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ABSTRACT 

Dimuon production cross sections have been measured with a·200 
GeV n- beam and a 240 GeV proton (p) beam. The dimuon mass spectra 
produced by nand p have essentially the same shape. The dimuon 
transverse momentum behavior is essentially the same for vector 
mesons produced by n or by p. For (P+W) or Vproduction the x 
(Feynman) behavior is approximately independent of the mass of the 
dimuon produced. The dimuon n production cross section is approxi
mately 6 times greater than that of the p for x > .5. 

Using a missing mass (Mm) technique, the same pion and proton 
beams were used to search for the production in hydrogen of new 
particles which decay with muon emission. Model dependent upper 
limits (50 to 7000 nanobarns) for the production of such objects 
with 2.5 < MID < 7. GeV are given (for charmed meson pair production 
Mm is the mass of the DD system). 

INTRODUCTION 

This talk is a report on the results from two experiments for 
which the data were collected simultaneously in the M2 beam line of 
the Meson Laboratory at Fermi National Laboratory. Data were taken 
with a negative pion beam at a momentum of 200 GeV and a proton 
beam at a momentum of 240 GeV on the following reactions: 

rr" + Fe - ~+ + ~ + anything� (1) 

p + Fe --~+ + 1oJ.- + anything (2) 

TT- + P _ P + Y (3)recoil ~~ + anything 

p+p-p ·l+Y........ h I� (4)�reC01 ~ + anyt 1ng 
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In the data from reactions (1) and (2) the dimuon invariant 
mass (~~) spectra were examined for structures from the production 
of ~, P, w, ~, and, mesons. For both the p + wand the ~, the 
dependence of the data on longitudinal and transverse momenta were 
fit to phenomenological forms. 

For reactions (3) and (4) the missing mass (Mffi) spectra of the 
system (Y) recoiling against the recoil proton were examined for 
threshold enhancements in the mass range 2.5 < ~ < 7. GeV. Such 
an enhancement would be evidence for the production of new particles 
which decay into muons such as charmed particle pairs, vector bosons 
or heavy lepton pairs. Examples of low mass threshold enhancements 
have been seen previously for familiar reactions. 1 

Apparatus 

The apparatus for these two experlinents is shown in Figure 1. 
It consists of a hydrogen target, a recoil proton spectrometer, and 
a forward muon spectrometer. Beam optics and counters are not shown. 
The proton spectrometer2 measured the recoil proton angles with four 
magnetostrictive wire spark chambers (SCI - 4). The proton energy 
was measured by pulse height analysis of the E counters, in which 
the protons stopped. The pulse heights from the dE counters were 
used to identify the stopping particles as protons. The A counters 
vetoed events in which the protons did not stop. The t acceptance 
of this spectrometer was .1 < -t < .4 GeV2• The axis of the spec
trometer was set at 700 to the beam giving good acceptance in the 2 
missing mass interval 0 < Mm < 7 GeV. The Mi resolution was 2 GeV 
FWHM.' 

Fe~ Approx. scole., I MET~R I 

Pb "'::':'::1.. ~.: .. PLAN VIEW 

BEAM 

Fig. 1 plan view of the apparatus. There are five dE, E, 'and-A 
counters stacked vertically. 

. 

"The forward muon spectr~~~er3 consisted of a ~m long iron 
hadron absorber followed by a 56 kilogauss-m magnetized iron 
spectrometer which bent the muons vertically. Track coordinates were 
neasured in front of the magnet by a mu1tiwire proportional chamber 
(PC2) and at the rear of the magnet by three magnetostrictive wire 
spark chambers (SC5 - 7). The trigger for the muon spectrometer 
required pulses -in counters MO~M1· (M2·M3 or M4·M5") for reactions '(3) 
and (4) (at least one muon). For reactions (1) and (2), 1\ minimum 
ionizing pulse heights were required in MO and Ml and all of the 
co..!!!!.~erl!.J12.M~~M4·M5 w~~e required (at Leas t; two muons ) , The pulse 
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Fig. 2. Di-muon invariant mass spectra a) for reaction (1) and 
b) for reaction (2). 



Also shown along with these spectra are Monte Carlo results (x's) 
which were generated with a relativistic s-wave Breit Wigner dis
tribution in mass with the parameters of the p. The longitudinal 
and transverse momentum distributions of the Monte Carlo events 
were chosen to fit the data. The Monte Carlo event sample was 
normalized to the data in the mass range 1. < M < 1.5 GeV. From 

IJ.IJ. 
comparisons of the Monte Carlo simulated invariant mass distribu
tions to the data, we conclude that 75% of the total observed di
muon production is consistent with the production of dimuons from 
the decay of p'S and w's (resolution doesn't allow a separation of 
p 's from Wi s) • 

In the low mass region (M< .6 GeV) there is a sizable con-
IJ.IJ. ,..., 

tribution (,..., 25%) consistent with either Bethe Heitler production 
by y secondaries or with '!hJ.IJ.Y decays. Monte Carlo studies also 
indicate that dimuon production from ~IS is less than 15% of the 
p + W dimuon production.4 In the high mass part of these mass 
spectra (2.5 < M < 3.7 GeV) there are enhancements frOm V(3.l) 

. 3·· 1J.1Jo··.' ' . 
decay. The dashed curves shown with these spectra are gaussian 
distributions with widths of 13% rms (which is the V resolution 
expected from Monte Carlo calculations) centered at the Vmass. 

In the analysis of, the longitudinal and transverse momentum 
spectra the events satisfied the longitudinal momentum cut, 
P; > 90 GeV, and mass cuts of 2.5 < M < 3.7 for the Vsample'and 

J1J IJoIJo� 
.77 < M < 1.0 GeV for the p + W sample. The fits to the spectra� 

IJoIJo 
were obtained by generating Monte Carlo simulated events with an 
isotropic center of mass decay distribution. Best fits were then 
found. for phenomenological forms given in Eqs. 5, 6, and 7 below 
by adjusting the parameters in the Monte Carlo generations until 
the data was accurately simulated. 

The longitudinal momentum distributions were fit to the follow
ing forms: 

-axdO' Ci e (5)dx 
and 

dO'E -Ci (l-Ixl)n (6)
j.Lj.L dx 

where a and n are parameters which were varied; x = P Ip ..
,/ 2 2 j.Lj.L max' 

E V P + M ; P is the center of mass longitudinal dimuon 
j.L1Jo IJoIJo j.L1J. IJ.IJ. 

momentum and P ~ /s/2. The best fits to these parameters are max� 
5�

shown in Table 1. The measured cross section per iron nucleus 
times the muon branching ratio (a B) for P~ > 90 is also shown in90
Table I along with the cross section per iron nucleus times the 
branching ratio (crOB) for x > 0 obtained by extrapolating to 

x = 0 the fits with Equation (6) (preliminary results). 



The spectra in dimuon transverse momentum (P ) were fit to the 
1. 

form 

(7) 

Table I� Fits to the dimuon spectra in x (brackets 
indicate estimated systematic uncertainties) 

Mesons� Beam a n (jOB (j90B 

microbarns/Fe nucleus 

p +w� IT 3.5 ± .2(.5) 0.8 ± .3(.5) 51 ± (26) 6.1 ± (3.) 
p� +w p 8.8 ± .3(.5) 3.1 ± .1(.5) 45 ± (23) 2.5 ± (1.3) 

~ IT 5.7 ± .8 1.2± .2(.5)* .6 ± (.3)* .11 .± (.06) 
~ p 9.0± 1.5 4.5 ± .5 * .7 ± (.4)* .04.+ (.02) 

* Preliminary results from a larger data sample than shown in 
Figs. 2a and b. 

2
Table II Fits to the dimuon spectra in P (brackets

.l 

indicate systematic uncertainties) 

2 2
Meson b(lT Beam) b(p Beam) p range (GeV )

1. 

p� + W 2.6 ± .1(.2) 2.1 + .1 (.2) O. - 2. 
V 0.8 ± .2 1.1 + . 3 O. - 3• 

From the fits to the dimuon spectra from Reactions (1) and 
(2) we find that the P spectra depend strongly on the meson pro_ 1. 

duced (p + W or ~) and weakly on the beam particle whereas the Pt 
spectra� depend strongly on the beam particle and weakly on the 
meson produced. For forward production x > .5, we find pions pro
duce dimuons 5.8 ± .7 times more abundantly than protons for P +w 
production and 7.4 ± 2.0 times more abundantly for V production. 
This reflects the fact that the pion and proton mass spectra have 
essentially the same shape. 

New Particle Search 
Reactions (3) and (4) were examined for threshold effects in 

the missing mass (M ) spectra in association with muon production. 
m 

Such an effect would be indicative of the production of new parti
cles which decay into muons. The missing mass squared spectra for 
the data from Reactions (3) and (4) are shown in Figures 3a and 3b, 
respectively (corrected for proton acceptance but not for muon 

• 
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acceptance). For calibration purposes, data were also taken simul
taneously without the muon requirement. The missing mass squared 
spectra of this data is shown in Figures 3c and 3d. 

N••
'. ..�> 

t5100 
<, 
ff) 
z 
a: 
~ 10 II 
o
a: 
u ...... 
1: I II 

o 10 20 30 '10 50 u 
N 

: 20 
> 
t5 10 

~ 0z 
&§-lO
II) 

~-20a: z 
o 10 20 30 10 SO 0 10 20 30 '10 50 
MASS SQUARED GEVlIllll2 MASS SQUAAED GEV.-2. 

Fig. 3 a) and b) dcr/dM
2 = ~(dcr/dtdM2)dt, .1 < -t < .4 GeV2 for 
m m 

Reactions (3) and (4), respectively. 
2

c) and d) dcr/dM for the calibration data (no muon required).
m 
2

e) and f) dcr/dM difference spectra (see text).
m 

The general features of these spectra are that they are S1m1

lar in shape but that they differ in magnitude by a factor of about 
1000 which is consistent with the expected inflight nand K decay 
probability. There is an elastic peak, a diffractive peak (not 
resolved from the elastic peak) which falls as an inverse power of 

6
the mass and a flat non-diffractive region. In order to remove 
the diffractive structure from the spectra in Figure 3a and 3b, 
for the purpose of bump hunting, the raw mass spectra (not corrected 
for proton acceptance) of the calibration data (no muon) were fit 
to the phenomenological form: 

2 2 r
dN/dM = A + BM + C/M (8) 

m m m 
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where A, B, C, and r were free fit parameters. The functions which 
were obtained in this way from the pion and the proton calibration 
data were then normalized to and subtracted from the corresponding 
raw mass spectra from Reactions (3) and (4) (in the intervals 

2 2� 2 2
4 < M < 54 GeV for the pion data and 6 < M < 54 GeV for the 
proton data). The recoil proton acceptance correction was then 
made and the resulting difference spectra are shown in Figures 3e 
and 3f. Straight line fits (solid lines) to these spectra yielded a 

2 . 
x2 of 49 for 48 d.!. in the pion dat~ and a X of 45 for 46 d.f. in 
the proton data. There are no statistically significant structures 
in these difference spectra. 

In order to pLace upper -limits on the production cross·secUon
times branching ratio for new particles, the spectra in Figures 3e 
and 3f were fit toa number of assumed line shapes (smeared with 
resolution) and 2 standard deviation upper limits were determin~ 

The line shapes used were: a relativistic Briet Wigner to place 
limits on resonance like production; a step function which rose 
sharply at threshold and remained constant up to the kinematic 

limit ~ ~ 2EB /-t (EBis the beam energy) to set limits on non

diffractive like production;6, 7 and a step function which rose 
sharply at threshold and then fell as a power of the mass 

2 r) 6,
(dcr/dM ~ l/M to set limits ondiffractive like production. 1 

m m 
The power, r, was determined from the fits to the calibration data 
with Equation (8) and was 3.2 for the pion data and 4.0 for the 
proton data. 

The results of this analysis are given in Table III. The 
entries are the 2 s.d. upper limits on the production cross section 
(cr.) times the muon branching ratio (B ) times the muon acceptance 

~	 ~ 

2(A )� integrated over the t interval .1 < -t < .4 GeV and the mass 
~ 2

squared interval 0 < M < 2E /-t.
m B 

Table III. Upper limits (2 s.d.) on G.B A (in nanobarns). 
1� ~ ~ 

Beam Approx. Resonance Prod. Diffractive Non Diffractive 
Particle ~(GeV2) f=.05, .2, .8 GeV Production Production 

rr 7 31 43 85 90 3400 
TT 17 32 62 97 210 1400 
TT 36 37 54 116 510 1600 
TT 49 39 58 118 740 1800 
p 10 73 92 161 190 3700 
P 17 35 44 79 130 1900 
p 38 42 57 115 430 2700 
P 49 25 44 157 390 1900 
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r To extract upper limits from this table on the total produc
tion cross section for massive particles which decay into muons, a 
specific hypothesis describing the production and decay of these 
particles is necessary. For example, if charmed meson pairs were 
produced diffractively8 by pions, had a branching ratio to muons of 
unity, decayed to three bodies (e.g. KIJ.\}),were produced with a t 

-5tdistribution of dcr/dt ~ e ,and had a mass of 2 GeV (pair mass� 
2),�

squared of 16 GeV the relevant entry in the table is 210 nano
barns. This limit is shown as a dashed curve on Fig. 3e. This 
number is then divided by two to correct for the fact that either 
meson of the pair can decay, and multiplied by 2 to account for the 

2•
production outside of the t interval .1 < -t < .4 GeV The muon 

.acceptance must also be corrected for, and is then obtained from 
the following empirical formula: 

A = 1 - (M /E IE + 9/E ) (9)
IJ. m B)(5.6 CII1IJ. CtIlIJ. 

where E is the muon center of mass energy in GeV in the forward Y 
CIIlIJr 

system. For a 2 GeV charm mass and KIJ.\} decay, E is about 
CIIlIJr 

. •5 GeV so A is about 0.6. Accounting for these effects, the 2 s.d • 
IJ. 

limit on diffractive charmed meson pair production, with the above� 
assumptions, deduced from Table III, is 350 nanobarns.� 
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