for hidden K gives an average
reconstruction efficiency of

€ Kiﬂ_:FKL = (149 + 0-1stat + 0.5syst) % (20)

N
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Figure 27: K*¥7FK, Dalitz plot

(K*n¥K (interacting), but selection

on K*1FK, (missing)). There are no

events with pg, < 230 MeV/c as the

02 o o v 1 14 16 18 2 Monte Carlo cross sections are cut
m (K, /K, T0) [GeV %/c’] off below.

5.4 Branching ratio

As a first order estimate for the number of pp annihilations Nz, we use a mini-

mum bias sample of Njysinimum Bias = 1,060,987 events from the same runperiod
) _ .

June’94. A number of NKiﬂ?KL (Minimum Bias) — 213 events survived the selec-

tion cuts. With the reconstruction efficiency of (14.9 + 0.1 +0.5)% one arrives at
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the following branching ratio:

NKi

’/T:FKL(Minimum Bias)

BR(K* 7KL (missing)) =
( L(mzssmg)) NMinimum Bias * € KiTF:FKL (21)

=(1.34£0.11) x 10>

The quoted error is the statistical error only. Not considered here is the trigger-
efficiency and the remaining background ((< 5 % ; see section 5.5). With the
averaged interaction probability of the Kz, in the calorimeter of (54 £ 4) x10~2
we get:

BR(K*7¥K;) = (2.91 £0.34) x 107>, (22)
The value compares well with that of Armenteros et al. [9] for K¥r¥Kg:
BR(K*7TKg) = (2.82 £0.11) x 107>. (23)

For the estimation of the background the total number of pp annihilations which
lead to the observed number of 11,373 events in the final state K*7¥K;, must be
known:

Nitinimum Bias * NKiﬂ,¢KL
Nﬁp — .

Ny (24)

W:FKL(Minimum Bias)
= (57.0 £ 6.0) x 10°
The error contains a systematic uncertainty of about 8% (background (=~ 4% ),

identification as a pp annihilation at rest (= 6% ) [10]).

5.5 Background

Possible background channels, i.e. misidentified events with two tracks without
any additional photon found, are:

- K*nFK, K* - pfv

- wtr a0 two s not seen

- 7wty two s not seen

- KTK7° two s not seen

- K'K~

- KgK; Ks — 77—, K, not interacting
- TtrTw three vs not seen

- K*EaFK,n° K, non-interacting and two 4 not seen
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The probability to loose two photons is Ps, < 0.2%. Background events sur-
viving the selection chain must have at least a high momentum charged particle
(p > 500 MeV/c). Such events are expected at the border of the K*rTK;, Dalitz
plots.

5.5.1 pp — KE¥aFK,, Kt - ptv

If the charged kaons are slow enough (p < 200 MeV/¢) they can be stopped within
the liquid hydrogen target and decay into g*v. The myon possesses a momentum
of 235 MeV/c and is identified as a pion. A fast pion (p > 500 MeV/c) on the
other hand can be misinterpreted as a kaon by the dE/dx. These true KEnFK,,
events accumulate in a small band as shown in fig. 28. But one expects only 15+4
( 0.2% ) background events of that type.

N}

m 2(K /K *17) [GeV ¥c]
=
o
T

05

Figure 28: Distribution of K*rFK;,
- : o ) events with K¥ — p*v. Here kaons
m (K, /K, TT) [GeV Y] are confused with pions.

5.5.2 pp — wtm w0

This channel is important. Figure 29 shows the 7 invariant mass of all PEDs
matched by tracks. The shown events have passed the K, missing mass cut.
The described 7° anti-cut yields a reduction of this background channel by a
factor 2.5 . For this channel a weighting with the dynamics in the 7+7 =7 final
state has been performed. According to fig. 30 the background candidates do not
originate from regions where events accumulate due to the presence of resonances.
In particular they do not come from the p(770). In the K¥2FKy, Dalitz plot these
events concentrate on the left edge.

5.5.3 pp — wtnn

Two photons lost and a fast pion is the signature in that channel, which can
produce faked K*rFK, events. These are found in the K*7FK, channel in the
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200 Figure 29: v~ invariant mass of all
PEDs of 7+ 7~7% Monte Carlo events
which passed the Ky missing mass
Cut. For most of these events the 7°
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Figure 30: 7t7 7% Dalitz plot
(698’174 events)[11]. The back-
ground 77~ 7% Monte Carlo events
; . are superimposed as boxes. The
0 : —_ event density corresponds to the size

25 3
m 4(r'mt) [GeV %/c”] of the boxes.

same region as the 77~ 7% background events.

554 pp — KK~

Badly reconstructed K™K~ events with one fast kaon which is confused with a
pion. The marked band A in fig. 32 contains such events with a kaon decaying to
ptv. The p is identified as a pion. The process is very rarely.

5.5.5 pp = KsK;, K¢ = wntn—

0 are kine-

As can be seen in fig. 5 KgK, events with the Kg decaying into 7~ 7
matically near the K*7FK, events.

Fig. 33 shows the KgK, events which survive the preselection and the missing
mass cut (exaggerated, to demonstrate): Displayed is the cosine of the opening

angle between the two tracks versus the found vertex of the two tracks as calcu-
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lated by the reconstruction vertex fit (distance from the target center). There are
no events with K¢ decaying above a distance of 8 cm because the 2-prong trigger
asked for a hit in the inner three layers of the JDC. With the anti-Kg cut 70% of
the KgKy background can be eliminated.

55.6 pp — KtTK—=#°

This is the only background contribution found close to the KK threshold in
K=rFK,, (see fig. 35). A fast kaon is mixed with a pion and two photons miss the
detection.

5.5.7 pp — mtn w

Here three photons must have escaped the detection. The big branching ratio of
that channel can compensate the small probability of loosing three photons.

5.5.8 pp — KEfaFK x°

To fall into the signal Dalitz plot the Kz, must be non-interacting and two photons
must be lost. The test using Monte Carlo events showed that the contribution
is about 0.2%. It is interesting, that the hypothesis is correctly identified by the
dE/dx but the kinematic fit swaps the kaon into a pion and vice versa. Asking
for a coincidence in the hypothesis assignement between kinematic fit and dE/dx
suppresses this background-channel. The events belonging to that 4-body final

state are found in the left corner of the Dalitz plot together with 7+r 7°.
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Figure 31: #*7~n background in the
K*7FK, Dalitz plot.
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Figure 33: Cosine of the decay angle
of the Kg versus the distance of the
Ks decay vertex to the target center
for KsK;, Monte Carlo events. Events
within the drawn box are rejected.
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Figure 32: KYK~ background in the
K*7FK,, Dalitzplot.
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Figure 34: KgK; background in the
K*7¥K;, Dalitz plot.
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5.5.9 Background summary

With the number of produced MC-events per channel Ny, the number of pp
annihilations considered Np, (see section 5.4) and the branching ratios BRp¢
of the background channels collected in table 6 the true number of background
events N4/ in the K7 FK, Dalitz plot is obtained the following:

Npp - BRpg

NI = Voo NG (25)
branching ratios reference
arr 0 (6.6 £0.8) x 1072 1 [12]
Tty (1.37+£0.15) x 1072 1 [13]
KK 7% | (2640.6) x 1073 [14]
KTK~ (0.99 +0.05) x 1073 [10]
KsKy, (9.07+0.24) x 10* [15]
T w (6.6 £0.6) x 102 [16]

T assuming 100 % annihilation from pp S-state

Table 6: Applied branching ratios for the background
channels in the channel pp — KF7FK .

In table 7 the generated and selected background events are summarized.
The corresponding background Dalitz plot is shown in fig. 38. The faked events
are concentrated at the left border of the Dalitz plot. Some events are found in
the upper region of the ay(980). The small number of remaining KsK;, events
is seen as a faint band in the lower part. In the reconstructed K*7¥K; channel
one expects 190 £ 22 background events. The systematic error of this number is
established by varying the parameters M and N of the dE/dx calibration (see
section 4.6) within their error range. This leads to the fraction of (1.7 J7) % of
background events.

6 The Dalitz plot

Now we can present the K*7#FK, Dalitz plot of the June’94 data, acceptance
corrected and background subtracted. It is shown in fig. 39 together with the
projections into the subsystems K, 7% fig. 40, K*r¥ fig. 41 and K, K* fig. 42.
The Dalitz plot is asymmetric since we have plotted the neutral versus the
charged K7 system. The asymmetry is due to the different interferences of the
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channel generated selected bgd. normalized

events events to Npp
Y
phase space 1’600°000 59 139 £+ 29
Y
weighted 1’600°000 25 60 + 16
Ty, n — vy 300’000 46 47 £+ 10
KtK~7® 300°000 57 28 +
KtK~ 300°000 141 27T +
KsKy, Ks — 7t7~ 100’000 102 18 =+
Tt w, w — mly 300’000 9 10 +
Total (7+7m 7" weighted) 190 + 22

Table 7: Background in the K*7¥K, channel.

15 [

m 2(K /K *1) [GeV 4cY]
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Figure 38: Sum of the background
channels, each normalized according

0.5 1 15 2 . i K
m 2(K 1K, T6) [GeV %ic?] to its branching ratio.

resonances coming from the isospin I = 0 and I = 1 initial state. The first
order features which easily can be identified by eye are the a((980) at the KK
threshold and the a9(1320), which appears along the diagonal and preferentially
at the boundaries. Other dominant structures in the Km systems are the two
K*(892) bands interfering destructively in the lower part of the Dalitz plot. The
interference between the a(1320) and the K* causes a deviation from a straight
line for the K* resonance band. Between the K* bands and the a(1320) one
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observes reduced population. On the other hand below the K*° band along the
diagonal one sees additional intensity (corresponds to about 1500 MeV/c?). We
will see, that this behaviour is described by the scalar KK resonance ag(1450).
In addition the small bump appearing at the end of the K** band will partly be
explained by an additional KK vector resonance.
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Figure 39:  Figure 40: Projection of the acceptance
Acceptance corrected K*7¥K,, Dalitz  corrected K*7FK,, Dalitz plot into the
plot (background subtracted). K7 subsystem.
o - ¢ 600
3 K 3 0,(1320)
= onnl =
21000 2
N 0
; —
2 Z
E 750 § 400
c =
T H
()
500
200
250
0 | I I I I ok I I I
600 800 1000 1200 1400 1000 1200 1400 1600
m(K *ri/K ) | MeVic? m(K KK K") | Mevic?

Figure 41: Projection of the acceptance  Figure 42: Projection of the acceptance
corrected K*n¥K, Dalitz plot into the  corrected K*7FK,, Dalitz plot into the
K*7F subsystem. K K* subsystem.
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7 Partial wave analysis

The partial wave analysis (PWA) will be performed as a x? test of the theoretical
Dalitz plot density compared to the event density.

7.1 Transition amplitude

The transition amplitude is formulated in the frame of the isobar model: the
transition from a certain pp initial state to the three body final state proceeds
via intermediate two body resonances (isobars). In principle, this needs no further
explanation, since the model [17] and the way the dynamical part of the amplitude
is formulated in the K-matrix formalism [18] should be well known to the reader.
The total amplitude can be written as a product of a dynamical amplitude and
a spin-parity function. In addition one has to take care of the summation for
different isospin transitions (weighted by Clebsch Gordan coefficients) and the
symmetrization for identical particles in the final state.

The general transition amplitude from a pp initial state I¢(JFY) to a three
body final state via a two-body resonance with spin [ evaluated at a Dalitz plot
position (m?2,, m?;) is given as:

Ap=Ayrc (miy, miy) = Z fl,L,Is(m%% miy) - E,Ia (mis, mT) - Cr,
Is (26)
f1.15(m?y, m};)  spin-parity function
Fy 1,(m2,m?,) dynamical function
Cri, isospin dependence: it is a product of Clebsch-Gordan
coefficients in dependence of the isospin of the initial state
and that of the participating particles (see below).
In pp annihilation at rest all transitions from a certain I“(J”¢) initial state
add coherently. The different pp initial states do not interfere. The intensity in a

Dalitz plot cell Z((m?3,, m?,) with border lengths Am2, and Am?, at the position
(m?2,,m2,) is calculated by integration over the phase space density:

2 24 _ 2 2 2 2
I(m127m13)— / / I(mm,mm)dmmdmm
Am2, Am2,

_ 2 2 2 g2
—/ / E Iypo(miy, mis)dmyydmy,

PC
2 2 J
Ami, Amig

(27)

2
nj
i®,
“Nese [ [ 530 e Ay )| i

PC | f,—1
Am?2, Am2, J fi
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72

where Npg = Wmy)
&r relative strength of the transition
@ relative phase between different transitions
from one initial state.
Since an absolute phase can not be determined,

one sets P15 = 0.

7.1.1 Spin-parity function

Angular momenta and the decay angle are defined in the Jackson frame according
to fig. 43.

!

my q Resonanz —q M2

>

Figure 43: The Gottfried-Jackson system: definition of the kinematics.

(m1,mq),ms : masses of the final state particles

P momentum of the primary decay

q decay momentum of the isobar

Jre spin-parity of the initial state

L angular momentum between resonance and spectator meson
l spin of the di-meson

For the decay into three pseudoscalar mesons the amplitude can be formulated
either in the helicity formalism (for pp annihilation at rest one has to integrate
over the production angles, since the initial state is not polarized) or the Zemach
formalism.
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7.1.2 Dynamical function

According to Jackson [20] the cross section of pp decay into three particles is
dominated by the two-body scattering between two of them. The third particle
acts as spectator of the process. The dynamical function F' a priori is a two-body
scattering amplitude, where the coupling I'; to the initial state is replaced by the
production strength &; in pp annihilation at rest. In the simplest case with no
resonant scattering F' is just a constant. In general the F' function can be derived
from the formulation of 2-body scattering in the K-matrix formalism [18].

7.1.3 Centrifugal barrier
For the centrifugal barrier we have choosen the Blatt-Weisskopf factors [19], so
far applied in all our Dalitzplot analyses.

7.1.4 Isospin decomposition

Now we come to a rather expensive consideration.

K system
Isospin decomposition of pp — 7KK for the coupling of K7 to K* with I = 1/2.
Definition of the isospin dublets of the kaons:

K+ K’ iy = 1
() () 22l &

The wave function is a superposition of all charge combinations with cou-
plings given by the Clebsch-Gordan coefficients (J M |j; jo m1 ms) (with the kaon-
definition above the Clebsch-Gordan coefficients for the K~ and K*~ get an ad-
ditional minus sign).

o [K*) = ol K*n0) + B KOr)
0= (131130 = +//173
B=(3351 —51)=—2/3
K%)= (K"~ ValRT)). (29)

Sl

3
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p= sl —1=-v2/3

Ky = %(—\K—w% ~V2[E'r)), (30)
o [K*) = o|K*n™) + B K ")
Pl B S
p=( -1 =—V1/3

+0 _L +r\ | KO0

K )_\/g(\/ﬂK ) — [K°77)), (31)
o |F*0> :(y|K’7T+>+ﬂ‘K )
04:(%%%1 2 +\/7
e

—0 1 -+ 700

K = SWAlK ) +[K'R)) (32)

Now one has to calculate the couplings to the intermediate states K*K and
K'K with I =0or I =1. For pp annihilation at rest we have to consider i3 = 0
only.

o |[K'K); = o|K*K ) + SIK*EK"),

I=0: a=(00131 —2)=—/1/2
B=(0013; —33)=-V1/2
I=1 a=(10315 —1)=—/1/2
f= (10033 - 33) = +V1/2
_ 1 _
K'K), = $<—|K*+K—>I+(—1)’“|K*°K°>I), (33)

o [K'K);=alK*K*);+ B|IK K,
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I=0: a=(00i1 -1 =+,/1/2
§=(003} - ) =+

v

T=1 a=(10}} - 1h) = —Vip2
5= (103}~ h = +V172
— 1 . —
K'K)r = —=((=)'[K"K*)+[K7K),). (34)
V2
With the defined C-parity of the pp initial state, one has to take into account
CIK*K’)y = —[K"K° (35)
CIK**K~) = —|K*KT%)

and the decomposition above (33) together with (34) for isospin I =0 or I =1
one gets:

CIK*K)i=o = +|K K)iz (36)

C‘K*F>[:1 = —‘F*K>I:1 B
Hence, with Ix. =1/2, I = Ix-x = I, = 0,1 and C' = +1 the eigenstates ®F,
are:

1 — —x
o5y = 5 (K" K)i=o + CIK K)i=0)

2

S

—|K*n°K~) + V2| K7t K ™)
1 —\/§|K+7r’?0) + |K07r0?0)

_ b 37
V12 | +C[-|K-m°K+) — V2[R m~K+) (37)
V2Kt K + [K 10 K°)]
and
1 . .
¢, = ~ (|K'K)j—, —C|K K);—
nL ﬁ(l )i=1 — C|K K)-1)
— KT K =) + V2|Kn+t K~)
1 V2Kt K — | K'nK) (38)

V12 | +C[—|K-mK*) — V2|K 'n  K*)
V2K~ K% — K K9]

45



The same way one derives for I« = 3/2 and I = Ixg = I, = 1:

—V2|K*1°K~) — |K'n+K~)

o 1 Kt K) — V2| KOrOK)
¢l’§ = — _ 0 n —0 n . (39)

2 V12 | +C[—V2|K 7°K*) 4+ |K 7 K*)

HK-7H K — V2K O KO))]

In general, the 7KK final state is symmetrical under the exchange of kaons, if
the G-parity of the pp system is G = (—=1)!C = +1 and anti-symmetrical for
G = —1. In consequence one has:

e constructive interference between K*K and K K amplitudes for I, = 0,
e destructive interference between K*K and K K amplitudes for I, = 1.

Then, the relative phase between the two amplitudes is ¢ = 0° and ¢ = 180°,
respectively.

KK system

The isospin decomposition of 7KK can also be made with respect to the KK
coupling. With I, being the isospin of the KK system and C = £1 the C-
parity eigenstates \I’? Iepe AT€ given as:

— K+ K™) + [i°K°K")
9o, = L] ATTKKT) - o KUK (40)
T V12 4O KK + [ KOKY [

—V2|r" K K*) + V2|rt K~ K°)]

40
oo 1 —|m°KtK~) — |[7"K'K") (41)
YT 2 4O KKt — [0 KKY)] [
_ _ -0
. — 1 —|mTK°K™) — =" KtK") . (42)
b 2| +C[Ir K K*) + |nt K~ K°)]

7.2 Fit - Procedure
The data Dalitz plot was prepared the following before it went into the fit:

e background was subtracted according to sec. 5.5

e remaining events were acceptance corrected according to sec. 5.3
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e the binning: 0.045 GeV?/c* x 0.045 GeV?/c?

e cells at the Dalitz plot border were rejected (at least if the cell area within
the boundary was less than 30%)

For the partial wave analysis 730 cells could be used after application of the
criteria above.

The test of the different hypotheses was done using the program COPWA [21]
which is in particular designed to handle 3-body final states. It is based on the
standard CERN-software MINUIT [22]. A maximum likelihood method for a
binned data sample was used. The quantity to be minimized is formulated as
an equivalent chisquare according to [23]. (just for comparison we will mention
the values of the (least squares) chisquares applied usually, the Neyman (error
calculated from data) and Pearson (error calculated from theory) quantities.)
Assuming a Poisson statistics for the number of events per Dalitz plot bin one
arrives at the Poisson likelihood chisquare [23] :

X5 =2y —ni+mniln(ni/y:), (43)

where n; is the number of events in the ¢-th bin and ¥; is the number of events
predicted by the model in the i-th bin. It is calculated at various positions within
a cell. The following x? function is the well known Neyman quantity:
Nzelten 2
2 (nj — )
X = . (44)
Z U?(nj) + UJQ'syst)

i=1

n; is the number of measured events per cell j after subtraction of the background
and after acceptance correction (and after correction of the area of the cells which
are only partly within the Dalitz plot):

nj=(N;—Bj)-¢. (45)

Here N; is the number of events in the K*7FK;, Dalitz plot in cell j (N; > 2), B;
the number of background events in the corresponding cell j and ¢; the acceptance
correction. The error is given by:

o:(n;) = (N + B)) - ¢ (46)

The error belonging to the K; interaction probability was neglected but the
influence of the correction is checked by its variation during the fit.

Each partial wave is normalized individually by integration over the full phase
space. The content of each resonance is extracted by its integration over phase
space in one subsystem of the Dalitz plot, setting the production strengths of all
other contributive resonances to zero. In consequence, for strongly overlapping
resonances in a partial wave or strong interferences between different partial waves
the individual intensities may not sum up to 100%.
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7.3 Partial waves

In the following the generics of the partial waves tested will be shown. It will allow
the reader to estimate by eye what the data Dalitz plot may be composed of. But
the simulations contain no interference informations. The initial states considered
are 'Sy and ®S;, according to the knowledge [25, 26] that pp annihilation in liquid
hydrogen is dominated be S-states. As a check, once having a final description of
the K*7rTK, final state, we will allow for P-states in addition. Without explicit
knowledge, one can perform an iterative adoption of the P-state transitions until
they reach the expected intensity.

initial state resonance anngular distribution
@s+1),, JFc
S0 O~" | K (1430) K 1
K*(892) K cos® 0
a0(980)+ ap(1450) = 1
p(1450) + p(1700) cos? 6
a2(1320) ™ (cos? — )?
35, 17— | K*(892) K sin? 6
p(1450) + p(1700) sin” §
a2(1320) 7r sin? 0 cos? 0

Table 8: Angular distributions of considered resonances.

e pp (1Sy) — K*(892)K, K*(892) — K (fig. 44 fig. 45)

The K* decays into K with a relative angular momentum of 1 (relative P-
wave). The angular momentum of the recoiling K is L = 1. It is the only rel-
evant resonance in the P-wave and therefore parametrized as a Breit-Wigner
amplitude. The K*° (my = 896.1 MeV) and the K** (my = 891.6 MeV)
are parametrized with the mass of the charged one and have an offset for
the neutral K*. If fitted, the mass difference comes out to be 7 2 MeV.
The mass value of the K** is found in all fits with the stable position
my = 891 + 3 MeV. One also has to distinguish the different systematics
of the decay kaons: the K** is expected to have a larger width than the
neutral one, since the K, is reconstructed as missing. Parametrizing the
resolution in terms of a Breit-Wigner width reveals a difference in the mass
of 6 +£3 MeV, too. The width of the neutral K* is 61 £3 MeV, stable in all
fits performed.
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e Pp (381) — K*(892)K, K*(892) — K (fig. 46 fig. 47)

Due to the symmetry of the angular distribution and the isospin decom-
position the interference between the two K* bands is constructive for the
annihilation from the I = 0 pp initial state and destructive from the I =1
initial state. From a comparison of the four K* amplitudes (fig. 44,45,46,47)
for S-state annihilation with the appearance in the data plot one expects a
dominant contribution for transitions from the 3S; I = 1 initial state.

e pp (1Sy) = (Km)sK, (Kn)s — Kn (fig. 48 fig. 49)

The (K7)s wave is described by a K-matrix consisting of a sum of a reso-
nance pole term plus a non-resonant background in terms of a polynomial:

2
= g

K=—"— . 47

mg_m2+61+02 m ( )

with the constants ¢; = 1.45 and ¢, = —0.55 from an adjustment of the

corresponding T-matrix to the data from LASS [27]. The resonance mass

extracted from the T-matrix is m = (1428 & 10) MeV and the width I' =

380 MeV compatible with LASS’ own determination [27].

e DD (180) — 30(980) T, 30(980) — KK, (ﬁg 50)
The ap(980) lies close to threshold, which means at the border of the Dalitz
plot. It is described with a Flatte formula. The parametrization is copied
from the coupled channel analysis [26], where it was observed in its 7%n
decay.

F=p

mOFI//)l
5 (48)

m2 —m? —imop1(L1/p1 +Ta/p2)

Here p; and p, are the two body phasespaces (p; = 2¢;/m) for KK and 7.
Fig. 51 shows the projection of the partial wave into the KK subsystem.

e DD (180) — (10(1450) T, a0(1450) — KK;, (ﬁg 52)

In the analysis of the final state 7%7%) of pp annihilation at rest the reso-
nance ag(1450) was needed for a satisfactory description of the Dalitz plot.
It showed up at the high mass end of the ag(980)-band [1, 26]. In principle
it belongs into the same K-matrix as the ag(980), but the overlapp is not
important between the two objects, so that we can discuss it here in terms
of a Breit-Wigner amplitude. The mass and width are m = 1480 MeV and
' = 265 MeV. If one releases the parameters in the fit to K*7FK,,, the
values are found to be m = 1489 4+ 10 MeV and ' = 265 + 11 MeV.
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pp ('So) — a(1320) m, a5(1320) — KK, (fig. 53)

The a3(1320) lies far away from the KK threshold. Tt is described by a
relativistic Breit-Wigner formula. Its mass fitted freely comes out at m =
1312 + 5 MeV and width ' = 117 £ 5 MeV, compatible with PDG [24].

pp (3S1) — a2(1320) 7, ay(1320) — KK, (fig. 54)

Since the angular distributions of the a,(1320) from 3S; and 'Sy are quite
different (see table 8) one is sensitive to the different contributions. From
measurements of a;(1320) in 77y [30] one expects a factor of 3 increased
a(1320) production from the 'Sy initial state.

pp ('So) = pm, p = KK, (fig. 55)

We use a K-matrix with two poles according to the expectation, that there
are two radial excitations of the p(770). The KK coupling should be small.

pp (*S1) — pm, p - KK, (fig. 56)
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8 PWA fits

We now present the first fit based on well established resonances only. The
K*(892) resonance is parametrized as a relativistic Breit-Wigner amplitude since
only the K7 channel is open. The charged K** mass is found in all fits with
the stable position my = (891 & 3) MeV/c? and T’y = (61 £ 3) MeV/c% The
freely fitted mass difference between K*° and K** is Am = (7 £ 2) MeV/c2.
The width is affected by the mass resolution o, = 12 MeV/c? at the K* mass,
according to simulation. Unfolding the Breit-Wigner into a Breit-Wigner and a
Gaussian (Voigtian function) gives a resonance width of m = (52 £+ 3)MeV/c?.
The parameters agree well with measurements of other experiments [32].

The enhancement at the KK threshold is generated by the a(980) resonance
which couples to 71 and KK. Therefore, it is parametrized by a 2 x 2 K-matrix
reducing to the well known Flatté formula [33]:

()

—m? —i(p1g} + p2g3)

Ro=p (19)
0

It was already applied to the 7°7°n Dalitz plot [1, 30] for which g; = g, was
determined to be g; = 353 MeV. The information about the two couplings in the
77 channel was extracted from the cusp-like shape of the 77 intensity which is
caused by the opening of the KK threshold and introduces a correlation between
the couplings.

For the a9(1320) we used a relativistic Breit-Wigner amplitude. It can be
produced from the (I = 0) 'Sy pp initial state - the angular distributions has a
W shape - and the (I = 1) 3S; initial state - a U-shaped angular distribution
peaking at the Dalitz plot boundary (see generics).

In addition to the vector (K*) wave we expect a scalar I = 1 S-wave which
contains the K*(1430). The parameters of the (K7) S-wave were determined by
fitting a scattering amplitude T = L1sind-e”, based on the K-matrix to the phase
shift of the LASS experiment [27]. It is purely elastic in the region of interest. We
used the following ansatz:

2
g

K=—+> 50

mg_m2+cl+czm (50)

This form also includes the low-energy (K7) scattering. The fit yielded the
constants ¢; = 1.45 and ¢ = —0.55/GeV and my = (1342 + 10) MeV/c?,
[y = (400 £ 20) MeV/c?. The resonance mass and width extracted from the
T-matrix in the complex energy plane are m = (1428 + 10) MeV/c? and T =

(180+15) MeV/c?, in close agreement with LASS [27]. In the Dalitz plot analysis
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these values were then fixed. Alternatively, the K-matrix was formulated in terms
of a scattering length including one resonance pole:

am 96

T 24ab® | mi—m?

(51)

with a the scattering length and b the effective range. A fit of this form gives
a = (258 £0.21) GeV™! and b = (1.81 £ 0.25) GeV~'. The K-matrix values
(mo,To) and the T-matrix pole are, within errors, the same as before. For the
transition from the I = 1 'S, state one obtains destructive interference between
the two charges, from 'Sy I = 0 the interference is constructive. The fit to the
data shows that the pole-term in the K-matrix is the dominant part. The I =1
'S, initial state can also decay via the I = 2 K7 S-wave. So far no resonance
has been observed in this system [32]. If the I = % wave has a similar energy
dependence as the I = % wave, they cannot be distinguished in the K°K*7n¥
final state. Hence we refrain from including it.

With this minimal hypothesis requiring 29 free parameters the fit led to a
X?/Naoy = 1380/(730 — 29). It is not a satisfactory description since systematic
deviations between theory and data are observed in the Dalitz plot. In particular,
the region for KK masses above the ay(1320) band is not described properly, as
can be seen by the excess of predicted events in fig. 57. The a2(1320) mass position
tends to a value below 1300 MeV/c2. This phenomenon was already observed in
the bubble chamber analyses [29, 34].

N

m*(K "1i/K i) 1 GeV?
[
L

Figure 57:

Discrepancy over the Dalitz plot
_., . for the minimum hypothesis. The
05 b i - dlit(%réez%) marked features are the lack of in-
tensity at low Km masses and at
the ao(1450) position, the distorted
a2(1320) band and the blob in the
K**(892) band.

=
Q +p
L

N
a,(1450)

|
0.5 1 1.5 2
m*(K, 0K, ) | GeV?

In the next step we introduced a pole for the a¢(1450) in the K-matrix in
addition to a¢(980). Since the 7n and KK thresholds are far away we see no
significant influence on the line shape of the a((1450) and therefore need coupling
to KK only. The quality of the description improves significantly to x2/Ng.s =
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969/(730 — 33). Two aspects give further confidence in the introduction of this
resonance: First, the as(1320) is now found at a mass of m = 1312 £ 5 MeV/c¢?
and with a width of I' = 117+ 5 MeV/c¢?, in good agreement with our analysis of
the 7797 final state. Secondly, the mass and width of the ay(1450) are fitted to
m = 1489410 MeV/c? and T = 2654 11 MeV /c?, respectively. This agrees with
the analysis of 7%7% [1, 30]. For the 'Sy initial state, the strength of a3(1320) is
correlated with the strength of ay(1450): for an ay(1320) contribution increasing
from 11% to 15% the ay(1450) increases from 8% to 13% while x? changes by
about Ayx? = 10.

m?(K 1i/K i) 1 GeV?
[
U"I N

[y
T

|
0.5 1 1.5 2
m*(K, Tt/K, ) | GeV®

Figure 58:
x? distribution over the Dalitz plot
after inclusion of ay(1450).

Still, we are left with a discrepancy in fig. 57 evidenced by the blob in the K**
band at low K*7T masses (see x? distribution fig. 58). The interference between
the K* bands does not explain all of the observed intensity. The difference could
be due to a resonance in the KK system at high mass which runs through the
K* band. The maximum intensity close to the Dalitz plot edge is due to a higher
spin. A candidate is the radial excitation of the as(1320), the a3(1680), which was
already introduced in 7°7%7 [1]. The fit to K*7¥K, accepts the additional pole to
the a5(1320) in the KK D-wave with an improvement in the x? of 50, although the
width takes unreasonable values below 50 MeV /c2. Also, one expects suppression
of a spin-2 resonance close to the end of phase space (m = 1740 MeV/c?) due to
the centrifugal barrier in the production. With spin 1 instead, the mass position
decreases to about 1600 MeV /c? and the width becomes T’ & 200 MeV /c?. The x?
decreases significantly by Ax? = 160 and the blob is now described satisfactorily.
The x? distribution is shown in fig. 59

The observation of a vector meson with a mass above 1400 MeV/c? de-
caying into KK was reported in the reaction mfp— KgK*p at 30 GeV/c and
50 GeV/c [35]. Two radial excitations of the p(770) are known [32], the p(1450)
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and the p(1700). These resonances were also reported by our collaboration, decay-
ing to 7 7% in pn—7 77 in liquid deuterium [36]. We therefore try a two-pole
K-matrix for the KK P-wave, (mg,T) = (1430 MeV/c? |, 170 MeV/c?) and
(1740 MeV/c? , 190 MeV /c?)), which reproduces the T-matrix poles in [36]. The
data demand a single structure around 1600 MeV /c? in the Dalitz plot which the
fit achieves by appropriate choice of the production strengths and phases. Hence,
we name it p(1600). The x? remains at x?/Ngy = 810/(730 — 45). In this fit
the mass of the ag(1450) can be moved between 1450 MeV /c? and 1510 MeV /c?
changing x? by only 20. The width of the aq(1450) is relatively stable, and hence
we quote m = (1480 £ 30) MeV/c? and T’ = (265 4+ 15) MeV /c2. This is the best
fit that can be achieved with the channel K*7¥K, only.

The intensity distribution of p(1600) (p(1450)+p(1700)) produced from 'Sy pp
initial state. shows maxima at positions where the discrepancies in the Dalitz plot
are obsereved. The form of the deviations is created by the interference with the
K*(892) amplitudes and the a¢(1450) amplitude. The data are rather insensitive
to the intensity enhancement of the transition A(Pp(3S;)— p=nT; p—K K¥)
at high K7 K* masses. Information about the production of p(1600) from 33,
originates from all over the Dalitz plot area where it easily pickes up some intensity
from the likewise extended K7 S-wave produced from 'S,.

9 Discussion

The production parameters for the best fit are compiled in table 1 and the the-

oretical Dalitz plot is displayed in fig. 60. The fit quality can be seen from the

mass projections (fig. 60) with the fitted intensity distribution superimposed.
The fit requires about 60% from 'Sy and about 40% from 3S;. Tt is instructive
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Figure 60: Theoretical Dalitz plot corresponding to the best fit, and the mass projec-
tions with the fit (line) superimposed to the data (dots).

to compare the production of the meson resonances with previous measurements.
For the normalization of the partial branching ratios compiled in table 2 we take
the average of total branching ratios from the bubble chambers [9, 34] and this
analysis:

B(pp — K*7TK;) = (2.74 £ 0.10) - 107°. (52)

Our absolute branching ratios for decays into K K are given in table 2.

The relative production of K*(892)K + K*(892)K from 3S; to 'Sy is r =
3.040.6 in agreement with the previous determination from Bettini et al. [29] r =
2.4+ 0.5. As in the bubble chamber experiment we have integrated the coherent
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resonance I(pp) | relative intensity [%] a | ¢ [rad]

'So 62 +5

K*(892) 0 7.5+ 1.0 -1.45 0.0
1 1.1+04 0.64 3.9

(K)s-Welle 0 30.3+7.0 -2.49 6.0
1 4.7+£2.0 3.45 5.5

a0(980) 0 7.2705 12.53 0.4

ag(1450) 0 10.8 £ 2.0 1.27 4.6

p(1600) 1 3.219510.60/1.72 | 3.8/5.9

a5(1320) 0 146139 2.30 4.3

sum 79.4 £ 8.0

38, 38+4

K*(892) 0 55+ 1.5 0.87 0.0
1 20.2 £ 3.0 1.97 5.3

p(1600) 0 3.24+1.0 -0.4/1.3 1 0.1/2.2

a,(1320) 1 524+ 1.6 1.10 5.4

sum 34.1+3.8

total sum 113.5 £ 8.9

Table 9: The resonance contributions and the relative production phases. Negative
a means a phase offset of .

sum of the K* amplitude and its charge conjugate [29, 34]. If the interference
between the two K* bands is neglected slightly modified intensities are obtained.
This causes, however, a drastic change for the contribution of the K*(1430) which
extends over the whole Dalitz plot. Since destructive interference removes most
of the wave produced from the I = 1 initial state, one obtains a much higher
intensity by integrating the two K*(1430) branches independently: instead of
(4.7 £2.0)% we get 2 x (20.0 £ 8.5)%. For the transition from the I = 0 initial
state we have individual contributions of 2 x (7.8 £1.8)% instead of (30.3+7.0)%.
For broad objects the branching ratios are a matter of definition and should not,
therefore, be taken at face value. The strong K7 S-wave has already been noticed
in ref. [28]. In fact, from our observations [26] we expect annihilation from S-
states into any three pseudoscalars to proceed dominantly through two-body 0*+
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1S, B(pp -+ Rm — KK) - 10*
ao(980) 5.92 1946
ag(1450) 8.88 + 1.68
p(1600) 1.75 *o:28
ay(1320) 12.00 52
1S, B(pp -+ RK — KKm) - 10*
K*(1430) I, =0 24.91 + 5.83
Lp=1 3.86 + 1.65
K*(892) I =0 6.17 + 0.85
Iy=1 0.90 + 0.33
39, B(pp - R — KKm) - 10*
p(1600) 2.63 & 0.83
az(1320) 2.85 & 0.88
33, B(pp -+ RK — KKm) - 10*
K*(892) I =0 4.52 + 1.24
Ip=1 16.60 + 2.54

Table 10: Branching ratios of the meson resonances R contributing to K, K*nT.

waves.
The intensity at the KK threshold is attributed to the a¢(980), which we also
observed in the annihilation channel 7%7%7 with a branching ratio of B(pp(*Sg)—ra(980); ag—mn)
= (2.6140.48)-1073 [1]. Since the resonance lies extremely close to the threshold
of the KK channel, its apparent intensity distribution in KK and 77 is very much
different from that of a Breit-Wigner. Fig. 61 shows its cusp-like shape for the
71 channel and in hatched style the intensity distribution in KK, where aq(1450)
is neglected. For this plot we have recalculated the Flatté amplitude F', eq. (49)
and corrected for two-body phase space. From table 2 and ref. [1] we calculate
the ratio of branching ratios:

B(pp— agm; ag— KK)
B(pp— aom; ag— )

r(ap(980)) = =0.23+0.05. (53)
Realize, that a factor 3 for all 717 modes is included. The ratio of couplings to 7
and KK is extracted by fitting eq. (49) with the constraint that the ratio of the
integrated intensities is equal to our fit result eq. (53). The K-matrix pole was
determined in the Dalitz plot analysis to be mg = (999+2) MeV/c? and was fixed
for this procedure. We obtain the coupling g, = g1 = 324 £ 5 MeV and a ratio
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of couplings r = go/¢g; = 1.03 £ 0.14. This compares well with our estimate in [1]
even though there we had to rely on the line shape to extract information about
the KK partial width. In the present procedure the constraining information on
the couplings is the number of events attributed to the a((980) which is rather
insensitive to the mass resolution. The pole positions in the complex energy plane
corresponding to the parameters above are: in Riemann sheet II (m — il'/2) =
(982—1i46) MeV /c? and in sheet ITI (1006—449) MeV /c2. The relevant value closest
to the physical sheet for an object appearing as a resonance below the second
threshold is sheet II, and hence we obtain a mass and a width for the a(980),
including the uncertainties from the underlying parameters: m = 98243 MeV/c?
and ' = 92 + 8 MeV/c%

p IFI?

0,(980) —> 7© 7

a,(980) = KK
750 1000 1250 1500
m(mm) / MeVv/c?

Figure 61:
The amplitudes pgy|Fry> and
piri|Fri|? (shaded area).

We have introduced the a((1450) into the same K-matrix, but have not con-
sidered its coupling to the w7 channel, since it is far away from both thresholds.
We have probed the significance of this resonance by fitting the Dalitz plot for
fixed values of the ay(1450) contribution, leaving its mass and width at the values
found for the best fit. The x* dependence of the a(1450) contribution is displayed
in fig. 62. For a contribution of 0.5% the Ax? reaches 100; if a(1450) is omitted
Ax? = 150.

From SU(3)-flavour assuming that ay(1450) is the pure gq octett state and the
relative creation of @u or dd versus 3s is equal probable we predict the relative
coupling of the ay(1450) to KK and 7:

B(ap— KK) 1 ark
1450)) = = o
T (a(]( )) B(ao_) 7-[-77) 2 cos? ¢ G ’ ( )

where ¢ = 54.7° + Ops. With a pseudoscalar mixing angle of pg = —(17.3 +
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1.8)° [37] and phase space evaluated at m = 1480 MeV/c? we obtain:
r1(ao(1450)) = 0.69 + 0.03. (55)

The error is determined by the uncertainty in the pseudoscalar mixing angle.
With the branching ratio B(pp('So)— aom; ap—mn) = (10.05+1.80) - 10~* [1] we
obtain:

r1(ag(1450)) = 0.88 £ 0.23 (56)

which agrees with eq. (55). Recently, we also published the branching ratio for the
7% decay of this resonance extracted from the partial wave analysis of the final
state m'7% of pp annihilation at rest [31]. Summarizing, we find the following
ratios of branching ratios compared to flavour SU(3):

) KK '
SU(3) 1. 0.69+0.03 | 0.39£0.04
Crystal Barrel 1. 0.88+0.23 | 0.35+0.16

The isovector scalar resonance ag(1450) is well described by the decay pattern
predicted by flavour SU(3). Hence, it naturally finds its place in the 0" nonet.

We now compare the branching ratio of as(1320) B(pp (*So ,3S:1)— aam; as— KK) =
(14.85 £ 1.94) - 10 * from this analysis with the values from bubble chambers
(8.7+2.0) - 107%[28] and (12.4 £ 1.9) - 107%[29]. Both found an ay(1320) mass
below 1300 MeV. We explain this mass shift by the interference with a(1450).

For the ratio of a3(1320) production from the initial states 'Sy and 3S; we get:

(I_)p(lso)—> (,Lgﬂ')
(f)p(?’Sl)—> a27T)

B
=2 =423, (57
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compared to f = 3.0 £ 1.5 from ref. [28]. However, we do not attach much signif-

icance to this agreement because of the large errors. The relative decay ratio of

a5 (1320) from the present analysis and the 77 result B(pp—ras(1320)7%; ay(1320)—7%n)
= (1.94+0.3) - 1073 [1] is:

B((LQ—> KK)

r1(a2(1320)) = B(az— )

=0.2179% . (58)

According to PDG [32] this quantity being 7 (a2(1320)) = 0.34 £ 0.06 is slightly

higher. In the recent analysis of the reaction pp — 7%’ [31] we found B(pp — a2(1320)7%; as— 7'1/) =
(6.4 4+ 1.3) - 1075, which gives a relative decay ratio:

B(as— 71)

T9(az(1320)) = B(ay— )

= 0.034 £ 0.009 , (59)
while PDG gives ry(a2(1320)) = 0.039 & 0.008. Both agree.

Let us now discuss the impact of the present analysis on the interpretation of
the I = 0 scalar resonance fo(1500), which we have observed earlier in different fi-
nal states. The fo(1500) contribution to the final state K;,K77° of pp annihilation
at rest depends on the contribution of ag(1450) [7] (see fig. 63). The branching
ratio for f;(1500) is determined to be B(Ppp — fo(1500); fo(1500)— KK) =
(4.52 £ 0.36) - 10~*. SU(3) flavour symmetry predicts for a pure §s meson a cou-
pling of KK relative to 7m of r = oo and for a (%u + dd) meson r = 1. With the

B(pp — fo(1500)7; fo(1500)— m°70) = (1.27 £ 0.33) - 10~ [26] we calculate:

N 1 B(fo—) KK) q7r7r
B 3 B(fo— 7T07TO) dik K

r = 0.15£0.04 (60)

Ratio (60) makes the interpretation of fy(1500) as 3s meson rather unlikely. Its
decay pattern is similar to that of a (@u + dd) meson (the SU(3) limit is drawn
in (fig. 63) for ideal mixing). The scalar nonet can be constructed from Crystal
Barrel investigations with fo(1370)(I = 0), a¢(1450)(I = 1) and K*(1430)(I =
5) [41]. Therein, the position of the w - like partner of a nonet is already occupied
by fo(1370). The supernumerary status of f,(1500) is supported by its small
width compared to the nonet members [39, 40]. The glueball interpretation of the
fo(1500) based on its couplings is discussed in [42]. According to these calculations
the ¢ - like scalar meson has to be found at masses above 1600 MeV /c?. A possible
candidate is the f;(1700) if its spin can be established to be J = 0 [32].
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