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ABSTRACT
In a search for charmed<partic1es the reactions 7 + p —* p£.+»M + X
and p + p P, * E + X have been studied at beam energies of 200 and 240:.
GeV, respectively. Measurements of the beam particle and the slow recoil
proton, P, were used to reconstruct the mass (M) of ﬁhe B + X system.
Model dependent upper iimits axe presented for the forward p;oé&czian
crosé section times the muon branching ratio for high mass states

6 < M < 54 gev?).

* Work supported in part by the National Science Foundation under
Grant No. MPS70-02059A5.

T Measurements performed at the Fermi National Accelerator Laboratory.
O Present address: CERN, Geneva, Switzerland
8 Supported in part by an Alfred P. Sloan Foundation Fellowship.

& Present address: Lawrence Berkeley Laboratory, Berkeley, CA 94720



-2-
This paper reports the results of a charm search'équrﬂment which

measured the reactions:’
T 4+ p~p_ +Y, Y B o+ X (1)

and

p+tpp_+Y, Y- B+ X _ (2)

wherg X represents anything. Data on reactions (1) and (2) were taken at beam
momenta (PB) of 200 GeV and 240 GeV, respectively. The beam particle, the
recoil proton,.pr, and the muon were measured. From the beam and proton measure-
meﬁts the mass (M) of Y was determined.

The object Y may be any massive system which contains particles which
decay inﬁo at least one prompt muon -+ X. Y may contaim unusual objects suéh as
charmed particle pairs, heavy lepton pairs, singly produced heavy bosons or
baryons, and/or just "normal particles' such as-ﬂ, K, etc. The latter provide
- background. The unusual particles give rise to muons only abpve tﬁe kinama;igi
minimum value of M. The experimental technique used is particularly séﬁsitive
to states Y which are resonances or which result from the diffractive excitation
of the beam particlefz%fﬂ'diffractive production, the M spectrum is expecfed
to rise rapidly near the kinematic threshold and then fall as an inverse power
of M(l). This experiment was primarily motivated by the expectation that there nay
exist a strong threshold enhancement in the M spectrum due to the production
of charmed particles.

For calibration purposes data on the reactions:

T +p-p. +X (3)
and

pt+tpTp, +X (%)

were taken simultaneously with the data from reactions (1) and (2).
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Other reactions studied éﬁnult;ﬁeouély have been reported elsewhere,
The apparatus for this experiment is shown in'Fig. 1. It consists

of béém defining countérs {not sho&n), a 63 ém long hydrogen target, a spec-

trometer which measured the recoil proton, and a mégnetizedliron spéctrometer

(4)

which measured forward muons. The recoil spectrometer .consisted of a thin

preportional chamber (PCl), four magnetostrictive wire spark chambers (SCl to
SC4){ and five identical scintillator modules which Subdividgd the vertical
aperiure. Each module consistedvof a 1.27-cm-thick scintillation counter (dE)
to measure proton dE/dx and time-of-flight, a 29.0-cm-deep plastié scintillation
counter (E) to stop the proton and measure its energy, and an anticoincidence
cdunter (A) to veto particles which did not stop. From the measurements of the
beam and recoil proton kinematic variables M2 was measured to an accuracy éf

2

2 GeV2 (FWHM) .with good mass acceptanée for 0 < M™ < 54 GeVz.' The t acceptance

was 0.1 < -t < 0.4 GeVZ, where t is the square of the four momentum transferred

to the proton.

(3)

* The muon spectrometer consisted of a 244-cm-long nonmagnetized iron

hadron absorber (starting 54 cm from the H, target center) followed by a

2
305 x 54 x 54 cm3 (useful volume) solid iron 18 kG magnet which bent the muons

vertically. The counters MO to M5 were used to identify a penetrating muon.
The muon trajectories were determined by three magnetostrictive wire spark
chambers (SC5 to SC7) at the rear of the magnet, and a multiwire proportional
chamber (PC2) between the magnet and the hadron absorber. The muon transverse

momentum, P, , was measured to + 0.2 GeV, and its longitudinal momentum,

L

PLu’ was measured to + 167 (rms). The kinematic acceptance limits of the muon

> Y < 0.05.
spectrometer were P, 18 GeV and P*u/PLM 0.05
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Monte Carlo studies show that the:muon acceptance (Ap) is well

pafameterized by:
Ap =1- (M/PB).(5.6 JEM cm T 9/Ep cm) (5)

for isotropic production of mp;ns in the center of mass of the forward
system (Y); Ep cm is the energy (GeV) of the mudn in this sy;tem. The
functional dependence of Ap on other variables is weak.

A coincidence between a beam particle, a recoil proton and a forward
muon was required for an event to be recorded. In the analysis, accepted events
.éatisfied the following criteria: only one beam particle; good tracks in the
proton and muon Spectrometers; vertex agreement between the protén, muon and
beam particle trajectories; and identification of the recoil proton from the
E and dE[dx measurements, The M2 spectra for events which met these requirements
" are shown in Figs. 2a and 2b for reactions (1) and (2), respectively. These
spectra have been corrected for the réﬁoil proton acceptance. The vertical
axis is AHBHdGI/sz wHere APBP is the muon acceptance (Eq. 5) times the
branching ratio into muons (Y — B + X) and GI is the cross section integrated
over the interval 0.1 < -t < 0.4 GeVz. For comparison, the spectra of.the
corresponding calibration data (ch/sz, no muon required) taken from
reactions (3) and (4) are shown in Figs. 2c and 2d.

Qualitatively, the shapes of the spectra in Figs. 22 and 2b are
similar to those of-Zc and 2d, respectively. This indicates that there are no
major structures induced in the mass spectra as a result of the muon requirement.
In order to quantify these comparisons, the ""raw' calibration data (not corrected

for the proton acceptance) were fit to functions of the form:

AN/dM% = a + bMZ + c/M2D )
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where a, b, ¢ and n were free parameters in the fits. Good ;its were obtained
separately for the data from reactions (3) and (4) in the intéfval 4 <'M? < 54 GeVz.
These two functions were used as first order estimatés‘of the.shape of the
cégtinuum and the background (e.g. W,‘K inflight deééy) in the data from
reactions (1) and (2). The two functions were normalized to the corresponding

2

Yraw' muon data yields in the intervals 4 < M < 54 GeV2 for the data from

reaction (1), and 6 < M2'< 54 GeV2 for reaction (2). The normalized functions
weré then subtracted from the "raw"” muon data and proton acceptance corrections
were made. The resulting spectra, data of reaction 1(2) minus the normalized
yield of reaction 3(4), are shown in Figs. 2e and 2f. These subraction spectra
have been fitted to straight‘lines (solid lines on Figs. 2e and 2£).’ The

resulting xz's were 49 for 48 degrees of freedom (d.f.) for the data from

reaction (1) (Fig. 2e), and 45 for 46 d.f. for the data from reaction (2)

.(Fig. 2f). Therefore, there ave no statistically significant structures in these

snectra.(s) ?
et slhasinahadoding

In order to extract upper limits on AquGI for "unusual" particle
production é number of models of expected line shapes were fitted to the spectra
6f Figs. 2e and 2f. Our motivation in this experiment was to search for charﬁed
particle associated production for which we expect a threshold enhancement(z)
due either to diffractive or resonant production. 1In general, the line shapes
were assumed to be the sum of an enhancement at various masses, plus a linear
background term, both folded with the mass resolution of the apparatus. To
test for diffréctive like production we fit the mass spectrum with a function
in which dcr/dM2 = 0 below threshold mass, MT, and dG/sz 1 1/(M2)n above MT.(6’1)

The power n was taken from fits to the calibration spectra (Figs. 2c and 2d)

with the form of Equation (6) ( = 1.62 in the pion data and n = 2.0 in the
P P
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proton déta).' To test for nondiffractive producﬁion 1 wdf'set to equal to
zefo (dc/dM2 k‘cpnst).(7) Thése fits'also set upper iimit; on other unusﬁal
réacfions such-as the production oé heavy lepton pairé.'

If ¥ is a single object a resonance peak woﬁld be expected. (e.g.
associated charmed particles.might be produced in a resonant state.) To test
for such narrower enhancements, a relativistic Breit-Wigner with widths varying
Erom r = 50 MeV.(below the resolution limit) to 800 MeV was used.

The upper limits (2 standard deviations) on APBMGI which were obtained
from these fits are shown in Table I. 1In order to extract a total cross section
1iﬁit, GTot’ from this table, further specific hypotheses describing the
production and decay of "unusual' particles are necessary. . For example, consider
the case of inclusive diffractive charmed meson pair production from reaction (i)
for which there are several specific effects which must be taken into account:
(i) Either member of the pair (1 or 2) can decay by muon emission. Thus, for
.small brancﬁing ratios, the measured quantity in thié-expefimeﬁﬁ*is
AugI(Bpl'+ sz) = APGI x 2< Bp >. (ii) For ﬁhree body decays (eg, Kuv), for
a'charmed meson mass of 2 GeV (Miair = 16 Gevz)’ the average center of mass
energy of the muon would be ~ 0.5 GeV, and from Eq. 5,.Au ~ 0.56. (iii) In order
to estimate the total cross section we must assume the t>dependence of the
cross section. - We take this to be the same as in reaction (3) (dU/dth:e_bt,
b®5 GeV“Z) in which case 507 of the production occurs in the observed

interval 0,1 < -t < 0.4 GeVz. Therefore the limit in Table I, ApoG ~ 210 nb,

I
must be multiplied by a factor of 1.8 to obtain a limit on the diffractive cross
section times the average branching ratio of charmed mesons into muons. This

limit is shown as a dashed curve on Fig. 2e. The two standard deviation limit

on the inclusive charmed meson diffractive pair production cross section times
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_ the average brénching raiio is then UTot'< Bp_> = 380 nb. TPé qprreéponding-
total cross section for KK diffractive production is approxiﬁ;tely 0.5 milli-
barqs.(s) Witﬁ the above assumptions; the ratio of fhe charmed and strange
to£a1 diffractive cross sections is G(Dﬁ) <_Bp > /U(kﬁ) <'10~3. |

We thank the Northeastern University Compu;ation Center, the FNAL
staff and crew, and the FNAL procurement group for'their support, and the

‘Brookhaven National Laboratory and Harvard University for the loan of equip-

menﬁ. We also thank E. King for his help with this work and F. C. Winkelmann
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Cuts on B, , P, and the forward charged particle multiplicity, as measuyred
4 B

L
b
in the detectors, MP1,2 (Fig. 1) do not affect this result.
Resolution limitations make the exact behavior at threshold inconsequential
here,
4 2 . . .. 4

For M < —t(ZPB) (the kinematic limit on M ).
The diffractive (Mz < 7) cross section for T + p~ p + KS + anything at
205 GeV is 0.25 + 0.13 mb (F. C. Winkelmann, private communication). From

this we estimate the diffractive strange meson pair inclusive cross section

is about 0.50 + 0.25 mb.



Table I, Two standard deviation upper limits on A B O
b

in nanobarns,

Threshold Behavior (dG/dM2 o (1/M2)n for M >.Mf, zero for M < MT)

.Pion Beam

Proton Beam

1, (Gev’) 6 16 35 48 9 17 37 49
Diffractive, n = 1,62 . 90 210 510 740 -- -- - -- nb
Diffractive, n = 2.0 -- - - -- 190 130 430 390 nb
Nondiffractive, n = 0 3400 1400 ~ 1600 1800 {3700 1900 2700 1900 nb
Breit Wigner Behavior: (dG/sz o4 l/((Mz,- M:ZR),‘2 + rZMZR))

) 2 | Pion Beam Proton Beam

M (GeV) 7 18 37 50 11 18 39 50

I = .05 GeV 31 32 37, 39 | .73 35 42 25 nb
T = .2 gev 43 62 54 58 92 4 57 A nb
I = .8 Gev 85 97 116 188 | 161 79 115 157 nb
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Figure Captions

1) The proton and muon detectors. For details, see text.

L4

22a) and b) A B dJI/sz versus M? for reactions (1) and (2) reSpéctively,
- 1) . .

B i
where A is the muon acceptance, B is the branching ratio (Y = #X), M is
. o8 : M. .
the mass of Y, and dcrI/dM2 = \f}dd/szdt)dt over the interval 0.1 < - t-<¢
0.4 GevZ.

. ¢) and d) dUI/dM2 for reactions (3) and (4), respectively

e) and £) A B dO'I/dM2 for reactions (1) and (2) with continuum-background -
5 subtracted. Solid and dashed lines and additional details are described

in text.
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