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The reaction m p E&E-m +X has been studied at 50, 100, and 175 GeV/c. The observed EEn.
effective-mass spectrum is well described by a model assuming longitudinal phase space and two-body reso-
nances. Production of resonances in En and EE systems account for over 70% of the cross section. Es-
timated cross sections for D(1285) and E(1420) at 100 GeV/c are IrBD(D KoK-rr +) (0.1 tt, b and

o Eli(E KcK-Ir +) =0 3+02 jtIb. Results for the reaction K p KsoK —+m +Xat 100 GeV/care also

presented.

I. INTRODUCTION

We present results of the analysis of the semi-inclusive
production of the K~K —m + system at high energies. The
data were collected as part of Fermilab experiment E110 us-
ing the Fermilab multiparticle spectrometer. The m p-
induced data at beam momenta P;„, of 50 and 100 GeV/c,
discussed in an earlier publication, indicated production of
D (1285) and E(1420) resonances. In this paper, we
present new data at P;„,=175 GeV/c. The reaction with an
incident K instead of m is also discussed. We correct an
error in the previous analysis due to the double counting of
events, satisfying the K' and 5 cuts. We present a careful
discussion of the background in the D- and E-meson mass
range. We find that using a different background estimate
leads to much smaller production cross sections of those
resonances than reported in Ref. 1.
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1069 events at the incident momenta 50, 100, and 175
GeV/c, respectively.

In the present study, we improved the momentum
analysis which made some statistically insignificant changes
in the D region. We applied a more stringent run selection

II. DATA SELECTION

The apparatus, event reconstruction, and selection criteria
used to extract m p KqK-m ~X data were described in
detail in Ref. 1. . The trigger was designed to select events
with a neutral Vand two charged particles, which trace back
to the interaction vertex. An interaction in the target was
demanded by requiring at least one hit in the cylindrical
counters surrounding the target, thus suppressing events
with a neutron as the only particle in the target fragmenta-
tion region. The identification of the charged particles from
the interacting vertex was made using two Cherenkov
counters. The momenta of both particles were required to
be in the 6-45-GeV/c range where the differentiating power
of the Cherenkov counters was sufficiently large. As a
result of the above selection, we obtained 139, 2656, and
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FIG, 1. Distributions of total energy of the E E —m + systems
in laboratory frame for reaction m E K —+m +X at (a)
Pj g50aGeV/ c, (b) P « = 100 GeV/ c, and (c) P;„,= 175 GeV/ c.
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FIG. 2. Distributions of the invariant mass of the K K —vr + sys-

tem produced in reaction m p K Kerr +-X for (a) P;„,=50
GeV/c, (b) P;„,=10G GeV/c, Eror & 90 GeV, (c) P;„,=10G
GeV/c, Eror ( 90 GeV, and (d) P;„,= 175 GeV/c. The curves are
results of the seven-parameter fits described in the text.
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which reduced the data sample by 15%. We would like to
emphasize that none of our conclusions depend on those
changes. The distribution of the total energy ETpT carried
by the KoK-+7r + system is shown in Fig. 1. At 50 GeV/c,
the ETpT spectrum is peaked near 50 GeV, thus showing
that in most events there is no extra forward neutral particle
in this case. The spectrum at 100 GeV/c has a narrow max-
imum near 100 GeV, corresponding to events with no for-
ward neutral particles and a broad maximum at lower values
of ETpT, corresponding to events with at least one forward
neutral particle. In the case of P;„,=175 GeV/c, the shape
of the ETpT spectrum indicates the presence of forward neu-
tral particles in most events. In this analysis we mill consid-
er four separate samples: one at 50 GeV/c, two at

P;„,=100 GeV/e, namely, 861 events with ETpT ) 90 GeV
and 1704 events with ETpT ( 90 GeV, and one at P;„,= 175
GeV/c, which we will denote by A, B, C, and D, respective-
ly.
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FIG, 4. Distributions of the invariant mass of the E m —system
produced in reaction n p KcK —m+X for (a) P;„,=50 GeV/c,
(b) P;„,=100 GeV/c, EToT & 90 GeV, (c) P;„,=100 GeV/c,
ETpT & 90 GeV, and (d) P;„,= 175 GeV/c. The curves are results
of the seven-parameter fits described in text.

III. BACKGROUND ESTIMATE

To find limits on the D- and E-meson production cross
sections in the reaction

vr p KOK -+m +X

we consider two different approaches to the estimate of
background.

The method used in Ref. 1 was based on deliberately
misidentifying m

+—m +K events as K —+m +K events by as-
signing the kaon mass to one of the pions. It was assumed
that the E (1420) meson undergoes predominantly quasi-
two-body decays E K"K and (or) E hrr. The appropri-
ate cross sections were found by requiring the K7r effective
mass M(K+-nc) or M(Ken +—) to be in the K' region, or
M(KK) to be in the 5 regions for both background events
and the data, and subtracting one from the other in each
case.

This method does not involve free parameters except for
normalization. However, it neglects the fact that there are
different two-body resonances involved in the two samples,
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FIG. 3. Distributions of the invariant mass of the E -m + sys-
tem produced in reaction ~ p E K —+m+X for (a) Pjgg 50
GeV/c, (b) P~«=100 GeV/c, EroT & 90 GeV, (c) P;„,=100
GeV/c, EToT & 90 GeV, and (d) P;„,=175 GeV/c. The curves are
results of the seven-parameter fits described in the text.

FIG. 5. Distributions of the invariant mass of the EOE —system
produced in reaction ~ p K E -+~+X for (a) Pj«=50 GeV/c,
(b) P;„,= 100 GeV/c, ETpT ) 90 GeV, (c) P;„,= 100 GeV/c,
ETpT & 90 GeV, and (d) P;„,=175 GeV/c. The curves are results
of the seven-parameter fits described in the text.



30 BRIEF REPORTS 2413

IO

CO

5-
47

0
/

s
I

I I;+9---l

(a)

(b)

IO-

(c)

I

C:

0
/

/

O P 'i ~vt- —~e. ~ r

I.O 1.4 I.8 2.2 2.6

IO-

/

0
I.O I.4 1.8 2.2 2.6

K K-77 MASS (GeV/c )

FIG. 6. Same as Fig. 2, with 8 cut [M(K K —) & 1.04 GeV/c ].

as well as the possible effect of a resonance structure of the
~vrK spectrum. Moreover, different decay channels are
treated independently in spite of a large overlap of the K'
and 5 bands, leading to an overestimate of the total E-
meson production cross section.

Another procedure to estimate contributions of various
two- and three"body resonances is based on the maximum-
likelihood method, as described in Refs. 2-4. Consider the
matrix element squared of reaction (1) as a weighted sum
of matrix elements squared ~M, ~~ of various channels,
where the system K K-~ + is produced through the decay
of intermediate systems: K'K, sm, 32m, etc. To obtain the
appropriate fraction f„we search for a maximum of the
likelihood function, defined as

g b'fM/'
L= Xln (2)

events

The sums in Eq. (2) extend over all channels. M; denotes
the matrix element for the channel i and bI is the corre-
sponding parameter to be fitted, while dv denotes a phase-
space element. The fractions f; are related to the parame-
ters bI through the equation

(Mt(~dr
ft= (3)

The matrix elements M; are factorized into a
longitudinal-phase-space part LPS common for all channels,
and Breit-Wigner functions:

~Mt(~=LPSx BW, (4)
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FIG. 7. Same as Fig. 2, with K o cut [0.84 & M(K sr +-l & 0.94
GeV/ c~ l.

IV. RESULTS OF THE MAXIMUM-LIKELIHOOD ANALYSIS

In this section, we present experimental results for the
four data sets A, B, C, and D. For each data set, we
present the KKm (Fig. 2), Krr (Figs. 3 and 4), and KK
(Fig. 5) mass distributions, as well as the KKrr spectra for

For Km and KK resonances, relativistic Breit-Wigner for-
mulas were used, with energy-dependent widths and the
mass and width parameters taken from Ref. 5. The KK
resonances, B and E, were parametrized by the simple
constant-width formula, with MD = 1.285 GeV/c, I D= 0.026 GeV/c, ME = 1.418 GeV/c, and I g = 0.052
GeV/c2.

Events were generated according to the relativistically in-
variant phase space with a Gaussian distribution of
transverse momentum of secondary particles. For a given
value of the incident momentum, we assumed the semi-
inclusive reaction (1) to be well represented by the reaction

~-p- KOK+~ (/~') (~--p),
where (n p) is the target-recoil system. The number of no
mesons was fixed, and set equal to 0, 1, or 2, as described
below. We further imposed restrictions on particle momen-
ta in accordance with experimental conditions.

In this method, the correct resonance structure is ob-
tained in the two-body subchannels. However, one has to
parametrize the production of resonances.

TABLE I. Contributions to the E E—+mK + system.

Channel

A

Fraction (%)
p~ KoE-m +X

B C D
E p EoE-m +X

E''-(890)
E o(890)Ko
~2(1320)~
E -+ (1430)
E o(1430)Eo
S(980)~
EoK+-m +gE~K E
E Sm
D~ Sm

30 k4
21 +3
10 +1

1 +4
+j

9 +2
25 +6
0.1+0.1
1.1+j t
1.7 + 1.7

27 +3
30 +3
12 +2
4 +2
6 +1
4 +1

13 +5
0.0 +o'

3.2 +2
0.5+II)

19 z2
14 k2
10 +2

1 +1
1 +1
3 +1

50 +4
1,3+0.6
1.1 +0.6
0.6+0.4

18 +2
13 +2
12 +2

3 +1
1 +1
2 +1

50 +4
0.1 +0.7
1.1 + 0.6
0.2 +0.4

24+4
16+3
9+3
1+(
p+(
p +(

44+8
1+2
0 +2

1+1
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TABLE II, Cross-section times branching ratio in p, b.

Reaction 50 GeV/c 100 GeV/c 175 GeV/c

m p E(1420)X
K K KOK-n. +

n p E(1420)X
S~- K'K-~*

w p D (1285)X
S~- KoK+~+

& 0, 1

& 0.2

& 0.1

0.1 & 0. & 0.3

0.1 & cr & 0,3

& 0.1

0.02 & 0 & 0.09

& 0.03

& 0.03

events with the KK effective mass in the 5 region (Fig. 6)
and, separately, for events with the K+m effective mass in
the K'(890) region (Fig. 7).

The KOK -+m + effective-mass distributions indicate possi-
ble production of the E(1420) and A3(1680) resonances
only in the case of P~„,= 50 GeV/c data in Fig. 2(a).

The Km spectra are strongly dominated by the E'(890)
resonance, especially in the cases where no additional for-
ward particles are produced as seen in Figs. 3(a) and 3(b)
and 4(a) and 4(b). In the KOE- spectra, contributions
from 5 (980) and A q(1320) are seen.

The K K +m + mass spectra with the EK system in the 5
region are dominated by a large peak near 1.44 GeV/c . The
position of the peak corresponds to the mass of the E
meson.

The K K —+m ~ mass spectra for events, where the
K+n+ m-ass is in the E' region, 0.84& M(K7r) & 0.94
GeV/c~, , are shown in Fig. 7. All spectra are peaked near
K'K threshold, although no clear indication for a resonant
behavior is observed. A similar trend has been seen when
K'+-cuts were imposed.

For the maximum-likelihood analysis, we used the follow-
ing set of parameters. We set the number of m mesons in
the final state, t, equal to 0 for data samples A and B, l =1
for the data set C, and l =2 for the P;„,=175 GeV/c data.
The parameter determining average transverse momenta
squared of final particles has been varied between the
values 0.16 and 0.25 (GeV/c)' so as to give the best agree-
ment with the data. In all cases except B, the lower value
has been used. In case 8, we use the value 0.25 (GeV/c)~.
Final results for the relative contributions of various

. channels are not sensitive to this parameter. We consider
two versions of the model. First, we include only two-
meson resonances: K"+—(890), K'0(890), K' —+(1430),
K~(1430), 5(980), Aq(1320), and a nonresonant term.
This procedure involves altogether seven parameters. We
then extend the procedure to include the D and E mesons,
undergoing quasi-two-body decays: D 5m, E E'E,
and E 5m, bringing the number of parameters to ten.

The results of the seven-parameter fit are superimposed
on the experimental histograms of Figs. 2—7. There is good
agreement between the data and this simple model, based
on the minimum dynamic assumptions.

Various intermediate states and their fitted relative contri-
butions to the observed K K —++ + state are listed in Table
I. The E'(890)E channels dominate, contributing up to
60%. The 5m, Aq(1320)vr, and E"(1430)K channels are
also nonnegligible. The contributions from the D and E
mesons are found rather small, the sum of their rates not
exceeding 3%. We obtained the following numbers of D
and E mesons produced at the three values of the incident
momentum:

ND = 2 + 2, NE = 2+) at 50 GeV/c

ND=14+8, NE=68+30 at 100 GeV/c

Qnd

ND=2+f, NE=12+12 at 175 GeV/c

A similar maximum-likelihood method has been applied
to the reaction K p~ E K-~+Xat P;„,=100 GeV/c. No
significant signal of D and E mesons is observed. Results
are given in Table I.

V. SUMMARY

We have studied the semi-inclusive reaction vr p
E K +—

m +X at 50, 100, and 175 GeV/c. The observed
K K+-m + mass spectrum covers the range between 1.14
and 3 GeV/c~.

We applied two different methods of estimating back-
ground under the D(1285) and E(1420) resonances: one
based on misidentifying ~ —+m +K events as K —+m +K
events, the other based on simultaneous fit of various two-
body resonances. Generally, the first method yields larger
cross sections for the D- and E-resonance production.
Treating results from the two methods as the upper and
lower limits, we obtain the results summarized in Table II.
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