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The inelastic scattering of muons has been measured using positive muons of momen-
tum 10 GeV/c incident upon a liquid-hydrogen target. We present values of the differen-
tial cross section and of the virtual photon-photon absorption cross section for Iql in the
range 0.06 to 1.2 (GeV/c)~ and for equivalent photon laboratory energies of 0.6 to 6.6
Ge V.

This is a preliminary report of the results of
an extensive series of measurements of the muon
elastic and inelastic cross sections using muons
with momenta of 10 and 12 GeV/c. This experi-
ment is the first measurement of the inelastic
scattering of muons from pure hydrogen. ' One

purpose of this experiment is to investigate the
virtual photon-proton interaction in these inelas-
tic processes and this is the subject of this Let-
ter. The cross sections presented below were
obtained using 10-GeV/c muons and are restrict-
ed to 0.05 ( Iq'I (1.2 (GeV/c)'. In subsequent
publications, cross sections for values of Iq'I up
to 3 (GeV/c)' will be given, and comparisons be-
tween muon-proton and electron-proton interac-
tions will be made. The data from the entire ex-
periment contain approximately 40 times as
many events in the Iq'I )0.75 (GeV/c)' category
as are presented here.

The source of muons for this experiment was
the Stanford Linear Accelerator Center high-en-
ergy muon facility. This beam' yields up to 10'
muons per second in a phase space volume of 3
x10 ' cm' sr in a momentum band of a1.5 %%uo.

The polarization is estimated to be (0.05%. The
optical system of the beam contains two stages
of momentum analysis and produces an almost
dispersion-free beam at the scattering target.
The size of the beam at this point is 10 cm by 7
em. At our production angle of 0', the ratio of
pions to muons is approximately 0.3, but is re-
duced to 3 x10 ' by placing a 5.5-m Be filter im-
mediately after the production target. Veto
counters were placed around the beam in the last
section before the scattering target to reduce the
number of triggers from beam-halo muons.

An elevation view of the experiment is shown
in Fig. 1. The liquid-hydrogen scattering target
is 198 cm in length and 18 cm in diameter. This
is followed by a small sweeping magnet to pre-
vent numerous knock-on electrons that are pro-
duced in the hydrogen target from reaching the
spark chambers and trigger counters in front of
the 54-inch diameter analyzing magnet. Muons
which scatter through an angle of more than 25
mrad are detected by three planes of counters.
The spark-chamber trigger is derived from ap-
propriate combinations of elements of these ar-
rays, in anticoincidence with the beam-halo veto
counters.

The array after the analyzing magnet is pre-
ceded by 26 in. of steel to reduce the number of
nonmuon triggers. The angle of the scattered
muon is measured in the first two thin-plate
spark chambers. The analyzing magnet and the
first four spark chambers are employed to deter-
mine the momentum of the scattered muon. The
uncertainty in the momentum of the scattered
particles due to measurement errors is +1.9%
at 10 GeV/c. The last four chambers are con-
structed with & in. thick aluminum plates and
have 6.5 in. thick steel absorbers placed between
them. This combination, in addition to the 26 in.
of steel mentioned above, ensures that the scat-
tered particle is a muon by rejecting strongly in-
teracting particles with an efficiency of -9V%%uc.

The pictures have been scanned for scattered
particles which interact in the thick-plate cham-
bers or in the steel. The number of strongly in-
teracting particles, from all sources, which
have been incorrectly labeled as scattered muons
is estimated to be less than 0.5%. The value of
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FIG. l. Elevation view of the p-P experimental setup.

the beam momentum deduced from measure-
ments of elastically scattered muons was consis-
tent with the results of calculations based on
magnetic measurements of the beam magnets.
Our best estimate of the average momentum of
the muons at the center of the hydrogen target is
9.95+ 0.05 GeV jc.

The number of muons incident upon the scatter-
ing target was monitored by a set of five small
counter telescopes placed in the beam. These
telescopes counted approximately 3% of the total
particle flux, and were positioned such that they
were insensitive to small changes in the shape
and position of the beam. This monitor was cali-
brated, at low beam intensities, against a set of
larger counters which covered the entire cross
sectional area of the beam. The results of these
calibrations were then extrapolated to higher in-
tensities. Dead-time effects in this procedure
were 1 to 2%, and contribute negligibly to the un-
certainty in normalization. Dead time due to ran-
dom veto counts was typically 15% for the data
presented here. It was measured in several cir-
cuits in the monitor system and in the trigger
system. Variations in the correction from cir-
cuit to circuit result in a normalization uncer-
tainty from this source of +1%. Dead-time ef-
fects in the trigger system were negligible. It
is estimated that the muon flux is known to +3%.

The data presented here result from 7.8x10'
muons incident upon the full hydrogen target.
Empty-target background-subtraction runs were
taken with 6.4&&10' incident muons. The result-

ing photographs were scanned for events in which
at least one track was present, both in the four
chambers used to determine the momentum and
angle of the scattered particle and, depending
upon the trajectory of this particle, in at least
one of the thick-plate chambers after the steel
absorber. Accidentals were removed by demand-
ing that the trajectory projected from the first
two chambers intersect the trajectory projected
from the remaining chambers in a region near
the magnet center. Roughly 26000 photographs
satisfied these criteria. and were measured using
the Stanford Linear Accelerator Center-NRI film-
measuring devices. The reconstructed tracks of
the scattered muons were projected into the hy-
drogen target and the distance of closest approach
to the target axis, within the target length, was
computed. The distribution of distances from
the target axis shows a. peak at 0 cm due to p, -p
scatters and a drop to 5% of the peak value at 5
cm. Beyond 7 cm there is a rise in population
due to muons which are nearly parallel to the
beam axis. These beam-halo triggers were
cleanly rejected by the requirement that the an-
gle and distance between the track and the beam
axis be &30 mrad and &7 cm, respectively. 3500
events remained of which 500 were either out-
side the fiducial volumes of the apparatus or on
film rejected for qualitative reasons. A final
cut in muon energy was made to remove elastic-
scattering events. The final sample consisted of
1474 events detected with the target full and 104
empty-target events.
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The detection efficiency for the relevant final
states was calculated by a Monte Carlo technique
which traced the scattered muon trajectories

through the detection system. The results of
these calculations have been used as weighting
factors for each event. Corrections made to the

Table I. 10-GeV/c muon-proton inelastic scattering cross sections. e

is the ratio of longitudinal to scalar "virtual-photon flux"; ~„d is the radi-
ative correction which has been applied to the data; d o/dq2dK is the mea-
sured differential cross section and do/dE 'is the integral of cPo/dq dJf ov-
er q2 from 0.1 GeV/c2 to the maximum presented in the Table; &x« is the
"virtual-photon-proton total cross section. " The quantities listed under

0~& corresponding to q =0 are experimental photon-proton total cross
sections (see text) from Refs. 5-7. o'«and cPa/dq2dK'are overall aver-
ages for each bin with efficiencies and kinematic parameters folded into
the average. Because of this, 0,+ cannot be calculated directly using
the tabulated values of d2o/dqzdlf.

GeV GeV/c

do-/dK d o'/dlQ IdK

nb/GeV nb/(GeV /c )
3 2 exp

pb

0.6-1.0

1-2

.1 - .2 .99 4. 0 489+35
— .4 .99

.4 — .6 .99 0.2

.6 — .8 .99 -0.8

.8 -1 2 .98 -14

2140 + 260

740 + 78

322 + 53

167+ 42

73+ 21

201+ 20

158+ 19

144+ 16

154+ 26

145+ 36

119+ 36

151+ 9

.076 — .1 .99 5.0 250+ 16 2820+480 196+33

.2

, 4

.8

~ 2

.6

.8

-1.2

.98 5.3

.98 3.9

.98 3.0

.97 1.3

.97 0. 6

1100+ 110

351+ 33

130+13

101~10

89+ 23

43+ 11
100+25

73+ 19

134+ 8

175+ 26 102+ 15

.067 — .1 .96 6 8 116+11 1510+377 179+43

5-6.5

, 4

.8

~ 2

.6

.8

1~ 2

.96 8.5

.95 5.8

.95 3.9

.94 3.3

.93 2. 1

.0535- .1 .88 12.8

~ 1 ~ 2

.2 — .4

.4 — .6

.6 — .8

.8 -1.2

.87 10.2

.87 7.3

.86 6. 1

.85 5.5

.83 4. 3

.1 — .2 .71 16.5

.2 — .4 . 69 13 2

.4 — .7 . 68 11 5

75+ 6

416+ 64

179+ 22

79+ 19

42+ 14

36+ 11

615+ 137

282 + 32

121+ 14

48+ 10

26+ 9

19+ 6

137+ 26

52& 13

16+ 9

89+ 13

78+ 10

72+ 17

62+ 22

84+ 26

127~ 8

125+ 25

110+12

96+ 12

66+ 15

55+ 19

67+ 22

125+ 11
92~ 17

65+ 16

41+ 24
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data for scanning and measuring inefficiencies
were 2%.

The differential cross section d'o/dq'dK is pre-
sented in Table I. The square of the four-mo-
mentum transfer from the muon is lq'I; the mo-
mentum of the incident (scattered) muon is p (p'),
and the energy is E (E'), the last four quantities
being defined in the laboratory system. The en-
ergy of the virtual photon in the laboratory is v

where v =E-E'. Following Hand, ' we define K
= v-Iq'I/2M, where M is the proton mass. Pho-
tons, real or virtual, with the same value of K
produce final hadronic states with the same in-
variant mass.

As with other electromagnetic processes, the
differential cross section is large at small lq'I,
and decreases rapidly as lq'I increases. For a
fixed lq'I, the differential cross section decreas-

es rapidly as K increases. In the data presented
K ~ 0.6 GeV. This permits an unambiguous elim-
ination of both the elastic scattering and first nu-
cleon-resonance events from these data. The data
on elastic scattering and inelastic scattering with
small K will be reported in a future publication.
Inelastic lepton-nucleon scattering is thought to
proceed via the one-photon exchange mechanism, '
as shown in Fig. 2. In the framework of this ap-
proximation, it is natural to express the differ-
ential cross section as a product of kinematic
factors and virtual photon cross sections, o T(q',
K) and vs(q', K). 0 T and os, as first defined by
Hand, ' may be thought of as the total cross sec-
tions for the interaction of transverse and scalar
virtual photons with protons. Their definition de-
pends on how the flux of the virtual photons is de-
fined and we give the Hand formula below:

d o'/dq2dK = I'
T (q, K)o T (q, K) + I' s (q, K)os(q, K) = I'

T (q, K) [v T (q', K) + em& (q, K) j .

I'T and I's are the virtual photon fluxes for transverse and scalar photons, respectively, and e is the
ratio of these fluxes. Following Hand, '

a K 2m' 2EE '- Iq'I/2
2' Iq'I p' lq'I +(E-E')'+ Iq'I

2EE —lq'I/2 2m' 2EE —Iq'I/2
(E-E')'+ lq'I lq'I (E-E')'+ lq'I

'

Here m is the muon mass and the other quanti-
ties have been previously defined. The central
value of e is given in Table I for each bin and in
most cases is close to 1.

These definitions require that as lq'I goes to
zero, 0 T goes to the physical photon-proton total
cross section and Os goes to zero. With the data
in this paper we cannot separate 0 T from Os.
Therefore, using Eqs. (1) and (2) we calculate
the combination (vT +sos). For convenience we
define o, „& =(or +ecrs). o,„p is presented in Ta-
ble I. Both the values of o«z and of d'cr/dq'dK
are the average values in the indicated Iq'I and
K bins. The given errors are statistical only.

HADRONS

FIG. 2. One-photon-exchange diagram for muon in-
elastic scattering.

(2)

We estimate the overall normalization uncertain-
ty to be +6%, at present.

The cross sections have been corrected for ra-
diative effects. The extent of the correction is
indicated in Table I. The quantity given is the
fraction by which the measured cross sections
were reduced. This correction, which is depen-
dent upon the scattering variables, includes the
contributions from elastic scattering, the first
nucleon resonance, and the inelastic continuum,
using the methods of Tsai. 4 The largest contri-
bution to this correction is the radiative tail of
the elastic scattering. The continuum correction
is always less than 4%.

For the convenience of the reader we give cor-
responding o&~ values, the physical photon-pro-
ton total cross section, derived from bubble-
chamber measurements. ' ' In the following Let-
ter we shall compare the values of 0,„& in Table
I with the predictions of several theoretical mod-
els and shall also make use of the 0&~ values.

We also present in Table I the differential
cross section (do/dK) in each energy range for
Iq'I greater than 0.1 (Gev/c)', obtained by inte-
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grating our data. The integrated cross section
for iq'( greater than 0.1 (GeV/c)' and for K in
the range of 0.6 to 6.5 GeV is 0.77 p.b.
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Results from muon-proton inelastic scattering are used to investigate the form of
0.~&(q, X}, the quantity commonly called the "virtual photon-proton total cross section. "
Fits to 0~& have been made for photon energies 0.6 (6.5, and 4-momentum transfer
squared Iq2I up to 1.2 (GeV/c)2. Measurements of the real photon-proton total cross
section 0&& (A) have been included in the fits. The forms of rho-dominance theory
which predict &r~ (q2, K) = v (IC)/(1+ I q2 i/m 2) are in agreement with the data.

In this Letter, we will discuss the interpreta-
tion of the muon-proton inelastic-scattering
cross sections presented in the preceding pa-
per, ' which we will refer to hereafter as I. The
one-photon exchange mechanism can be assumed
to dominate the inelastic-scattering cross sec-
tion, as it does the elastic, ' since the exchange
of a second photon would be expected to be sup-
pressed by a factor of approximately 1/137 (the
fine-structure constant). At the proton vertex we

are studying inelastic processes in which addi-
tional hadrons are produced. Thus we have a sit-
uation, unique in elementary particle physics, in
which a single virtual particle coupled to the
strongly interacting particles is exchanged.
These processes are then not only functions of
the particle, but also of its "virtuality" or q' val-
ue. In experiments in which only the scattered
lepton is detected, the total cross sections for
the absorption of virtual photons can be deter-
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