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ABSTRACT

A study of general features of charged hadron
production by inelastically scattered 16 GeV muons
detected in the SLAC rapid cycling 40'" hydrogen
bubble chamber is presented.

I. INTRODUCTION

Scaling of the structure function vW, in inelastic electron scattering
has been e:\}gemmentally verified over an impressive range of momentum
transfer, Q#, in the single arm spectrometer experiments at SLAC. - What
is even more intriguing is that scaling holds already (precocious scahncr) at
Q2 ~1GeV2and W ~ 2 GeV, if one uses the scaling varnble w=1+ WZ/Q
where W is the c.m. mass at the hadronic vertex. In this Q2 and W range
the cross sections are not yet ridiculously small, and it is possible to ob-
serve the spectra of hadrons associated with the scattered lepton using the
47 acceptance (for hadrons) of a bubble chamber. One could hope to learn
more about this very simple experimental result, by looking directly at the
hadronic spectrum undetected in the single arm experiment.

In Ref. 2 a preliminary analysis based on ~50% of the full data wasgiven.
The data reported today is complete; however the analysis is still preliminary.
The experiment and analysis was performed by the authors of Ref. 2.

We used the SLAC 40" hydrogen bubble chamber running at 10 expansions
per second with the camera flash triggered by the scattered lepton. Ina
bubble chamber we cannot use an electron beam because it would fill the
pictures with unwanted ete~ pairs from converted y rays. We thus con-
structed a 16 GeV p~ beam.

II. EXPERIMENTAL SETUP

A schematic representation of the experiment is shown in Fig. 1. The
beam uses u's produced at 0° and transported through 3 foci witha 3.7
meter Be filter at the first focus. The trigger is defined by 4 sets of scin-
tillation counters, S1, S2, S3, $4 surrounding the beam. SI ana S2 are two
veto counters in front of the bubble chamber to reject beam halo, while 83
and S4 behind detect muons with a nominal scattering angle > 1.4°. Seven
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Fig. 1. Schematic representation of the experiment.

collision lengths of iron between S3 and S4 provide the fast identification of
a muon. The trigger is then SI-52-S3-S4. In addition to the triggered
bubble chamber picture, we record on a magnetic tape the trajectory of the
scattered muon, using 11 Im X 1m magnetostrictive spark chambers. This
information is used off-line for the final signature of the good u events and
for a more precise reconstruction of the scattered p track. The final 7 con-
tamination of the selected sample was measured to be < 1% by runs taken
with a reduced length of Be filter in the beam.

Table I summarizes the properties of the u~ beam and the event and

picture rates.

Table I Beam Parameters and Event Rates

u~ Beam Event Rates
Momentum 16.0 30 millions expansions at
Momentum spread +0.6 GeV/c (£3.7%) 10 expansions per second
]
Intensity 100 u's/pulse 100 u's per pulse

Vertical size
Horizontal size
Vertical divergence
Horizontal divergence
Penetrating halo
Measured contamination

11 cm FWHM
1.2 em FWHM

4 mrad FWHM
3.5 mrad FWHM
2%

/i <5 x 1070

94, 000 triggered pictures

4922 useful good u events

1181 elastics (24%)
3741 inelastics (76%)




III. RESULTS

The process

p~p — p~ + hadrons (1)

can be understood as a two-step process: (i) The exchange of a virtual
photonvyy,, of laboratory energy v, and mass squared q2 =-Q2 <0; (ii) fol-

lowed by the reaction
YyP — hadrons (2)

with center-of-mass energy squared

2

s=W2=M2+2 M v-Q2
p e Vp

where M_ is the mass of the proton.

The kine?natics of the process and
in particular the relation between
the structure functions Wo and Wy,
and the total cross section for re-
action (2) is described in the liter-
ature. 1,2

The kinematic range of our
data is

Mp<W<5GeV

0.05<Q% < 3GevZ.

So we can study well the transition
region between photoproduction
(Q<=0) and the scaling region
(W>1.8 GeV, Q2> 1 GeV2). The
photoproduction data used for com-
parison are extracted from Ref. 3.

A. Total Cross Section and
Topological Cross Sections

We have measured the total
cross section gt as a function of
W and Q2 and have compared our
results with the precise measure-
ments of the single arm experi-
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Fig. 2. Total cross section value
orp+e€0g. The solid line is the single
arm electroproduction cross section
averaged over the same W range.
Below, each point is broken into frac-
tional contributions from different
topologies.

ment! in Fig. 2 (top) for the particular range 2.8 < W< 3.8 GeV. (<W>=
3.25 GeV.) Here as in other ranges our measured total cross section is in
satisfactory agreement (to 10%) with the measurements of Ref. 1. Figure 2
also displays the different topological contributions to the cross sections,
Un/otot as a function of Qz. We shall define n as the number of charged
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hadrons (prongs) in analogy to photoproduction studies. At this energy the
main contributions come from the 3-prongs. One sees from Fig. 2 that the
relative contributions of the 1-prong and the 3-prong vary with Q In
particular, the l-prong contribution is consistently greater than in photo—
production and seems to increase with Qz, while the 3-prong fraction is
(necessarily) smaller than in photoproduction. A similar variation is ob-
served in the whole range 1.8 < W < 5 GeV.

B. Charged Hadronic Multiplicities
Another way to study the above effect is to look at the mean charged
multiplicity
Zno Zno
n

<N> = o
n

Ttot
as a function of W and Qz.

We first study <N> as a function
of Q for fixed W ranges. The re-
sults are shown in Fig. 3 for three
intervals. <N> decreases slightly as

Average Charge Multiplicity vs Q@
Q2 increases for each W range. Since g g pretty

in photoproc})uction <N> increases with 28 l‘ B<wW<2s (ISev
s at f1xefd.Q~ as wgll as in this exper- o6 CW>=2.25 Gev -
iment, it is tempting to look for a A e
p0551b1e scaling of <N>, for example N> 24 -+— -
as a function of w'=1+ s/Q2. —+— | 5%
2.2 +

To do this we plot <N> versus !
fn Q2 for two "' intervals: 3<' <5 20 1 L
and 5 <w' <10. At fixed ', s grows ] T I
with Q2 and a fn s behavior of <N> 34 - 2.8<W<38 Gev
would force the data points to be on a {W>=3.25 GeV
straight line with positive slope. The (s 2 [ 7~ 7 """ "7 7TTT T
result is shown in Fig. 4, where be- 30 L _+_ tS%ﬁ
low each point we give the mean value ) 4 l
of W for the interval used. The 2og Lt ! o L
dashed line in each case indicates the
mean multiplicity found in photopro- a2 L S B<W<5 Gey
duction for these values of W. v (W>=4.25 GeV

F A — — — e e e ]

If <N> were independent of Q2, the <\’ 15%
points would fall on the dashed line. If 3.4 —+— —
<N> scales with (', it should be inde- '+—
pendent of Q2 on such a plot. The data 3.0 5 ;
show a possible levelling off of <N>, 2
starting at Q2=1 GeV2, which may Q2 (GeV)2 .

encourage the scaling enthusiast.
Fig. 3. The charged hadronic
To further illustrate this point we multiplicity as a function of Q2
show,in Fig. 5, <N> as a function of at fixed W,
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AVERAGE CHARGED MULTIPLICITY

FOR FIXED w’=1| + s/Q2 AVERAGE CHARGED MULTIPLICITY vs éns

5
5 I |
! ' b ae_sa 4 Q2%-10-1.25 (a)
w'3.0-50 Photoproduction
4 - #® in "Scaling” Region For yWp _| 4 b Q2:1.25-2.0 P N
& Below 'Scaling'Region For W, 4 Q%:=2.0-3.0 4 +/
3 —
3 }— Photoproduction //' — ND /{)/1:,
<N> ot Corresponding 5\-/
2 - - + 2.69 . {1.17+0.68 tn s)
/ 1.79
o ¢ = X2/DF=2.1 —
I+ 135 37 - X2 Prob.= 5%
o) ] | ]
o L1 1 1 L 0 | 2 3
ins
5 T T T T AVERAGE CHARGED MULTIPLICITY vs {n w’
5
w’ 5.0-10.0 ' ! '
4 . - (b)
Photoproduction _ 4 A Q%:10~-125 —
H -
3 _01 Corresponding 37 ] 4 Q2:1.25-20
3 =4 @%:2.0-30 -~ n
257 . .
ND Pt + _
7 230 3.06 IND -~
2 o 368 7 2 b —
.80 4)/
- (0.91+0.93 tn w')
b 7 L X2/DF=0.8 -
L | | [ X2 Prob.= 65%
Y 0 | |
0.3 05 | 2 3 0 | 2 3
Q2 (Gev)? thw' -

Fig. 4. The charged hadronic multi- Fig. 5. a) The charged hadronic

plicity as a function of Q2 for two w' in- multiglicity as a function of fn s for

tervals. The meanvalue of Wis shown the Q¢ intervals shown. b) The
below each data point. The dashed  charged hadronic multiplicity as a
line is the photoproduction multipli-  function of {n (.

city (Q2=0) at the corresponding W.

fn s and fn w'. The dashed lines correspond to best fits to a straight line.
The results are, for 7 degrees of freedom:

<N> = (0.6820.15) fn s + (L. 17£0.27); X 2= 14.5; Prob (x 2= 5%

<N> = (0.93£0. 17) fn ' + (0.91£0.28); x2= 5.6; Prob (x2)=65% .

The photoproduction line does not fit the data, while the fn ! behavior is
slightly favored.

C. Charge Ration,/n_
It has been observed in a previous experiment at SLAC by J. Dakin

etal. 4 that the inclusive charge ratio n,/n_ (number of positively charged
hadrons divided by number of negatively chargedhadrons) increases with Q
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in the region 0.3<x< 1.0, defined in

the hadron c.m.s., where x is the ¥, P~ hadrons

Feynman inclusive variable w>2.5
I T I T
= p* /p* 15 - -
PY/Pfax - s ‘ _________________
Figure 6 shows the charge ratio as a 1 l =
function of Q2 for W> 2.5 GeV and for . |f
different x regions. Here we see that 5 -
the charge ratio increases with Q2 in —1<x<~0.3
the forward region 0.3<x <1.0, in oL ' L .
agreement with Dakin et al. ,4 but is )
relatively constant in other x regions. Ao e T
We note here that the charge ratio is g <+ +
related to multiplicity. Charge con- s 'r 7
servation requires n,.-n_=1, i.e. g | l'o'3<’i<°
ny/n_=1+1/n_. Hence the observed 2 0 !
decrease in total multiplicity, as de- @ : : C .
scribed in the preceding section, re-~ = A+ o— o]
quires n/n_ to increase with Q2 when £ | L |
averaged over the whole range of x. s 0<x<0.3
Thus both effects are related to vari- o Lt ! ] !
ations in the photon fragmentation
region. T T T T
2.5 | X Daokin et al. =
D. Inclusive r* Distribution 1
2.0 } =
The differential cross section for % T—"r—
the inclusive reaction $‘+—
1.5 - -
Y,P —m + (anything) T ozexel |
1 !
can be expressed as 1.0 0 * 1O ' 20
p* Q2 (Gev?2)
2  "max 2 2 2)
d'o == E* dxdpl f(x,pl,s,Q Fig. 6. The charge ratio as a

function of Q2 for various X
The structure function f(x, pf, s,Qz) is ranges.
in general a function of s and Q2. At
Q2=0 we know that the s dependence is already weak at moderate energy, 3
i.e., approximate Feynman scaling. We now investigate the Q2 dependence.

1. x-dependence

First we integrate over p and show the integrated structure function
F{,s ,Q2) normalized to the total cross section for two W and Q2 bins in
Fig. 7 for the 7~ and in Fig. 8 for the n*. The dashed line is the corre-

sponding structure function for photoproductlon (Q =0).
The structure functions for virtual and real photoproductlon agree very

well for x <0.3 and hence have there only weak s and Q2 dependences. For
0.3 <x <1, which may be considered the photon fragmentation region, the
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Fig. 7. Reaction vyp — 7~ +anything: normalized structure function F(x) vs X.
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~ situation appears more complex.
The peaks in the dashed curve
decrease in prominence with in-
creased s (these are due to two-
body channels like 7N and 1A
production), while for Q2>0 they
appear to decrease more slowly,
especially in the 7 case. Aside
from this effect, there is a tend-
ency for the Q2740 points to be on
the average lower than in photo-
production in this x region.

Part of this Q2 dependence
of the inclusive spectrum can be
attributed to the exclusive chan-
nels like

o
TP—p P

'yvp-—— 1r+n, 1r+A°, 1r‘A'H'

which will be discussed later.

2. P, dependence

Next we integrate over x and
discuss the p? distributions.
These are roughly « exp (-B pf)
and we describe them by the
slope parameter

2.-1
B <pJ.>

Figures 9 ang 10 show B as a
function of Q“ for two s intervals
for the 7~ and 7.

At low W, the comparison
with photoproduction is difficult
(the photoproduction value of B is
shown by a triangle) because B
depends strongly on W in the re-
gion 1.8 < W< 2.5 GeV. We thus
discuss only the region W> 2.5
GeV for which the photoproduc-
tion value does not change much
with W. From a comparison with
photoproduction we learn that B
does not vary with Q2 in the cen-
tral region -0.5<x<0.5 and B
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Fig. 9. Reaction v, — 7~ + anything:

the slope parameter B=<pf>~1 vs Q2.
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Fig. 11. Reaction yyp—p+anything: trum for the reaction v,p —prta”
normalized structure function F(x) vs x. for W > 2 GeV.

seems to decrease with Q2 in the photon fragmentation region now taken to
be 0.5 < x < 1.0. This may indicate "photon shrinkage."

E. Diffractive Backward Protons

Figure 11 shows F(x) for slow laboratory protons -1 <X < -0.5, for
two W bins and two Q bins. The dashed line is the correspondlng structure
function as measured in photoproduction. In photoproduction the strong peak
near x ~ -1 comes mainly from the diffractive process yp — pp©.

The diffractive peak disappears as Q2 increases. This effect can be
studied directly by looking at the exclusive channel

+ -
YP —PT T

Figure 12 shows the effective mass M(7r+7r') spectrum as a function of Qz.
From a maximum likelihood fit to this channel we can extract the cross sec-
tion ¢, for the diffractive process Yp — pp . On Fig. 13, we show the ratio

/Ttot as a function of Q2. The triangle is the photoproductmn point;
crp/atot decreases as Q2 increases.



F. Correlations in p | plane

T T T T
Our last topic will be the search o154 NPTTPP
for exotic events showing a jet struc- -
ture in the plane perpendicular to the 2 0.10 - +— 1 .
virtual photon. In this plane the ith L 1
charged particle (i=1, N) is described b .05 L ]
by its azimuth angle ¢1 with respect '
to the p scattering plane and trans-
verse momentum p} . R. N. Glasser o ’ L '
has introduced a vatriable which is c 05 10 15 20
sensitive to jet-like structures.5 For Q2 (Gevd)
each event one computes:
2 5 Fig. 13. Ratio of the cross sec—
N . i N i i tion g, for thereaction 'yvp—-pp
2 ptcos2¢ |+ Y p sin2¢ to the total cross section 0y vs
i=1 L i=1 & Q2 (W> 2 GeV).

T:

p
i=1 i)

(sum on N charged particles only)
T varies between 0 and 1; a pure jet would have
P =¢lxq j#i=1,2,... N implying T =1

If all q)i's are uncorrelated then, on the average, <T> ~1/N where N is the
number of charged particles. Jet events would showa peakat T~1ona T
distribution having a maximum near T =0.

Figure 14 shows T distributions for different multiplicities. The left
hand side is for real photoproduction events at W 3.1 GeV, while the right
hand side is for virtual photoproduction for all Q2 and W > 1 8 GeV. The
solid line is the distribution expected for no real correlations, but with mo-
menta constrained by transverse momentum conservation. The peak at
T =+1 observed at low multiplicity (3 charged, no neutral) is due to momen-
tum conservation. At higher multiplicity, no strong peak is observed at
T=+1., However, for the topology 3 charged, > 1 neutral, a small effect is
possible, For these events, we divide the Q2, p plane 1nto two regions of
the scaling var1ab1e w:

(@) high « events defined by the cut v> 3+ 5 Q y
() small ¢y events defined by the cut v < 3+ 5 Q2
Figure 15 shows the T distribution. The peak at T=1 is found concentrated

in the low () events, which could be an indication that some jet production is
present.
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Fig. 14, Search for "jet-like" structure in various

prong numbers.
should cause a peak at T=1.

T is defined in the text:
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CORRELATIONS IN P, PLANE
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Fig. 15. T distribution for the events with 3 charged,
> 1 neutral.

IV. CONCLUSIONS

1. The charged multiglicity suggests that scaling behavior in ' may
be beginning at Q“ > 1 GeV=<.

2. The positive to negative charge ratio increases with Qz, but only in
the forward direction (0.3 < x < 1).

3. The normalized 7* inclusive distributions show little s and Q2 de-
pendence when divided by the total cross section, except in the forward
direction (0.3 < x < 1).

4. The diffractive backward proton peak disappears as Q2 increases.
The particular diffractive channel YyP— Pp° has a decreasing contribution
to the total cross section as Q2 increases.

5. No prominent jet-like structure events in the transverse momentum
plane are found. However, a three-standard deviation effect in one topology
is suggested for events with small ¢ (i.e., those closest to the deep inelas-
tic scattering region,
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