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Abstract 

In a streamer chamber experiment at SLAC, we observed 

hadron production in inelastic collisions of 14 GeV positive 

muons in a liquid hydrogen target. We report on experiment, 

analysis, and resulting cross-sections for hadronie prongs 

as well as charged hadron multiplicity distribution. 
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1. Introduction 

Sincy the discovery of scaling in inclusive deeply inelastic lepton 

nucleon scattering (1) at the Stanford Linear Accelerator Center (SLAC), 

this process has provided a uniquely promising means of looking at the 

structure of the nucleon. With this in mind, we undertook a high statistics 

experiment, using a specially built streamer chamber system at SIX, to look 

at the full set of charged particles produced in muon-nucleon collisions. 

In this paper, we present data on topological cross sections and average 

multiplicities for the production of charged hadrons. We also compare 

these quantities with those seen in reactions initiated by other particles. 

Our apparatus is shown in Figure 1. A small-phase-space beam of 14 

GeV positive muons was directed onto a 4Ocm-long, 2.7cm-diameter, cylindrica 

liquid hydrogen target which was inserted into a large streamer chamber. 

All beam particles had previously passed through a hole in a 2.5 x 2.5m2 

veto wall of scintillation counters; entered the transverse field of a 

large-aperture magnet with4 16kG field; unless scattered in the target, 

they then traversed the chamber inside a 5cm-diameter helium-filled tube. 

The trigger consisted of a scattered u+ incident on four banks of scintillat 

hodoscopes interspersed with 1.5m of lead. 

Charged final-state hadrons produced in the target were detected with 
,- 

nearly complete geometrical acceptance in the streamer chamber, which had 

an active volume of 2 x 0.8 x 0.6m3. The streamer chamber combines high 

detection efficiency with electronic triggering. It permits high statistics 

investigations even for small cross section processes; it presently uses 

photographic means for data acquisition. The effective cross section for 

our experiment was Q 0.3ub. 
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In the foliowing sections, we discuss the details of our experimental 

apparatus, and our methods of analysis. We then report our results on 

multiplicity distributions for charged hadron production and on topological 

cross-sections. Other features of the data will be discussed eisewhere. 

II. Experimental Method 

A. Muon Beam 

A detailed description of the muon-beam, designed and built for this 

experiment, can be found in ref. 2. In this paper we focus only on a few 

major points. r 

The muons are produced by the primary 20 GeV SLAC electron beam 

incident on a 2.75 radiation length high-2 target, Muon production occurs 

principally via a two-step process. The incident electron radiates a 

bremsstrahlung photon which subsequently, downstream in the target, 

produces a muon pair. The short physical size of the target, coupled with 

the small electron beam size (2mm x 2mm), gives a muon source size which 

is very small. The small spot size and the small transverse momentum 

imparted to the pair-produced muons are the principal advantages for 

muon beam production at SIX as compared to muon beams obtainable at 

proton accelerators, and allow the production of a small-phase-space beam 

with little halo, 

The muon production target is followed by a three-stage beam line 

whose final focus is at the location of the liquid hydrogen target. Long 

lead collimators are located at the first two foci for beam definition and 

wmentum selection. To reduce the pion contamination in the beam, it 

passes through a 3.?m long beryllium hadron filter which is located at 

'the first focus of the beam line. The pion contamination in this beam 

was measured to be (4 -e 1.5) x 10 -5 (3) . 
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The final muon beam has a spot size of o * 4.2mm, an angular divergence 
. 

of o = 2 mrad, and a momentum bite of (I = 1%. Halo muons are at a level of 

1.6% of the main beam, over the cross-section of the streamer chamber. Tbe 

intensity used in the experiment was 5 200 muons per 1.6 usec long SLK 

pulse at a muon momentum of 14 GeV/c. The experiment was typdcally run at 

120 pulses per second, dt of a maximum possible 360 tkat could be delivered 

by the SLAC machine. The flux limit of the beam line, dictated by power 

dissipation in the target, il about three times the value used. 

B. Streamer, Chamber 

Figure 2 shows the streamer chamber used to detect charged particles. (4 

The chamber consists of two polyurethane foam boxes sandwiched between thre 

electrodes made of stainless steel mesh. The gas used in the chamber is a 

90% Ne - 10% He mixture. *he active chamber volume is 2m x O.Sm x 0.6m. 

It is immersed in a 2m long, lm aperture, 16 kGauss magnet, Both electric 

and magnetic fields are vertical in direction. 

Besides the chamber proper, the streamer chamber system consists of a 

triggerable high voltage source, a Bliimlein pulse shaper, and a transmission 

line section which carries the high voltage pulse to the chamber. (5) The 

high voltage is fed onto the mesh electrodes from the downstream end, and 

terminating resistors connect the voltage planes on the upstream end of 

the chamber. The system is triggered by a fast logic muon trigger; up to 

five triggers per second can be accepted. The high voltage pulse delii;ered 
- 

to the chamber is approximately 500,000 volts maximum amplitude lasting 

for Q 10 nsecb 

Every trigger is photographed from above the chamber through the yoke 

of the magnet by three cameras, with resulting 15" stereoscopy. Numerous 
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fiducials visible just above and below the streamer chamber are simultan- 

eously flashed, and recorded on film for track reconstruction in space. 

As seen in Figure 2, the 4Ocm long liquid hydrogen target is inserted 

into the upstream end of the chamber. Since the memory time of the chamber 

is greater than Che duration of a SLAC beam pulse, most of the particles 

passing through the gas in one pulse produce visible tracks. This fact, 

coupled with the large muon flux per pulse, would be expected to result 

In the productfon of a large number of soft &rays (~65 per pulse) by the 

non-interacting muon beam. Such slow particles would often lead to spiralling 

tracks, and the resulting ionizatFon density can obscure regions of the 

chamber on the film, To avoid thfs effect, we inserted into the chamber 

a dead region consisting of a re-entrant box made of thin mylar. The box 

contains the target and is open to the air. This provides a spark-free 

region around the liquid hydrogen target, and also allows room for simple 

target alignment. The box width was chosen to be 9cm, in order to contain 

&-ray electrons of energies up to 20 MeV; the number visible in the chamber 

was thus reduced to a few per pulse. To minimize the number of spirals 

made by the remaPning high energy &-rays, teflon fins were placed above 

and below the target to intercept and stop these spiralling particles. 

Downstream of the mylar target box, the beam is contained in a helium 

fflled Lexan plastic tube. This exit beam tube has a Scm diameter and a 

l.Smm wall thickness. This thickness is sufficient to reduce the number of 

beam-produced &rays in the visible volume of the chamber to a negligible 

level. 

C. Liquid Hydrogen Target 

The target flask was made of concentric mylar straws and is shown in 

Figure 3. Hydrogen flows into the flask filling the volume of the center 
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straw; it then f.lows out between this straw and the next concentric one, 
. 

providing a cold shield. There are thin mylar caps on each end. The 

vacuum jacket is formed by a third "straw", with its own window; it is 

glued to a s lm long Lexan plastic tube which extends from the target 

stand into the chamber. Particles produced in the target have to pass 

through 1.4rmn of mylar if penetrating normal to the straws, or 0.3mm of 

mylar if passing through the end caps. The target fiducial volume (central 

straw) is 2.Scm diameter, 38.Scm in length; it contains > 98% of the muon 

beam. The hydrogen feed system used is of the condensation type. The 

temperature is monitored on both the inflow and outflow lines of the target 

flask. 

D. Beam Flux Monitor 

The beam monitoring system for the experiment consists of a CO2 filled 

total flux monitoring Cerenkov (C) counter (6) which jintercepts the full 

muon beam, and five small sampling counters to monitor the beam profile. 

This counter system is shown in Figure 1. 

The gas Cerenkov counter is used as an analog device, gated on and off 

by the SL4C beam gate. It was initially calibrated at lower muon fluxes by 

simultaneous counting of individual muons. This calibration is accurate 

to f 3% in absolute magnitude. Using small sampling counters, we found the 

beam profile to be stable to 2mm in size and location. The central sampling 

counter is also used to measure electronic dead-time; its rate is recorded 

with and without the experiment veto applied, The dead-time for the expe?ime 

is generally 20 - 25% of each beam spill. 

E. Trigger and Veto Counters 

The muon trigger counters are arranged in four parallel banks downstream 

of the streamer chamber. The front bank is horizontal in orientation and 
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located 4.5m from the beginning of the chamber. It is shown in Figure 4. 

This initial bank is directly followed by a 1.5m thick lead wall, which has 

holes for the passage of the beam and for the streamer chamber voltage feed 

line. The next two counter banks, also horizontal in orientation are 

grouped into narrow coincidences with appropriate counters in the front 

bank (cf. Figure 1). The final (fourth) bank is vertical; it is in 

coincidence as a group with the horizontal counters. This ensemble of 

counters forms a rough hodoscope. The coincidence firing a given event 

provides a region of approximately 15cm x 20cm, roughly 5m from the target 

through which each trigger candMate muon must pass. The counter geometry 

was chosen to give a greater than 60% trigger efficiency for events at 

Q2 ' 1, where Q2 is the negative square of the four momentum transferred 

to the hadronic system. 

Several meters upstream of the streamer chamber, a large wall of veto 

counters shadows the trigger system. This wall is about 2.5 x 2.5m2 in 

area. To further reduce the trigger rate due to the muon halo, small veto 

counters just upstream of the chamber intercept many of the halo muons 

that may have slipped through the hole in the large wall. Without the veto 

counters, the rate of false triggers to events was about 7000; the veto 

system reduced it to 12. 

Fe - Timing Counters 

Additional counters are arranged around the periphery of the streamer 

chamber, as shown in Figure 1, to provide timing information on forward- 

produced particles. These counters are used to reject most of the halo 

muon tracks, and high-energy &rays (~~100 MeV/c) seen in the chamber. These 

are distributed randomly in time over the beam gate (1.6 psec) while the 

ttmfng counters define a 'I, 20 nsec time interval in coincidence with the 
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muon trigger for acceptance of tracks passing through these counters. Both 

halo muons and Grays have small angles with respeci to the incoming beam 

and often appear to come from a real event vertex if present in a photograph 

containing a real event. The number of such halo muons is about one per 

event, of such B-rays about one-half per event. Using the timing counters, 

and charge and momentum conservation constraints, the number of events in 

which a &-ray or a halo muon is mistakenly accepted as a hadron is less than 

1% for each background source. 

For each trigger, all the counter information as well as the roll and 

frame number of the corresponding chamber photographs, are read into a 

PDP-9 computer and written onto magnetic tape. In all, 237,000 triggers 

were recorded. This corresponds to a total flux of 4.5 x 10 
10 muons. 

III. Data Reduction 

A. Scanning and Measuring 

All of the 237,000 frames were doubly scanned for event candidates, 

Those frames for which scanning information was in disagreement in the first 

two scans, were rescanned to resolve the conflict. The minimum scanning 

criterion is one positive track that is consistent with being a triggering 

muon, accompanied by at least one other positive track. The efficiency for 

a single scan was measured to be 98%. The scan selected approximately 

44,000 frames. These event candidates were measured on conventional film 

plane digitizers which have a least count of 1 micron on film. The setting 

error for the measurements is 300 microns in space, the demagnification is 37. 

In order to save measuring time and expedite the results at higher Q2, about 

50% of the pictures where the trigger indicates a low-Q2 configuration were no1 

measured. This eliminates approximately 24% of the real event:, mostly at 

Q2 5 0.8 (GeV/c)2. 
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B. Event Reconstruction 

The measured events are processed through a three-part reconstruction 

program: 1) TVGP, the track geometry program which determines the vector 

momenta for each track; 2) APACHE, a vertex-finding routine which'determines 

the triggering muon using the trigger counter information, reconstructs the 

primary vertex from the tracks in the event, and recalculates the momentum 

of each track, using the vertex as the first measured point; 3) SQUAW, the 

kinematics fitting program. The momentum accuracy from TVGP is Ap/p = 1% 

for a 10 GeV/c track, 2m long; the mass resolution is illustrated by an 

8 MeV FWHM for a K" of momentum 2 GeV/c. The vertex errors from APACHE 

are typically 0.2mm FWHM transverse to the magnetic field and beam direction, 

and l.Omm along the field or beam. A possible error is the inclusion of a 

halo (positive) track or a a-ray (negative) track in the vertex fit. To 

eliminate either of these, prior to the vertex fits, all tracks in the event 

are extrapolated to the timing counters, as discussed earlier. The triggering 

muon is required to have at least 90cm of track length visible in the chamber 

to make its selection and kinematic parameters unambiguous. The reconstruction 

procedure yielded 10,300 events with a vertex within the target fiducial 

volume and with at least two positive tracks in the event; one of these is 

a triggering muon with sufficient visible track length in the chamber. 

Approximately 2200 of these events are successfully fitted by the elastic 

scattering hypothesis, up + up. 

C. Data Corrections 

I.) Missing Tracks 

Although the streamer chamber (Figure 2) has a large solid angle 

acceptance, there are significant track losses. Since charge conservation 
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+ requires that in the final state of the process n+ p -t p + hadrons, the 

number of charged hadrons be odd, single track 1os;es are imediately 

recognized. It is found that in 21% of the events one charged track is 

lost, in less than 2% two charged tracks. From an analysis of the number 

of tracks per event, the average probability for a hadron track to be 

lost is (14 * 0.5)%. In order to correct for these losses, which are 

strongly dependent on the angle the secondaries form with the midplane 

of the chamber, a Monte Carlo rotation program is used. This program 

rotates the observed events about the beam axis and assigns a weight for 

each hadron. In addition, a sample of events not balancing charge were 

carefully rescanned, 1n.a search for anomalies. The results of these 

investigations are itemized below. For each category, we give an estimated 

percentage of tracks lost. 

a) The air box surrounding the target extends through the total 

vertical dimension of the chamber. Tracks having a large 

"dip angle" can be completely contained within this box. These 

tracks are therefore invisible, or can be obscured sufficiently 

to prevent their measurement. Furthermore, steep tracks produce 

very thick streamers, making measurement imprecise or impossible. 

There is a resulting loss of 9%. 

b) Hadrons traversing the liquid hydrogen target and the beam exit 

tube can interact or scatter, and therefore do not reconstruct 

from the primary vertex. Loss: approximately 2%. - 

c) Low momentum particles may not emerge into the sensitive chamber 

due to energy lost in the 2.7cm diameter liquid hydrogen target, , 

the target walls and the air box surrounding the target. This in 

particular affects protons of IpI < 0.2 GeV/c; I-css: approximately 2 
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d) The presence of the helium-filled beam exit tube, which prevents 

the non-interacting muons from producing copious S-rays in the 

chamber, may hide.a high-momentum track from view (IpI > 8 GeV/c 

for particles produced at' 0'). Loss: approximately 0.5%. 

e) The measurement may erroneously omit a track as a result of the 

complexity of the event. Loss: approximately 0.5%. 

In order to correct for these losses in those events that do not 
c 

appear to balance charge, the true multiplicity is restored by the addition 

of one or two units to the observed value. The events with only one hadronic 

prow3 p which cannot be corrected in this way, are weighted by tlie rotation 

program mentioned earlier. For one-prong events, this correction is typically 

(15 + 3)X of the observed one-prong cross section. 

2) Pion Contamination 

The rejection against pion triggers provided by the lead shield and the 

low pion contamination in the beam, both of which were separately measured, 

resulted in a pion-induced contamination in the final data sample that 

varied from < 1% at low W (= center-of-mass energy of the virtual photon- 

proton system) to approximately 6% at high W. This contamination has a 

negligible effect on results presented here, so that no correction was 

applied. 

3) Radiative Corrections 

The topological cross -sections measured in our experiment must be 

corrected for radiative effects. We evaluate these corrections by means 

of a model for an/otot (Q2,W). Using this model, we calculate Tnk, the 

number of events in the k-th (Q2,W) bin. (7) Radiative corrections, 

Pncluding the tail of the elastic cross section, will change this number 

to Snk. Thtls, if we call our experimentally observed bin population Wnk, 
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the radiatively corrected "true" population will be 
. 

Ck=Nk n n - (Snk - Tnk). 

The model cross-sections were obtained from the known e-p cross-section, (9) 

multiplied by the prong fractions observed in our own data before radiative 

corrections. They are normalized so that 

1 Tnk = 1 Nnk. 
n,k n,k 

We checked that the final data are not noticeably affected by changes in the 

model that are of the order of the radiative correctionse Since the error 

in the radiative correction terms is negligible, we have taken the errors in 

Ck n to be those in Nnk. The events are weighted for the muon detection 

probability, and the error in Nnk takes this probability into account. 

IV. Results@' 

A. Topolopical Cross Sections \ 

Ara an overall check on our data, a comparison of our observed number 

of events with a prediction from electron-proton scattering data @) is 

shown in Figure 5. The prediction includes radiative effects, a Monte 

Carlo simulation of our mwn beam and trigger, and the effects of the 

resolution in measuring the outgoing muon momentum. The agreement is 

consistent with the uncertainties in the above calculation, We also show 

our muon trigger efficiency. 

The final results of our analysis are presented in Tables I and II; 

thay give explicit details on event numbers, fractional cross-sections, and 

average multiplicities for selected W and Q2 bins, both before and after the 

,application of radiative corrections. We omitted low-Q2, low-W data from 

this compilation, restricting ourselves to a Q2,W range where systematic 

effects on the determination of these quantities are negligible. Note that 
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the number of prongs, for a given topology, refers to hadrons only; the 

trigger mwn is never included. 

Figures 6., details the dependence of un/atot for three different 

W bins starting just above the traditional resonance region. Also shown 

are the values of these quantities in photoproduction (Q2 = 0). (lo) The 

outstanding features are (1) a lack of any clear dependence on Q2 for any 

cC/utot, once Q 2 is larger than % 0.3; (2) sizable systematic differences 

between the photoproduction values and t<e Q2 > 0.3 plateau. 

We conclude from this evidence that changes in the individual channels 

that make up each topology occur-in a fashion that leaves the total fractional 

cross-sections approximately unchanged as a function of Q2, above Q2 = 0.3. 
., 

‘. We note a roughly parallel behavior in elastic p" production, (10) the most 

prominent identifiable channel in photoproduction. This channel cross-section, 

divided by utot, drops by a factor of about 2.5 in going from Q2 - 0 to 

Q2 Z 0.3, and then changes only by 5 20% in the Q2 range of our experiment. 

Figure 7 gives the W dependence of un/utot for Q" values > 1 GeV2, 

together with data from other experiments. (11) All the data shown are in 

agreement within their statistical and systematic uncertainties. Significant 

differences from photoproduction exist for l-, 3-, and 5-prong topologies. 

In our W range, ul/utot (Q2 > 0.3) is about 50% to 100% larger than 

ulbtot (Q2 = O), 0 la 3 tot drops from 'L 0.7 in photoproduction to 0.55, and 

0 /u 5 tot first rises with W above the photoproduction value, then falls to a 

comparable or somewhat smaller value. One might expect that the fall in 

u3'ctot' and consequent rise in the other channels, is dominated by the 

decrease of elastic co production from 16% to 6% of atot* 03) Other 

possible factors, whose effect cannot be unambiguously determined in this 

experiment, are the presence of a longitudinal photon component not present 
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in photoproduction, and a possible change (mirroring the elastic case) in 

inelastic p" production, 
* 

which is prominently seen in photoproduction. (15) 

73. Average Charged-Particle Multiplicities 

Using the topological cross-sections, we can calculate the average 

number of hadronio prongs (multiplicity) seen. This is shown in Figure 8, 

, as a function of W, compared with photoproduction (i0) and other experiments. (11 

Events with multiplicity greater than 7, of which there were a total of 15, 

are not included, The effect of this cut on the mul,tiplicity is less than 

one standard deviation in all cases. It is seen that the average multiplicity 

is not too sensitive to the differences seen in the topological cross-sectiion 

Only at low W are the photoproduction values noticeably different (by % 10%) 

from those in deeply inelastic scattering. 

In Figure 9, the average multiplicity is plotted against In ~(112 In W), 

for Q2 > 3, and compared to the values in r-p and A + 02) p scattering. Again, 

all the various average multiplicities are very close. The r-p case, which 

includes zero-prong events, is a little smaller in.magnitude; a+p,which has 

L 2 prongs, is a little larger. 

In purely hadronic reactions, it has been possible to fit the hadronic 

average multiplicities for K'p, 2 'II p, and pp reactions, to an accuracy of about 

10X, with the same function by using, instead of s, the variable 

Q = 6 - ("1 + m2).(13) The masses ml and m2 are those of the initial 

particles, and the use of Q instead of s roughly takes into account the fact 

that the energies available to create new particles in the various reactions 

are different because of quantum number constraints. Figure 10 indicates 

that the deeply inelastic data, for our W range, lie roughly on the same 

universal hadronic multiplicity curve, provided we make the identification 

"1 + "2 = (mp + mn) (or even = mp). This is an interesting result, since 
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it is a priori uncertain what mass state is produced in the fragmentation 

region for photons whose "mass" changes from 0.2 to 4.0,how this state 

affects the distribution of the available energ::, and what the resulting 

multiplicity may be. 

In Figure 10, we compare <n>/D for t'ie four reactions of Figure 9, 

where <n> = average multiplicity, D = dispersion of the multiplicity 

distribution. For all the hadron reactions mentioned previously; this 

quantity lies between 2.0 and 2.6 for s between 15 and 400 GeV2. The 

value near 2.0 has been interpreted as being due to two components - one 

diffractive, the other multiperip-heral - contributing to the hadronic cross- 

section. (13,141 The deeply inelastic cross-section is expected to have the 

diffractive component suppressed, so that the <n>/D value should grow with W, 

and be larger than the value seen in hadronic reactions. It is therefore 

interesting that the <n>/D value for our data is so close to the typical 

hadronic value. The trend of the <n>/D values is, however, consistent with 

a growth with W. A check of this quantity, as well as on/ctot, at considerably 

higher values of W and Q* would provide a good test of the two-component 

-,-~!!;_l of hadronic multiplicity distributions. 

We wish to thank the ST.& operations staff, and the engineering and 

scanning staffs of SUC and of tile University of California at Santa Cruz 

high energy group for their invaluable contributions to this work. 
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FIGURE CAPTIONS 

1. Plan view of the detection apparatus. The hodoscopes.and lead wall 

had openings for the unscattered beam and the streamer chamber pulsing 

system. 

2. Perspective and end views of the 2 x 0.g x 0.6 m3 streamer chamber. 

Absorbers above and below the cylindrical target intercept 6 rays 

produced in the liquid hydrogen. The helium-filled plastic tube 

contains.the unscattered beam; its walls intercept soft 6-rays. 

Electric and magnetic field lines are perpendicular to the midplane. 

3. Liquid hydrogen target and hydrogen flow path. 

4. Front bank of trigger counters and blocks making up 1.5m lead wall. 

5. Observed number of events in our experiment as a function of W and 

Q2* The events have been weighted for hadron losses in the streamer 

chamber. Due to measurement error and beam uncertainty, some events 

have W < m . 
P 

The curves are calculated from the known ep structure 

functions folded with our geometrical efficiency for muon detection, 

and normalized to the total number of observed events over all Q* 

and W. 

6. Fractional topological cross sections as a function of Q2 for three 

regions of W. Radiative corrections have been applied. Photoproduction 

points for the average W of the region are given by open circles. (10) 

7. Fractional topological cross sections as a function of W for Q2 > 1 GeV'. 

Radiative corrections have been applied. Photoproduction values are 

shown as open circles which we have connected by the solid line. (10) 

The crosses are lepto-production data from P.H. Garbincius et al., the 

triangles from J. Ballam et al. (11) 
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8. Average charged multiplicity as a function of W for three Q* regions. 
. 

Photoproduction values are shown as open circles which we have 

connected by the solid line. (10) The crosses are data from P,H. Garbinci 

et al., the triangles are from J. Ballam et al., the squares are from 

V. Eckardt et ai. (11) 

9s Multiplicity as a function of In s for Q' > 0.5. Also shown are 

photoproduction data (10) and IT'P data. (12) 

10. <n>/D for charged hadron topological cross sections vs W for Q' > 0.5. 

(10) The same quantity is shown for photoproduction' and pion-initiated 

reactions. (12) 

TABLE CAPTIONS 

Table I: Fractional prong cross-sections for 1, 3, 5, and 7 charged hadrotls 

and average charged hadron multiplicities, vs. W, for three Q 2 

intervals. NC: no radiative corrections applied; RC: values 

corrected for radiative effects. 

Table II: Fractional prong cross sections for 1, 3, 5, and 7 charged hadrons 

and average charged hadron multiplicities, vs. Q2, for three W 

intervals. NC, RC: as in Table I. 
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