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1. INTRODUCTION

The production of muons in leptonic interactions with nuc-
leons and nuclei is of particular interest in so far as some
of these muons are the decay products of primarily produced
heavy quarks (cb,..Y Y. The toroidal spectrometer of the BCDMS
Collaboration operating in the SPS muon beam at CERN has been
designed to reach the large luminosity and the good accep-
tance for high pp scattered muons necessary for the study of
deep inelastic p scattering at high Q%.1t is therefore also
well suited for the study of muon pairs with large invariant
mass.

2, EXPERIMENTAL SETUP AND DATA TAKING

The experimental apparatus is descrjbed in more detail else-
where’? and is schematically shown in/fig.l1. A carbon target
~40 m long, 12cm in diameter is centred in the 50 cm diameter
hore of a seomented iron cylinder .50 m Tone with 2.7 m exter-
nal diameter. The magnetic field lines circle around the tar-
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Fig.l. Schematic view of the experimental setup.. Mag-
netized iron toroids with interspersed trigger counters
and multiwire proportional chambers are arranged in
ten supermodules (SM 1-10). The last two supermodules
do not contain target units. A wall of scintillation
counters vetoes the halo muons.
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get, focusing positive and defocusing negative muons. Trigger
counter and multiwire proportional chamber planes are placed
at regular intervals perpendicular to theé target (i.e., the
axis of the cylinder) in the spaces between iron plates. The
detector was triggered on tracks of sufficient length (~8 m
or more) in time coincidence with an incident beam muon. The
MWPC planes provided a scan of the tracks at ~1 m intervals
in both orthogonal projections. After an automatic event pre-
selection with very loose requirement, events containing more
than one track were inspected on visual displays in order to
eliminate spurious tracks.

The data were taken at the 1nc1dent energy of 280 GeV with
a total incident flux of ~ 3-101lu* corresponding to a total
1um1n081ty L=(1.63+0.08)-10%¢m™2 nucleon which yielded 629
7 u pairs. The number of equal sign muon pairs and trimuons
was an order of magnitude smaller.

3. COMPARISON OF EXPERIMENTAL AND SIMULATED EVENTS
The most important sources of multimuons are the following:

i) 7 and K decays from hadronic showers produced in deep
inelastic u*N scattering giving a detected u~ in the spectro-
meter together with the scattered muon;
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+¢¥u X (QED tridents) with one ut escaping detection through
the central bore of the spectrometer;

iii) production and decay of hidden and open charm states
(¥¢ , D, F, Ag,etc.). The detected muons are either both
decay products or the p051t1ve one is the scattered muon while
the negative one orlglnates in the decay. About 957 of the ob-
served open charm decay is of the second category.

Muons from these three sources were Monte-Carlo generated
and traced through the apparatus in order to determine their
relative contribution to the experimental sample.

The experimental distributions in multiplicity, energy
and transverse momentum (with respect to the direction of the
virtual photon) of mesons in hadronic showers were used to si-
mulate multimuons induced by charged » and K decays/3

QED tridents were generated/&4/ with weights equal to the
differential cross-sections, as calculated from the diagrams
of Fig.2 using the program SCHOONSCHIP / %/. Three production
mechanisms were found to be important:

1) coherent production on the entire nucleus; the elastic
carbon form factor was taken from Ref.’%;

2) quasi-elastic production on individual nucleons. The
nucleon form factors with closure corrections were taken from
Ref./”/, .where the conventional description of quasi-elastic
scattering was adjusted for the calculation of radiative cor-
rections to eN scattering;

3) deep inelastic production on nucleons. The parametriza-

tion of nucleon structure functions was deduced from Refs( -10/
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Fig.2. QED diagrams of u*ﬁ: pair production: (a) Bethe~
Heitler; (b) bremsstrahlung.
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Fig.3. Diagrams of e pair 14 c 4 c
production: (a) gluon-photon
fusion; (b) quark-parton me- ol ¢ ¢
chanism. ) 4 b/ &0 5

The production of ¢¢ pairs was calculated’ ! also by
SCHOONSCHIP, from two sets of diagrams presented in Flg 3.
The first set (a) represents the fusion of photons with "free"
gluons in a nucleon. The second set (b) represents the fusion
of photons with gluons emitted by quarks, i.e., the quark-par-
ton mechanism of ¢C pair photoproduction. The latter set of
diagrams yields contributions of the ordertzﬁ, i.e., about
10Z of the usual free gluon-photon fusion cross-section.

The subsequent fate of c¢¢ pair was simulated in the fol-
lowing manner. If the invariant mass M .z of the ec pair is
larger than the J/¢ mass and smaller than twice the D° mass



(i.e., the open charm threshold), it was assumed that only the
hidden charm states J/¢y and x; (J"=0F,1%,20can be produced

with subsequent decays: J/¢-»putp™ and y-y + (J/¢¥ +ptu").The re-
lative production of J/¥ and x states was set to 1:10, in ag-
reement with the known cross-section for production of dimuons
in the J/¢ region by incident muons /1213 For M - above the
open charm threshold it was assumed that on1y the states D°,
p* , Ftand A ¢ can be produced. The ¢é pair separates into
two quarks, ¢ and c, which subsequently fragment independently
according to the law e ~38z yith z- Eh/E Egand Ey being the
energy of the quark and hadron in the ¢¢ galr center of mass
system/14/The priduction rates for D°, DT , F, A, were as-
sumed in the ratio 2:1:1:1 as suggested by experlmental data
from ete” collisions. Finally, the 3-body semileptonic de-
cays of these charmed hadrons were simulated with the densi-
ties determined by matrix elements of Ref. !5/ The following
branching ratios were assumed:

M- Kuw): (D> R*uv) : (D » nuv) = 55:39: 8,
(Fs opv): (Fa>ur) = (Ag-Auv): (Ag » nuv) = 9: 1.

The muons generated from the three sourced(i)-(iii)were trac-
ed through the experimental apparatus taking into account ef-
ficiencies in triggering and track reconstruction. In this
way "effective" total cross-sections a?“‘= oy €, were deter-
mined, o; Dbeing the theoretical total cross-section for any
of the processes (i)—-(iii). The quantities ¢, are then the
acceptance for dimuons from these processes. In an analogous
manner and for each process separately, distributions in dif-
ferent kinematical quantities (e.g., energy of individual mu-
on, invariant mass of the pair, etc.) were obtained. Some of
the results are presented in Figs.4,5 and 6.

Flgure 4 shows the distributions in the variables p+ and p_
which are the momenta of the positive and negatlve muon, res-
pectively. Figyre 5 presents the d1str1but10ns 1n the variables
Pbal =P+ —R.)/(p+ +P-) and pg= |p+ +pY|, where pJr and p.T are
the momenta of the positive and negative muon, respectively,
transverse to the beam. Figure 6 shows the total spectrum of
pair invariant masses M__,In these figures, the experimental
histograms are confronted with absolute predictions for the
different production mechanisms and for their sum.

We see that the qualitative features of all these distri-
butions are well described by the simulation. The distributions
in py, and pq are rather sensitive to different production
mechanisms and cuts on these variables can be used to enhance
the contribution of a particular mechanism. Specifically we

4

Fig.6. Distribution in pair
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Fig.4. Momentum distributions: (a) p,_, (b) p_.Histograms re-
present experimental data. Curves are contributions from
Monte-Carlo simulated »,K decays (long dashed line), QED
tridents (short dashed line), charmed particles (dashed-dot-
ted line) and all together (solid line). The same convention
is used in figs. 5,6 and 7.
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we use pp<2 GeV (symmetric pairs) to isolate a sample en-
riched in vector meson decays (V » y*u™) while the remaining
events (asymmetric pairs) originate primarily in open charm
and 7/K decays.

This cut is useful for investigating the small quantitative
discrepancies apparent in Figs.4-6 and more succinctly pre-
sented in the Table.This Table observed number of events.While
the agreement between data and prediction is good in case of
asymmwetric pairs, the number of predicted symmetric pairs
exceeds the number of observed ones. Figure 7 shows the in-
variant mass spectrum of symmetric pairs. It is seen that the
discrepancy between data and prediction is caused mainly by
the invariant mass region below about 6 GeV, where the accep-
tance for symmetric pairs is low and fast varying.

Table
Process Predietion Data
N(events) N(events)
Asymmetric paifs #%,K decay 85+8
p QED tridents 67+10
>2 GeV N
T Charm 295421
TOTAL 447+24 451
Symmetri i .
ymmetric patrs QED tridents 174+14
< 2 GeV N
Pr € Charm 7048
TOTAL 244:}6 178
High
1gh mass QED tridents  28.4+1.6
s t 3 - —
JUmeLtric parrs  cyarm 1.3+.5
8<M <12 GeV B

Pp<2 GeV TOTAL 29.7+1.7 27

4. UPPER LIMIT ON THE CROSS-SECTION FOR T PRODUCTION

The mass spectrum is shown in fig.7 for the events with
Pp< 2 GeV. This cut reduces the contribution from T decays
by only 57 while it eliminates most of the background contri-
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Fig.7. Invariant mass distri-
bution of symmetric pairs 3o}
(pp<2 GeV) and the accep-
tance curve for vector par-
ticles decaying intou*tu~
pairs (black points).
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bution from the other processes. Since there is no direct evi-
dence for the T we have considered the mass region

8 GeV<M, <12 GeV to obtain an upper limit for T production.
With the mass resolution better than 107 this requirement eli-
minated at most 2% of the T candidates. The Monte-Carlo si-
mulation indicates that the events in this region are primari-
ly from QED trident production, as is shown in the table.

The absence of the T signal is confirmed also by fitting
the mass continuum in control regions below 8 and above 12 GeV
with a dependence M™% , This fit gives a= 2.45 and 26.5 events
in the T region as compared to 27 observed events. Therefore
the upper limit at 907% confidence level on T production in this
experiment was placed at 7 events as calculated from the sta-

PO PR S U A +hn cimanmbatonbw s luminanity Wirh o Aa-
CisUilaL CTTCTC and Tac gnLcorLoainty IToLeminooiTy. Wit ze

tection efficiency ¢, =0.32 this corresponds to:

T

o BR( T 4" )<13.107% cm®/nucleon,

where o, is the T production cross—-section for 280 GeV muons
and BRFT+u+u") is the branching ratio for T-u*u™ decay.
This limit is larger than the one quoted by us in 1979 as

a preliminary result: a'-iBR('R>u+¢1<(6-9)-10—39cm2/nuc1eon/16/
which was based on the analysis of another data set with dif-
ferent acceptance due to less restrictive trigger conditions.
The difference between the two results is due more to our un-
derstanding of the processes involved in the Monte-Carlo simu-
lation than to the data themselves.

The present estimate is to be compared to the upper limit
of the BFP Collaboration’!?, which is 48.10°%® cm?/nucleon when
extrapolated to our beam energy. With BR(T - u' 1 )=3%"1®the
theoretical predictio 19/hbased on the photon gluon fusion mo-
del is UT-'BR('r+u+u_) = 12.107%cn? /nucleon for 280 GeV
muons which does not contradict our upper limit.
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Sonnunm [. « pp. E1-82-77

MicOHHBE Napbl M BEpPXHWUI Npepen Ce4YeHUAn reHepupoBaHWA T MIOOHAMM

¢ aHeprueit 280 MaB

HsyuanMCb napst u+u—C GONbWON Maccoh, reHepupoBaHHue u*c aHepruen 280 aB
Ha yrnepopHoW MuuieHu, ¢ yenbo noucka T, CuutaeTca,uTto HOH B MHTEpBane Macc
2-18 3B obszan K3[1 napaM, napam OT pacnafa OYAPOBAHHHEX YACTML CO CKPLITHIM
M OTKPWTHM YapMOM, a TaKwke Napam, CBA3AHHWM € pacnagom agpoHos (m, K),o6paszo-
BaBWMXCA B rNyBoOKOKeynpyrux B3auMMoAelcTBuAX. BepxHuit npepen ana ceueHwuA .-
o6pa3soeanua T mooHamu Ha ypoeHe 90% pocToBepHOCTHM OKazanca: a{r-BR(T‘~u u <
<13-107% cmZ/nyknon.

NpenpuHT 0GBhEAMHEHHOrO WMHCTUTYTA AfepHux uccnepopanuin. fybna 1982

Bollini D. et al. E1-82-77
Muon Pairs and Upper Limit for Upsilon Production by 280 GeV Muons

The high mass u*u”~ pairs produced by 280 GeV x* on a carbon target
are studied in a search for the T production. The high mass continuum in
the region 2-18 GeV is interpreted in terms of QED pair production and of
u pairs originating from the decay of hidden and open charm particles as
well as of hadrons (m K) from deep inelastic interactions. The upper limit
for the upsilon production by muons is found to be at the 90% confidence
level: o .- 'BR(T-+ wuT) <13.10 ¥ em®/nucleon.
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